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Abstract 

Aarskog-Scott synrdome (AAS) or Faciogenital Dysplasia (FGDY) is a developmental orphan 

disorder primarily characterized by skeletal dysplasia and genital abnormalities. The 

pathomechanism of the disease is poorly understood owing to genetic heterogeneity, clinical 

overlap with other disorders and the relatively low incidence. AAS is an X-chromosome-

linked recessive disorder affecting mainly males, although autosomal dominant and autosomal 

recessive inheritance has been also reported. The only known disease causing factor responsi-

ble for the X-linked form of AAS is the Faciogenital Dysplasia Protein 1 (FGD1). FGD1 is a 

guanine nucleotide exchange factor for CDC42, a member of the Rho family of small GTPases. 

FGD1 has been reported to modulate secretion and cytoskeletal reorganization, however, the 

role of FGD1 in AAS syndrome is largely unknown.  

In this work, first the expression profile of the mouse Fgd1 was investigated during embryo-

genesis and in more than twenty adult tissues. According to the literature, Fgd1 exhibits an 

expression pattern restricted to differentiating osteoblasts in the mouse embryo. In contrast, 

using sensitive in situ hybridization and immunohistochemistry with newly developed anti-

Fgd1 antibodies, a much broader expression spectrum of Fgd1 was identified in the present 

work. Strong Fgd1 expression was seen in the developing nervous system and in the limb bud 

as early as embryonic days 11.5. Detailed analysis at later embryonic stages confined Fgd1 to 

multiple organs including cartilage, heart, kidney, muscle and the intestine. Confirming the 

ubiquitous expression pattern, Fgd1 was detected in nearly all postnatal organs. Fgd1 was 

found in neuronal and interneuronal cells of the central nervous system and nuclear layers of 

the retina. Primarily epithelial cells express Fgd1 in the endocrine (pancreas), the respiratory 

(trachea and lung) and the digestive (salivary glands, colon and liver) systems. Fgd1 was 

prominent in the cardiovascular system, the male (testis, epididymis and prostate) and the 

female (ovary and uterus) reproductive systems. Furthermore, Fgd1 was detected the genitou-

rinary system (kidney and urinary bladder), the hematopoietic system (bone marrow and 

spleen), lymphatic system (thymus), in the skin and in the musculoskeletal system (bone, car-

tilage, ligaments and skeletal muscle). Thus, the previously unrecognized expression pattern 

suggests that Fgd1 plays a general role in most organs of the body and its function is not re-

stricted to osteoblasts. 

In order to elucidate the function of FGD1 in vitro, small hairpin RNA (shRNA)-mediated 

FGD1 knock down in various human cell lines was performed. Analysis of the osteoblastic 
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SaOs2 and the fibroblastic HT1080 carcinoma cell lines demonstrated that FGD knock down 

impairs cell proliferation and adhesion to extracellular matrix proteins. FGD1-deficiency re-

sulted in slow proliferation rate owing to reduced progression through the G1 phase of the cell 

cycle. The attachment assays revealed that a lack of FGD1 leads to reduced integrin mediated 

adhesion to fibronectin, collagen type I, laminin and vitronectin in varying extent. 

Genetically modified mice are essential tools deciphering the pathomechanisms of human 

disorders. In order to correlate Fgd1 function with the clinical symptoms of AAS, establishing 

mouse model(s) for the disease was a general aim of this thesis. As a first attempt, a constitu-

tive gene targeting strategy was applied in murine R1 embryonic stem (ES) cells. Despite a 

large scale screening, no homologous recombinant ES cell clone was identified. The Fgd1 

gene is localized on the X chromosome and its null mutation results in functional knock out 

already in R1 ES cells, which were derived from male embryos. The unsuccessful constitutive 

targeting implies that Fgd1 may play a role in stem cells and in preimplantation development. 

This hypothesis was proved by demonstrating the expression of Fgd1 in ES cells and in early 

stage embryoid bodies. To overcome the likely negative effect of Fgd1-deficiency in constitu-

tively targeted ES cells, a conditional targeting strategy was applied. ES cells with the floxed 

Fgd1 gene were generated that can be used to establish transgenic mice. 

The expression pattern of Fgd1 in tendons and ligaments suggests that swan-neck deformity 

of the fingers, a primary criterion of AAS, can be treated by operating the ligaments. In this 

work it is shown that Littler tenodesis, an operative intervention commonly used for rheuma-

toid swan-neck deformity, can also be applied to restore the oblique reticular ligament in Aar-

skog-Scott associated swan-neck deformity. A 28-year old AAS-patient was operated and 

intensively analyzed after the operation. By monitoring the sensitivity, joint movement and 

grip strength, the full recovery of all parameters was demonstrated.  
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Zusammenfassung 

Das Aarskog-Scott Syndrom (AAS) oder auch Fazio Genitale Dysplasie (FGDY) ist eine sel-

tene Entwicklungsstörung, die primär durch Skelettdysplasie und genitale Anomalien charak-

terisiert ist. Auf Grund genetischer Heterogenität, klinischer Überlagerung zu anderen Syn-

dromen und der Seltenheit der Erkrankung ist der Pathomechanismus nur schlecht verstanden. 

AAS ist eine X-chromosomal rezessive Erkrankung, von der hauptsächlich Männer betroffen 

sind, obwohl auch autosomal dominante und autosomal rezessive Vererbung beschrieben 

wurden. Der einzige bekannte Krankheitsfaktor für die X-chromosomal vererbte Form des 

AAS ist das Fazio Genital Dysplasie protein 1 (FGD1). FGD1 ist ein Guanin Nukleotide Aus-

tauschfaktor für CDC42, ein Mitglied der Rho-Familie der kleinen GTPasen. Für FGD1 wur-

de eine Funktion als Sekretionsmodulator und in der Reorganisierung des Cytoskeletts be-

schrieben, dennoch ist die Funktion des FGD1 im AAS weitestgehend unbekannt. 

In dieser Dissertation wurde zunächst das Fgd1 Expressionsprofil in der Maus während der 

Embryogenese und in mehr als zwanzig adulten Geweben untersucht. In der Literatur ist be-

schrieben, dass sich das Fgd1 Expressionsprofil auf die sich differenzierenden Osteoblasten 

im Mausembryo beschränkt. Im Gegesatz dazu konnte in dieser Arbeit mit Hilfe von sensiti-

ver in situ-Hybridiserung und Immunhistochemie mit einem selbst hergestellten Fgd1 Anti-

körper ein viel breiteres Fgd1 Expressionsmuster nachgewiesen werden. So konnte eine starke 

Fgd1 Expression im sich entwickelnden Nervensystem und in den Beinansätzen bereits am 

embryonalen Tag 11.5 gezeigt werden. Eine detailierte Analyse späterer Embryonalstadien 

ergab eine Fgd1 Expression in diversen Organen, unter anderem in Knorpel, Herz, Niere, 

Muskel und Darm. Fgd1 wurde in nahezu allen postnatalen Geweben nachgewiesen, so dass 

man von einem ubiquitären Expressionsprofil sprechen kann. Fgd1 wurde in neuronalen und 

interneuronalen Zellen des Nervensystems und in den Nuklearschichten der Retina gefunden. 

In erster Linie exprimieren Epithelzellen im Endokrinen- (Pankreas), Atmungs- (Trachea und 

Lunge), und im Verdauungssystem (Speicheldrüse, Darm und Leber) Fgd1. Auch im kardio-

vaskulären System, im männlichen (Hoden, Nebenhoden und Prostata) und weiblichen (Ova-

rien und Uterus) Fortpflanzungsapparat zeigte sich eine starke Expression. Darüber hinaus 

wurde Fgd1 im Urogenitaltrakt (Niere und Harnblase), dem hämatopoetischen System (Kno-

chenmark und Milz), dem lymphatischen System (Thymus), in der Haut und im muskuloske-

lettalen System (Knochen, Knorpel, Ligament und skelettalen Muskel) detektiert. Dieses zu-
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vor nicht beschriebene Expressionsmuster weißt auf eine fundamentale Rolle von Fgd1 in den 

meisten Organen des Körpers hin. 

Um die Funktion von FGD1 in vitro zu entschlüsseln, wurde ein ein Small hairpin RNA 

(shRNA) vermittelter FGD1 knock down in verschiedenen humanen Zelllinien durchgeführt. 

Dieser beeinträchtigte in osteoblastischen SaOs2 und in fibroblastischen HT1080 Karzinoma-

zellen die Proliferation und Adhäsion an extrazelluläre Matrixproteine. Der Verlust von 

FGD1 resultiert in einer verlangsamten Zellteilung auf Grund einer reduzierten G1 Progressi-

on durch die G1 Phase des Zellzyklus. Attachment Assays zeigten eine reduzierte Integrin 

vermittelte Adhäsion in unterschiedlicher Ausprägung an Fibronektin, Kollagen Typ I, Lami-

nin und Vitronektin. 

Genetisch veränderte Mäuse sind ein grundlegendes Werkzeug zur Aufklärung menschlicher 

Erkrankungen. Um die Fgd1 Funktion in den klinischen Symptomen des AAS zu ergründen, 

sollten Mausmodell(e) für diese Erkrankung hergestellt werden. Zunächst wurde eine konsti-

tutive Gentargeting Strategie in R1 embryonalen Stammzellen (ES) der Maus durchgeführt. 

Trotz eines groß angelegten Screenings konnten keine homolog rekombinanten ES-Zellklone 

identifiziert werden. Das Fgd1 Gen ist auf dem X-Chromosom lokalisiert und seine Null Mu-

tation bewirkt bereits ein funktionelles Knock out in R1 ES Zellen, die aus einem männlichen 

Embryo gewonnen wurden. Das erfolglose konstitutive Targeting deutet an, dass Fgd1 mögli-

cherweise eine Bedeutung in embryonalen Stammzellen und in der Präimplantationsent-

wicklung hat. Diese Hypothese wurde durch den Nachweis einer Fgd1 Expression in embryo-

nalen Stammzellen und in frühen Stadien der „Embryoid bodies“ bestätigt. Um den wahr-

scheinlich negativen Effekt der Fgd1-Defizienz in konstitutiv getargeteten ES-Zellen zu um-

gehen, wurde eine konditionale Targetingstrategie angewandt. ES Zellen mit einem gefloxten 

Fgd1-Gen, die somit für die Herstellung einer transgenen Maus verwendet werden können, 

wurden hergestellt. 

Das Expressionsprofil von Fgd1 in Sehnen und Bändern lässt vermuten, dass die Schwanen-

halsdeformität, welche ein primäres Kriterium des AAS darstellt, durch eine Operation der 

Bänder behandelt werden kann. In dieser Arbeit wird gezeigt, dass die Littler Tenodese, ein 

gebräuchlicher operativer Eingriff zur Behandlung der Schwanenhalsdeformität in rheumatoi-

der Artrithis, auch für die Behandlung des Ligamentum reticulare obliquum in der mit dem 

AAS assoziierten Schwanenhalsdeformität verwendet werden kann. Ein 28-jähriger AAS-

Patient wurde mit dieser Methode behandelt und postoperativ intensiv begleitet. Durch die 
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Beobachtung der Sensibilität, der Gelenksbewegung und der Greifstärke wurde die vollstän-

dige Erholung aller Parameter gezeigt. 
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1 Introduction 

1.1 The Aarskog-Scott syndrome (AAS) 

The Aarskog-Scott syndrome was first described in 1970 by 

Dagfinn Aarskog, a paediatrician from Norway, as a develop-

mental disorder (Aarskog 1970). In his study, he described seven 

affected males from two generations of a family including the 

propositus (Figure 1-1). A few months later Charles I. Scott, a 

paediatrician from the US, described a family with three affected 

brothers having same symptoms (Scott 1971). Because of these 

circumstances, there is a lack of consistency in the terminology 

of the syndrome. Some medical doctors name it Aarskog-, others 

Aarskog-Scott syndrome. I chose the second name because this 

one is more frequently used. However, the abbreviation still re-

fers to the first report of Aarskog: Aarskog syndrome – AAS. In 

both originally identified families a X-chromosomal inheritance 

pattern was suggested but in the following decades several cases 

reported autosomal inheritance (Grier et al. 1983). Therefore two 

entries for the Aarskog-Scott syndrome exist in the “Online 

Mendelian Inheritance in Man” (OMIM) database: (#305400, 

Aarskog-Scott syndrome, X-chromosomal) and (#100050, Aar-

skog syndrome, autsomal dominant). The incidence of AAS is 

not clearly defined but its estimated range is from 1 in 1.000.000 

to 1 in 25.000 (Jameson 1998; Orrico et al. 2011). 

1.1.1 Disease pattern 

The first report of Aarskog described the affected males as growth retarded with associated 

facial and genital abnormalities because of short stature, round face, slight antimongoloid 

palpebral slant, hypertelorism, short stubby nose with anteverted nostrils, broad upper lip with 

marked philthrum, inguinal hernia, undescended testes and a shawl scrotum (Aarskog 1970). 

The report of Scott was very similar, however, it mentioned additional clinical criteria like 

congenital ptosis, abnormally shaped and posteriorly rotated ears, simian palmar creases, genu 

 

Figure 1-1 AAS- Propositus 

patient   

Aarskog’s first described patient 

in 1970 (Bergen, Norway) 

(Aarskog 1970). 
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recurvatum, flat feet, brachyclinodactyly, short fingers and ligamentous laxity allowing for 

hyperextensibility of the fingers (swan neck deformity). Until the 70’s of the 20th century sev-

eral reports of the Aarskog-Scott syndrome reflected its heterogeneity. In the year 1990, a 

group at the University of Arkansas for Medical Sciences reported in the Journal of Ophthal-

mology four AAS patients with ocular abnormalities (Brodsky et al. 1990). In a family with 

three affected members, V-pattern esotropia, latent nystagmus, inferior oblique overaction, 

and amblyopia were found. A fourth patient had bilateral blepharobtosis and severe astigma-

tism. Other ocular features included hyperopia, anisometropia, deficient ocular elevation, blue 

sclera, and posterior embryotoxon. Beside these ocular findings, a twelve-year-old boy with a 

bilateral retinal vessel tortuosity was described in 1994 (Pizio et al. 1994). In 1994, an article 

was published in the American Journal of Medical Genetics describing ten members of three 

different Japanese families with Aarskog-Scott syndrome related congenital heart defects like 

atrial septal defects (ASD), which was also found in one patient reported by Aarskog, ven-

tricular septal defect (VSD), coarctation of aorta (CoA) and pulmonary stenosis (PS) 

(Aarskog 1970; Fernandez et al. 1994). In several patients behavioral difficulties were re-

ported ranging from attention-deficit/hyperactivity disorder (ADHD), mild mental retardation 

to autism and mania and severe neurological defects including unilateral focal polymicrogyria 

(PMG) (Fryns et al. 1989; Fryns et al. 1995; Logie et al. 1998; Assumpcao et al. 1999; Orrico 

et al. 2005; Kaname et al. 2006; Bottani et al. 2007; Nayak et al. 2012). Additionally to these 

changes in the nervous system a high pressure of cerebrospinal fluid associated with pain in 

the back (van den Bergh et al. 1984). Furthermore, dolichomegasigmoid was described in two 

different male patients (Fryns 1993; Casteels et al. 1994). Other reports describe sperm de-

fects in two different male patients; one had an acrosome defect and the other an oligozoo-

spermia (Meschede et al. 1996; Wieacker et al. 2007). Additional malformations were found 

in dental development which can be treated by orthodontic treatment (Melnick et al. 1976; 

Halse et al. 1979; Reddy et al. 1999; Batra et al. 2003). 

1.1.2 Swan neck deformity and Littler tenodesis 

There are several disease characteristics, which could be found in nearly all reported Aarskog-

Scott patients. One of these criteria that could be found in 70% of the cases until 1993 was 

hyperextension of the proximal interphalangeal joint (PIP) and flexion of the distal interpha-

langeal joint (DIP), which is also called swan neck deformity (Teebi et al. 1993). In the 

healthy condition, the oblique retinacular ligament (ORL) stabilizes the tractus lateralis (TL), 
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one part of the extensor aponeurosis, and enables a physiological movement of the distal and 

proximal interphalangeal joints (DIP and PIP) through a balance between the extensors (TL 

and tractus intermodus (TI)) and the flexors (flexor digitorum profundus (FDP) and flexor 

digitorum superficialis (FDS)) (Figure 1-2) (Towfigh et al. 2011). In swan neck deformity, a 

weakness of the ORL leads to a relaxation and dorsal movement of the TL resulting in an im-

balance between extensors and flexors. The reduced tension in the TL leads to a hyperexten-

sion of the PIP and a DIP flexion which is stabilized through tenseness in FDP. The severity 

of the swan neck deformity is grouped into three different groups: (1) the patient is able to 

actively rectify the displacement, (2) the patient is not able to rectify actively, but passively it 

is still possible, (3) because of strong contracture in the soft tissue it is not possible anymore 

to rectify the displacement neither actively nor passively. The later form frequently occurs in 

connection with severe rheumatoid arthritis. The ORL reconstruction (tenodesis) described by 

Littler is used to recover the function of the ORL through a movement of the ulnar TL (Littler 

1967). In this work, we used the same method for the correction of the hereditary swan neck 

deformity in Aarskog-Scott syndrome very successfully (chapter 2.4). 

 

Figure 1-2 Comparison of healthy finger physiology versus swan-neck deformity 

(Up) In the healthy condition the oblique retinacular ligament (ORL) is stabilizing the tractus lateralis (TL) and 

enables a physiological movement of the interphalangeal joints (DIP and PIP) through a balance between flexor 

digitorum profundus (FDP) / flexor digitorum superficialis (FDS) (flexiors) and the TL (as a part of the extensor 

aponeurosis). (Down) A weakness in the oblique retinacular ligament (ORL) leads to a relaxation and dorsal 

movement of the TL. Therefore, the balance between TL and FDS /FDP is shifted in the direction of the flexors 

resulting in a hyperextension of the PIP and flexion of DIP. TL, tractus lateralis; FDS, flexor digitorum superfi-

cialis; FDP, flexor digitorum profundus; ORL, oblique retinacular ligament; PIP, proximal interphalangeal joint; 

DIP, distal interphalangeal joint. (Adapted from (Towfigh et al. 2011)) 
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1.1.3 Phenotypical diagnosis 

In 1993, a review of nearly all Aarskog-Scott cases was published (Teebi et al. 1993). The 

group checked the frequency of AAS characteristics in the reported 130 male patients. Con-

sistent manifestations found in 90-80% of these reported patients were hypertelorism (90%), 

short nose with anteverted nares and long philtrum (90%), short stature (88%), maxillary hy-

poplasia ±  dental malocclusion (88%), crease below the lower lip (82%), short and broad 

hands (82%), shawl scrotum (80%), abnormal auricles ±  fleshy lobules (80%) and short fifth 

finger combined with clinodactyly (80%). Frequent manifestations found in 70-52% of the 

reported patients were widows peak hair anomaly (70%), mild interdigital webbing (70%), 

joint hyperextensibility (70%), broad feet with bulbous toes (70%), cryptorchidism (65%), 

inguinal hernia (60%), downward eye slant (55%), and ptosis (52%). The authors, based on 

the frequency in literature and their own experience, combined these characteristics into pri-

mary and secondary criteria. Since this nosology of the Aarskog-Scott syndrome, several new 

patients have been described in the literature. Therefore, the criteria for the Aarskog-Scott 

syndrome should be expanded. The criteria in table 1-1 are based on the literature described in 

the chapter disease pattern. 

Primary criteria 

Hypertelorism, short nose / anteverted nares, maxillary hypoplasia, crase below lower lip, 

short and broad hands, mild interdigital webbing, short stature, shawl scrotum, short fifth 

finger / clinodactyly, joint hyperextension (swan neck deformity) 

Secondary criteria 

Widows peak, ptosis, downward slant of palpebral fissures, abnormal auricles / post rotated 

/ fleshly lobules, broad feet with bulbous toes, cryptorchidism / inguinal umbilical hernia 

Additional criteria 

Vertebral anomalies, congenital heart and vessel defects (ASD - atrial septical defect, VSD 

– ventricular septical defect, CoA – coarctation of the aorta, AS&Ins – Aortic stenosis and 

insufficiency, PS – pulmonary stenosis, retinal vessel tortuosity), Megadolichosigmoid, 

unilaterally or bilaterally decreased vision (V-pattern esotropia, latent nystagmus, inferior 

oblique overaction, amblyopia, bilateral blepharobtosis, astigmatism, hyperopia, aniso-

metropia, deficient ocular elevation, blue sclera, posterior embryotoxon), behavioural prob-



Introduction 
The Aarskog-Scott syndrome (AAS) 

15 

lems (Attention-deficit/hyperactivity disorder (ADHD), mild to moderate mental retarda-

tion, Asperger’s syndrome, autism, mania, severe neurological defects including unilateral 

focal polymicrogyria (PMG)), dental malformations 

Table 1-1 Aarskog-Scott syndrome: primary, secondary and additional criteria 

1.1.4 Differential diagnosis 

There are three related syndromes with a very similar characteristic spectrum which are also 

found in the OMIM database: Noonan syndrome (#163950, autosomal dominant), Opitz 

GBBB syndrome (variant I: #30000, X-chromosomal and variant II: #145410, autosomal 

dominant) and Robinow syndrome (DRS: #180700, autsomal dominant and RRS: #268310, 

autosomal recessive) (Becker 1989; Jameson 1998). 

1.1.4.1 Noonan syndrome 

The Noonan syndrome (incidence 1 in 1.000 to 1 in 5.000) was first described by Jacqueline 

Noonan in 1968 and grouped into the neuro-cardio-facial-cutaneous syndrome family (RAS-

opathies) (Noonan 1968; Tidyman et al. 2009). She described nine patients who had pulmonic 

stenosis (PS), a distinctive dysmorphic facial appearance with hypertelorism, ptosis and low-

set ears, webbed neck, and chest deformities. Male patients also showed cryptorchidism. Be-

side these findings several other criteria for the syndrome have been published which are 

summarized and ordered by affected areas (Table 1-2) (Duncan et al. 1981; van der Burgt 

2007; Tartaglia et al. 2011). 

Affected areas Clinical abnormalities 

Facial dysmorphism Epicanthal folds, ptosis, down-slanting palpebral fissures, triangular 

facies, low set and/or posteriorly rotated ears, light coloured irises 
Ophthalmologic Strabismus, myopia 

Otologist Hearing loss 

Dental/Oral Malocclusion, high arched palate 

Cardiovascular Congenital heart defects (pulmonic stenosis, atrioventricular septal 

defects, aortic coarctation, secundum atrial septal defects, mitral 

valve defects, tetralogy of fallot, ventricular septal defects, patent 

ductus arteriosus), hypertrophic cardiomyopathy 

Head Webbed neck with low posterior hairline 

Nutrition Feeding difficulties 

Growth Postnatally reduced 
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Behaviour Developmental delay, attention deficit/hyperactivity disorder 

Skeletal Pectus excavatum and/or carinatum, cubitus valgus, scoliosis, verte-

bral anomalies 

Gonad development Cryptorchidism 

Lymphatic Lymphedema, lymphangiectasia 

Hematological Bleeding diathesis, thrombocytopenia, leukemia 

Table 1-2 Noonan syndrome - affected areas and clinical abnormalities 

In newborns lymphedema and excess nuchal folds are more prominent than facial features. Length is typically 

normal. With time facial dysmorphism, pectus deformities, and reduced growth become more and more obvious. 

Hypertrophic cardiomyopathy may also develop during the first few years of life. The facial features can become 

more difficult to detect in later adolescence and adulthood (Duncan et al. 1981; van der Burgt 2007; Tartaglia et 

al. 2011).  

 

The differential diagnosis to the Aarskog-Scott syndrome is complicated because both syn-

dromes share a lot of significant symptoms. Therefore, it is important to analyze the particular 

symptom combinations in each patient. Fortunately, shared criteria are often combined with 

symptoms found only in the Noonan syndrome or in the Aarskog-Scott syndrome. However, 

the cardiovascular defects commonly thought to be a clear Noonan symptom characteristic 

may be also seen as additional criteria in the AAS. Another problem is that the incidence of 

the Noonan syndrome is much higher compared to the Aarskog-Scott syndrome, which may 

cause diagnosis mistakes in direction to the Noonan syndrome. As 75% of the patients with 

Noonan syndrome have mutations in one of the seven genes (PTPN11, SOS1, KRAS, NRAS, 

RAF1, BRAF or MEK1), having a function in RAS signaling pathways, a clear genetic scope 

to the Aarskog-Scott syndrome should be possible (Tartaglia et al. 2005; Tartaglia et al. 

2011). For a better understanding of the disease causing mechanism in Noonan syndrome 

several knock in mice have been created: PTPN11 (D61G, Q79R) and RAF1 (L613V)) (Araki 

et al. 2004; Wu et al. 2004; Nakamura et al. 2007). 

1.1.4.2 Opitz GBBB syndrome 

In 1969, two multiple congenital anomaly syndromes named BBB and G syndrome were de-

scribed (Opitz et al. 1969a; Opitz et al. 1969b). Because of the similarities like hypertelorism, 

telecanthus, hypospadias, cryptorichidism and mental deficiency, both syndromes were 

thought to be identical so it was designated as Opitz GBBB syndrome (Cordero et al. 1978; 

Funderburk et al. 1978). The clinical findings are summarized in table 1-3 (Parashar et al. 

2005).  
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Affected areas Clinical abnormalities 

Facial dysmorphism Hypoplasia, flattened bridge, anteverted nostrils, grooved nasal tip 
nostril cleft 

Head Cranial asymmetry and prominences, midline furrow, widow’s peak 

Ophthalmologic Hypertelorism, telecanthus/epicanthal folds, strabismus, entropion, 
ptosis 

Otologist Posterior rotation, abnormal modeling of helix 

Dental/Oral Cleft lip and palate, fused teeth/supernumerary teeth, bifid uvula, 
ankyloglossia/bifid tongue, short lingual frenulum 

Cardiovascular ASD, atrial septal defect; PDA, patent ductus arteriosus; TOF, te-
tralogy of Fallot; VSD, ventricular septal defect. 

Urogenital Hypospadias, vesicoureteric reflux 

Respiratory Stridor, aspiration pneumonia, atelectasis, Bronchiectasis, laryn-
gotracheal cleft, tracheo-oesophageal cleft 

GIT Upper tract malformation, esophageal motility, imperforate anus 

Skeleton Inguinal hernia/pes cavus/deformed digits 

Behaviour Midline brain anomalies, developmental delays 

Table 1-3 Opitz GBBB syndrome - affected areas and clinical abnormalities 

 

The syndrome, incidence 1 in 50.000 to 1 in 100.000, is heterogeneous with both X-linked 

and autosomal cases described in the literature (Quaderi et al. 1997; So et al. 2005). The X-

linked condition is caused by mutations in the MID1 gene (Xp22.3) encoding a RING-finger 

protein ubiquitin ligase which has a function during mitosis and leads to phosphatase 2A deg-

radation (Cainarca et al. 1999; Trockenbacher et al. 2001). The deletions for the autosomal 

condition were localized through FISH analysis with DiGeorge probes to the long arm of 

chromosome 22 (22q11.2) (Fryburg et al. 1996; McDonald-McGinn et al. 1996). Its differen-

tial diagnosis from the Aarskog-Scott syndrome is very difficult if no hypospadias is present. 

In these rare cases, another possibility is to check for MID1 mutations or deletions in the Di-

George region on chromosome 22. However, several syndromes show a deletion in the Di-

George region what makes a precise diagnosis impossible (Scambler 2000; Cuneo 2001). To 

date, no MID1 mouse model is available contrary to the DiGeorge knock out mouse generated 

recently and several mice overexpressing genes from the DiGeorge locus (Funke et al. 2001; 

Meechan et al. 2009). 
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1.1.4.3 Robinow syndrome 

The Robinow syndrome, incidence 1 in 500.000, was first described in 1969 by Meinhard 

Robinow and colleagues in a family with several individuals exhibiting mesomelic limb 

shortening, hypertelorism, and hypoplastic genitalia, in an autosomal dominant inheritance 

pattern (Robinow et al. 1969). Nine years later, Wadia and his group described a new Coves-

dem syndrome named after its costovertebral segmentation defect with mesomelia and pecu-

liar facies, which only one year later was recognized to be a more severe variant of the Robi-

now syndrome with autosomal recessive transmission (Wadia et al. 1978; Wadia 1979).  The 

autosomal recessive Robinow syndrome is called RRS (OMIM: #268310) and the autosomal 

dominant is called DRS (OMIM: #180700). As the diagnose of the RRS is clear different 

from the Aarskog-Scott syndrome (typical facial dysmorphic features, mesomelic shortening, 

costovertebral segmentation defects that include rib fusions, and hypoplastic genitalia) I will 

focus more on the milder DRS where some patients do not have mesomelic shortening one of 

the most important distinctive criteria towards the Aarskog-Scott syndrome. The summary of 

the clinical abnormalities of the Robinow syndrome (DRS) sorted by frequencies is given in 

table (Mazzeu et al. 2007). 

Primary criteria (100–50% frequency) 

Hypertelorism (100%), wide nasal bridge (96.8%), anteverted nares (95.5%), upturned nose 

(86.7%), micropenis (84.1%), short nose (81.2%), short stature (81.2%), brachydactyly 

(81%), midface hypoplasia (80.6%), mesomelic limb shortening (80.1%), prominent fore-

head (79.0%), depressed nasal bridge (77.9%), cryptorchidism (71.6%), clinodactyly (70%), 

triangular mouth (64.9%), long philtrum (64.7%), macrocephaly (64.2%), down-slanted 

mouth corners (62.9%), short hands (61.5%), micrognathia (56.7%), long eyelashes (54%), 

highly arched plated (51.5%), hypoplastic labia minora (50.4%) 

Secondary criteria (49-25% frequency) 

Thin upper lip (49.6%), wide palpebral fissures (49.5%), dental malocclusion (49.4%), hy-

poplastic clitoris (45.9%), narrow palate (45.9%), retrognathia (44%), pectus excavatum 

(44%), epicanthal folds (39.1%), bifid tongue (38.5%), up-slanted palpebral fissures 

(37.2%), prominent eyes (36.6%), gum hyperplasia (35.8%), large thumbs (35.6%), rhy-

zomelic limb shortening (35.4%), hypoplastic labia majora (34.9%), cleft lip/palate 

(34.7%), large 1st toes (33.1%), umbilical herniae (32.3%), short neck (29.4%), heart de-



Introduction 
The Aarskog-Scott syndrome (AAS) 

19 

fects except murmur (28.6%), low-set ears (28.1%), renal problems (26.5%), recurrent res-

piratory infections (25.2%) 

Additional criteria (24-10% frequency) 

Hemivertebrae (22.7%), nail dysplasia (21.7%), development delay/mental retardation 

(20.5%), facial nevus (19.4%), scoliosis (17.6%), blue sclerae (17.3%), inguinal herniae 

(16.9%), short philtrum (16.8%), accentuated cupids bow (16.7%), infranumerary teeth 

(15.8%), sacral dimple (14.9%), down-slanted palpebral fissures (14.6%), wide space be-

tween 1st and 2nd toes (14.6%), ptosis (14.5%), single palmar crease (14.5%), small ears 

(14.4%), syndactyly (14.4%), frontal balding (14.4%), heart murmur (14.4%), strabismus 

(12.2%), deafness (11.9%), supernumerary teeth (10.3%) 

Table 1-4 Primary, secondary and additional criteria of the Robinow syndrome (DRS) 

Criteria and frequency is based on the data from Mezzeu et. al. (Mazzeu et al. 2007). 

 

The Aarskog-Scott syndrome and the Robinow syndrome (DRS) are both characterized by 

facial features with wide-spaced eyes, anteverted nostrils, and broad upper lip. However, ver-

tebral abnormalities are not observed in the AAS, in contrast the shawl scrotum as well as the 

lax ligaments are not found in Robinow syndrome. Another possibility to exclude a mild DRS 

is to check the WNT5 gene on the small arm of chromosome 3 for mutations, deletions or 

duplications (Person et al. 2010). For a better understanding of the disease mechanism a 

knock out mouse model (WNT5) has been generated in 2003 (Oishi et al. 2003).  

1.1.5 Molecular Diagnosis 

In 1994, a group at the Michigan State University discovered a gene linked to the Aarskog-

Scott syndrome (Pasteris et al. 1994). The gene was localized on the small arm of the X-

chromosome (Xp 11.21) and encoded a factor named Facio-Genital-Dysplasia protein 1 

(FGD1). The structure, expression and function of this disease causing factor will be de-

scribed in chapter 1.3 (FGD1 – the founding member of the FGD-family). Today, molecular 

diagnosis of the Aarskog-Scott syndrome is solely based on the FGD1 gene, however, only in 

20% of the AAS patients a mutation in this locus has been found (Orrico et al. 2004; Orrico et 

al. 2010). Three methods have used to detect duplications, deletions and point mutations in 

the FGD1 region of the X-chromosome (Table 1-5) (Strachan et al. 2011). Because 80% of 

the Aarskog-Scott patients show no alterations in the FGD1 locus, a negative result in these 
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methods does not rule out the diagnosis of AAS. In contrast, a mutation found in the FGD1 

gene is a clear molecular proof for the syndrome. 

DNA Sequencing 

Several PCR reactions are used, covering the exonic regions and the intron/exon borders. 

Beside normal nucleotides fluorescently labelled nucleotides are present (different colour 

for each nucleotide: Adenosin, Thymin, Cytosin, Guanin) leading to termination. Frag-

ments are separated by capillary chromatography, each fluorescent nucleotide is measured, 

and the sequence is determined. 

Detection range: Point mutations, small deletions and insertions can be detected but not 

big deletions or duplications.  Furthermore, no copy number changes in the FGD1 gene 

can be monitored. 

MLPA (multiplex ligation – dependent probe amplification) 

Several probes are used for one reaction including a specific primer binding site. Each 

probe binds a specific region of the exonic sequences, whereas some contain specific 

SNP/mutations allow binding only if the specific SNP/mutation is present. Two probes 

close to each other are hybridized, ligated and amplified by PCR. The separated products 

show different sizes depending which probe combinations did bind. 

Detection range: Small deletions, duplications and defined point mutations and also copy 

number changes in the FGD1 gene 

Array CGH (array comparative genomic hybridization) 

Microarrays with different oligonucleotide spots of short genomic DNA fragments are 

used. The number of diverse oligonucleotides defines the resolutions and coverages of the 

microarray. Patient DNA is isolated and fluorescently labelled (red) and hybridized to-

gether with a differently labelled control DNA (green). Then fluorescence is measured for 

each spot, ranging from red, yellow to green depending on availability and copy number in 

the DNA sample. 

Detection range: Resolution and coverage depending on the microarray chip used, but no 

single base pair changes or small duplications/deletions are detectable. Changes in copy 

number can be detected. 

Table 1-5 Molecular methods used in the diagnosis of the Aarskog-Scott syndrome  

DNA sequencing of the FGD1 locus is the common used and most accurate method to find new point mutations, 

small deletions or duplications in the FGD1 gene. The MLPA analysis detects already known point mutations, 

small to big duplications or deletions in the FGD1 gene. The more expensive array CGH is able to find deletions 

and duplications all over the genome. The resolution and coverage is dependent of the chip used. Copy number 

changes are detected by MLPA and array CGH but not with DNA sequencing. (Strachan et al. 2011) 

1.1.6 FGD1 localisation, mutations and genotype / phenotype correlation 

The human Facio-Genital-Dysplasia protein 1 is localized on the small arm of the X-

chromosome (Xp 11.21) and its 18 exons are spanning a region of 51.63kb (54.471.886 to 
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54.522.598). Based on the clinical utility card of the Aarskog-Scott syndrome, 56 different 

mutations have been characterized in published articles, unpublished data and congress re-

ports (Orrico et al. 2011). The mutation spectrum includes 29 different missense mutations, 

16 frameshift mutations, 5 nonsense mutations, 3 splice site mutations, 1 in frame-deletion 

and 2 gross deletions (Schwartz et al. 2000; Bedoyan et al. 2008; Baldi et al. 2009; Orrico et 

al. 2010). In table 1-6 an overview of all published AAS-mutations is given. In comparison of 

patients with different mutations, no evident genotype–phenotype correlation is apparent 

(Orrico et al. 2004; Orrico et al. 2010). In addition, no clear phenotypical differences between 

patients with and without FGD1 mutations are noticeable (Orrico et al. 2011).  

Affected Exon cDNA alterations Protein alterations Reference 

exon 3 528 insC P176fsX216 (Orrico et al. 2004) 

exon 3 614 G>T S205I (Orrico et al. 2004) 

exon 4 806 delC L268fsX359 (Orrico et al. 2010) 

exon 4 935 C>T P312L (Lebel et al. 2002) 

exon 4 944-975 del 32 P314fsX325 (Orrico et al. 2004) 

exon 4 945 insC P315fsX319 (Orrico et al. 2007) 

exon 4 982 delC P327fsX359 (Orrico et al. 2004) 

exon 5 1139 A>C E380A (Orrico et al. 2004) 

exon 6 1205 G>A R402Q (Orrico et al. 2010) 

exon 6 1223 G>A R408Q (Orrico et al. 2005) 

exon 6 1316-1319 del AGCT P438fsX470 (Orrico et al. 2004) 

exon 6 1328 G>T R443L (Kaname et al. 2006) 

exon 6 1328 G>A R443H (Orrico et al. 2004) 

exon 7 1392 insG L464fsX469 (Pasteris et al. 1994) 

exon 7 1396 A>G M466V (Bottani et al. 2007) 

exon 8 1565 G>A R522H (Schwartz et al. 2000) 

exon 8 1590 T>A Y530X (Orrico et al. 2010) 

exon 8 1620 delC P539fsX550 (Orrico et al. 2010) 

exon 9 1673 C>G S558W (Orrico et al. 2010) 

exon 9-12 ex. 9–12 del gross deletion (Schwartz et al. 2000) 

exon 10 1829 G>A R610Q (Orrico et al. 2000) 

intron 11 IVS11 c.1935+3A>C Splicing (Orrico et al. 2010) 

exon 12 1966 C>T R656X (Orrico et al. 2010) 

exon 13 2020-2022 delGAG E674 del (in frame) (Orrico et al. 2010) 

exon 15 2189 delA E730fsX862 (Shalev et al. 2006) 

exon 15 2221 G>T E741X (Kaname et al. 2006) 

exon 15 2242 A>G K748E (Orrico et al. 2010) 

exon 17 2530 delG F843fsX862 (Orrico et al. 2004) 

all ORF Complete deletion — (Bedoyan et al. 2008) 

Table 1-6 Overview of all published 29 FGD1 mutations  

(black: point mutations, blue: frameshift mutations, red: gross mutations and splicing alterions) 
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1.1.7 Inheritance pattern 

Since the discovery of FGD1 on the X-chromosome the literature focused on the FGD1-

linked inheritance pattern of AAS (OMIM, #305400) even though in only 20% of the patients 

a FGD1 mutation was found (Orrico et al. 2004; Orrico et al. 2010). Beside the FGD1 de-

pendent X-linked inheritance there are some cases reporting X-chromosome dependent inheri-

tance without FGD1 mutations (Kapur et al. 1989; LaDine et al. 2001). In figure 1-3 the X-

chromosomal heredities for homozygous affected father and heterozygous mother carrier is 

shown. In the literature some authors assume dominant, some recessive transmission. As there 

are reports mentioning affected female patients, the trend is towards dominant inheritance 

(Bawle et al. 1984). However, the female counterpart of the Aarskog-Scott syndrome has 

much milder characteristics of the disease assuming that affected females could be a interme-

diary carrier as homozygous affected is very unlikely because of the low incidence of the syn-

drome (Moraes et al. 2006). However, several cases report male to male transmission which 

 

Figure 1-3 X-chromosomal inheritance pattern of the Aarskog-Scott syndrome 

In the case of a heterozygous mother as carrier in the next generation the likelihood ratio for an affected boy is 

50% as well as for a carrier girl (left). If a homozygous affected father has children with a healthy female all 

boys are unaffected and all girls are carrier (right). Blue: healthy; Red: AAS affected; Red/Blue: AAS carrier 

female 
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let’s expect an autosomal dominant inheritance pattern (Welch 1974; Grier et al. 1983; Teebi 

et al. 1993). Therefore, figure 1-4 shows both transmissions for heterozygous male and fe-

male. Because of low frequency of the Aarskog-Scott syndrome, homozygous female or male 

are not very likely. 

 

 

Figure 1-4 Autosomal dominant inheritance pattern of the Aarskog-Scott syndrome 

In the case of a heterozygous affected mother in the next generation the likelihood ratio for an affected boy is 

50% as well as for a girl (left). If a homozygous affected father has children with a healthy female the ratio for 

an affected boy is also 50% as well as for a girl (right). Blue: healthy; Red: AAS affected 
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1.2 The small GTPase Cdc42: downstream target of FGD-family GEFs 

Cdc42 (cell division cycle 42), a member of the Rho subfamily of Ras GTPases, transduces 

extracellular signals from membrane receptors and, hence, regulates a plethora of cellular 

functions. Cdc42 and all other small Rho-GTPases act as molecular switches that are active in 

a guanosine-5'-triphosphate (GTP) bound state and inactive in a guanosine-diphosphate 

(GDP) bound state (Lodish et al. 2004; Jaffe et al. 2005; Rossman et al. 2005). The conver-

sion from an inactive to active state is mediated by guanine nucleotide-exchange factors 

(GEFs), which upon binding release the GDP from the switch protein. The free site is occu-

pied passively because of the high intracellular GTP concentration and results in a conforma-

tional change of the switch I and switch II regions allowing the small GTPase to interact with 

effector proteins, which in turn trigger downstream signalling pathways (Figure 1-5). 

 

 

Figure 1-5 GTPase switching cycle  

Inactive Cdc42 is activated through release of GDP upon interaction with a GEF like FGD1. In active state, the 

GTPase is able to activate downstream proteins. After hydrolysis, which can be fastened through a GAP, the 5-

prime phosphate is released. Full inhibition is possible through capping the isoprenyl residue by a GDI. (Melen-

dez et al. 2011) 
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The intrinsic GTPase activity of the switch hydrolyzes the bound GTP to GDP and Pi chang-

ing back the conformation of switch I and switch II from active to inactive. This process is 

catalyzed by GTPase-activating proteins (GAPs) and the rate of GTP hydrolysis regulates the 

activation time of downstream proteins. The important residues in switch I and switch II are 

Gly-60 and Thr-35, which change the conformation of the two switches when 5-prime phos-

 

Figure 1-6 Cdc42 downstream signaling 

The small GTPase Cdc42 is involved in several essential cell functions like cytoskeletal organization, cell polar-

ity, cell-cycle progression and receptor mediated endocytosis. (Cerione 2004) 
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phate is bound (Vetter et al. 2001; Rossman et al. 2002). The conformational changes in 

switch I and switch II domains leads to alteration in the whole protein structure of the GTPase 

that makes it possible to bind downstream targets activating different signalling pathways. 

When the GTPase hydrolyzed GTP, the conformational change in switch I and switch II is 

reverted leading to an inactivation of the GTPase. In addition to GEFs and GAPs, a third 

group of molecules, called guanine nucleotide dissociation inhibitors (GDIs) are required for 

the regulation of Rho GTPases, which able to antagonize the action of both GEFs and GAPs.  

Cdc42 is expressed ubiquitously in vertebrates but its function is tightly controlled by differ-

entially expressed GEFs and GAPs (Schmidt et al. 2002). In vitro data show that Cdc42 is 

involved in the regulation of diverse cellular function such as actin polymerisation, cell polar-

ity, filopodia formation, cell cycle progression, vesicle trafficking and sorting (Cerione 2004) 

(Figure 1-6). Since ablation of the gene encoding Cdc42 in mice leads to lethality at embry-

onic day 7.5 (E7.5) (Chen et al. 2000), the in vivo functions of Cdc42 have been assessed by 

using different conditional knock out mice (Table 1-7) (Melendez et al. 2011; Aizawa et al. 

2012).  

Gene targeting driver Phenotype and pathways 

Heart  

α-MHC-Cre Heart-specific deletion of Cdc42 enhances cardiac growth response and renders 

JNK1/2 inactive along with an increase in NFAT activity (Maillet et al. 2009) 

Nervous system  

Emx1-Cre, 

 hGFAP-Cre 

Loss of Cdc42 in neural progenitors results in apical-basal polarity defects mediated 

through altered location of the Par complex and lost adherent junctions (Cappello et 

al. 2006) 

Foxg1-Cre Loss of Cdc42 in mouse telencephalon leads to Shh-independent holoprosencephaly 

associated with a loss of neural epithelium polarity (Chen et al. 2006) 

Wnt-1-Cre Ablation of Cdc42 in neural crest stem cells shows defects in maintenance, migra-

tion, and differentiation of these cells through attenuated EGF signalling (Fuchs et 

al. 2009) 

Nestin-Cre Loss of Cdc42 in neural progenitors causes defects in formation of axon tracts along 

with an increased inactivation of cofilin (Garvalov et al. 2007) 

Dhh-Cre Loss of Cdc42 in Swann cells alters axon sorting through impaired proliferation and 

delayed differentiation of SCs. Cdc42 is downstream of and activated by NRG1, a 

known Swann cells mitogen (Benninger et al. 2007) 

Liver  

Alb-Cre Loss of Cdc42 in liver results in hepatomegaly, chronic jaundice, enlarged cana-

liculi, and hepatocellular carcinoma. E-cadherin expression and gap junctions are 

distorted (van Hengel et al. 2008) 

Alb-Cre Loss of Cdc42 followed by partial hepatectomy in liver results in delayed recovery 

with reduced and delayed DNA synthesis associated with dampened JNK and 

p70
S6K

 signalling (Yuan et al. 2009) 

Pancreas  

Pdx1-Cre Ablation of Cdc42 in pancreatic progenitors leads to loss of tube formation and up-

regulation of acinar cell differentiation associated with polarity defects, including 

altered Par3 and a PKC localization(Kesavan et al. 2009) 
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Eye  

LE-Cre Lens epithelium-specific deletion of Cdc42 leads to decreased filopodia and lens pit 

invagination through its effector IRSp53 during development (Chauhan et al. 2009) 

Skin  

K5-Cre Keratinocyte-specific Cdc42 deletion showed impaired hair formation and reduced 

growth of all hair. Increased degradation of β-catenin following decreased GSK-3β 

and increased axin phosphorylation is seen, which is dependent on PKCζ (Wu et al. 

2006). Loss of Cdc42 in keratinocytes leads to aberrant deposition of basement 

membrane in keratinocytes and loss of polarization with impaired processing of 

laminin-5 (Wu et al. 2006) 

Blood  

Mx1-Cre HSPC deletion of Cdc42 leads to cell cycle re-entry and hyperproliferation of blood 

progenitors. It also causes impaired adhesion, homing, migration, and retention that 

lead to an engraftment failure. Deregulation of c-Myc, p21
Cip1

, β1-integrin, and N-

cadherin expression in HSCs is evident (Yang et al. 2007) 

Mx1-Cre Blood stem/progenitor deletion of Cdc42 results in an increase in early myeloid 

progenitors and fatal myeloproliferative disorder. Up-regulation of promyeloid 

genes such as PU.1, C/EBP1α, and Gfi-1 in CMPs and GMPs and down-regulation 

of the proerythroid gene GATA-2 in MEPs are evident (Wang et al. 2006; Mulloy et 

al. 2010) 

PF4-Cre Platelet-specific deletion of Cdc42 leads to mild thrombocytopenia and an increase 

in platelet size. Additionally, Cdc42-deficient platelets have a shorter life span and 

deficiencies in platelet activation and granule organization, notably through GPIb 

signalling (Pleines et al. 2010) 

Immune system  

CD19-Cre Cdc42 deletion at the pro-B/pre-B cell stage leads to impaired B cell development 

and decreased proliferation and survival. Defects in B cell receptor signalling are 

attributed to increased ERK and decreased Akt activation(Guo et al. 2009) 

Mx1-Cre Cdc42 deletion in blood stem/progenitor cells leads to impaired leading edge coor-

dination and decreased in vivo motility in dendritic cells, in part through global 

change of the shape of the actin cytoskeleton (Lammermann et al. 2009) 

Mx1-Cre Bone marrow deletion of Cdc42 leads to decreased polarity, directionality, and 

maintenance of the single leading edge in neutrophils. Contractile signals at the 

uropod are affected through altered CD11b distribution and phosphorylation of 

MLC (Szczur et al. 2009) 

Lck-Cre T cell-specific deletion of Cdc42 leads to dramatic loss of naive T cells. Cdc42 loss 

results in an increase in Gfi-1 and repressed expression of IL-7 receptor-α. Addi-

tionally, it causes an increase in T cell receptor-mediated ERK1/2 activity and T 

cell proliferation (Guo et al. 2010) 

Skeletal system  

Ctsk-Cre Osteoclast-specific deletion of Cdc42 leads to osteopetrosis and reduced bone re-

sorption. M-CSF-stimulated cyclin D expression and phosphorylation of Rb, as well 

as RANKL-induced osteoclastogenic signals, are altered (Ito et al. 2010) 

Prx1-Cre Cdc42 deletion in early limb bud mesenchyme and in a subset of craniofacial mes-

enchyme leads to abnormal calcification of the cranium, syndactyly, loss of colum-

nar organization (chondrocytes), thickening and massive accumulation of hypertro-

phic chondrocytes thus reduced endochondral bone formation leading to short limbs 

and body. Reduced Col10 and Mmp13 mRNA expressions in non-resorbed hyper-

trophic cartilage, ectopic Sox9 expression, and reduced expression of apoptosis 

factors of interdigital mesenchyme Bmp2, Msx1, and Msx2 (Aizawa et al. 2012) 

Table 1-7 Summary of tissue-specific gene targeting studies of Cdc42 signaling function in mice 

(Melendez et al. 2011; Aizawa et al. 2012) 

The complexity of Cdc42 downstream signaling and function becomes clearer through these 

animal models. Much more complicated is the upstream activation of the small GTPase be-
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cause many GEFs are not restricted to Cdc42 but can also activate other small GTPases. For 

example, members of the FGD gene family encode GEFs (see details in the next chapter) 

which were believed to specifically activate Cdc42. However, in the case of FGD4/Frabin, in 

addition to the direct activation of Cdc42 through the GEF domain, Rac-1 is also activated via 

indirect pathway(s) (Nakanishi et al. 2008). Another challenge is the tightly and temporally 

regulated expression of GEFs and their fast degradation as seen for FGD1 and FGD3 

(Hayakawa et al. 2005; Hayakawa et al. 2008). Therefore, the detection of endogenous levels 

of GEFs is sometimes difficult because of the weak and short expression peaks. On the other 

hand, only this tight regulation makes physiological processes like cytoskeletal rearrangement 

or coordinated endo- and exocytosis possible. 

The regulation of cellular behaviour through FGD-family members is not fully understood but 

most of the functions reported for these GEFs are suggested to be through activation of Cdc42 

dependent pathways. Usually the function of the appropriate FGD GEF was inhibited through 

direct inhibition of Cdc42 with secramine or overexpression of dominant negative versions of 

Cdc42 (Erickson et al. 1996; Pelish et al. 2006; Egorov et al. 2009). In the case of FGD1 such 

overexpression studies showed distinct function apart from Cdc42 in cell cycle progression 

(Whitehead et al. 1998). Another possibility to check the function of a GEF like Fgd1 would 

be to generate constitutive and/or conditional knock out mouse strains for this protein and 

compare the findings with the Cdc42 knock out mice to elucidate the specific function of 

Fgd1 which is one part of this work (see results 2.3 Targeting of the mouse Fgd1 gene). How-

ever, several affected organs in the Aarskog-Scott syndrome like heart, bone, blood and nerv-

ous system show alterations in different Cdc42 knock out mice. Therefore it is important to 

check the expression profile of Fgd1 in these organs or rather in all organs which is another 

aim of this work (see results 2.1 Expression analysis of Fgd1/FGD1). In the following chapter 

a summary of the published literature with respect to the structure, expression pattern and 

cellular function of FGD1/Fgd1 is given. 
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1.3 FGD1 – the founding member of the FGD-family 

The human FGD1 gene, which is one of the disease causing factors of the Aarskog-Scott syn-

drome, is localized on the small arm of the X-chromosome (Xp11.21) (Pasteris et al. 1994). It 

consists of 18 exons spanning a region of 51.63kb genomic DNA and coding for a protein of 

961 amino acids. This protein structure is characterized by an N-terminal prolin-rich domain 

followed by a GEF region, which is specific for Cdc42 activation and composed of “Dbl”-

homology (DH) and pleckstrin homology (PH) domains, a FYVE zink-finger-like domain and 

 

Figure 1-7 FGD-family of guanine nucleotide exchange factors: comparison of domain structure and se-

quence of GEF-domain (DH domain and first PH domain) 

The FGD-family consists of 6 members showing the characteristic DH and PH domains (GEF-domain), the 

FYVE zink-finger-like domain and one C-terminal PH domain. The sequences of the GEF-domains are com-

pared to Dbl, a prominent GEF, activating small Rho-GTPases such as Rho A and Cdc42. All characterized 

FGD-family members activate Cdc42 directly. (Nakanishi et al. 2008) 
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a C-terminal PH domain. These last four domains are typically in FGD family of guanine nu-

cleotide exchange factors (Figure 1-7) (Nakanishi et al. 2008). It is important to mention that 

the interactions potential and functional behaviour of the different domains and/or the whole 

protein were assessed show a similarity of approximately 100% especially in the important 

domains (Figure 1-8) (Pasteris et al. 1994; Pasteris et al. 1995). The same is true for the other 

FGD-family members investigated until now. Among the six family members, not all have 

been characterized. Especially, FGD6 is only found in appropriate protein databases like Uni-

prot but no research was done, therefore, no FGD6 publications exist in the literature. All 

characterized FGD members (FGD1, FGD2, FGD3, FGD4/Frabin) are direct activators of the 

small GTPase Cdc42. FGD2/Fgd2 was found to be expressed in mouse testis playing a crucial 

role in transmission ration distortion (TRD) (Bauer et al. 2007). Beside that function 

FGD2/Fgd2 is also expressed in antigen presenting cells (macrophages, B cells and dendritic 

cells) with different expression levels during development/differentiation localizing to early 

endosomes and membrane ruffles (Huber et al. 2008). For FGD3, only one paper is available 

describing its proteasomal degradation and its inhibition potential for human HeLa cells upon 

lentivirus-mediated overexpression (Hayakawa et al. 2008). FGD4/Frabin is associated with 

the autosomal recessive inherited demyelinating form of Charcot-Marie-Tooth disease 4H 

(CMT4H), a motor and sensory neuropathy which is characterized by muscle weakness and 

wasting, foot and hand deformities, and electrophysiological changes (Delague et al. 2007; 

Stendel et al. 2007; Fabrizi et al. 2009; Houlden et al. 2009). FGD4/Frabin is involved in mi-

crospike formation and other morphological changes associated with Cdc42 activation (Ikeda 

et al. 2001; Kim et al. 2002; Nakanishi et al. 2008). The function of FGD5 has been con-

firmed to endothelial cells where it regulates the proangiogenic action of VEGF in endothelial 

cells through the regulation of network formation, permeability, directional movement and 

proliferation (Kurogane et al. 2012). The FGD-family members are highly conserved as 

 

Figure 1-8 Domain structure of human FGD1 and mouse Fgd1 

Comparison of the human FGD1 (961aa) and the mouse Fgd1 (960aa) protein domains shows that they are equal 

in all domains important for localization and function. Also the sequence is nearly identical. Therefore, the 

mouse Fgd1 can be used as a model for the human FGD1 protein to elucidate its function. 
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orthologs are found in C. elegans and other species like Rattus norvegicus, Mus musculus and 

Bos tauris (Pasteris et al. 1995; Obaishi et al. 1998; Gao et al. 2001; Daubon et al. 2011). 

1.3.1 Expression pattern of FGD1/Fgd1 

For most of the known proteins clear tissue expression assays through RNA and protein 

analyses have been performed. In the case of FGD1/Fgd1, however, only one Northern blot 

experiment can be found in the literature (Figure 1-9) (Pasteris et al. 1994) describing the ex-

pression of FGD1 mRNA in selected fetal and adult human tissues. According to this study, 

FGD1 is highly expressed in fetal tissues such as brain, kidney, lung and heart, while in the 

same adult tissues FGD1 is expressed at a much lower levels. Beside the main 4,4kb FGD1 

transcript, several other alternative spliced forms have been reported but have not been char-

acterized in detail (Pasteris et al. 1997; Yanagi et al. 2004). It was suggested that the splice 

forms fulfil dominant negative function as they have no functional GEF domain but all ex-

press the full proline-rich domain, which is important for the proper localization (Egorov et al. 

 

Figure 1-9 FGD1 mRNA expression in fetal and adult tissues (~4,4kb) 

As the Aarskog-Scott syndrome is a developmental disease, strong fetal expression of FGD1 was detected. Very 

high expression levels are found in the brain and additional expression in heart, lung, and kidney, but not in the 

liver. In adult tissues, the expression levels of FGD1 are greatly reduced (Adapted from Pasteris et. al. 1994). 
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2009). The function and cellular localization of FGD1/Fgd1 were further analyzed in different 

cell types like osteoblasts, human mesenchymal stem cells (hMSC), fibroblasts, endothelial 

cells and cancer cell lines which is described in more detail below. 

1.3.2 Fgd1 in osteoblasts – the role in bone formation 

In vertebrates, bones develop via two distinct mechanisms: mesenchymal precursors either 

directly differentiate into bone producing osteoblast by intramembranous ossification (IO); or 

first form a cartilaginous intermediate, which later on is replaced by bone in the process of 

 

Figure 1-10 Fgd1 expression assessed by in situ hybridization at the skull and cervical vertebrae  

Sagittal sections at E14.5 and E15.5 of the head and neck of E14.5 and E15.5 mouse embryos were used for in 

situ hybridization. Successive sections were used to visualize the spatiotemporal pattern of Fgd1 expression 

(dark field, DF) compared to the morphology of adjacent tissue sections stained with hematoxylin and eosin 

(HE) and alizarin S red (AR); B, cartilage primordium of the basioccipital bone (clivus); C, cartilage primordium 

of the body and neural arch of a cervical vertebra (C1, the first vertebra; C2, the second vertebra, etc.); E, epi-

glottis; OR, oropharynx. Precipitated silver grains indicative of detected Fgd1 transcript appear white against 

black under dark field illumination. Calcified tissue stains reddish brown with alizarin red. (Gorski et al. 2000) 
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endochondral ossification (EO). IO is typical for the formation of bones at the roof of the 

skull, while EO is characteristic for most skeletal elements including bones at the base of the 

skull, the vertebrae, the ribs and the long bones of the extremities. The first report on Fgd1 

expression in the developing bone was published in 2000 (Gorski et al. 2000). Using radioac-

tive in situ hybridization on tissue sections of mouse embryos, Fgd1 mRNA signal was first 

detected at E14.5. At this stage, ossification is apparent in the base of skull and in some verte-

bral arches (Theiler 1989). Fgd1 was detected at these sites of mineralization. In wild type 

 

Figure 1-11 Expression of Fgd1 in the cortex and trabeculae of developing mouse long bones  

Longitudinal sections of the long bones at E16.5, E18.5 and postnatal day 1 (P1) were used for isotopic in situ 

hybridization; longitudinal sections of the radius and ulna (E16.5) and the tibia (E18.5 and P1) are shown. 

Serial sections were used to visualize the spatiotemporal pattern of Fgd1 expression (dark field, DF) com-

pared to the morphology of adjacent tissue sections stained with hematoxylin and eosin (HE), alizarin red 

(AR), and Von Kossa stain (VK); R, radius; U, ulna; T, tibia; F, femur. Mineralized tissue stains black with 

Von Kossa reagent. (Gorski et al. 2000) 
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mice embryos mRNA of Fgd1 was analyzed during development. The first signal was seen at 

14.5. At this stage the first ossification is seen in the skull and in some vertebral arches 

(Theiler 1989). The long bones of the extremities only show periosteal ossification. Here 

Fgd1 could be detected in the base of the skull and in cervical vertebrae (Figure 1-10) sug-

gesting a role of Fgd1 in endochondral ossification. At later embryonic stages, Fgd1 mRNA 

was also found at the periosteal and trabecular regions of long bones (Figure 1-11). Further-

more, radioactive signals in craniofacial bones were detected at 18.5 and, more broadly, in all 

skeletal tissues of juvenile mice. Collectively, these tissue expression data implicate that Fgd1 

plays a pivotal role in ossification and skeletal development. In line with the suggested role in 

skeletogenesis, Fgd1 was found to be expressed in primary mouse calvarial osteoblasts and 

various osteoblastic cell lines (Gorski et al. 2000). As an attempt for functional characteriza-

tion, the same group at Michigan State University showed that the overexpressed GFP- Fgd1 

fusion protein is localized to the subcortical actin cytoskeleton and to the Golgi apparatus in 

the pre-osteoblastic calvaria bone cell line MC3T3 (Figure 1-12) (Estrada et al. 2001). The 

same observation was made by Egorov and his colleagues of Polishchuk in Chieti (Italy) in 

2009 (Egorov et al. 2009). They analyzed the function of Fgd1 in MC3T3 cells through a 

knock down of Fgd1. During the experiments, they observed that several matrix proteins 

stuck in the trans-Golgi network (TGN) and were not secreted. These retained molecular were 

pro-collagen I, osteocalcin, osteopontin and osteonectin, proteins which are all found in the 

bone extracellular matrix and important for bone growth and calcification (Figure 1-13). The 

authors found that Fgd1 is colocalized with Cdc42 in TGN and hypothesized that the secre-

tion defects is caused by deregulation of the Fgd1-dependent activation and/or Golgi localiza-

tion of Cdc42. Recently, the analysis of knock out mice lacking mixed-lineage 

 

Figure 1-12 GFP-Fgd11 and GFP expression in mouse MC3T3  

GFP-Fgd1 overexpressed in preosteoblastic MC3T3 calvaria bone cell line is localizing to the subcortical actin 

(arrow) and the Golgi apparatus around the nucleus (A), overexpression of GFP alone shows ubiquitous distribu-

tion in MC3T3 cells (B). (Estrada et al. 2001)   
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kinase 3 (Mlk3) demonstrated that Mlk3 downstream of Fgd1/Cdc42 regulates p38 and Erk 

MAP kinases, which in turn modulate the activity of Runx2, a master regulator of osteoblast 

differentiation. The mice displayed multiple skeletal defects, including dental abnormalities, 

deficient calvarial mineralization, and reduced bone mass similar to Aarskog-Scott patients 

(Zou et al. 2011). As a summary of all the findings described above, mouse Fgd1 is 1) is ex-

pressed at the onset of bone formation, 2) associates with the subcorical actin and the TGN of 

osteoblasts, and 3) affects osteoblast differentiation/function via the control of matrix proteins 

secretion and/or Runx2 activation. 

1.3.3 FGD1 in human mesenchymal stem cells 

Human mesenchymal stem cells (hMSC) are multipotent stromal cells first isolated from the 

bone marrow. Lately, hMSCs were also isolated from other tissues like adipose tissue (Beyer 

Nardi et al. 2006). Under appropriate culture conditions, hMSC can be differentiated in vitro 

to all four lineages of connective tissue: fibroblasts, osteoblasts, chondrocytes, and adipo-

cytes. hMSC are thought to play a key role in maintaining musculoskeletal tissue throughout 

life. Gao et. al. have recently demonstrated that FGD1 plays a crucial role in osteogenic dif-

ferentiation but not in adipogenic differentiation of hMSC, while chondrogenic or fibroblastic 

differentiations were not tested (Gao et al. 2011). The authors first found that FGD1 expres-

sion and CDC42 activation are upregulated during osteogenic differentiation. Next, they 

showed that overexpression of wild type FGD1 and constitutively active CDC42 promote, 

while inhibition of CDC42 by dominant negative mutants of FGD1 or CDC42 suppressed 

osteogenesis (Figure 1-14).  

 

Figure 1-13 FGD1 silencing leads to retention of Pro-Collagen I in the TGN of MC3T3 pre-osteoblasts  

Efficient knock down of Fgd1 mRNA through siRNA (left), resulting in a retention of Pro-Collagen I (red) in the 

TGN (green) which results in a yellow signal in MC3T3 pre-osteoblasts in contrast to the control where the Pro-

Collagen I (red) signal is outside of the cell and the Golgi apparatus (middle), the quantification shows that in 

Fgd1 knock down the Pro-Collagen I is retained to more than 50% (right)(Egorov et al. 2009)  
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1.3.4 Role of FGD1/Fgd1 in Fibroblasts 

Most of the data characterizing localization and signaling of FGD1/Fgd1 was gained from 

experiments in different fibroblastic cell lines: (1) human HeLa cells, gained from a female 

cervix cancer (Scherer et al. 1953); (2) mouse Swiss 3T3 cells, spontaneously immortalized 

mouse embryonic fibroblasts (MEF) (Todaro et al. 1963) and (3) monkey COS7 and COS1 

cells, derived from monkey kidney tissue and immortalized by SV40 virus (Jensen et al. 

1964). It’s not clear if HeLa cells or COS7 cells gained FGD1/Fgd1 expression during trans-

differentation into cancer cells or if they express it endogenously (see also chapter 1.3.6 

FGD1 in Cancer and different cancer cell lines). MEFs express endogenously Fgd1 which I 

will show in my results. In most of the cases tagged FGD1/Fgd1 was overexpressed which is 

not physiologic but independent of the low levels of endogenous FGD1/Fgd1 these cell lines 

may have. 

1.3.4.1 Cellular localization of FGD1/Fgd1 

In 2003 a group at the Michigan State University demonstrated direct interaction of Fgd1 

cortactin and mouse acting binding protein 1 (mAbp1), two proteins that regulate actin po-

lymerization through the Arp2/3 complex (Hou et al. 2003). The Arp2/3 complex is important 

for actin remodeling which occurs during phagocytocis, endocytosis, cell polarity 

 

Figure 1-14 FGD1 and CDC42 regulate hMSC osteogenesis  

hMSCs were infected with lentivirus expressing different FGD1 or CDC42 constructs and cultured in growth 

medium (GM) or osteogenic medium (OM) for 21 days. Cells were fixed and stained with Alizarin Red S to 

detect mineral deposits. Scale bar = 200 µm (Gao et al. 2011) 
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Figure 1-15 Adhesion structure: Focal adhesion  

FGD1 plays a key role in the Arp2/3 complex which is important for diverse actin cytoskeletal rearrangements 

including the formation of focal adhesion. (Hou et al. 2003; Kim et al. 2004; Gimona et al. 2005) 

 

Figure 1-16 Colocalization of Fgd1 with mAbp1/Cortactin and recruitment to the membrane during se-

rum and EGF stimulation  

GFP-Fgd1 overexpressed in COS7 cells colocalizes with overexpressed flag-mAbp1 and flag-Cortactin in mem-

brane ruffles (up). During activation of HeLa cells with serum and EGF, the lentiviral overexpressed FGD1(SA) 

was recruited from the cytosolic pool to membrane, and even more to the cytoskeleton, in a time dependent 

manner (down). FGD1(SA) is a FGD1 in which the serines are changed to alanines in the linker region leading 

to stabilization of the protein (see Figure Figure 1-8) (Estrada et al. 2001; Oshima et al. 2010) 
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establishment, adhesion (Figure 1-15) and many more physiological processes (Fucini et al. 

2002; Chen et al. 2004; Stradal et al. 2006; Harris et al. 2010). The authors performed direct 

interaction studies using GST-tagged proteins and cotransfection experiments with GFP-

tagged Fgd1 and flag-tagged cortactin and mAbp1. They could show that Fgd1 directly inter-

acts with the SH3 domain of cortactin and mAbp1. After serum or growth factor stimulation 

of COS7 cells, these tagged proteins were localized in membrane ruffles (Figure 1-16), and 

Fgd1 via the activation of Cdc42 indirectly stimulated Arp2/3-driven actin polymerization. 

Furthermore, two additional groups have shown that Fgd1 is localized in subcortical actin and 

the Golgi apparatus in COS7 and HeLa cells (see also Golgi localization in osteoblasts 

(Figure 1-13) (Estrada et al. 2001; Egorov et al. 2009). Finally, a group at the Tokyo Univer-

sity of Pharmacy and Life Sciences has demonstrated the recruitment of Fgd1 from the cyto-

sol (main pool) and the cytoskeleton to the membrane and stronger to the cytoskeleton but not 

into the nucleus during activation with serum in HeLa cells (Figure 1-16) (Oshima et al. 

2010). 

1.3.4.2 Signaling of FGD1/Fgd1 

One of the first experiments with the FGD1 protein was an interaction study with several 

small Rho-GTPases (Zheng et al. 1996). The result demonstrated the direct interaction be-

tween FGD1 and CDC42 but not with RhoA, Rac1, RhoG or TC10 and showed a clear speci-

ficity for CDC42 and GDP-release activity. In these publications, the authors also analyzed 

downstream signaling processes in Swiss 3T3 cells. Overexpression of FGD1 led to the 

CDC42-dependent stimulation of MAP kinase cascade and the activation of c-Jun kinase 

SAPK/JNK1. It has been shown that both FGD1 and Vav1, another member of the Dbl family 

of GEFs induce actin polymerization and the assembly of clustered integrin complexes  in 

Swiss 3T3 cells (Olson et al. 1996). However, whereas Vav1 could activate Rho, Rac and 

Cdc42; FGD1 could only activate Cdc42 resulting in filopodia formation. As a result, both 

GEFs could stimulate downstream signaling of Cdc42 like SAPK/JNK1. Since many mem-

bers of the Dbl family of GEFs act as oncogene, in 1998 Nagata et. al. performed several 

transformation experiments using different FGD1-constructs (Nagata et al. 1998). The authors 

focused on the GEF domain of FGD1, therefore created myc-tagged FGD1 constructs consist-

ing of either the DH domain or the DH/PH domains. The experiments revealed that neither 

the DH nor the DH/PH construct could result in the formation of transformed foci characteris-

tic of oncogene induced transformations in Swiss 3T3 cells. In contrast, Whitehead et. al. 
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demonstrated that full length FGD1 could transform Swiss 3T3 cells (Whitehead et al. 1998). 

Nevertheless, both the DH and the DH/PH construct could induce G1 progression in quiescent 

Swiss 3T3 cells (Nagata et al. 1998). Further experiments resulted in the finding that Cdc42 

activation through the DH/PH domain was essential for filopodia formation but neither 

DH/PH nor DH alone was able to activate PAK1, a downstream target of Cdc42. In contrast, 

both constructs were able to activate JNK1 through an unknown, Cdc42 independent path-

way. These were the first results showing that FGD1 is not just an activator for Cdc42 but it 

has distinct signaling function apart from the GEF function. A paper published in the same 

year from Whitehead et. al. was going in the same direction (Whitehead et al. 1998). The au-

thors showed that FGD1 activates Elk-1, SRF and c-Jun via CDC42 regulated pathways but 

only Elk-1 and SRF activation required direct interaction with CDC42. The SRF and Elk-1 

are important for serum mediated gene expression (Hill et al. 1994), whereas c-Jun kinase has 

several functions in cell differentiation, cell proliferation, apoptosis and other physiological 

processes (Bogoyevitch et al. 2006).  Similarly, Nagata et. al. (1998) found that the activation 

of c-Jun was independent of CDC42 (Nagata et al. 1998). In addition, their results suggested 

that FGD1 cooperates with constitutive Raf (340D) to activate Elk-1 but not during the activa-

tion of SRF or c-Jun kinase. 

Through interactions of the SH3-binding domain in the Pro-rich domain at the N-terminus, 

Fgd1 can interact with cortactin and mAbp1 (Hou et al. 2003). Both proteins are involved in 

the Arp2/3 complex which is important for actin polymerization and actin reorganization in 

different physiological processes like endo- and exocytosis, mitosis, cell adhesion and migra-

tion (Fucini et al. 2002; Chen et al. 2004; Stradal et al. 2006; Harris et al. 2010). Therefore, it 

was not surprising that Fgd1 is positively influencing the actin polymerization in the Arp2/3 

complex (Kim et al. 2004). In 2005, the Haykawa group could demonstrate that after serum or 

growth factor stimulation for FGD1 recruitment to the cell membrane the serine residue 205 

at the Pro-rich domain was important (Oshima et al. 2010). Inhibiting the phosphorylation by 

changing the serine (Ser) residue to alanine (Ala), FGD1 was not able to localize to the cell 

membrane. The response for extracellular stimuli is regulated through phosphorylation Ser205 

leading to interaction with cortactin and FGD1 localization at the cell membrane. Several 

years later, the group showed that FGD1 is important for directionally persistent migration 

upon stimulation, since overexpressed Ala205 FGD1 mutants were not able to migrate 

(Oshima et al. 2011). The JNK-pathway, which was reported earlier to be activated through 

FGD1 expression, was shown to play a critical role in this migration as the pharmacological 
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inhibition of JNK impaired migration. For JNK activation the Pro-rich domain had no func-

tion. An addition, FGD1 (S205A) was not phosphorylated after EGF induction which con-

firmed the previous finding that the Ser205 is the trigger for membrane localization upon 

growth factor stimulation. The same group has also investigated the degradation pathway of 

FGD1 in HeLa cells (Hayakawa et al. 2005). FGD1 is phosphorylated at two serine residues 

in the DSGIDS linker region (see domain structure on Figure 1-8) leading to proteasomal deg-

radation via the FWD1/β -TrCP-mediated degradation pathway. Overexpression of FGD1 

(SA) where these two serines were changed to alanines showed stronger responses and no 

proteasomal degradation. The two serines in the linker region are phosphorylated through 

GSK3β, which is inactivated through phosphorylation of PKCζ. PKCζ itself is inhibited 

through active CDC42 loaded with GTP. Figure 1-17 is summarizing the known signaling 

pathways of FGD1/Fgd1. 

 

 

 

Figure 1-17 FGD1/Fgd1 signaling pathways – a summary 

Growth factors stimulate/induce FGD1/Fgd1by, for example, including phosphorylation at serine 205, which 

leads to the activation of both in CDC42/Cdc42 dependent and independent signaling cascades. The Cdc42 de-

pendent signaling includes actin polymerization in the Arp2/3 complex, filopodia and invadopodia formation, as 

well as secretion through the Golgi apparatus, migration and G1 progression/tumorigenic transformation. How-

ever, there is an CDC42-independent, also distinct signaling of FGD1/Fgd1 resulting in  known leading to tu-

morigenic transformation and G1 progression  (Olson et al. 1996; Zheng et al. 1996; Nagata et al. 1998; White-

head et al. 1998; Hou et al. 2003; Kim et al. 2004; Oshima et al. 2010) 
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1.3.5 Fgd1 in endothelium and in aortic endothelial cells 

In 2011, Fgd1 was detected in bovine aortic endothelial where it plays an important role in 

podosome formation (Daubon et al. 2011). Podosomes are dynamic actin-rich adhesion 

plasma membrane microdomains with extracellular matrix-degrading activities (Figure 1-18). 

Podosomes are similar to invadopodia in metastatic cancer cells (Figure 1-19) but with a 

faster turnover rate in the minute scale (Gimona et al. 2005). The physiologic functions of 

podosomes in endothelial cells include vessel remodelling and/or breaching anatomical barri-

ers (Daubon et al. 2011). It has been shown that Fgd1 is expressed and regulated by TGF-β to 

induce Cdc42 dependent podosome assembly. Fgd1 is phosphorylated after TGF-β stimula-

tion, associates with Cdc42, and localizes via a cortactin-dependent mechanism to the subcor-

tical actin. Knock down of Fgd1 inhibited TGF-β induced Cdc42 activation, podosome forma-

tion and associated matrix degradation. Fgd1 rescue experiments recovered Cdc42 activation, 

podosome formation and matrix degradation. These findings correlate with the described ves-

sel anomalies reported in Aarskog-Scott patients (chapter 1.1.1 Disease pattern). 

1.3.6 FGD1 in Cancer and different cancer cell lines 

Cancer cells are characterized by deregulated cell cycle resulting in high proliferation rates 

combined with independence of exogenous signals like growth inhibition or apoptosis signals 

(Lodish et al. 2004). The independent cell growth leads to aberrant morphology what can be 

measured in in vitro transformation assays (Combes et al. 1999). At later stages the cancer 

 

Figure 1-18 Adhesion structure: Podosomes  

Podosomes are characterized by high actin polymerization activity and short, disorganized actin cores sur-

rounded by a ring of adhesion structures. Podosome structures are dynamic and have a minute-scale turnover 

rate. Green spheres: pieces of ECM removed from the substrate by MMP activity; grey circles: vinculin-rich 

adhesion sites; white areas, regions of complete ECM degradation. (Gimona et al. 2005) 
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cells form cell protrusions to invade into the surrounding tissue and extracellular matrix 

(Figure 1-19) (Buccione et al. 2004; Weaver 2006; Yamaguchi et al. 2006). It is well known 

that Cdc42 plays a pivotal role in proliferation, G1-progression and invadopodia formations 

(Lamarche et al. 1996; Chou et al. 2003; Nakahara et al. 2003). FGD1 overexpression in 

NIH3T3 fibroblasts led to tumorigenic transformation and anchorage-independent growth in 

soft agar utilizing both CDC42-dependent and -independent pathways (Whitehead et al. 

1998). In the same cell line, Nagata et. al. could show that overexpression of eather the full 

length FGD1 or the GEF-depleted FGD1 lead to G1 progression independent from CDC42 

(Nagata et al. 1998). In 2009 high FGD1 expression was detected in human breast and pros-

tate cancer samples with a striking link between the aggressiveness of the cancer and the 

 

Figure 1-19 Adhesion structure: Invadopodia 

Invadopodia are characterized by high actin polymerization activity and short, disorganized actin cores sur-

rounded by a ring of adhesion structures. They can remain stable for several hours and invade the ECM as a 

consequence of excessive matrix degradation. Green spheres: pieces of ECM removed from the substrate by 

MMP activity; grey circles: vinculin-rich adhesion sites; white areas, regions of complete ECM degradation. 

(Gimona et al. 2005) 

 

Figure 1-20 FGD1 knock down in A375MM cells  

Efficient knock down of FGD1 in highly metastatic A375MM leads to reduced invadopodia formation and ma-

trix degradation (Ayala et al. 2009) 
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amount of FGD1 found in the sample (Ayala et al. 2009). Further analysis of the aggressive 

version of human melanoma A375 cells, called A375MM revealed that FGD1 is localized in 

invadopodia. It has been shown that knock down of FGD1 results in less invadopodia related 

matrix degradation (Figure 1-20). Overexpression of wild type and constitutively active 

FGD1 lacking FYVE, COOH-terminal PH and SH3-binding domains, and the PRD residues 

that negatively regulate exchange activity, showed much higher matrix degradation. The 

FGD1 construct with altered GEF domain showed only minimal matrix degradation compared 

to control leading to the conclusion that matrix degradation is a CDC42 dependent process 

(Figure 1-21). Based on the aforementioned studies there is strong evidence that FGD1 plays 

a key role in tumorigenic transformation, cell cycle progression and metastatic matrix degra-

dation through CDC42 dependent pathways. One important question of such experiments 

with cell lines derived from human tumors is the physiological expression level of 

FGD1/Fgd1. We always have to ask: does the cell line express FGD1/Fgd1 only because the 

tumorigenic transformation or does the cell line endogenously express FGD1/Fgd1 to provide 

physiologic functions? Hence, the function of Fgd1 might be different or limited in cancer cell 

lines compared to cells expressing endogenously FGD1/Fgd1. Therefore, it is important to 

check which tissues and cell types express FGD1/Fgd1 endogenously, and keep this in mind 

for interpreting the experiments with transformed cell lines. 

 

Figure 1-21 Overexpression of FGD1 variants in A375MM cells  

Compared to control FGD1 variants overexpressed in A375MM cells alter the invadopodia formation and matrix 

degradation. FGD1 WT and constitutive active 2DBDEL show much higher degradation. The inactive AS ver-

sion lacking a functional GEF domain showed much less matrix degradation as seen on the gelatin-gel pictures 

(left) and in the quantification (middle). A375MM FGD1 knock down cells show the same tendency but on low-

er levels (right). (Ayala et al. 2009) 
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1.4 Dendritic cells (DCs) 

Dendritic cells belongs, together with B cells and macrophages, to the class of antigen pre-

senting cells (APC) of the immune system involved in the activation of CD4 and CD8 posi-

tive T cells (Banchereau et al. 2000; Ju et al. 2010; Miloud et al. 2010). Developed from pro-

genitors in the bone marrow, several dendritic lineages exist at different parts of the body hav-

ing distinct characteristics. One subpopulation of DCs can be found in lymphoid organs such 

as spleen, lymph nodes, bone marrow, and thymus. These cells are important for presenting 

antigens from the lymph or blood to T cells for both immunity and tolerance induction. A 

second subpopulation is found in non-lymphoid organs. When matured, these DCs have the 

ability to migrate to lymphoid organs, mainly to the draining lymph nodes, where they acti-

vate T cell responses. In all organs analyzed so far, non-lymphoid DCs have been found in the 

skin, lung, kidney, liver, brain, eye, and digestive tract. The immature DCs express ineffec-

tively antigens on MHC-I and II. During activation/differentiation through exogenous stimuli 

the ability of antigen endocytocsis, processing and expression on the surface massively in-

creases. The intermediately active DCs migrate to the lymph nodes where they become fully 

activated through binding T cells which they in countermove also activate. 

1.4.1 Differentiation of DCs 

A large number of receptors on the surface of DCs recognize and bind various molecules like 

Fc portion of immunglobulines, complement factors, heat shock proteins, low-density lipo-

proteins, apoptotic bodies, normally leading to receptor-mediated endocytosis (Guermonprez 

et al. 2002). During this process, internalized proteins are presented through MHCII in the 

endocytic pathway. The MHCII is passing the endoplasmatic reticulum (ER) and the Golgi 

apparatus and then entering the endocytic pathway where it interacts with internalized and 

degraded protein fragments. The loading of endogenous proteins to the MHCI complex is 

localized at the endoplasmatic reticulum (ER). Next, the complexes are directly transferred 

through the Golgi apparatus to the cell membrane. Cross presentation is also possible. After 

maturation the expression of MHCII is down regulated, while in parallel the MHCII stability 

at the cell membrane is prolonged. MHCI expression and secretion are not changed drasti-

cally. After maturation, the DCs migrate to the lymph nodes where they interact with T cells 

and induce an immune response.  
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1.4.2 Role of Cdc42 and FGD-family GEFs in DCs 

It is well established that Cdc42 plays a crucial role in DCs by regulating the cytoskeleton and 

various other processes (Westerberg et al. 2001; Swetman et al. 2002; Tourkova et al. 2007; 

Pulecio et al. 2010). One major function of Cdc42, together with Rac1, was addressed to the 

dendrite formation of DCs (Swetman et al. 2002). Another group showed that tumor related 

inhibition of Cdc42 in dendritic cells leads to reduced endocytic activity and therefore re-

duced DC activity (Tourkova et al. 2007). Beside these findings in tumoric environments sev-

eral experiments performed by a group at the University of Pittsburgh showed the importance 

of Cdc42 during antigen presentation (Shurin et al. 2005). Adhesion and antigen presentation 

were strongly reduced through overexpression of dominant negative Cdc42, whereas overex-

pression of constitutive active Cdc42 inhibited DC motility and migration. Furthermore, de-

fects in the activation of T-cells were also observed by inhibiting Cdc42 (Pulecio et al. 2010). 

After binding the T cell via the TLR in the DC, the microtubule-organizing center (MTOC) is 

oriented in the direction of the T cell to form the immune synapse (IS) in a Cdc42 dependent 

way. Overexpression of a dominant negative version of Cdc42 resulted in a loss of the MTOC 

orientation and reduced T cell activation. To date, it is not clear which GEFs regulate Cdc42 

function in immune cells in general, and in dendritic cells in particular. The only FGD-family 

GEF that has been investigated in professional APCs (B-cells and DC) is FGD2 (Huber et al. 

2008). FGD2 is expressed in bone marrow macrophages, B-cells and dendritic cells and is 

localized to early endosomes via the FYVE domain. This suggests a role of FGD2 in endocy-

tosis. Interestingly FGD1 and FGD3 have an altered FYVE domain, which is unable to inter-

act with phospholipids found in the early endosomes (Gaullier et al. 2000). In summary, the 

small GTPase Cdc42 plays important roles in immune cells but the upstream signalling, espe-

cially which GEFs are involved, is largely unknown. Experiments demonstrated that FGD2 is 

potential GEF for the control of Cdc42, therefore a specific aim of this thesis was to also in-

vestigate Fgd1 function in dendritic cells. 
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1.5 Embryonic stem cells (ESC) 

Embryonic stem cells (ESCs) are defined as totipotent stem cells derived from an early-stage 

embryo with the ability to differentiate into all 3 germ layers (ectoderm, endoderm and meso-

derm) including the germ line. Murine ESCs are isolated from the inner cell mass of 3.5-day-

old blastocyst and cultured in vitro under conditions which allow proliferation without differ-

entiation (Nagy et al. 2003). Several ESC lines have been established from various mouse 

strains, like the R1-cell line which was used in this work (Nagy et al. 1993). The R1 cell line 

was generated 1991 from (129X1/SvJ x 129S1) F1 blastocyst. As these cells are usually used, 

like in the present thesis, for generating knock out mice it is important to mention the geno-

type (Wurst et al. 1993; Pirity et al. 1998). These cells are heterozygous for the c locus and 

the pink eye locus. In the F1 generation the coat colour is uniformly agouti, while in the F2 

these two coat colour genes segregate. The segregation could result in several coat types, from 

albino, through light brown, to black depending on the genetic background of the partner of 

the germ line chimera. The sex of the R1 cell line is male, which is important as the Fgd1 lo-

cus is localized at the X-chromosome (XF3) (Pasteris et al. 1995). Beside the generation of 

genetically modified animals through targeting the ESC, it is also possible to differentiate 

 

Figure 1-22 Stage of EB development 

(A) Schematic representation of the major events that take place during differentiation. (B) Phase contrast pic-

tures of simple and cystic EBs. BM, basement membrane; cav, cavity; EB, embryoid bodies; Epi, epiblast; Pr. 

endo, primitive endoderm; Vis. endo, visceral endoderm. (Montanez et al. 2007) 
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wild type and mutated ESCs to various cell types and lineages as well as to embryoid bodies 

(EB) (Figure 1-22) (Wobus et al. 2001; Hopfl et al. 2004). 

1.5.1 Knock out mice – the mouse as disease model 

Mice are well established laboratory animals and via transgenesis it is possible to genetically 

modify mice to study differentiation and pathogenesis, and to generate models for various  

human diseases (Bockamp et al. 2002). Transgenic mice, which carry exogenous DNA in 

their genome, can be generated via microinjection of engineered DNA into the pronucleus of 

fertilized eggs resulting in gene overexpression; or by homologous recombination in ESCs 

usually leading to inactivation (knock out) of the target gene.  In general, there are two differ-

ent ways to knock out a gene of interest. The traditional way is to insert a selection marker 

gene into exonic regions leading to a constitutive knock out of the target allele already in the 

electroporated ES-cells, which are subsequently aggregated or injected into blastocysts (con-

stitutive knock out). Since null mice generated via constitutive gene targeting are often em-

bryonic lethal, conditional knock out strategies allowing time and tissue-specific gene abla-

tion have been developed. In this case, specific inserts are introduced into intronic regions of 

the target gene, which do not alter the protein expression and mice carrying homozygously the 

modified gene should be normal. The inserts are targeting sites for recombinases, which are 

able to remove the whole sequence between the inserts. For my constructs, I used loxP and 

Frt sites to flank the Fgd1 gene, recognized by the Cre recombinases and Flipase, respectively 

(Sauer 1998; Metzger et al. 2001; van der Weyden et al. 2002). When a mouse containing the 

recombinase specific sites in the genome is crossed with a mouse expressing the recombinase 

in a specific tissue or at a specific time point, the target deletion in the genome is tightly con-

trolled. In this way even lethal genes can be analysed like in the case of Cdc42 (Melendez et 

al. 2011). 

1.5.2 Differentiation of embryonic stem cells to embryoid bodies (EBs) 

In vitro aggregation of ESC using suspension culture leads to the formation of embryoid bod-

ies (EB). EBs under appropriate culture conditions recapitulate the early in vivo cell differen-

tiation program by distinct embryonic cell types (Hopfl et al. 2004). EBs follow a well-

defined temporal and molecular program which occurs during implantation of mammalian 

embryos. First the outer layer of the aggregates differentiates into primitive endoderm cells 

which give rise to the first embryonic basement membrane (BM). The BM initiates the differ-
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entiation of adjacent cells into the epiblast cell layer which will differentiate later into the 

three germinal layers. In contrast the cells not receiving signals from the BM undergo apop-

tosis leading to the formation of the central cavity (Figure 1-22) (Wobus et al. 2001; Monta-

nez et al. 2007). Generation of EBs has facilitated the investigation of mouse development 

enormously allowing the characterization of precursor cells and the fast investigation of gene 

mutations. In 2007, a constitutive Cdc42 knock out in mouse R1 cells was generated (Wu et 

al. 2007). The depletion of Cdc42 in ESC resulted in abnormal colony morphology but no 

proliferation defect. The expression levels of other Rho-GTPases (Rac1 and RhoA) were not 

altered but Rac1 activation was almost completely diminished. During differentiation to EBs, 

defects of epiblast cell polarization, cell survival and cavitation become evident, however, the 

endoderm and the BM are apparently normally formed. Interestingly, stretches of BM could 

also form between the epiblast cells or the epiblast and the ectopically located endoderm-like 

cells, deep inside mutant EBs, where the cells lacked any distinct polarization. This was due 

to the homogenous distribution of F-actin, which was clearly accumulating at the apical side 

of control EBs. Secondly, the MTOC and Golgi apparatus were not located between the nu-

cleus and basal (endoderm) or apical (epiblast) cell borders, therefore cellular polarization 

was lost completely. Furthermore, adherent junction proteins were also distributed homoge-

nously at the membrane and not concentrated toward the apical cell border. At the molecular 

level, reduced phosphorylation of PKCζ/λ and the loss of PKCζ at the cell membrane were 

observed leading to the assumption that Cdc42 is important for the establishment of epithelial 

polarity via the control of PKC signalling. Until now, FGD-family GEFs have not been inves-

tigated using the EB system. 
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1.6 Aims of the thesis 

The Aarskog-Scott syndome (AAS) or Facio-Genital Dysplasia (FGDY) is an inherited developmental 

disorder accompanied by skeletal dysplasia and anomalies of various organ systems. The X chromo-

some-linked form of AAS is associated with the FGD1 gene, however, the mechanistic link 

between mutations and symptoms are poorly known. The primary purpose of this thesis is to 

bridge clinical and basic research of AAS by defining new treatment modalities and characterizing the 

biological role of FGD1. The principal objective can be subdivided into four specific aims: 

(1) Elucidate Fgd1 expression pattern in vivo 

Although Aarskog-Scott patients have numerous defects in addition to the prominent 

growth retardation and the facial appearance, the tissue distribution of the disease caus-

ing factor FGD1 has not been investigated in detail. The first goal of this work aims to 

focus on the expression pattern of the highly conserved mouse ortholog Fgd1. In situ 

hybridization and immunohistochemistry were applied to describe the spatial and tem-

poral expression of the Fgd1 transcript and protein during mouse embryonic develop-

ment and in adult tissues. The deeper characterization of Fgd1 tissue distribution may 

contribute for the better understanding of the clinical features of the disease. 

(2) Generation of FGD1-deficient human cell lines  

The modulation of FGD1 expression in human cells allows investigating the potential 

function of FGD1 in vitro. To elucidate the roles of FGD1, short hairpin RNA (shRNA)-

mediated knock down in fiboblastic and osteoblastic carcinoma cell lines was applied. 

FGD1 knock down cell lines, which recapitulate the conditions found in AAS patients 

with frameshift mutations, were used to examine FGD1 function in cell proliferation and 

adhesion. 

(3) Gene targeting of the murine Fgd1 gene 

Despite the identification of FGD1 as a disease-causing factor of AAS many years ago, 

the in vivo analysis of FGD1 mutations is hampered owing to the lack of a suitable an-

imal model. Therefore, one aim of this thesis was the constitutive and conditional tar-

geting of the mouse Fgd1 gene in embryonic stem cells by homologous recombination 

in order to generate genetically modified mice. Such transgenic mouse strains could 

serve as essential tools for further research of AAS gaining novel molecular insight into 

the pathomechanism of the syndrome. 
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(4) Translational medicine and treatment of AAS-associated swan-neck deformity 

An important goal of this work is the translation the knowledge gained from basic re-

search to the treatment of AAS-associated anomalies. Swan-neck deformity of the fin-

gers, typically caused by rheumatoid conditions, is frequently associated with AAS.  

Reconstructing the oblique retinacular ligament by Littler tenodesis is the routinely used 

operative treatment of rheumatoid swan-neck deformity. My work had identified that 

Fgd1 is prominently expressed in the musculoskeletal system including ligaments. In 

collaboration with medical doctors (Dr. med. R. Merk), one aim was to prove that the 

Littler tenodesis is also a suitable clinical treatment of swan-neck deformity in AAS-

patients. 
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2 Results 

2.1 Expression analysis of Fgd1/FGD1 

To investigate the expression pattern of the mouse/human Fgd1/FGD1, several methods were 

used to detect either the mRNA or the protein. In order to visualize the spatial tissue distribu-

tion of Fgd1, different organs were isolated from embryonic and adult mice and processed 

histologically for in situ hybridization (ISH) and immunohistochemistry (IHC). Sections were 

analyzed by ISH probes against mouse Fgd1 mRNA or by two different antibodies raised 

against synthetic peptides common in mouse and man. Embryoid bodies (EB) generated in 

cell culture were also processed for cryo-embedding, sectioned at different developmental 

stages and analyzed for Fgd1 protein expression by fluorescence microscopy. All cell lines 

were tested for Fgd1 mRNA expression in semi quantitative and quantitative RT-PCR. 

In nearly all analyzed postnatal mouse tissues, Fgd1 expression was detected on RNA and 

protein levels. Interestingly, embryos from E11.5 to E18.5 displayed strong signals in various 

soft organs contradicting the skeletal-specific Fgd1 expression reported by Gorski et al. 

(Gorski et al. 2000). Analysis of mouse embryonic stem cells and embryoid bodies has re-

vealed strong and distinct Fgd1 expression implicating important Fgd1 functions at early de-

velopmental stages. Fgd1/FGD1 was also detected in primary cells (mouse dendritic cells and 

chondrocytes) as well as in several mouse and human cell lines. 

2.1.1 Expression of Fgd1 in embryonic and adult mouse tissues 

To localize the expression of Fgd1 at the cellular level, ISH and IHC analyses were performed 

at various embryonic stages and in adult tissues dissected from 3-month-old mice. For reasons 

of clarity, the 21 tissues of the 3-month-old mice were grouped into 9 categories: 

(1) Nervous system and sense organs: brain and eye 

(2) Respiratory system: trachea and lung 

(3) Digestive and endocrine system: salivary gland, colon, liver and pancreas 

(4) Cardiovascular system: heart 

(5) Male reproductive system: testis, epididymis and prostate 

(6) Female reproductive system: ovary, uterus and placenta 
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(7) Genitourinary system: kidney and urinary bladder 

(8) Hematopoietic and lymphatic system: spleen and thymus 

(9) Musculoskeletal system: knee (femur and tibia) and xyphoid process 

2.1.1.1 Fgd1 expession pattern in mouse embryos (E11.5, E12.5, E14.5 

and E17.5) 

To characterize Fgd1 expression in mouse embryos, I first analyzed the protein distribution on 

PFA-fixed, paraffin-embedded tissue sections by immunohistochemistry. The earliest investi-

gated stage was E11.5. At this embryonic developmental stage the buds of hand plates are 

clearly visible on transverse sections (Figure 2-1A). The development of the limb buds begins 

with the migration and proliferations of mesenchymal cells of the lateral plate mesoderm at 

the bulged areas where they interact with the surrounding ectoderm. Under the control of fi-

broblast growth factor (FGF) signalling, the apical ectodermal ridge (AER) form at the 

 

Figure 2-1 Fgd1 protein distribution in E11.5-E12.5 mouse embryos 

In E11.5 embryos, Fgd1 protein expression was detected in the early limb buds (lb) and in the neural tube (nt) by 

immunohistochemistry (A). With higher magnification, Fgd1 signal was clearly seen at the distal tip of the bud 

including the surface ectoderm (arrow) and the presumptive area of apical ectodermal ridge (AER) (a). Fgd1 

expression at E12.5 embryos (B) is markedly localized to the neural tube, the migrating crest cells (arrowheads) 

and the dorsal root ganglion (drg) (a). 
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Figure 2-2 Fgd1 protein distribution in E14.5 mouse embryo 

Immunohistochemical analysis of Fgd1 expression on transverse sections of E14.5 embryos. (A) In the head 

region, Fgd1 is expressed in the developing brain (a and b) and in the chondrocranium (c). High power micro-

graphs demonstrate Fgd1 positive neurons in the brain cortex (a and b), in the condensing skull mesenchyme 

differentiating later into osteoblasts (asterisk on b), in the chondrogenic templates of the petrous part of the fu-

ture temporal bone (arrows in c) and in the differentiating muscles (ms on d). (B)  Fgd1 is strongly expressed in 

the developing ribs (r), heart (h) and lung (lu). High power magnification (a) shows that chondrocytes of the ribs, 

the surrounding muscles, ligaments (li) and the skin (sk) are Fgd1 positive. (C) Staining at the abdominal level 

demonstrates Fgd1 expression in the liver (li), spleen (sp) and kidney (k) (C). 
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distal tip of each limb, which acts as an essential control center for subsequent limb morpho-

genesis. I have found that Fgd1 protein is present in the developing limb buds and especially 

abundant in the distal tip, at the area of AER and the surface ectoderm (arrow) (Figure 

2-1Aa). Fgd1 was also prominently expressed in the neural tube, especially at its dorsal part, 

where a specialized cell population, called neural crest cells, migrate out and differentiate into 

multiple cell types. 

One day later in development at the age of 12.5, strong Fgd1 signal was seen in neural crest 

cells, which were migrating along the neural tube (Figure 2-1B and Ba). These cells contrib-

ute to the formation of the peripheral nervous system consisting of the spinal- and cerebral 

nerves ganglia, the vegetative ganglia and the peripheral nerves. Besides, the pigment cells 

also develop from the neural crest, which migrate during embryogenesis in the connective 

tissue beneath the skin. Interestingly, also the head mesenchyme, building the subcranial carti-

lage and the gill bows, the dentin and the linings of the brain and spinal chord are developing 

from the neural crest. 

At E14.5, most of organs and tissues are well developed and the distribution of the Fgd1 pro-

tein was investigated at transverse sections from the head until the abdomen (Figure 2-2). The 

head region developed strongly compared to 12.5 (Figure 2-2A). Cells of the telencephalon 

migrate from the mantle zone and form the primary cortex, which is separated from the broad 

mantle zone. In the primary cortex, numerous Fgd1 positive cells were seen (Figure 2-2A, 

inserts a and b). At this stage, the skeletal system is advanced; ossification centers and chon-

drogenic templates have formed throughout the body including the skull, the vertebral arches 

and the long bones of the extremities. In the head region, the mesenchymal precursor cells, 

which begin to condense over the brain forming the ossification plate of the future parietal 

bones are Fgd1 positive (Figure 2-2A, insert b). The cartilaginous primordium of the petrous 

part of the future temporal bone (Figure 2-2A, insert c) and the ribs (Fig 3-5B, insert a) are 

also strongly positive for Fgd1. Furthermore, Fgd1 can be localized to the surrounding liga-

ments and muscles (Figure 2-2A, insert d and 3-5B, insert a). In the thoracic region, many 

organs such as the heart and the lung express Fgd1 (Figure 2-2B). At the abdominal part of 

the mouse body, the overview picture demonstrates various Fgd1 positive organs including 

the liver, spleen and kidney. 

According to the literature, Fgd1 expression is only associated with the periosteum and trabe-

cular spiculae of endochondral bones during embryogenesis (Gorski et al. 2000). Since the 
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immunohistochemical data above clearly indicate that Fgd1 expression is more widespread in 

the mouse embryo, I have analysed Fgd1 expression in the developing long bones of the ap-

pendicular skeleton more precisely (Figure 2-3). It was found that Fgd1, in addition of the 

periosteum and trabecular bone (Figure 2-3A, inserts a and b), can be detected in resting and 

growth plate chondrocytes including cells in the proliferative and hypertophic zones (Fig. 3-

6A, insert c). A closer look at the proliferative growth plate zone showed that Fgd1 is ex-

pressed around the nucleus, which likely indicates Fgd1 localization in the Golgi apparatus. 

(Figure 2-3d). 

 

Figure 2-3 Fgd1 protein expression during endochondral bone formation of E14.5 mouse embryos  

On a longitudinal section through the forelimb, the humerus developing by endochondral ossification is shown. 

Immunohistochemical analysis demonstrates Fgd1 protein expression in various cell types of the long bone (A). 

Higher magnification micrographs revealed Fgd1 signal in the periosteal and trabecular osteoblasts (arrows on a 

and b), in proliferating and resting chondrocytes but less in hypertrophic chondrocytes (c). In proliferating chon-

drocytes Fgd1 was expressed around the nucleus (arrows), likely indicating Golgi localization (d). Peri-skeletal 

tissues such as muscles (ms) and ligaments were also Fgd1 positive.  
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At E17.5, shortly before birth, the mouse embryo developed almost completely. To confirm 

the Fgd1 localization data obtained by immunohistochemistry and further characterize its cel-

lular expression profile, in situ hybridization analysis was performed on para-sagittal frozen 

sections (Figure 2-4). In order to maximize signal-background ratio, the snap frozen and OCT 

embedded embryos was sectioned and fixed on slides with 4 % PFA at pH 9.5. The alkaline 

fixation of the tissue slices has been previously shown to increase the sensitivity of the in situ 

hybridization by 10 fold (Basyuk et al. 2000).  To distinguish between background and spe-

cific signals, consecutive sections were hybridized with sense and antisense Fgd1 riboprobes, 

respectively. Using the antisense riboprobe, Fgd1 expression was detected in the nuclear lay-

ers of the retina (Figure 2-4A, insert a); in chondrocytes of the cartilaginous promordium of 

the petrous part of the temporal bone (Figure 2-4A, insert b) and in cells of the developing 

lung (Figure 2-4A, insert c). Fgd1 signals was also be detected in liver hepatocytes (Figure 

2-4A, insert d) as well as in cells of the developing kidney (Figure 2-4A, insert e) and intes-

tine (Figure 2-4A, insert f). In the developing musculoskeletal tissues, Fgd1 signals were 

clearly confined to proliferative chondrocytes of the growth plate (Figure 2-4, insert g); the 

periosteum of the ribs (Figure 2-4, insert i); as well as in different ligaments (Figure 2-4, in-

sert h), and in the muscle (Figure 2-4, insert j). Hybridization with the sense riboprobe gave 

only a faint, background signal (Figure 2-4B). 

Taken together, the immunohistochemical and in situ hybridization analyses of mouse em-

bryos revealed an almost ubiquitous expression of Fgd1 during embryogenesis, implying that 

Fgd1 is more widespread in embryonic tissues and organs as previously indicated in the litera-

ture. 

2.1.1.2 Nervous system and sense organs: brain and eye 

The brain is one of the most complex organs of the mammalian body. Several main parts of 

the mouse brain can be distinguished along the anterior (rostral)-posterior (caudal) axis: the 

olfactory bulb, the cerebral cortex, hippocampus, thalamus, hypothalamus, the brain stem 

with the midbrain, pons and medulla, and most caudal the cerebellum (Figure 2-5). For reason 

of simplicity, all the following sections are oriented in the same way that the most rostral ol-

factory bulb is on the left side and the most caudal cerebellum is on the right side. To localize 

Fgd1 expression at the cellular level, first ISH analysis was performed on para-sagittal and 

mid-sagittal brain sections prepared from adolescent mice. On the overview picture of a 
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Figure 2-4 In situ hybridization of Fgd1 riboprobes in E17.5 old embryos 

The overview of 17.5 old mouse embryos hybridized with an antisense riboprobe demonstrates Fgd1 expression 

in multiple organs (A), whereas the sense riboprobe (negative control) shows no specific signal (B). (a-f) Higher 

magnification micrographs from (A) reveal Fgd1 expression in the eye (a), in the cartilaginous primordium of 

the petrous part of the future temporal bone (b), in the embryonic lung (c), liver (d), kidney (e) and in the epithe-

lium of intestine (f). 
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para-saggital section of 2 months old brain, Fgd1 signals were seen in several distinct regions 

 

Figure 2-7 In situ hybridization of Fgd1 riboprobes in E17.5 old embryos (continue) 

In the developing musculoskeletal tissues-cartilage of E17.5  mouse embryos, Fgd1 signal was found in prolifer-

ating chondrocytes of the cartilaginous growth plate (g), in different ligaments (h), in osteoblasts of the bony part 

of the forming ribs (arrowheads in “i") and in the muscle (j). 

 

Figure 2-5 Schematic overview of the adult mouse brain (adult) 

For histological localization of Fgd1 expression signals in an organ as diverse and complicated as the brain, an 

overview picture of the different brain parts is shown depicting the most important anatomical areas. The used 

sections for Fgd1 mRNA and protein detection were oriented according to the overview: with olfactory bulb on 

the left and the brain stem and as well as the cerebellum on the right. In the middle part are the cerebral cortex, 

hippocampus, thalamus and hypothalamus located. 

(Heintz 2012) 



Results 
Expression analysis of Fgd1/FGD1 

59 

including the cerebral cortex, thalamus, hypothalamus and brain stem (Figure 2-6A). The 

sense probe as a negative control resulted in no hybridization signal (Figure 2-6B). At higher 

 

Figure 2-6 In situ hybridization of Fgd1 riboprobes in adult mouse brain (I) 

An overview of two-month-old mouse brain hybridized with antisense Fgd1 riboprobe on a para-sagittal section 

demonstrates Fgd1 mRNA expression at various locations (A), whereas the sense riboprobe (negative control) 

gives no detectable signal (B). (a-f) Higher magnification micrographs from (A) reveal strong Fgd1 expression 

in the posterior (a) and frontal cerebral cortex (b), in neuronal cells of the midbrain (c), in the pons (d) and in the 

cerebellum (e and f). 
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magnification, strong Fgd1 signals were localized to the neurons of frontal and posterior cor-

tex (Figure 2-6, inserts a and b), of the midbrain, pons and cerebellum (Figure 2-6, inserts c to 

f). To more precise cellular localization of the Fgd1 transcript, a mid-saggital section of three 

months old mouse brain hybridized and analyzed. The overview picture again 

 

Figure 2-7 In situ hybridization of Fgd1 riboprobes in the adult mouse brain (II) 

An overview of three-month-old mouse brain hybridized with antisense Fgd1 riboprobe on a mid-sagittal section 

demonstrates Fgd1 mRNA expression at various locations (A), whereas the sense riboprobe (negative control) 

gives no detectable signal (B). (a-d) In the overview of adult brain Fgd1 signal is detectable again in the cerebral 

cortex and in mid brain, thalamus and the cerebellum (A), whereas in the negative control no un-specific signal 

is seen (B). With higher magnification micrographs from areas depicted on (A) Fgd1 sinals were detectable: in 

the cerebellum, with intense staining in the Purkinje cells (arrowheads) and in the granular layer (gl) (a). Fgd1 

signals appear in the purkinje cell layer surrounding the nuclear layer (stratum granulosum) which is Fgd1 posi-

tive, too. In contrast, little of Fgd1 signal is noticeable in the molecular layer (ml) or in the inner white matter 

(iwm). (b) In the neocortex, similar to the brain section before, Fgd1 signal is detectable in all layers (I-VI) of the 

cerebral cortex (b). Note, that the outer layer (I) contains only very few cells. In the hippocampus, high expres-

sion of Fgd1 is detected at the dentate gyrus (dg) and the cornu ammonis 1 and 3 (CA1 and CA3) regions. Scat-

tered staining in interneurons of the hylus (h), stratum radiatum (sr) and stratum oriens is also visible (c). Cells 

of the thalamus also strongly express Fgd1 mRNA (d). 
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demonstrated a widespread expression of Fgd1 in the brain tissue (Figure 2-7), while higher 

magnification micrographs revealed the details. In the cerebellum, Fgd1 transcripts were pre-

dominantly found in the granular and Purkinje cell layers (Figure 2-7, insert a). The molecular 

layer and the central core of white matter largely lacked Fgd1 signal. At the outermost region 

of cerebral hemispheres, all layers of the neocortex expressed Fgd1 mRNAs (Figure 2-7, in-

sert b). In the hippocampus, pyramidal neurons of the CA3 and CA1 regions and the dentate 

gyrus were strongly positive for Fgd1 expression (Figure 2-7, insert c).  Similarly, neuronal 

cells in the thalamus also expressed Fgd1 (Figure 2-7, insert d).  

Next, I aimed to confirm the ISH expression results on the protein level; therefore, immuno-

histochemical analysis of Fgd1 protein localization was performed. The immunostaining gave 

relatively low signals; however, the presence of Fgd1 was clearly detectable in neurons of the 

neocortex hippocampus, pons (Figure 2-8, B and C) and thalamus (not shown). In the cerebel-

lum Fgd1 protein was found in the Purkinje cells and cells of the granular layer (Figure 

2-8D). Thus, the ISH and IHC expression analysis revealed the same expression pattern of 

Fgd1/Fgd1 in the brain. 

 

 

Figure 2-8 Fgd1 protein distribution in the adult mouse brain 

Immunostaining shows Fgd1 expression in neurons of the neocortex (A), the pons (B), the CA3 region of the 

hippocampus (arrowheads) (C) and in the Purkinje cells (arrowheads) and granular cell layer (arrow) of the cere-

bellum (D). 
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The vision defects seen in Aarskog-Scott syndrome patients implicates that Fgd1 plays a role 

in sensing organs such as the eye, therefore, I have hypothesized its expression in ocular tis-

sues. Indeed, section ISH analysis of the eye of 3 months old mice confirmed the presence of 

Fgd1 transcript in the layers of the retina (Figure 2-9A). While no apparent expression was 

detected in the plexiform layers; specific signals were seen in the ganglion cell layer, the inner 

and outer nuclear layers, and in the inner segment of the photoreceptor cells (Figure 2-9C). 

All these layers were negative after hybridization with the sense probe (Figure 2-9B).  

The findings of the in situ experiments were confirmed at the protein level performing IHC 

staining using the anti-Fgd1 antibody (Figure 2-10). The overview picture showed again that 

specific layers of the retina are positive for Fgd1 (Figure 2-10A). Higher magnification of the 

retina layers demonstrated, in agreement with the in situ data, Fgd1 localization in the ganglia 

 

Figure 2-9 In situ hybridization of Fgd1 riboprobes in the adult mouse eye 

An overview of three-month-old mouse eye hybridized with antisense Fgd1 riboprobe demonstrates Fgd1 spe-

cific signals (A), whereas the sense riboprobe (negative control) does not (B). The pigmented cell layer (asterisk) 

appears as a dark ring and it is not considered as in situ signal (C). High magnification micrograph through the 

retina hybridized with the antisense riboprobe. Strong Fgd1 in situ signal is localized to the inner and outer nu-

clear cell layers (inl and onl), to the ganglion cell layer (gl) and to the inner segment of the photoreceptor cell 

layer (pl). ipl, inner plexiform layer; opl, outer plexiform layer. The asterisk denotes the retinal pigment epithe-

lium.  
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cell layer, the inner and outer nuclear cell layers, and in the inner segment of the photorecep-

tors (Figure 2-10B). Interestingly, in sections containg the optic nerve, the strongest Fgd1 

signal were detected in the nerve axons spreading into the eye and in the surrounding 

Schwann cells (Figure 2-10C). 

 

2.1.1.3 Respiratory system: trachea and lung 

In the respiratory tract the air flows through the larynx and the trachea than continues into the 

bronchial tree and finally into the lung. Fgd1 expression was first investigated by IHC in the 

trachea (Figure 2-12A and B). Despite the strong Fgd1 in chondrocytes in the embryonic car-

tilage, very moderate Fgd1 localization was found in chondrocytes of the tracheal rings. In 

 

Figure 2-10 Fgd1 protein distribution in the adult mouse eye 

Immunohistochemical detection of the Fgd1 protein in the mouse eye: an overview (A). High power, bright field 

micrograph through the retina demonstrates Fgd1 protein in the ganglia cell layer (gc), the inner and outer nu-

clear cell layers (inl and onl) and in the inner segment of the photoreceptor cell layer (pl). ipl and opl denote the 

inner and outer plexiform layers, respectively (B). A section though the area of the optic nerve demonstrates very 

strong Fgd1 signals in the neurons and the myeline shaft of the nerve (C). 
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contrast, Fgd1 expression was prominent in the surrounding ligaments and in the epithelium. 

With higher magnification, Fgd1 was clearly localized to the cells of tracheal epithelium 

 

Figure 2-11 Fgd1 protein distribution in the adult trachea 

(A) Overview picture of immunohistochemical detection of Fgd1 protein in longitudinal section of the trachea.   

Strong signal is seen in the epithelium and the ligaments between the tracheal cartilage rings. Chondrocytes in 

the hyaline cartilage are faintly stained (A). With higher magnification Fgd1 can be clearly localized to the tra-

cheal epithelium (tre), the tracheal glands (trg) secreting the mucosa for the ciliated epithelial cells, the ligament 

between the hyaline cartilage skeleton and smooth muscle cells (B). 

 

Figure 2-12 In situ hybridization of Fgd1 riboprobes in the adult mouse lung 

An overview of mouse lung hybridized with antisense Fgd1 riboprobe demonstrates Fgd1 expression around 

main bronchus (b) and terminal bronchioli (A), whereas the sense riboprobe (negative control) gives no signal 

(B). On higher magnification micrograph, Fgd1 expression could be located to epithelium of bronchus (b) (C).  
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(TRE) and cells of the tracheal glands, which produce the mucosa for the ciliated epithelium 

(Figure 2-12B).  

When the air stream has passed the trachea and the main bronchi, it is stemming into smaller 

bronchi and tiny bronchioles of the lung, where the gas exchange is taking place at the surface 

of alveoli. By in situ hybridization, Fgd1 transcripts were clearly localized to the epithelium 

of the bronchus, while only scattered staining was observed in the alveolar epithelium (Figure 

2-13A and B). Since the harsh processing procedure of our ISH protocol largely destroys the 

fragile alveoli structure, it is difficult to detect which cells are positive for Fgd1 (Figure 

2-13B). The paraffin embedding and cutting procedure applied for immunohistochemistry, 

however, preserved the lung tissue in a better quality allowing the identification of Fgd1 pro-

tein expressing structures (Figure 2-14). Whereas the control staining with the secondary anti-

body resulted in no IHC signal, the staining including the primary antibody showed  Fgd1 

protein in the epithelium of the vessels,  bronchus and bonchioles (Figure 2-14B, C and D). 

 

 

Figure 2-13 Fgd1 protein distribution in the mouse lung 

The negative control secondary antibody only demonstrates the lack of unspecific, background staining of IHC 

on mouse lung section. (A) IHC staining using anti-Fgd1 antibody shows Fgd1 expression in the epithelium of 

artery (a) and vein (v), bronchus (b) and bronchioles (bi). (B and C) 
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2.1.1.4 Digestive and endocrine system: salivary gland, colon, liver and 

pancreas 

The salivary glands are exocrine glands in and around the mouth which produce the saliva 

consisting of water, electrolytes, glycoproteins and several enzymes important for the diges-

tion of starches and fats. In addition, immunreactive immunoglobuline A and isozymes are 

also found in the saliva. In mice there are three types of salivary glands: 1) the parotid gland 

which is the biggest of the three; 2) the submandibular gland which produces most of the 

compounds in the saliva; and 3) the sublingual gland. All glands composed of  clusters of sec-

retory cells, called acini, arranged into tubuloalveoral structures whose lumina are continues 

with intercalated and excretory ducts. Because the submandibular gland is far the most active 

among the glands, Fgd1 expression was investigated on sections prepared this gland by ISH. 

 

Figure 2-14 In situ hybridization of Fgd1 riboprobes in submandibular salivary gland 

In the salivary gland, Fgd1 signal can be detected with the antisense riboprobe in the serous acini (sa), but not in 

the mucous acini (ma) and the ducts (d) (A). The control staining with the sense probe does not show positive 

signal (B). On higher magnification from (A), Fgd1 signal can be localized to the acinar cells building the secre-

tory units for the watery and proteinacous secret around the serous acini (C). 
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The antisense riboprobe showed Fgd1 expression in the acini cells but not in the ducts (Figure 

2-14A). With higher magnification it is clearly seen that Fgd1 expression is localized to the 

serous acini cells producing a watery and proteinacous secret (Figure 2-14C). The mucinous 

acini cells producing a viscous glycoprotein-rich secret stored in intracellularly in mucinogen 

granules, do not express Fgd1. The presence of Fgd1 protein in the acini of all the three 

glands (paratoid, submandibular and sublingual) was confirmed by immunohistochemical 

staining using the anti-Fgd1 antibody (Figure 2-15). 

The colon is a part of the large intestine with the function of water and salt extraction of the 

waste material of the digestive system. The colon consists of four segments: the ascending, 

transverse, descending and the sigmoid. Histologically, the wall of the colon is structured 

(from inside to outside) into the mucosa, submucosa, muscularis and the serosa. The mucosa 

is build up from a columnar epithelium and the lamina propria, and fold into the colonic 

glands (or crypts of Lieberkühn). Several Aarskog-Scott syndrome cases have been reported 

abnormalities of the sigmoid colon that is greatly enlarged in the patients resulting in deceler-

ated flow of the excrement, which in turn causes strong abdominal pain (Fryns 1993; Casteels 

et al. 1994). Another possibility for the reported patient problems could be the reduced muscle 

 

Figure 2-15 Fgd1 protein distribution in parotid, submandibular and sublingual salivary glands 

With secondary antibody only, no IHC signals are seen in the paratoid (psg), submandibular (smsg) and sublin-

gual (slsg) salivary glands (A and C). The anti-Fgd1 antibody staining demonstrates Fgd1 protein expression in 

the secretory cells of the parotid, submandibular (B) and sublingual (D) salivary glands. 
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strength in the muscularis structures or too little mucosa production. Therefore, the expression 

of Fgd1 was investigated in sigmoid and transverse colon. Sections through on these regions 

 

Figure 2-16 Fgd1 protein distribution in the mouse colon 

Control staining with secondary antibody only reveals no positive IHC signal in the sigmoid colon (A and C) and 

the transverse colon (E and G). The Fgd1 primary antibody staining detects Fgd1 expression in the mucosa epi-

thelial cells (mec), colonic glands (cg) and in the serosa (se) of both the sigmoid (B and D) and transverse colon 

(F and H). The layer of muscularis (ms) was negative for Fgd1. 
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showed strong Fgd1 immunolocalization, especially in the mucosa consisting of the columnar 

absorptive cells, the goblet cells (Figure 2-16). Both the transverse and sigmoid colon exhib-

ited Fgd1 expression in the mucosa including the colonic glands and the colon absorptive 

cells in the epithelium but not in the muscularis (Figure 2-16B, D, F and H). Cells of the se-

rosa were also Fgd1 positive, while the muscularis layer was negative. Staining with the sec-

ondary antibody only did not reveal immunoreactions (Figure 2-16A, C, E and G). 

The liver is a organ with various functions in detoxification: the phase I detoxification is me-

diated via cytochrome P450 and making compounds water soluble through oxidation, reduc-

tion, hydrolysis, hydration or dehalogination; the phase II conjugation pathway finalizes the 

water solubility of toxic compounds through sulfation, glucoronidation, gluthatione conjuga-

tion, acetylation, amino acid conjugation or methylation before the detoxified compounds are 

eliminated via the kidney and the bladder. While several amino acids, cholesterol and triglyc-

erides, coagulation factors like fibrinogen, prothrombin or protein C and S are synthesised a 

 

Figure 2-17 In situ hybridization of Fgd1 riboprobes in adult mouse liver 
The liver exhibits strong specific signals after ISH with antisense Fgd1 riboprobe (A), but not after control stain-

ing using the sense probe (B). With higher magnification of the antisense ISH, Fgd1 is detected in hepatocytes 

throughout the liver parenchyma. cv, central vein; bd, bile duct (C). 
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lot of hormones like insulin are degraded but also the bilirubin is degraded and secreted into 

the bile. The liver plays also important roles in carbohydrate, protein and lipid metabolisms, 

urea cycle, storage of glucose, vitamins, iron and copper. All together, the liver is a vital or-

gan with high synthetic, secretory, storage and detoxification abilities. Hence, an expression 

analysis for Fgd1 could be interesting and important. By in situ hybridization using antisense 

riboprobe, Fgd1 mRNAs were detected in the liver parenchyma (Figure 2-17A). Higher mag-

nification micrographs around the central vein, showed strong Fgd1 expression in single 

 

Figure 2-18 Fgd1 protein distribution in adult mouse liver 

Control staining with secondary antibody only is negative (A). IHC staining with anti-Fgd1 primary antibody 

demonstrates Fgd1 protein expression in hepatocytes of all liver regions (B). 

 

Figure 2-19 Fgd1 expression in adult mouse pancreas 

Control staining of pancreas section with secondary antibody only shows no specific IHC staining (A). Fgd1 

staining can be detected in exocrine (acini, ac) pancreas using the anti-Fgd1 antibody (B). In situ hybridization 

with the antisense riboprobe demonstrates Fgd1 mRNAs in the exocrine (acini, ac) pancreas but not in the endo-

crine pancreas (i, islet of Langerhans) (C). 
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hepatocytes (Figure 2-17C). Immunohistochemical staining with the anti-Fgd1 antibody con-

firmed the presence of the Fgd1 protein in hepatocytes (Figure 2-18B). 

The pancreas is important in the digestive system and in parallel shows endocrine function 

through the islets of Langerhans which produce hormones like insulin or glucagon. Beside its 

hormone function it is also a gland for several digestive enzymes and bicarbonate ions. In 

these gland acini structures Fgd1 signals could be detected on protein levels (Figure 2-19B) 

and on RNA levels (Figure 2-19C), but not in islets of Langerhans (Figure 2-19C). 

2.1.1.5 Cardiovascular system: heart 

The heart pumps the blood through the whole body via controlled contractions measured in 

arteries as systolic and diastolic blood pressure. The bulk of the heart tissue is the myocar-

dium, which composed of cardiac myocytes, capillaries and some specialized cells such as the 

 

Figure 2-20 In situ hybridization of Fgd1 riboprobes in adult mouse heart 

Adult mouse heart hybridized with Fgd1 antisense riboprobe demonstrates specific signals in cardiomyocytes 

(A). No positive signals are seen on section hybridized with the control (sense) riboprobe (B). Higher magnifica-

tion micrograph from “A” shows Fgd1 signals in myocytes (C). 
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Purkinje fibers. It was demonstrated previously, that Fgd1 expression is detectable in the em-

bryonic heart (Figure 2-4). In the adult heart, Fgd1 transcripts were also found in the myocar-

dium by in situ hybridization (Figure 2-20A). With higher magnification, the Fgd1 signal was 

clearly localized in the myocardium to the myocytes and their cell body (Figure 1-21C). 

2.1.1.6 Male reproductive system: testis, epididymis and prostate 

Male Aarskog-Scott patients usually show normal fertility, although most of them have re-

tained (cryptorchisdism) and small testicles (see chapter “Disease pattern”). Only two articles 

published in the literature describe male patients with sperm acrosome defect and oligozoo-

spermia (Meschede et al. 1996; Wieacker et al. 2007). To facilitate the understanding the role 

of Fgd1 in male fertility, Fgd1 expression in the testis, epididymis and prostate was investi-

gated by ISH and IHC. 

 

Figure 2-21 In situ hybridization of Fgd1 riboprobes in adult mouse testis 

Testis section hybridized with the Fgd1 antisense riboprobe demonstrates that the hybridization signal is associ-

ated with pre-meiotic cell types (periphery of tubules, e.g. Sertoli cells) in the seminiferus tubules (st). Note that 

the Leydig (ly) cells are negative for the ISH signal (A). Hybridization with the sense probe resulted in no signal 

(B). On the overview picture, the seminiferus tubules (st) are positive throughout the section (C). 
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The testis is one part of the male reproductive system producing sperms and hormones like 

testosterone under the control of the hypophysis. The testis covered by a fibrous connective 

tissue 

(tunica albugenia) and consists of convoluted seminiferous tubules. The epithelium of the 

 

Figure 2-22 Fgd1 protein distribution in adult mouse testis  

Fgd1 IHC signal was only seen around the seminiferous tubules (st) in the testis cortex (A). With higher magni-

fication, Fgd1 signal was seen in the spermatogonia, spermatocytes and the Sertoli cells (B). 

 

Figure 2-23 In situ hybridization of Fgd1 riboprobes in adult mouse epididymis 

Epididymis section hybridized with the Fgd1 antisense riboprobe demonstrates signals in the multi-layered co-

lumnar epithelium and in the spermatozoa stored in the tubes (A). The control section hybridized with the sense 

riboprobe was completely negative for the signal (B). With higher magnification, distinct Fgd1 signal in colum-

nar epithelial (ep) cells and diffuse signal in the dense spermatozoa (sp) inside the tubes can be observed (C). 
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seminiferous tubules contains an outer cell layer occupied by supporting (Sertoli) cells and 

less mature spermatogonias. Toward the lumen, the germ cells undergo maturation producing 

spermatocytes, round and elongated spermatids, and spermatozoas which are finally released 

to the lumen. The space between the tubules is filled up by interstitial (Leydig) cells and 

blood vessels. In situ hybridization analysis with the antisense riboprobe revealed Fgd1 ex-

pression associated with the seminiferous tubules and the tunica albugenia through the whole 

testis section (Figure 2-21A). High power micrograph revealed the strongest signal in the 

layer of spermatogonias and Sertoli cells, whereas the zone of more mature cells as well as the 

Leydig cells were only very weakly positive (Figure 2-21B). Same structures displayed Fgd1 

immunolocalization (Figure 2-22), however, the seminiferous tubules at the testis cortex 

stained stronger than those in the medulla (Figure 2-22A). Higher magnification of the cortex 

 

Figure 2-24 Fgd1 protein distribution in adult mouse epididymis 

The control staining with secondary antibody only is negative (A). Immunohistochemistry using the anti-Fgd1 

antibody shows that Fgd1 is localized to the multi-layered columnar epithelium and to the spermatozoas inside 

the tubes (B). At higher magnification, the single cell bodies of the columnar cells are visible (C). The different 

layers of the epithelium (ep) are positively stained, whereas spermatozoas (sp) inside the tubes exhibited diffuse 

signal. 
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localized Fgd1 expression to the spermatogonia, spermatocytes and spermatids (Figure 

2-22B). 

Spermatozoas produced in the testis enter to the epididymis, which store and induces further 

maturation of sperms. During the maturation process the sperms gain the ability to swim and 

fertilize the egg. Histologically, the epididymis composed of the coiled epididymal duct cov-

ered by columnar or cuboidal epithelium. By in situ hybridization through the cauda (tail) 

epididymis, Fgd1 transcripts were found in the epithelial cells and in the spermatozoa stored 

in the lumen (Figure 2-23A and C). Hybridization with the sense riboprobe resulted in no 

positive staining (Figure 2-23B). Immunohistochemically, Fgd1 protein was localized to the 

same structures as the mRNA. Fgd1 IHC signals were found in the seminiferous tubules and 

the spermatozoa inside the lumen (Figure 2-24). With higher magnification, Fgd1 immunore-

activity was clearly localized to the columnar epithelium cells and to the spermatozoa (Figure 

2-24C). 

The prostate is secreting a fluid into the semen leading to its alkalization. The prostate gland 

consists of several zones. The first zone is the anterior fibromuscular stroma, which does not 

contain any glands. The transitional and periurethral zones surround the prostatic urethra and 

contain mucosal and submucosal glands. The third distinct zone is the central zone surround-

ing utricle and ejaculatory ducts. The most interesting part concerning the gland function is 

the peripheral zone where the main glands are located. Section through on this region was 

used for Fgd1 immunohistochemical analysis (Figure 2-25). Fgd1 protein expression was seen 

in the gland structures confined to the epithelial cells. 

 

Figure 2-25 Fgd1 protein distribution in adult mouse prostate  

Immunohistochemistry using the anti-Fgd1 antibody shows that Fgd1 is localized in epithelial cells (ep) of the 

prostate glands (A). 
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2.1.1.7 Female reproductive system: ovary, uterus and placenta 

The ovary is the female the counterpart of the male testis producing the ovum and secreting 

the sex hormones such as estrogen and progesterone under control of the hypophysis. The 

mouse ovary is composed of the medulla and the cortex surrounded by the surface epithelium. 

Depending on the estrus cycle, the cortex contains follicles at various maturation stages, the 

corpora lutea and a loose fibrous stroma. During folliculogenesis, several single layered pri-

mordial follicles sequentially mature to unilamellar primary, multilaminar secondary and pre-

ovulatory antral and Graafian follicles. After ovulation, the corpus luteum is developing, 

which degrades all remaining structures and secrets large amounts of progesterone and less 

estrogen. Figure 2-26 demonstrates a representative section of the ovary with distinct follicles, 

which was used for in situ hybridization analysis. Strong Fgd1 signals were detected in all 

types of follicles in layers surrounding the oocyte (Figure 2-26A). The higher magnification 

 

Figure 2-26 In situ hybridization of Fgd1 riboprobes in adult mouse ovary 

In the female ovary, Fgd1 signal is found around the secondary (sf) and antral (af) follicles using the antisense 

riboprobe. Primary follicles (pf) and some stromal cells are also positive (A). Hybridization with the sense ribo-

probe shows no signal (B). Higher magnification of the ovary section hybridized with the antisense probe dem-

onstrates Fgd1 transcripts in the cell bodies of the zona granulosa of an antral follicle (C). 
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micrograph revealed that Fgd1 is expressed in cells of zona granulosa surrounding the oocyte 

in an antral follicle (Figure 2-26C). Immunohistochemistry confirmed the ISH results (Figure 

2-27) showing Fgd1 protein in cells of the follicles (Figure 2-27B), while the medullar stroma 

was negative (Figure 2-27D). Immunohistochemical localization was also performed on sec-

tions through the oviduct (Figure 2-27). Fgd1 immunoreactivity was found in the columnar 

epithelium of the mucosal folds but not in the surrounding lamina propria. 

The uterus is a pear-shaped hollow organ consisting of three parts: two horns and the body 

(corpus). The biggest part is the corpus containing a cranial and caudal (cervix) portion. The 

wall of the uterus consists of three different layers from outside to inside: the adventitia, my-

ometrium, and the endometrium. The endometrium composed of the lamina propria and a 

columnar epithelium layer with endometrial glands. In situ hybridization with the antisense 

riboprobe demonstrated Fgd1 transcripts in the endometrium (Figure 2-28A). High magnifica-

tion micrographs indicated that Fgd1 expression can be localized to the columnar epithelium, 

endometrial glands as well as to stromal cells (Figure 2-28C). The anti-Fgd1 antibody staining 

of uterus sections confirmed the Fgd1 expression pattern seen by ISH (Figure 2-29). The 

overview picture demonstrated Fgd1 in both the myometrium and the endometrium (Figure 

 

Figure 2-27 Fgd1 protein distribution in adult mouse ovary and oviduct 

The control staining with secondary antibody only shows no signal (A and C). Staining with the anti-Fgd1 anti-

body reveals immunolocalization of the Fgd1 protein in the zona granulosa surrounding an antral follicle (af)  

(B). In the stroma, no signal for Fgd1 is detectable. In the oviduct, the columnar epithelium (e) of the tunical 

mucosa in the mucosal folds is positive for Fgd1 but not the surrounding lamina propria (lp) (D). 
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2-29B). With higher magnification through the endometrium, Fgd1 immunopositive cells 

were detected in luminal and gland epithelial cells, and in stromal cells (Figure 2-29D). 

The placenta is the organ that connects the developing embryo to the uterus wall and is essen-

tial for the material exchange between mother and fetus. The placenta allows nutrient uptake, 

gas exchange and waste elimination of the fetus via the mother´s circulation system. This tis-

sue is therefore crucial to maintain the milieu for the normal development of the embryo until 

birth. Using immunohistochenmistry, Fgd1 was localized in the placental stroma including 

the labyrinthine layer of the placental intervillous space (Figure 2-30B), and in the epithelium 

of chorionic villie (Figure 2-30D). 

 

Figure 2-28 In situ hybridization of Fgd1 riboprobes in adult mouse uterus 

Hybridization with the antisense Fgd1 riboprobe demonstrates the expression of mRNA in the columnar epithe-

lium, the endometrial gland and stromal cells of the uterus (A). Hybridization with the sense riboprobe results in 

no signal (B). Higher magnification micrographs form “A” reveals distinct Fgd1 signal in the epithelium (ep) of 

the uterus, in the stroma cells (st) and the endometrial glands (eg) (C). 
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Figure 2-29 Fgd1 protein distribution in adult mouse uterus 

Control staining with secondary antibody only shows no signal (A and C). Immunostaining with the anti-Fgd1 

antibody demonstrates that the endometrial glands (eg) and stroma cells (st) are Fgd1 positive. Besides the posi-

tive signals in endometrium, the myometrium (mm) is also positive (B). The ciliated epithelial cells (ep) and the 

lamina propria are Fgd1 stained (D). 

 

Figure 2-30 Fgd1 protein distribution in adult mouse placenta 

Control staining with secondary antibody only results in no staining (A and C). Immunostaining with the anti-

Fgd1 antibody demonstrates that the labyrinthine layer of the placental intervillous space is Fgd1 positive (B), as 

well as chorionic villie which are partially destroyed during preparation (D). 



Results 
Expression analysis of Fgd1/FGD1 

80 

2.1.1.8 Genitourinary system: kidney and urinary bladder 

The kidneys are organs, which eliminate nitrogen metabolites, acid and several impurities 

from the blood. Through the tightly regulated clearance of water and electrolytes, kidneys 

regulate the water-, mineral and acid-base metabolism. By the change in electrolytes and wa-

ter, and by the production of the hormone angiotensin II, the kidneys also influence the blood 

pressure. Especially the clearance of calcium and phosphate regulates the mineralization of 

 

Figure 2-31 In situ hybridization of Fgd1 riboprobes in adult mouse kidney 

A section through the renal pelvis hybridized with the antisense Fgd1 riboprobe shows strong signal in the kid-

ney papilla (pa) and medulla (me) (A). The control staining with the sense probe reveals no signal (B). Higher 

magnification micrographs from “A” demonstrate specific Fgd1 signals in the epithelium of the collecting ducts 

of the papilla (cdp) (C) and in the collecting tubes of the medulla (ctm) (D). Overview (E) and high magnifica-

tion (F) micrographs from the renal cortex hybridized with the antisense probe. Note the strong expression of 

Fgd1 mRNA in the glomeruli (gl). 
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the bone. Erythropoietin, a second hormone produced by the kidney, stimulates the produc-

tion of red blood cells in the bone marrow. 

The mouse kidney covered by a connective tissue capsule and consists of three main parts: the 

cortex, the medulla and the papilla. The functional compartment for the clearance is the 

nephron, consisting of the glomeruli, which filtrate the blood plasma, and the tubuli, where 

the resorption of useful substances takes place. The glomeruli are localized at the cortex, 

while the tubuli range from the cortex to the medulla, where the filtrate is collected into the 

pelvis renalis and flows into the ureter. 

In order to characterize Fgd1 expression in the kidney, ISH and IHC analyses were performed 

(Figure 2-31and Figure 2-32) At the area of renal pelvis, Fgd1 transcripts were detected in 

epithetlial cells of the papillar ducts and in the collecting tubuli of the adjacent medulla 

 

Figure 2-32 Fgd1 protein distribution in adult mouse kidney 

Control staining with secondary antibody only shows no signal (A). Immunostaining using the anti-Fgd1 anti-

body localizes Fgd1 to the renal cortex (cr), medulla (me) and papilla (pa) (B). High magnification micrograph 

demonstrates Fgd1 protein in the epithelium of glomeruli (arrow heads) and collecting tubes (arrows) (C). 
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(Figure 2-31A, C and D). Expression was also observed in the cortical glomeruli (Figure 

2-31E and F). The broad expression pattern of Fgd1 in kidney was confirmed by immunohis-

tochemistry (Figure 2-32) Fgd1 protein was found in glomeruli, distal and proximal tubes, 

and collecting ducts of the pelvis (Figure 2-32B). Higher magnification micrographs revealed 

Fgd1 signals in the Bowman’s capsule surrounding the glomeruli, in the glomeruli itself and 

in the different renal tubules, where the epithelium of the ducts shows the strongest Fgd1 

staining (Figure 2-32C). 

The filtrated urea is flowing from the pelvis renalis of the kidney through the ureter into the 

urinary bladder, where it is stored until released through a muscle contraction. Histologically, 

the urinary bladder consists of the fibrous adventitia, the muscularis, the lamina propria and 

the urinary (or transitional) epithelium. The large umbrella cells of the epithelium are flexible 

accommodating to different pressures depending the filling of the urinary bladder. As the epi-

thelium is very flexible and the urinary bladder is a hollow body after isolation, the tissue 

structure is not preserved very well (Figure 2-33). Nevertheless, the transitional epithelium 

showed strong Fgd1 immunoreactivity (Figure 2-33B), whereas the surrounding lamina pro-

pria, muscularis and adventitia were not stained by the Fgd1 antibody. 

2.1.1.9 Hematopoietic and lymphatic system: spleen and thymus 

The spleen is the biggest of all lymphatic organs with two main functions: it filters the blood 

and removes old blood cells; and produces lymphocytes and antibodies important for active 

immune response of the body. The mouse spleen consists of the parenchyma covered by a 

connective tissue capsule. The parenchyma can be divided to white pulp, which contains the 

lymphocytes, and the red pulp, which contains hematopoietic cells and macrophages 

 

Figure 2-33 Fgd1 protein distribution in adult mouse urinary bladder 

Control staining with secondary antibody only does not show specific signal (A). Immunostaining with the anti-

Fgd1 antibody reveals Fgd1 in the epithelium (arrows) but not in, the muscularis and lamina propria of the blad-

der wall (B). 
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(phagocytes). The marginal zone forms the periphery of the white pulp and characterized by 

low cell density. In situ hybridization analysis of Fgd1 expression in the spleen was per-

formed sections presenting the overall parenchyma (Figure 2-34). Fgd1 mRNA was found at 

the white pulp, where B- and T-lymphocytes and dendritic cells are localized, but not at the 

red pulp (Figure 2-34A). At higher magnification, the cell bodies of lymphocytes were clearly 

Fgd1 positive (Figure 2-34C). 

The thymus is a specialized organ where the T-lymphocytes immigrate from the bone marrow 

and differentiate until they are released into the blood as native T-lymphocytes. After matura-

tion, the T-cells migrate to peripheral lymph nodes or to the spleen where they stay in T-cell-

regions until they are activated through antigens and antigen presenting cells (e.g. dendritic 

cells). The murine thymus can be divided into the medulla and the cortex surrounded by a thin 

connective tissue capsule. The cortex contains lymphocytes, mainly T-cells, supported by 

epithelial reticular cells; while the medulla consists of epithelial cells, T-lymphocytes, 

 

Figure 2-34 In situ hybridization of Fgd1 riboprobes in adult mouse spleen 

Hybridization with the antisense Fgd1 riboprobe demonstrates Fgd1 mRNA in the white pulp (wp) and its mar-

ginal zone (mz) of the spleen (A). Hybridization with the sense probe reveals no staining (B). Higher magnifica-

tion micrograph from “A” shows Fgd1 positive dendritic cells and lymphocytes in the white pulp and the mar-

ginal zone (C). The red pulp (rp) avoids Fgd1 signals. 
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dendritic cells and macrophages. The freshly immigrated T-lymphocytes are found in the sub-

capsular region of the cortex with increasing maturation they migrate deeper into the cortex 

until they reach the medulla. The matured and selected T-lymphocytes leave the thymus from 

the medulla. By in situ hybridization, Fgd1 mRNAs were found throughout the thymus in 

 

Figure 2-35 In situ hybridization of Fgd1 riboprobes in adult mouse thymus 

Hybridization with the antisense Fgd1 riboprobe demonstrates Fgd1 mRNA in cells of the thymus cortex (A). 

Hybridization with the sense probe reveals no staining (B). Higher magnification micrograph from “A” reveals 

that distinct lymphoid cells at diverse developmental stages do express Fgd1 (C). 

 

Figure 2-36 Fgd1 protein distribution in adult mouse thymus 

The control with secondary antibody only reveals no immunohistochemical signal (A). The anti-Fgd1 antibody 

demonstrates immunoreactivity in the cortex of the thymus (B). 
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both the cortex and in the medulla (Figure 2-35A). At higher magnification of the cortex, the 

Fgd1 positive cells can be clearly grouped to the immature T-lymphocytes based on their 

small morphology and the high density (Figure 2-35C). The epithelial reticular cells would be 

less dense and would have a more fibroblastic like shape building a cell network with their 

cell bodies. The same Fgd1 distribution can be seen by immunohistochemistry using the anti-

Fgd1 (Figure 2-36). 

2.1.1.10 Musculoskeletal system: knee (femur and tibia) and xyphoid 

Histological processing of skeletal (bony) adult tissues is difficult and requires a long (several 

weeks) decalcification period in 10% EDTA solution before sectioning. Our sensitive in situ 

protocol is based on cryopocessing of unfixed tissue samples followed by alkaline (pH 9.5) 

fixation; however, we were unable to prepare sections from non-decalcified 3 months old 

limbs for ISH analysis. Therefore, the expression analysis of Fgd1 transcripts in skeletal (car-

tilage, bone and ligaments) was performed at postnatal day three, when the whole limb can be 

cut without demineralization. Figure 2-37 demonstrates a hind limb after hybridization with 

the antisense Fgd1 riboprobe. The overview picture (Figure 2-37A) indicates Fgd1 expression 

in various tissues, which were analyzed further on high magnification micrographs. On mid-

sagittal section through the knee joint area, strong Fgd1 expression was found in the cruciate 

ligament connecting the femur and the tibia, in the synovium and in the epiphyseal cartilages 

(Figure 2-37A, insert a). Interestingly, the forming articular cartilage on the surface of the 

tibia and the femur was negative for Fgd1 mRNA. In the growth plate region, Fgd1 expres-

sion was evident in the proliferative chondrocytes and in the ossification grove flanking later-

ally the growth plate (Figure 2-37A, inserts a and c). The ossification groove consists of, 

among others, chondrogenic progenitor cells which expand the diameter of the growth plate. 

In the area of trabecular and cortical bone, osteoblasts were positive for Fgd1 mRNA (Fig. 3-

42A, inserts d and e). Finally, Fgd1 was found in bone marrow resident cells and in ligaments 

surrounding the developing bones in the hind limb (Figure 2-37A, inserts f and g).  

The only hyaline cartilage which can be obtained from 3 months old mice without a decalcifi-

cation procedure is the xyphoid process cartilage, a cartilaginous extension of the lower ster-

num. Interestingly, and contrast to the strong Fgd1 expression in embryonic or perinatal carti-

lages, the chondrocytes of the xyphoid process cartilage were negative for Fgd1 ISH signals 
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(Figure 2-38). On the other hand, the ventral part of the perichondrium surrounding the proc-

ess did express Fgd1 (Figure 2-38C). 

 

Figure 2-37 In situ hybridization of antisense Fgd1 riboprobe in postnatal days three mouse knee 

Overview micrograph reveals Fgd1 expression at various parts of the mouse knee (A). High magnification mi-

crographs (a-g). In the joint, Fgd1 is present in the cruciate ligament (cl), synovium (sy), epiphyseal cartilage 

(ec) but it is absent in the articular cartilage (ac) (a). Fgd1 is expressed in proliferative growth plate chondrocytes 

(b), the ossification groove (og) flanking the growth plate (c), osteoblasts/osteocytes of the trabecular (d) and 

cortical (e) bones, bone marrow (f) and ligaments (li on g). 
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2.1.2 Analysis of Fgd1 in primary cells and established cell lines 

After analyzing the tissue distribution of the mouse Fgd1 gene, the expression of the 

mouse/human Fgd1/FGD1 was addressed in different mouse primary cell types and human 

carcinoma cell lines by RT-PCR and/or western blotting. 

2.1.2.1 Expression of Fgd1 in primary cells 

The expression of Fgd1 in lymphoid organs prompted to further analyse Fgd1 in immune cells 

such as dendritic cells (DCs). First, quantitative RT-PCR analysis was done comparing mouse 

Fgd1 levels in native (immature) and mature dendritic cells (Figure 2-39). Interestingly, Fgd1 

levels were significantly higher in native DCs, demonstrated by the approximately 90% re-

duction of Fgd1 transcripts after in vitro maturation. 

 

Figure 2-38 In situ hybridization of Fgd1 riboprobes in adult mouse xiphoid process 

Hybridization with the antisense Fgd1 riboprobe demonstrates Fgd1 signal in the ventral perichondrium (arrow), 

while the chondrocytes are apparently negative (A and C). Hybridization with the sense probe reveals no staining 

(B).  
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The most prominent tissue for native dendritic cells is the epidermis harbouring Langerhans 

cells. Therefore, mRNA was isolated from the mouse skin and RT-PCR was performed 

(Figure 2-40). As in the positive control native and mature DCs, prominent Fgd1 expression 

was found in the epidermis. It was new to find Fgd1 expression in chondrocytes as the litera-

ture could only show Fgd1 mRNA in osteoblasts (Gorski et al. 2000). 

In skeletal cell types, a previous report (Gorski et al. 2000) has shown Fgd1 expression in 

osteoblasts but not in chondrocytes. Our in situ hybridization analysis, however, showed Fgd1 

transcripts in embryonic and perinatal cartilages. To verify this observation, rib chondrocytes 

were isolated from newborn mice and analyzed directly or after culturing on plastic by RT 

PCR. As shown on Figure 2-41, Fgd1 expression was confirmed in both primary and passage 

1 mouse chondrocytes. 

 

Figure 2-39 RT-PCR analysis of Fgd1 expression in native and mature primary mouse dendritic cells  

Quantitative RT-PCR reveals 10 fold higher Fgd1 level in native dentritic cells (DC) compared to matured den-

dritic cells. 

 

Figure 2-40 Expression of Fgd1 mRNA in the mouse epidermis. 

RT-PCR analysis demonstrated the expression of mouse Fgd1 (mFgd1) in the epidermis. Native and matured 

dentritic cells (DC) were included in the analysis as positive controls. Mouse Gapdh (mGapdh) was used as 

quality and loading control. 
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2.1.2.2 Expression of Fgd1 in human carcinoma cell lines 

As the Aarskog-Scott syndrome is a human disease caused by mutations in the FGD1 locus, 

human carcinoma cell lines were selected for further functional studies of FGD1. Published 

data in the literature have shown that FGD1 plays a role in connective tissue predominantly in 

bone and osteoblasts. The SaOs2 cell line, a primary osteosarcoma cell line obtained from an 

11-year old Caucasian girl, was therefore one cell line of choice. Since the in situ analyses 

implied the expression of Fgd1 in fibroblastic tissues and in muscle, the HT1080 cell line, a 

primary fibrosarcoma cell line isolated from a 35-year old male; and the rhabdomysarcoma 

RD and A204 cell lines were also selected. Fgd1 is expressed in the mouse brain as well, 

therefore LNZ, a glioblastoma cell line was included. Because the role of FGD1 in the highly 

metastatic A375 epithelial malignant melanoma cell line was previously studied (Ayala et al. 

2009), the “normal” or less metastatic A375 cell line was also investigated. Finally, the tera-

toma cell line (Tera2) was also studied. In all cell lines, except the A375, FGD1 expression 

was confirmed by RT-PCR (Figure 2-42). 

In order to focus on the musculoskeletal system, Fgd1 expression levels in SaOs2 osteoblas-

tic, HT1080 fibroblastic and RD muscle carcinoma cell lines were further investigated by 

quantitative RT-PCR (Figure 2-43). Confirming the strongest FGD1 expression in osteoblasts, 

the SaOs2 cells displayed approximately 5-fold higher Fgd1 levels compared to fibroblasts 

 

Figure 2-41 Expression of Fgd1 mRNA in primary mouse chondrocytes. 

RT-PCR analysis demonstrated the expression of mouse Fgd1 (mFgd1) in primary (P0) and passage 1 (P1) 

mouse chondrocytes. Mouse Gapdh (mGapdh) was used as quality and loading control. 

 

Figure 2-42 FGD1 expression in human caner cell lines 

RT-PCR analyis demonstrates the expression of human FGD1 (hFGD1) in SaOs2 (osteosarcoma), HT1080 (fi-

brosarcoma), RD (rhabdomyosarcoma), Tera2 (teratoma), A204 (rhabdomyosarcoma) and LNZ (glioma) cell 

lines. Note that the malignant melanoma A375 cell line does not express hFGD1. 



Results 
FGD1 knock down in human carcinoma cell lines 

90 

and muscle cells. These three cell lines were used for further analyses described in the follow-

ing chapters. 

2.2 FGD1 knock down in human carcinoma cell lines 

 

Figure 2-43 Quantitative RT-PCR analysis of FGD1 expression in different cell lines 

The osteoblastic cell line SaOs2 shows 3-4 fold higher FGD1 expression levels compared to the fibroblastic cell 

line HT1080 and the rhabdomyosarcoma cell line RD. The higher FGD1 expression level in osteoblasts could 

indicate important functions of FGD1 in osteoblasts. 

 

Figure 2-44 Knock down of hFGD1 in the HT1080 cell line 

Western blot analysis demonstrates an efficient knock down (~80%) of the human FGD1 (hFGD1) in HT1080 

cells compared to the wild type cell line. The cell line transduced with the scrambled vector had no reduced 

FGD1 level. 
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To assess the function of FGD1, shRNA-mediated knock down of the FGD1 gene was per-

formed in the SaOs2, the HT1080 and the RD cell lines. The overall efficiency of the knock 

down was tested by biochemical analysis of the FGD1 protein.  For the assay, FGD1 was im-

munoprecipitated (IP) with the anti-FGD1 antibody from the cell lysate and used for western 

blotting. The IP step was important to increase the FGD1 protein signal in cell lines express-

ing relatively low levels of FGD1 mRNA. 

Quantification of the western blot for the HT1080 fibrosarcoma cell line, approximately 80% 

decreased FGD1 level was shown in the lentivirus transduced cells compared to wild type 

cells (Figure 2-44). No reduced FGD1 expression was found in the scrambled cells. 

Next, FGD1 was knocked-down in the RD rhabdomyosarcoma cell line. In previous experi-

ment, this cell line showed a slightly higher FGD1 expression level compared to HT1080 

cells (Figure 2-45). Quantification of the Western blot showed higher reduction of FGD1 lev-

els (approx. 90%) in RD knock down cells compared to the HT1080 cell line (Figure 2-46). 

In the third, SaOs2 cell line, which showed by far the highest FGD1 levels among the three 

investigated musculoskeletal cell lines (Figure 2-43), the efficiency of the knock down was 

approximately 90% (Figure 2-46). 

Taken together, efficient knock down of FGD1 was achieved in all the three (HT1080, RD, 

SaOs2) human carcinoma cell lines. The knock down cells were used to examine the role of 

FGD1 in cell proliferation and adhesion. 

 

Figure 2-45 Knock down of hFGD1 in the RD cell line 

Western blot analysis demonstrates an efficient knock down (~90%) of the human FGD1 (hFGD1) in RD cells 

compared to the wild type cell line. The cell line transduced with the scrambled vector had no reduced FGD1 

level. 



Results 
FGD1 knock down in human carcinoma cell lines 

92 

2.2.1 Proliferation analysis of FGD1 knock down cell lines 

 

Figure 2-46 Knock down of hFGD1 in the SaOs2 cell line  

Western blot analysis demonstrates an efficient knock down (~90%) of the human FGD1 (hFGD1) in SaOs2 

cells compared to the wild type cell line. The cell line transduced with the scrambled vector had no reduced 

FGD1 level. 

 

Figure 2-47 Proliferation analysis of control and Fgd1 knock down HT1080 cells by BrdU incorporation 

assay 

Subconfluent cultures of control and Fgd1 knock down HT1080 cells were treated with BrdU and, lysed 2, 4 and 

6 hours after the administration of the nucleoside analogue. BrdU incorporation was measured by flow cytome-

try after antibody staining. The knock down cell line (white) showed a 30% to 50% proliferation reduction com-

pared to wild type (black) between 2 and 6 hours of BrdU incorporation.  
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It has been previously reported that overexpression of either the Fgd1 DH or Fgd1 PH domain 

regulates G1 progression in NIH 3T3 cells (Nagata et al. 1998). Therefore, proliferation of the 

knock down cell lines was investigated in this thesis. 

First, proliferation rate of wild type and FGD1-deficient HT1080 cells was assessed by BrdU 

incorporation assay at distinct time points (2, 4 and 6 hours). A clear proliferation reduction 

between 30 to 50% was observed in the knock down cells compared to control (Figure 2-47). 

This proliferation defect was further characterized by propidium ioide (PI) incorporation and 

flow cytometric (FACS) analysis, which shows percentages of cells in G/G1-phase, S-phase 

and G2/M-phase. As Nagata et. al. (1998) demonstrated a G1 progression in NIH 3T3 cells, a 

greater G0/G1 cell population in knock down cells was expected. The FACS analysis of PI 

assay showed a distinct difference in cell populations of the three cell cycle phases (Figure 

2-48). In wild type, 39.9% of the cells were in G2/M phase whereas the FGD1 knock down 

had only 27.8% of the cells in this phase. The opposite was seen in the G0/G1 cell popula-

tions: 26.9% of the wild type cells were in this phase, in contrast to the 39.7% of the knock 

down cells. However, the cell populations of in the S-phase did not differ significantly be-

tween wild type and knock down 

 

Figure 2-48 Cell cycle analysis of control and knock down HT1080 cells by propidium iodide (PI) assay 

Using the PI-assay, the 3 phases (G0/G1-phase, S-phase and G2/M-phase) of the cell cycle can be detected in 

each cell type. The knock down (KD) of Fgd1 in HT1080 cells resulted in increased percentage of cells in the 

G0/G1 phase and reduced percentage of cells in the G2/M phase compared to wild type (WT). The percentage of 

the cells in the S phase was comparable between control and Fgd1-deficient cells. 



Results 
FGD1 knock down in human carcinoma cell lines 

94 

HT1080 cells (30.2% and 32.5% respectively). In summary, the PI incorporation assay impli-

cates that the proliferation defect detected by the BrdU-assay is due to a reduced G1-

progression in HT1080 knock down cells. 

The same proliferation experiments were done with the RD rhabdomyosarcoma cell line. By 

the BrdU incorporations assay (Figure 2-49), the RD knock down cells showed a 25% to 30% 

proliferation reduction after 2 to 6 hours of BrdU administration, which slightly lower than 

the reduction observed in the HT1080 knock down cells. 

The propidium iodide (PI)-assay (Figure 2-50) demonstrated no difference in percentage of 

cells in the S-phase, however, less RD knock down cells were in the G2/M phase (31,97% 

versus 41,93%) and more mutant cells were in the G0/G1 phase (42,7% versus 35,5%) com-

pared to wild type RD cells. Thus, both the HT1080 and the RD cell lines exhibited similar 

proliferation defects, although the abnormalities in the RD cells were milder than that of in 

HT1080 knock down cells. Taken together, both cell lines displayed slower proliferation rate 

compared to wild type cells as a consequence of the efficient knock down of FGD1 

 

Figure 2-49 Proliferation analysis of control and Fgd1 knock down RD cells by BrdU incorporation assay 

Subconfluent cultures of control and Fgd1 knock down RD cells were treated with BrdU and lysed  2, 4 and 6 

hours after the administration of the nucleoside analogue. BrdU incorporation was measured by flow cytometry 

after antibody staining. The knock down cell line (white) showed a 15 to 30% proliferation reduction compared 

to wild type (black) between 2 and 6 hours of BrdU incorporation.  
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2.2.2 Attachment assays with FGD1 knock down cell lines 

It has been shown that Fgd1 is involved in the regulation of the Arp2/3 complex, which is 

important for the formation of focal adhesion sites during cell attachment onto extracellular 

matrix (ECM) substrates (Kim et al. 2004). Osteoblasts and fibroblasts in vivo are surrounded 

by a distinct ECM milieu. Therefore, examination of the effect of FGD1 knock down for the 

adhesion of SaOs2 or HT1080 cells to ECM ligands could be beneficial to understand the role 

of FGD1 in cell-matrix interactions. The binding of typical ECM adhesive proteins such as 

fibronectin, collagen type I, laminin or fibronectin to the cell surface is mediated by the in-

tegrin family of heterodimeric (αβ) transmembrane receptors. Fibroblasts predominantly ad-

here to fibronectin via integrins α5β1, αvβ3 and αvβ5; to collagen type I via α2β1, α3β1 and 

α11β1; to laminin via α2β1 and α3β1; and to vitronectin through αvβ5. The composition of 

integrin receptors which mediate osteoblast attachment is slightly different: fibronectin ad-

heres via α2β1, α3β1, α4β1, α5β1, αvβ5, αvβ3 and αvβ6; collagen I via α1β1, α2β1 and α3β1; 

laminin via α1β1, α2β1 and α3β1;  and vitronectin via αvβ1, αvβ3 and αvβ5  (Anselme 2000). 

It is important to note that FGD1 plays a crucial role in the secretion of extracellular matrix 

 

Figure 2-50 Cell cycle analysis of control and Fgd1 knock down RD cells by propodium iodide (PI) assay 

Using the PI-assay, the 3 phases (G0/G1-phase, S-phase and G2/M-phase) of the cell cycle can be detected in 

each cell type. The knock down (KD) of Fgd1 in RD cells resulted in increased percentage of cells in the G0/G1 

phase and reduced percentage of cells in the G2/M phase compared to wild type (WT). The percentage of the 

cells in the S phase was comparable between control and Fgd1-deficient cells. 
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proteins in osteoblasts (Egorov et al. 2009). On the other hand, the influence of FGD1 on cell 

attachment is not known. 

To assess the function of FGD1 in adhesion, HT1080 and SaOs2 wild type and FGD1 knock 

down cells were seeded on 96-well plates coated with serially diluted (4-2-1-0,5-0,25- 0,125- 

0,0625 µg/ml) substrates (fibronectin, collagen I, laminin and vitronectin). Attached cells 

were stained with crystal violet and quantified by measuring the optical density at 595 nm. 

The characteristics of ligand binding were analyzed by the Langmuir single-site regression 

model and Amax (cell attachment at substrate saturation) and Ka (ligand concentration required 

to achieve half-maximal attachment) were calculated. Affinity was calculated as 1/Ka , where 

higher values indicates higher affinity to the ECM substrate. 

First, the adhesion of wild type and FGD1 knock down (KD) HT1080 cells to fibronectin was 

investigated (Figure 2-51). The adhesion curves indicated reduced attachment of KD cells. 

FGD1-deficiency resulted in 13% reduced Amax (0.71 ± 0.008 versus 0.82 ± 0.01) and 30% 

reduced affinity to fibronectin (Ka KD 0.01 µg/ml ± 0.002 versus Ka WT 0.007µg ± 0.002). 

 

 

Figure 2-51 Adhesion assay of control and Fgd1 knock down HT1080 cells on fibronectin 

Wild type (WT) and FGD1 knock down (KD) HT1080 cells were plated on dishes coated with various concen-

tration of fibronectin. After 40 min incubation, cells were stained with crystal violet and the attachment was 

quantified by measuring absorbance at 595 nm. Cell adhesion onto fibronectin was reduced in FGD1 knock 

down HT1080 cells at all substrate concentrations. WT HT1080 cells bind fibronectin with 1.40 fold higher 

affinity (1/Ka) as KD cells. The maximal attachment at saturation (Amax) was 1.15 fold higher in WT cells com-

pared to KD cells. 
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The same tendency was seen on collagen type I (Figure 2-52). The Amax values were 0.64 ± 

0.02 (WT) and 0.58 ± 0.02 (KD); while Ka values were 0.61 µg/ml ± 0.08 (WT) and 1.06 

µg/ml ± 0.08 (KD). The FGD1 knock down in HT1080 cells resulted in 42% reduced affinity 

and 10% reduced maximal attachment to collagen type I. The comparison of Ka values calcu-

lated for fibronectin and collagen I revealed 85 fold reduced affinity of HT1080 WT cells to 

fibronectin compared to collagen I. 

 

On laminin (Figure 2-53), the Amax values were 0.57 ± 0.02 (WT) and 0.48 ± 0.01 (KD); and 

the Ka values were 0.48 µg/ml ± 0.09 (WT) and 0.43 µg/ml  ± 0.08 (KD). Thus, FGD1 knock 

down in HT1080 cells resulted in a mild, 10% reduced affinity and 14% reduced maximal 

attachment to laminin. Comparison of the absolute Ka values demonstrated that HT1080 cells 

have 1.3 fold higher affinity for laminin compared to collagen type I, and nearly 70 fold re-

duced affinity compared to fibronectin. 

 

Figure 2-52 Adhesion assay of control and FGD1 knock down HT1080 cells on collagen type I 

Wild type (WT) and FGD1 knock down (KD) HT1080 cells were plated on dishes coated with various concen-

tration of collagen type I. After 40 min incubation, cells were stained with crystal violet and the attachment was 

quantified by measuring absorbance at 595 nm. Cell adhesion onto collagen I was reduced in FGD1 knock down 

HT1080 cells. WT HT1080 cells bind collagen I with 1.80 fold higher affinity (1/Ka) as KD cells. The maximal 

attachment at saturation (Amax) was 1.10 fold higher in WT cells compared to KD cells. 
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Figure 2-53 Adhesion assay of control and FGD1 knock down HT1080 cells on laminin 

Wild type (WT) and FGD1 knock down (KD) HT1080 cells were plated on dishes coated with various concen-

tration of laminin. After 40 min incubation, cells were stained with crystal violet and the attachment was quanti-

fied by measuring absorbance at 595 nm. Cell adhesion onto laminin at higher substrate concentrations was 

reduced in FGD1 knock down HT1080 cells. WT HT1080 cells bind laminin with 1.10 fold higher affinity 

(1/Ka) as KD cells. The maximal attachment at saturation (Amax) was 1.19 fold higher in WT cells compared to 

KD cells. 

 

Figure 2-54 Adhesion assay of control and FGD1 knock down HT1080 cells on vitronectin 

Wild type (WT) and FGD1 knock down (KD) HT1080 cells were plated on dishes coated with various concen-

tration of vitronectin. After 40 min incubation, cells were stained with crystal violet and the attachment was 

quantified by measuring absorbance at 595 nm. Cell adhesion onto vitronectin was severely reduced in FGD1 

knock down HT1080 cells at all substrate concentrations. WT HT1080 cells bind laminin with 9.98 fold higher 

affinity (1/Ka) as KD cells. The maximal attachment at saturation (Amax) was 1.80 fold higher in WT cells com-

pared to KD cells. 
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Vitronectin was the last extracellular matrix protein tested for HT1080 cells attachment 

(Figure 2-54). Compared to other matrix proteins, FGD1 knock down resulted in the strongest 

effect on vitronectin adhesion. The Amax values were 0.72 ± 0.02 (WT) and 0.40 ± 0.02 (KD); 

and the Ka values were 0.08 µg/ml ± 0.09 (WT) and 0.79 µg/ml ± 0.26 (KD). FGD1 knock 

down in HT1080 cells resulted in a 10% reduced affinity and 14% reduced maximal attach-

ment to vitronectin. Comparison of the absolute Ka values of all substrates demonstrated that 

HT1080 cells have 6.0 fold higher affinity for vitronectin compared to laminin, a 7.6 fold 

higher affinity compared to collagen I and 11.4 fold reduced affinity compared to fibronectin. 

The main conclusion of attachment assays performed with HT1080 fibroblasts on the four 

different extracellular matrix proteins (fibronectin, collagen I, laminin and vitronectin) is that 

the knock down of the FGD1 protein leads to an affinity reduction for all substrates (Table 

2-1). The severity of the reduced affinity was different among the substrates: knock down 

cells show 10% affinity to vitronectin, 59% affinity to collagen I, 67% affinity to fibronectin 

and 91% affinity to laminin compared to wild type HT1080 cells. Moreover, also a reduction 

in maximal attachment was observed in knock down cells. The maximal attachment was 56% 

for vitronectin, 84% for laminin, 86% for fibronectin and 91% for collagen type I compared to 

wild type cells. Additionally, it was noticeable that wild type HT1080 cells had increasing 

affinity to collagen type I, laminin, vitronectin and fibronectin. The same tendency was seen 

for maximal attachment: the highest Amax was detected for fibronectin followed by vi-

tronectin, laminin and collagen type I. 

The four extracellular matrix proteins were also tested in attachment assay with the osteosar-

coma cell line SaOs2 derived from osteoblasts. The comparison of wild type and  FGD1 

knock down SaOs2 cells adhering on fibronectin showed that wild type cells have a Ka of 

0.06 µg/ml ± 0.01 resulting in a 3.17 fold higher affinity for fibronectin than knock down 

cells with a Ka of 0.19 µg/ml ± 0.03 (Figure 2-55). In addition, the maximal attachment (Amax) 

of wild type SaOs2 was 0.57 ± 0.01, 1.1 fold higher compared to knock down cells with Amax 

of 0.52 ± 0.03. Interestingly, the affinity reduction of SaOs2 knock down cells for fibronectin 

was 68% greater compared to HT1080 cells (Table 2-1). On the other hand, the maximal at-

tachment of SaOs2 cells to fibronectin was nearly the same as the HT1080 cells (1.03 fold 

changes). In summary, FGD1 knock down in SaOs2 cells resulted in 68% reduced affinity 

and 9% reduced maximal attachment to fibronectin compared to wild type cells. 
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Figure 2-55 Adhesion assay of control and FGD1 knock down SaOs2 cells on fibronectin 

Wild type (WT) and FGD1 knock down (KD) SaOs2 cells were plated on dishes coated with various concentra-

tion of fibronectin. After 40 min incubation, cells were stained with crystal violet and the attachment was quanti-

fied by measuring absorbance at 595 nm. Cell adhesion onto fibronectin was reduced in FGD1 knock down 

SaOs2 cells at all substrate concentrations. WT SaOs2 cells bind fibronectin with 3.17 fold higher affinity (1/Ka) 

as KD cells. The maximal attachment at saturation (Amax) was 1.10 fold higher in WT cells compared to KD 

cells. 

 

Figure 2-56 Adhesion assay of control and FGD1 knock down SaOs2 cells on collagen I 

Wild type (WT) and FGD1 knock down SaOs2 cells were plated on dishes coated with various concentration of 

collagen type I. After 40 min incubation, cells were stained with crystal violet and the attachment was quantified 

by measuring absorbance at 595 nm. Cell adhesion onto collagen I was reduced in FGD1 knock down SaOs2 

cells at all substrate concentrations. WT SaOs2 cells bind collagen I with 3.50 fold higher affinity (1/Ka) as KD 

cells. The maximal attachment at saturation (Amax) was 1.38 fold higher in WT cells compared to KD cells. 
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The major extracellular matrix protein surrounding osteoblasts in vivo is collagen type I 

(Anselme 2000).  Therefore, it was not surprising that the affinity of SaOs2 cells for collagen 

type I was 3.5 fold higher that that of the HT1080 cells. The comparison of wild type and 

FGD1 KD SaOs2 cells revealed 3.5 fold higher affinity of WT cells for collagen type I 

(Figure 2-55). The Amax values were 0.52 ± 0.01 (WT) and 0.45 ± 0.01 (KD) indicating a 1.38 

fold difference. Hence, FGD1 KD in SaOs2 cells exhibited 71% affinity and 28% maximal 

attachment reduction compared to wild type cells. Finally, the affinity reduction of KD SaOs2 

cells for collagen I was 71% greater compared to the reduction of HT1080 fibrosarcoma cells 

(Table 3-3). 

The attachment assay on laminin indicated that wild type cells have 4.00 fold higher affinity 

than KD cells (Ka values were 0.01 ± 0.003 for WT and 0.04 ± 0.005 for KD). Also the affin-

ity reduction in SaOs2 knock down cells was with 75% clearly greater than in HT1080 knock 

down fibroblasts with a reduction of 10% (Table 2-1). The Amax values were 0.58 ± 0.01 (WT) 

and 0.45 ± 0.01 (KD) indicating 1.29 fold difference. Thus, FGD1 knock down in SaOs2 cells 

resulted in a 75 % reduction of affinity and a 22 % reduced maximal attachment for laminin. 

Interestingly, the affinity of wild type SaOs2 cells for laminin was 5.00 fold lower than the 

affinity for collagen type I, but it was 6.00 fold higher compared to fibronectin and 61.00 fold 

higher compared to laminin affinity of HT1080 cells. 

 

Figure 2-57 Adhesion assay of control and FGD1 knock down SaOs2 cells on laminin 

Wild type (WT) and FGD1 knock down (KD) SaOs2 cells were plated on dishes coated with various concentra-

tion of laminin. After 40 min incubation, cells were stained with crystal violet and the attachment was quantified 

by measuring absorbance at 595 nm. Cell adhesion onto laminin was reduced in FGD1 knock down SaOs2 cells 

at all substrate concentrations. WT SaOs2 cells bind laminin with 4.00 fold higher affinity (1/Ka) as KD cells. 

The maximal attachment at saturation (Amax) was 1.29 fold higher in WT cells compared to KD cells. 
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SaOs2 wild type and knock down attachment experiments on vitronectin revealed a 9.33 fold 

affinity reduction of KD cells (Ka values were 0.03 ± 0.01 for WT and 0.28 ± 0.09 for KD) 

(Figure 2-58). In contrast, the maximal attachment of wild type cells was nearly the same as 

the FGD1 KD cells (0.28 versus 0.29). The 90 % affinity reduction of SaOs2 knock down 

cells compared to wild type SaOs2 cells nearly as tremendous as the 89 % reduction of the 

corresponding HT1080 cells. A comparison of SaOs2 affinity for vitronectin with laminin 

reveals a 3.00 fold increase, with collagen type I a 15.00 fold reduction and with fibronectin a 

2.00 fold increase. Surprisingly, FGD1 knock down does not result in changes of vitronectin 

maximal attachment in contrast to HT1080 fibroblasts, where wild type cells show a 1.8 fold 

higher maximal attachment compared to KD cells. Furthermore, the maximal attachment of 

SaOs2 cells on fibronectin, collagen type I and laminin was 0.57, 0.54 and 0.58, nearly the 

same. In contrast, the maximum attachment for vitronectin was only 0.28, about 50 % lower 

as the values of the other ECM. Finally, the comparison of the SaOs2 Amax values with values 

of the HT1080 cells showed 1.40 fold reduction for fibronectin, 1.19 fold reduction for colla-

gen type I, 1.06 fold reduction of laminin and 2.57 fold reduction for vitronectin of SaOs2 

cells compared to HT1080 cells. 

 

Figure 2-58 Adhesion assay of control and FGD1 knock down SaOs2 cells on vitronectin 

Wild type and FGD1 knock down SaOs2 cells were plated on dishes coated with various concentration of vi-

tronectin. After 40 min incubation, cells were stained with crystal violet and the attachment was quantified by 

measuring absorbance at 595 nm. Cell adhesion onto vitronectin was reduced in FGD1-knock down SaOs2 cells 

at low concentration range of the substrate. WT SaOs2 cells bind vitronectin with 9.33 fold higher affinity (1/Ka) 

as KD cells. The maximal attachment at saturation (Amax) was comparable between WT (0.28) and KD (0.29) 

cells. 



Results 
FGD1 knock down in human carcinoma cell lines 

103 

 Substrate Affinity (KD/WT) Maximal attachment (KD/WT) 

Fibronectin 70% 87% 

Collagen type I 58% 90% 

Laminin 90% 84% 
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Vitronectin 10% 56% 

Fibronectin 32% 91% 

Collagen type I 29% 72% 

Laminin 25% 78% 
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Vitronectin 11% 103% 

Table 2-1 Summary of attachment experiments with wild type and FGD1 knock down HT1080 and SaOs2 

cells 

On fibronectin, collagen I and laminin, SaOs2 knock down cells showed stronger reduction in affinity compared 

to wild type SaOs2 cells than HT1080 knock down cells compared to wild type HT1080 cells. The affinity for 

vitronectin demonstrated the greatest but comparable reduction in both cell line after FGD1 knock down. The 

maximal attachment to vitronectin was strongly reduced for HT1080 knock down cells but not for SaOs2 knock 

down fibroblasts. In general, the reduction of maximal attachment after knock down were not that sever on all 

matrix proteins compared to the affinity reduction. KD, FGD1 knock down cell lines; WT, wild type cell lines. 



Results 
Targeting of the mouse Fgd1 gene 

104 

2.3 Targeting of the mouse Fgd1 gene 

The human FGD1 gene responsible for the X-linked form of AAS is located at Xp11.21 (Pas-

teris et al. 1994).  To date, mutations in FGD1 have been identified in about 20% of AAS pa-

tients; while in the remaining 80% of the patients the disease-causing gene is unknown (Or-

rico et al. 2004; Orrico et al. 2010). The FGD1 gene encodes a guanine nucleotide exchange 

factor (GEF) specific for Cdc42, a member of the Rho family of small GTPases (Zheng et al. 

1996). FGD1/Fgd1 contains an N-terminal proline-rich (PR) domain, a RhoGEF (Dbl homol-

ogy, DH) domain, a pleckstrin (PH) homology domain, a cysteine-rich Zn2+ finger (FYVE) 

domain and an additional PH homology domain at the C-terminal. Mutations of Fgd1 have 

been found in all domains and their nature includes amino acid substitution, premature termi-

nation of translation, alteration of the consensus splice sites and in frame deletion (Schwartz 

et al. 2000; Bedoyan et al. 2008; Baldi et al. 2009; Orrico et al. 2010). Interestingly, one 

pathogenic mutation is associated with the complete lack of the FGD1 locus implying that in 

human FGD1 null mutation (i.e. absence of the protein) does not results in embryonic lethal-

ity (Bedoyan et al., 2008). In order to generate mouse model(s) of the X chromosome-linked 

AAS and to facilitate our understanding about the in vivo function of FGD1, gene targeting 

strategies in mouse embryonic stem (ES) cells were employed in this study. 

2.3.1 The structure of the murine Fgd1 gene and the constitutive knock out 

strategy 

The mouse Fgd1 gene, just like the human FGD1, is composed of 18 exons, which span about 

44.5 kb and are located on the X chromosome. The transcript is about 4.1 kb long, which 

translates into a protein with 961 amino acids (Pasteris et al. 1994).  Exons 1-4 code for the 

PR domain, exons 5-8 encode the Cdc42-specific GEF domain, exons-14 code for the PH 

domain, while exons 15-17 encode for the FYVE and the C-terminal PH domain. To target 

the mouse Fgd1 gene, a 129Sv phage P1 artificial chromosome (PAC) library was screened 

using the Fgd1 cDNA and two positive clones were identified. To generate a targeting con-

struct for constitutive ablation of Fgd1, a 12.5 kb EcoRI fragment consisting of exons 2-6 was 

subcloned and used to generate the targeting construct. The targeting construct lacked exons 

3-4 and partially exon 2; and contained a neomycin resistance cassette inserted into exon 2. 

The targeting strategy would result in the disruption of open reading frame and a prematurely 
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terminated Fgd1 protein, which lacks the essential DH (GEF) domain. The approach used to 

constitutively inactivate the Fgd1 gene is depicted on Figure 2-59. 

2.3.2 Constitutive targeting of the mouse Fgd1 gene in embryonic stem cells 

R1 ES cells derived from a 129/Sv mouse strain were electroporated three times by the lin-

earized targeting construct. Since the R1 cells were originally isolated from male embryos 

(Nagy et al. 1993), a complete knock out of the Fgd1 gene was expected already in the ES 

cells. After selection with G-418 containing ES media, surviving clones were picked up. After 

expansion of the ES clones, genomic DNAs were isolated, digested with EcoRI and analysed 

by Southern blotting using an external probe. Analysing more than 1000 ES clones, however, 

no homologous recombinant clones with the predicted 9 kb band were detected (Figure 2-60). 

Therefore, we concluded that the deletion of the mouse Fgd1 in murine ES cells might affect 

ES cell development, proliferation and/or survival preventing the isolation of Fgd1-deficient 

ES cells and, hence, the generation of the constitutive knock out mice. 

 

Figure 2-59 Strategy for constitutive inactivation of the murine Fgd1 gene 

Organization of the mouse Fgd1 gene, structure of the targeting vector and the recombinant locus. Exons are 

numbered and indicated by blue boxes. The neomycine resistance cassette (Neo) was inserted into exon 2 and 

the final targeting construct lacks exon 2 (partially) and exons 3-4 (completely) leading to a frame shift and a 

premature termination of the translation. The mRNA should be degraded through nonsense-mediated RNA de-

cay leading to a null allele (Silva et al. 2009). The recombinant allele can be distinguished from the wild type 

locus by hybridization of an external probe on Southern blot of EcoRI digested genomic DNA. The expected 

fragments are: 9 kb for the homologous recombinant allele and 12.5 kb for the wild type allele. 
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2.3.3 Analysis of Fgd1 expression in teratocarcinoma and ES cells 

To assess the potential role of Fgd1 in embryonic stem cells and their derivates, Fgd1 mRNA 

expression was investigated in the ES cell-derived F9 teratocarcinoma cell line and in R1 ES 

cells by reverse transcription-polymerase chain reaction (RT-PCR). The F9 cells were cul-

tured until sub-confluency and used for total RNA isolation followed by reverse transcription. 

PCR reaction was performed by an Fgd1-specific primer pair using 1 µg cDNA template. Gel 

electrophoresis of the amplification reaction demonstrated a specific band on ethidium bro-

mide-stained agarose gel (Figure 2-61). 

Next, R1 embryonic stem cells and mouse embryonic fibroblasts (MEF) used as ES cell 

feeder were assessed for Fgd1 and its target Cdc42 expression by quantitative RT-PCR 

(Figure 2-62). Usually, the guanine nucleotide exchange factor acting as a regulator is ex-

pressed in much lower levels compared to the downstream effector small GTPase. This ex-

pected ratio was seen in MEFs, where Cdc42 expression was 5-fold higher than the expres-

sion level of Fgd1. In contrast, the relative expression levels of Cdc42 and Fgd1 were signifi-

cantly different in R1 cells compared to mouse embryonic fibroblasts. The Cdc42 level was 5-

fold lower, whereas in Fgd1 expression was 2.5-fold higher in ES cells compared to MEFs, 

respectively. The reduced Cdc42 level indicates that this small GTPase maybe less important 

 

Figure 2-60 Southern blot analysis of ES cell DNAs after electroporation with the constitutive knock out 

targeting construct. 

Southern screening of DNAs isolated from more than 1000 ES cell clones resulted only bands characteristic for 

the wild type locus (12.5 kb) but not for the homologous recombinant allele (expected 9 kb). 

 

Figure 2-61 Fgd1 expression in F9 teratocarcinoma cell line 

RT-PCR with a mouse Fgd1-specific primer pair revealed Fgd1 mRNA in the ES-cell derived F9 cell line. As 

quality control, the cDNA preparation was tested by amplification of a fragment of the mouse Gapdh gene. 
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for the in vitro culture of R1 ES cells. Worth to note is that the absolute level of Cdc42 

mRNA does not provide information about the activation Cdc42 protein, which is more im-

portant regarding the function of Cdc42. Nevertheless, the significantly increased Fgd1/Cdc42 

mRNA ratio may implicate a distinct function for Fgd1 apart from Cdc42 in murine ES cells. 

Such Cdc42-independent functions like c-Jun activation and G1 progression was observed in 

the fibroblastic NIH 3T3 cells (Whitehead et al. 1998). 

2.3.4 Analysis of Fgd1 expression in embryoid bodies 

The expression of Fgd1 mRNA in murine embryonic stem cells suggests that the Fgd1 protein 

may play a role in preimplantation development. To further investigate this possibility, Fgd1 

expression was assessed in embryoid bodies (EBs) by immunohistochemical staining. ES 

cells, under appropriate culture conditions differentiate into embryoid bodies, which resemble 

to early in vivo embryos and recapitulate the critical polarization and differentiation events 

taking place during development. Using the suspension culture method (see Material and 

Methods), embryoid bodies were generated, fixed, embedded into cryo-matrix and subjected 

 

Figure 2-62 Relative expression of mouse Fgd1 and Cdc42 in mouse embryonic stem cells and fibroblasts  

The expression levels of Fgd1 and Cdc42 mRNAs were assessed in mouse R1 ES cells (mES) and in feeder 

mouse embryonic fibroblasts (mMEF) by quantitative RT-PCR. The relative ratio of Cdc42/Fgd1 expression 

levels is high in MEFs and low in the R1 ES cells. 
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for antibody staining. A preliminary screening of the embryoid bodies with an immunohisto-

chemical protocol using the avidin-biotin complex (ABC) method and DAB as chromogen 

 

Figure 2-63 Immunohistochemical detection of Fgd1 in embryoid bodies  

An early embryoid body (up) shows a clear Fgd1 staining localized at the primitive endoderm/basement mem-

brane. In later stage EB, Fgd1 expression could not be detected. The specific signal was detected with the ABC 

method and DAB as chromogen substrate, which generate a brown precipitate. The sections were counterstained 

with Mayer hematoxylin (blue). 

 

Figure 2-64 Fgd1 protein distribution during embryoid body formation (stage I) 

ES-cells in the early embryoid body show very strong Fgd1 expression (red) which co-localizes with phalloidin 

staining. At this stage, the very weak signal for laminin alpha I shows that the formation of the basement mem-

brane is just starting. 
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substrate showed Fgd1 at the surface of early EBs, while at late stages the signal was dimin-

ished (Figure 2-63). 

Next, Fgd1 distribution in various stages EBs was analyzed more precisely by immunofluo-

rescence microscopy using anti-Fgd1 antibody, anti-laminin alpha 1 antibody to visualize the 

basement membrane (BM), phalloidin to detect the actin cytoskeleton and DAPI to stain cell 

nucleus (Figure 2-64, 2-68 and 2-69). At the early developmental stage of EB formation 

(stage I), when the weak laminin staining indicates that the BM components just begins to be 

deposited, strong Fgd1 positive cells were identified throughout the EBs (Figure 2-64). Phal-

loidin was perfectly co-localized with Fgd1 signals implicating that Fgd1 is likely involved in 

assembly of the actin cytoskeleton, which stabilizes the cell aggregate. 

Later of EB development, distinct BM and the primitive endoderm develop (stage II). In this 

stage the Fgd1 signal inside the cell cluster was diminished but the cell layer at the surface of 

the agglomerate was still Fgd1 positive (Figure 2-65). The primitive endoderm restricted 

 

Figure 2-65 Fgd1 protein distribution during embryoid body formation (stage II) 

A clear Fgd1 signal is seen in the region where the basement membrane and the primitive endoderm are forming.  

Note that the inner part of the EB is still filled with cells; however, those cells largely lost the actin cytoskeleton 

judged by the weak phalloidin staining. 
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Fgd1 staining indicates that Fgd1 may play roles in the establishment of the BM and/or the 

primitive endoderm. 

At the final stage (stage III), when the endoderm and the basement membrane are fully devel-

oped, and the inner cells begin to be eliminated by apoptosis, the Fgd1 signals disappeare 

from the EB (Figure 2-66). All together, the immunohistochemical analyses strongly suggest 

that Fgd1 has a temporally restricted role during preimplantation embryonic development. 

2.3.5 The conditional knock out strategy 

The strong expression of Fgd1 in ES cells and early EBs together with the lack of any ho-

mologous recombinant ES cell clone using the constitutive targeting vector imply that Fgd-1-

deficient ES cells might not survive. To circumvent this problem a conditional knock out 

strategy was applied and a new targeting vector was generated (Figure 2-67). Exons 3 and 4 

were selected for the deletion and floxed with loxP sites. A neomycin resistance cassette 

flanked by Frt sites was introduced into the intron between exon 4 and exon 5. Since all ex-

 

Figure 2-66 Fgd1 protein distribution during embryoid body formation (stage III)  

When the basement membrane and the primitive endoderm are fully developed, and the cavitation process is 

advanced, the Fgd1 signal is diminished. 
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ogenous DNAs are inserted into non-coding regions, the correctly targeted ES cells should 

normally express Fgd1 and can be used to generate transgenic mice. 

R1 ES cells were electroporated with the linearized conditional targeting construct. After se-

lection with G-418 containing ES media, 360 surviving clones were picked and analyzed for 

homologous recombination by Southern blotting (Figure 2-68). Upon digestion with EcoRI 

and hybridizing with external probe I, 12 homologous recombinant clones with the expected 

12.5 kb recombinant allele (Fgd1fl/Y) were identified (Figure 2-68A) resulting in 3.33 % tar-

geting frequency. The correct targeting of the Fgd1 locus was confirmed by digestion with 

BamHI and hybridizing with external probe II, which resulted in a 7.4 kb recombinant allele 

(Figure 2-68B). The generation of chimeric mice and establishment of the floxed Fgd1 mutant 

mice are currently performed in the laboratory. 

 

Figure 2-67 Strategy for conditional inactivation of the murine Fgd1 gene 

Organization of the wild type (Wt) mouse Fgd1 gene, structure of the targeting vector and the recombinant locus.  

Exons are numbered and indicated by blue boxes. The neomycine resistance cassette (Neo) flanked by Frt sites 

was inserted into intron 4; the loxP sites were inserted into introns 2 and 4 in order to flank exons 3 and 4. The 

recombinant conditional allele can be distinguished from the wild type locus by hybridization of external and 

internal probes on Southern blot digested either by EcoRI (probe I -external) or BamHI (probe II - internal). The 

expected fragments are: probe I- 14.5 kb for the homologous recombinant allele and 12.5 kb for the wild type 

allele; probe II- 7.4 kb for the homologous recombinant allele and 8.2 kb for the wild type allele.  
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Figure 2-68 Southern blot analysis of ES cell DNAs after electroporation with the conditional knock out 

targeting construct. 

Southern blot analysis of EcoRI-digested genomic DNA hybridized with external probe I revealed the expected 

fragment sizes: 12.5 kb for the wild type (Fgd1+/Y) and 14.5 kb for the homologous recombinant Fgd1 allele 

(Fgd1fl/Y) (A). Southern blot analysis of BamHI-digested genomic DNA hybridized with internal probe II re-

vealed the expected fragment sizes: 8.2 kb for the wild type (Fgd1+/Y) and 7.4 kb for the homologous recombi-

nant Fgd1 allele (Fgd1fl/Y) (B). 
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2.4 Littler tenodesis (ORL/Littler II) in Aarskog-Scott swan-neck de-

formity 

Littler tenodesis II is an established medical procedure to correct swan-neck deformity caused 

by rheumatoid arthritis induced instability of the oblique retinacular ligament which is recov-

ered through palmar movement of the ulnar tractus lateralis (Borisch et al. 2010). In this thesis 

the Littler tenodesis II was used to treat swan-neck deformity in an Aarskog-Scott patient, 

which is one of the primary criteria of this syndrome. The 28-year-old male patient had a clear 

hyperextension of the proximal interphalangeal joint (PIP) in finger D2 (index), D3 (middle), 

D4 (ring) and D5 (little) with increasing occurrence in both hands (Figure 2-69a). Because of 

strong Fgd1 expression in various ligament structures of the mouse (see chapter 2.1.1) we 

postulated an impairment of the oblique retinacular ligament (ORL) leading to the swan-neck 

deformity present in our Aarskog-Scott patient. After a successful Littler II medical interven-

tion of D5 (left hand), in the following period of 4 years D3 to D4 on both hands and D5 on 

the right hand were corrected as D2 had only very mild PIP hyperextension (Figure 2-69a). In 

each operated finger Kirschner wires stabilized the distal interphalangeal 

 

Figure 2-69 Littler tenodesis corrects swan-neck deformity in Aarskog-Scott patient 

The 28 year old male patient had a clear swan-neck deformity in fingers D2 to D5 with increasing occurrence 

(a). Clear hyperextension of the proximal interphalangeal joint (PIP) and flexion of the distal interphalangeal 

joint (DIP) was seen in D5 left (b). After the medical intervention, Kirschner wires fix both joints and the sur-

rounding tissue (c). Six months after the last operation the active extension was nearly fully recovered (d and f). 

To improve and assure the extension ability of the PIP (especially of D5) dynamic splints were worn (e and g). 
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joint (DIP) in a 5° hyperextensionn and the PIP in a flexion of 30° for 3-5 weeks (Figure 

2-69c), followed by immobilization splints fixing the distal interphalangeal joint in a mild 

hyperextension. Through intensive occupational therapy supported by dynamic finger splints 

first passive then active movements were recovered (Figure 2-70d-g). In addition to the 

movement recovery, the sensitivity recovery and the strength recovery were monitored. 

2.4.1 Sensitivity recovery 

During the medical intervention of Littler tenodesis II the operated fingers had to be opened at 

the ulnar side from the metacarpophalangeal joint (MCP) to the distal interphalangeal joint 

(DIP). Because of the invasive intervention sensitivity was reduced which has been proofed 

by the Ten test, a fast method to evaluate hand sensibility (Strauch et al. 1997). In a scale 

from 0 to 10, the patient grades the perception to touch, with 10 representing normal and 0 

representing the complete lack of sensibility. The AAS patient was Ten tested 6 months be-

fore the medical intervention and 2-6-12 months after the operation (OP) (Figure 3-60). 

 

Figure 2-70 Ten test – Sensitivity recovery of the fingers after Littler tenodesis II of the AAS patient 

The sensitivity of the finger tips and, at smaller extent, the ulnar finger side was reduced 2 months after opera-

tion, which gradually recovered during the next 10 months.  The sensibility of the radial side was not altered and 

remained normal (rate 10) during the observation period. (For all operated fingers a mean was calculated, which 

is shown.) mth, months; a. OP, ante operation; p. OP, post operation 
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Before the operations, finger tips, ulnar and radial sides of the fingers were evaluated as 10. 

After scar building at 2 months post operation, there was a clear difference in the rating be-

tween the ulnar (operated) side (rate 7) and the radial (not operated) finger side (rate 10), 

which was gradually reduced until 12 months post-OP both values were 10. The finger tips 

showed a more reduced sensibility to touch after 2 months (rate 4) but were also recovered 

after 12 months post-OP. In summary, after 12 months the reduced sensibility on the ulnar 

side of the fingers (operated) and the finger tips progressively normalized. 

2.4.2 Joints mobility 

After Kirschner wires were removed at three to five weeks post operation, occupational ther-

apy had been started with passive and active movement of the PIP finger joint. As the passive 

and active motion of the DIP was added, finger splints immobilizing the DIP joint were dis-

carded. Approximately one year after the last operation the angles of all three finger joints 

were measured (Table 2-2). The D2 fingers, which were not operated, showed still a mild 

Neutral – Zero – Method (Extension / Flexion) [degree] 

  Left hand Right hand 
MCP - 15 90 - 10 90 
PIP 20 - 90 5 - 95 

D2 

(index finger) 
DIP - 10 60 - 10 65 

MCP - 5 90 - 10 90 
PIP 0 0 80 - 10 95 

D3 

(middle finger) 
DIP 10 - 30 10 - 25 

MCP 10 - 95 5 - 90 
PIP - 20 85 - 20 95 

D4 

(ring finger) 
DIP 10 - 30 10 - 30 

MCP 30 - 90 15 - 90 
PIP - 20 85 - 40 95 

D5 

(small finger) 
DIP - 20 45 - 20 40 
MCP 0 - 45 0 90 0 - 45 0 90 

PIP 0 0 100 0 0 100 Reference* 

DIP 0 0 80 0 0 80 
*(American Academy of Orthopaedic Surgeons 1965) 

Table 2-2 Neutral – Zero – Method: measurement of fingerjoint movability 

The American Acamdemy of Orthopaedic Surgeons (AAOS) developed the Neutral – Zero – Method which 

diagnoses joint mobility angles in hyperextension or neutral zero (first column), lack of extension or neutral zero 

(second column) and flexion (third column). Fingers D2 to D5 on both hands were measured 12 months after the 

last operation and compared to reference values from males in the same age. The non-operated D2 (left/right) 

show reduced extension in MCP, hyperextension in PIP and strong reduction in DIP extension. In contrast, the 

D3 (left/right) show no PIP hyperextension, but a flexion deficit in DIP. The PIP extension deficit and the im-

paired flexion of the DIP become stronger from D4 to D5, whereas MCP shows a mild hyperextension. MCP, 

metaphalangeal joint; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint. 
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swan-neck deformity with reduced extension in MCP, hyperextension in PIP and flexion in 

DIP. In all operated fingers from D3 to D5 the PIP did not show hyperextension but a slightly 

reduced extension. The impairment of PIP extension was increasing from D3 to D5 reflecting 

the loss of power in the central slip of the extensor digiti communis. The flexion ability in the 

PIP was not altered and was in the range of the reference values. In contrast, the MCP had an 

increasing hyperextension from D3 to D5 reflecting again the harshness of swan-neck de-

formity before operation. It is known that the movement of the ulnar tractus lateralis leads to 

impaired flexion in the DIP, which was also observed in all corrected fingers of the AAS-

patient (Borisch et al. 2010). However, a full extension in the DIP was achieved. All together, 

the operation inhibited the hyperextension in PIP and the extension deficit in DIP but leads to 

a reduced extension in PIP and a reduced flexion in DIP. To improve the extension deficit in 

the PIP dynamic splints were used. The instability of hands at the height of the MCP structure 

(transversal arches) was one focus of the occupational therapy. Usage of electro muscle 

stimulation and active exercises against resistance of the interossei muscles improved the sta-

bility of MCP and PIP joints remarkable. 

2.4.3 Grip strength 

Beside the joint mobility, grip strength is another important function of the hand. Grip 

strength of the AAS-patient was evaluated before and at several time points after the medical 

interventions (Figure 2-71). The dominant hand (right) was first operated and grip strength 

reduced from ~34 kg to ~24 kg 6 months post-OP. Through intensive occupational therapy, 

the values raised until they reached a plateau comparable to the grip strength before the opera-

tion. The grip strength reference values of the dominant hand in same aged males’ ranges 

from 35.45kg to 71,82kg, therefore, the AAS patient shows a slightly reduced grip strength 

(Mathiowetz et al. 1985). This result is not surprising as it is known that Aarskog-Scott pa-

tients have small but broad hands as primary characteristics for the syndrome, so does our 

patient (see Table 1-1). The same tendency in grip strength before and after operation is true 

for the left hand, where the operation of D3 and D4 was performed in 2011. First, the grip 

strength dropped from ~30kg to ~23 kg measured half a year post-OP. Through intensive oc-

cupational therapy the strength progressively increased to a ~42% higher value compared to 

the value measured before operation (~42kg). The comparison to values of same aged males 

in the literature, where the grip strength of the non dominant hand ranges from 32.27kg to 

68.18kg, shows that the left hand value of ~42kg is at the lower boundary. The first operation 
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of D5 finger of this hand was operated in 2008 and is not shown. As a summary both hands 

could gain the same or even better grip strength as before the medical intervention. 

 

Figure 2-71 Grip strength of both hands before and after medical intervention 

The right hand before operation had grip strength ~ 34 kg, which was reduced after the operation to ~ 24 kg. 

Over the time, the grip strength levels became comparable to those before the medical intervention. Similar ten-

dency was noticeable for the left hand. First, grip strength levels decreased until intensive occupational therapy 

started. The levels than reached 42 kg, which is a 42% higher value compared to the grip strength before medical 

intervention. Arrows indicate the time of operation (OP). 
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3 Discussion 

Faciogenital dysplasia (FGDY) or Aarskog-Scott syndome (AAS) is a genetic disorder that primarily 

characterized by skeletal and genital anomalies (Aarskog 1970; Scott 1971). AAS is a rare disease 

with about 150 reported cases in the literature; however, its prevalence could be significantly higher 

because mildly affected people are often not recognized. The pathomechanism of the disease is only 

poorly understood owing to several factors including genetic heterogeneity, clinical overlap with other 

disorders and the relatively low incidence. AAS is an X-chromosome-linked recessive disorder affect-

ing mainly males, although autosomal dominant and autosomal recessive inheritance has also been 

reported (Grier et al. 1983; Teebi 1987; Teebi et al. 1993). The only known gene responsible for the 

X-linked form of AAS is located at Xp11.21 and termed FGD1 (Pasteris et al. 1994; Schwartz et al. 

2000). To date, mutations in FGD1 have been identified in about 20% of AAS patients, while in the 

remaining 80% of the affected individuals the disease-causing gene is unknown (Orrico et al. 2004). 

FGD1 is the founding member of the FGD gene family, which currently composed of 6 related genes 

in human (FGD1-6) and mouse (Fgd1-6), and two genes in rat (Fgd1 and Fgd4) (Pasteris et al. 1994; 

Pasteris et al. 1999; Pasteris et al. 2000; Stendel et al. 2007). Unlike FGD1/Fgd1, all other family 

members have an autosomal localization. 

The main objectives of this thesis were the further characterization of the FGD1/Fgd1 gene functions 

and the modification of the murine Fgd1 locus in order to establish genetically modified mice as a 

model for Aarskog-Scott syndrome. 

3.1 Analysis of Fgd1 expression pattern  

AAS patients frequently have skeletal anomalies including mild to moderate short stature and 

distinct facial features such as small nose, philtrum (long distance between the mouth and 

nose), maxillary hypoplasia or hypertelorism (widely spaced eyes). The hands are often short 

and broad with finger abnormalities such as brachydactyly (short fingers), swan neck deform-

ity (crooked finger) and syndactyly (webbing of the skin between fingers). The skeletal mani-

festation of AAS and the strong presence of Fgd1 mRNA and protein in mineralized, bony 

tissues led to the conclusion that Fgd1 expression is largely restricted to the skeleton and, 

consequently, the major function of FGD11/Fgd1 is the regulation of skeletal development 

(Gorski et al. 2000). AAS has, however, prominent non-skeletal clinical features such as 

shawl scrotum, cryptorchidism (undescended testis), umbilical or inguinal hernia or, in some 

cases learning and behavioral abnormalities. The physical phenotypes might vary with age but 

the symptoms associated with the genitalia, abdomen and intellectual development clearly 
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indicate that FGD1 should also play pivotal roles outside of the skeleton. This fact prompted 

the detailed expressional analysis of Fgd1 during embryonic development and in a diverse 

range of postnatal tissues of the mouse. A sensitive in situ hybridization method and immu-

nohistochemistry were used to detect Fgd1 transcript and protein, respectively. 

3.1.1 Fgd1 expression during embryonic development is not restricted to 

bone 

Embryonic development of the mouse takes about 19 days until birth (Theiler 1989). The only 

published expression study by Gorski et al. (2000) reported that Fgd1 mRNA is first detect-

able at embryonic day 14.5 (E14.5) in the developing bones. In this thesis, Fgd1 immunoreac-

tivity was seen in the neural tube, the migrating neural crest, the developing limb buds and the 

surface ectoderm in the distal bud tips at E115 and E12.5. The strong Fgd1 expression indi-

cates potential Fgd1 function in the development of the nervous system and the external ecto-

derm. The analysis at E14.5, when most of the tissues are developed, indeed showed Fgd1 

signals in pyramid cells of the developing primary cortex of the brain and the skin. Interest-

ingly, mesoderm-derived connective tissues (cartilage, bone, ligaments) and the muscle were 

also positive for Fgd1 protein at this stage. In addition, Fgd1 expression was also found in 

endoderm-derived organs such as the lung and kidney. These findings clearly implicate that 

Fgd1 expression is broad already in mid-gestation embryos covering organs developed from 

all the three germ layers. Fgd1 might regulate pivotal cellular functions in these tissues like 

migration, secretion or proliferation, processes in which a role of Fgd1 is known from in vitro 

studies.  

According to Gorski et al., (2000) embryonic Fgd1 expression is strictly confined to os-

teoblast differentiation during endochondral and intramembranous bone formation. I have 

shown that Fgd1 protein is expressed, in addition to cortical and trabecular bone, in epiphy-

seal and growth plate chondrocytes. Growth plate chondrocytes are the major players and 

regulators of endochondral bone formation through secretion of extracellular matrix proteins, 

proliferation and hypertrophy (Aszodi et al. 2000). In addition, chondrocytes deposit growth 

factors and morphogens, which regulate osteoblast differentiation in the periosteum. Indeed, a 

closer look revealed that in the flattened, proliferative and in the enlarged, hypertrophic chon-

drocytes Fgd1 is localized to the Golgi apparatus around the nucleus, indicating a role in se-

cretion. It can be postulated that FGD1-deficient chondrocytes may have a secretion defect, 

which could contribute to the growth deficit found in Aarskog-Scott patients. Such secretion 
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regulatory function of FGD1 has been reported in osteoblasts in vitro (Egorov et al. 2009). 

Worth to note that higher magnification pictures also demonstrated nuclear localization of 

Fgd1 in the flattened chondrocytes, which has not previously described for any cell types.  

Taking into account that these chondrocytes exhibit high proliferative potential, the nuclear 

localization of Fgd1 might indicate a role in the control of cell cycle by the regulation cyclin-

dependent kinases and/or their inhibitors. The role Fgd1 in G1 progression is known from the 

literature (Nagata et al. 1998) and was seen in experiments with FGD1 knock down cell lines 

in this thesis. FGD1/Fgd1 likely acts independently of Cdc42 (Nagata et al. 1998) but further 

studies should perform to elucidate the hypothetic role of FGD1/Fgd1 in the modulation of 

chondrocyte proliferation. In addition to secretion and proliferation, the presence of Fgd1 in 

chondrocytes may imply a role in the organization of actin cytoskeleton. FGD1 induces actin 

rearrangement and filopodia formation in a Cdc42-dependent manner (Nagata et al. 1998) and 

affect the cytoskeleton by modulating cortactin-triggered and Arp2/3 complex-mediated actin 

assembly (Kim et al. 2004). In chondrocytes, the actin cytoskeleton determines the shape of 

chondrocytes, which is crucially important for oriented cell division of the proliferative chon-

drocytes and longitudinal elongation of the growth plate (Aszodi et al. 2003). Fgd1 protein 

expression was also seen at the sites of active bone formation, e.g. in differentiation os-

teoblasts of the long bones and the cranio-facial skeleton. FGD1/Fgd1 defects might influence 

the general shape of the frontal head leading to the typical facial appearance seen in Aarskog-

Scott patients. Facial abnormalities can already be detected in Aarskog-Scott babies, making a 

early diagnose possible (Sepulveda et al. 1999). 

The immunohistochemical results were confirmed at the RNA level using a sensitive in situ 

hybridization protocol. Snap freezing of mouse tissues in liquid nitrogen followed by cryo-

embedding and alkaline fixation (pH=9.5) of the sectioned material dramatically increase the 

signal strength obtained by antisense riboprobes (Basyuk et al. 2000). The differences in the 

in situ hybridization protocol can explain the discrepancy in the observed, general Fgd1 

mRNA expression pattern in this thesis and osteoblast-restricted one published by Gorski et 

al. (2000). Shortly before birth at E17.5, Fgd1 transcripts were seen in all kinds of tissues 

including the nuclear layer of the retina, liver hepatocytes, developing kidney and lung epithe-

lium, in muscles, ligaments, chondrocytes and osteoblasts. The fact that nearly all tissues ex-

press Fgd1, underlines its function in general physiological processes leading to the heteroge-

neous phenotype of the Aarskog-Scott syndrome, where some defects are described in all pa-

tients but others only in small groups of patients. Interestingly, kidney or lung defects have 
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never been reported in AAS suggesting that FGD1 might dispensable for the development of 

these organs or its lack is efficiently compensated by other members of the FGD family.  

3.1.2 Broad expression patter of Fgd1 in postnatal organs 

The observed, nearly ubiquitous expression pattern during embryonic development has sug-

gested that Fgd1 might be also broadly expressed in postnatal tissues. Therefore, 21 different 

tissues derived from the three germ layers were investigated by ISH and IHC and, indeed, 

Fgd1 expression could be detected in all of them. In the central nervous system, Fgd1 signals 

were seen in the cerebral cortex, hippocampus, hypothalamus, cerebellum, mid brain and 

brain stem, indicating an important role for Fgd1 in the brain tissue. Fgd1 expression was in 

granular and Purkinje cells of the cerebellum, in all nuclear layers of the cerebral cortex, in 

the pyramid neurons of the CA3 and CA1 regions of the hyppocampus and in the dentate 

gyrus, as well as in neuronal cells of the thalamus. Abnormal behavior seen in most of the 

Aarskog-Scott patients including slight to moderate mental deficiency, mild to sever autism 

and depression (Assumpcao et al. 1999; Orrico et al. 2005). Some of these disease symptoms 

fit well with the expression pattern of Fgd1 and may be explained by Fgd1 function in neu-

ronal cells of the neocortex and the hypothalamus, which is the main gland of the body secret-

ing several hormones regulating various physiological processes. The cerebellum influences 

cognitive functions, regulates fear and pleasure responses and the learning. Important to note 

that defects in memory, spatial memory and navigation, functions associated with the hippo-

campus, are not reported for Aarskog-Scott patients.  

Sensing organs such as the eye give signals to the brain and several reports have described 

vision defects linked to the Aarskog-Scott syndrome (Brodsky et al. 1990). Analysis of the 

eye demonstrated Fgd1 expression in the optic nerve and in distinct cell layers of the retina. In 

AAS, defects in the optic nerve hypoplasia has been reported (Jogiya et al. 2005), which 

might be linked to the expression of Fgd1 in the axons of the optic nerve, in the myelin shaft 

and in the surrounding Schwann cells. Vertebrate photoreceptor neurons are highly polarized 

with defined compartments and the expression of Fgd1 protein in the inner segment impli-

cates Fgd1 function in light detection. At the RNA level, Fgd1 was detected in the outer nu-

clear layer, where the cell bodies of the photoreceptor cells are localized, as well as in nuclear 

layers of bipolar, horizontal and amacrine cells suggesting the involvement of Fgd1 in the 

transmission and/or amplification of the visual signals. 
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In the respiratory system the trachea and the lung were analyzed for Fgd1 expression in detail. 

Interestingly, sections of the trachea showed high Fgd1 expression in the tracheal epithelium, 

in the mucosa of tracheal glands, in the surrounding ligaments, but only weak expression in 

chondrocytes of the tracheal rings. Those chondrocytes have low proliferation rate suggesting 

that Fgd1 function in chondrocytes primarily related to the control of cell cycle. Supporting 

this hypothesis, little of any Fgd1 expression was found in other low proliferating chondro-

cytes of articular cartilage and the xyphoid process. 

The tracheal glands are the first of several glands that are Fgd1 positive, as well as the tra-

cheal mucosa is one of the first epithelia that do express Fgd1. The further analysis of multi-

ple tissues revealed Fgd positive bronchioles and bronchus epithelia of the lung, salivary 

gland serous acini, mucosa epithelial cells, colonic glands, exocrine pancreas acini, epidi-

dymis and prostate epithelium, endometrial glands in the uterus and its epithelium, the kidney 

ducts and bladder epithelium. These findings strongly indicate that Fgd1 play major roles in 

the function of secretory glands and epithelium. Interestingly, no symptoms related to defects 

to the secretory system have been detected in AAS.  

Heart myocytes as well as veins and arteries all over the circulatory system were highly Fgd1 

positive. Congenital heart defects, aorta and retinal vessel abnormalities have been reported in 

AAS patients (Fernandez et al. 1994; Pizio et al. 1994) correlating Fgd1 function in the heart 

and in the vascular endothelium (Daubon et al. 2011) with its expression pattern.  

The Fgd1 expression analysis revealed strong Fgd1 signals in the male and female reproduc-

tive system. So far, Fgd1 expression has not been reported directly in these tissues, but it is 

known that Fgd2 is expressed in the testis playing a role in the t-complex transmission (Bauer 

et al. 2007). In male, Fgd1 signal is localized to maturating and matured sperms and the sev-

eral reports in the literature have described sperm acrosome defects and reduced number of 

vital sperms (Meschede et al. 1996; Wieacker et al. 2007). Fgd1 can be involved in sperm 

function also indirectly, since Fgd1 was detected in the epithelium of prostate and epididymis, 

organs which secrete several factors important for the maturation of spermatocytes. In addi-

tion, Fgd1 may control cell cycle progression in the less mature, dividing spermatogonia, 

thereby regulating the total number of sperms.  

In 2006, Moraes et al. has reported the female counterpart of shawl scrotum of male AAS 

patients (Moraes et al. 2006). As the young girl was not in child-bearing age at the time of 

diagnosis, it is difficult to predict any consequence for fertility. As Fgd1 was detected in the 
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endometrial glands of the uterus, and in the mucosa of uterus and oviduct, it is tempting to 

speculate that females carrying FGD1 mutation may have slightly impaired fertilization or 

implantation rate. Cells of the zona granulosum protect and nourish the egg and additionally 

produce several hormones like estrogens. Fgd1 is expressed in the zona granulosum; therefore 

it may regulate the maturation of oocytes. 

Despite that, lymphocytes in the thymus and spleen were clearly Fgd1 positive; to date no 

function of Fgd1 in immune cells has been reported. On the other hand, it is known that 

Cdc42 plays important roles in dendritic cell adhesion, antigen endocytosis, processing and 

presentation (Shurin et al. 2005); B cell development and activation (Guo et al. 2009) as well 

as in T cell development (Smits et al. 2010; Rougerie et al. 2011). My expression analysis 

detected Fgd1 in the cortex of the thymus, where T cell receptor rearrangement and positive 

selection takes place. Therefore, Fgd1 could play a role at this early stage of T cell develop-

ment. Furthermore, the white pulp of the spleen consisting of B and T cells was also Fgd1 

positive implicating a more general role in T and B cell physiology and, consequently, in the 

active immune response. 

3.1.3 Fgd1 expression in primary mouse dendritic cells   

Dendritic progenitor cells are localized in the bone marrow and in the skin (Langerhans cells), 

which strongly expressed Fgd1. Quantitative analysis of Fgd1 expression showed that native 

dendritic cells express high levels of Fgd1 but only weak signals were detected in mature 

dendritic cells (DCs). In contrast, at all stages of T cell development Fgd1 expression was 

seen, which might indicate different Fgd1 function in dentritic and T cells. The small GTPase 

Cdc42 plays crucial roles in DCs including dendrite formation, endocytosis, antigen presenta-

tion and the immune synapse regulation (Westerberg et al. 2001; Swetman et al. 2002; Tourk-

ova et al. 2007; Pulecio et al. 2010). Those Cdc42 functions, at least partially, could be regu-

lated via Fgd1 activation. It should be considered, however, that the activation of the small 

GTPases is regulated by several GEFs. Fgd2, for example, is also expressed in DCs following 

a similar expression pattern as Fgd1: high expression levels in native and low expression sig-

nals in mature dendritic cells (Huber et al. 2008). Fgd2 is localized through its FYVE domain 

in early endosomes, whereas Fgd1 via an altered FYVE is localized in the trans-Golgi net-

work (TGN), the cell cortex and the Arp2/3 complex (Hou et al. 2003; Egorov et al. 2009). 

One can hypothesize that Fgd1 may regulate secretion of MHC complexes or other molecules 

through the TGN in native dendritic cells. Both FGD-family members could be involved in 
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antigen presentation: Fgd2 may control endocytosis of molecules, whereas Fgd1 may regu-

lates the secretion of internalized peptides coupled to MHC receptors and other receptors on 

the DC surface. 

3.2 Knock down in human carcinoma cell lines reveals important func-

tion of FGD1 in cell proliferation and adhesion   

The expression analysis of mouse tissues showed that Fgd1 is present in various connective 

tissues and muscle suggesting that cell lines originated from such tissues can be used to exam-

ine FGD1 in cell culture model systems. Silencing of gene expression by RNA interference is 

a powerful tool to assess gene function in mammalian cells. To investigate the biological im-

portance of FGD1, I performed shRNA-mediated knock down in connective tissue- and mus-

cle-derived human carcinoma cell lines. Nearly all carcinoma cell lines tested, except the mel-

anoma cell line A375, showed FGD1 expression, therefore it is important to use cell types in 

which endogenous FGD1 expression is known and not reclusively gained through carcino-

genesis in which FGD1 might be involved (Ayala et al. 2009). The HT1080 fibroblastic, the 

SaOs2 osteoblastic and the RD muscle cell lines, which were selected for further detailed 

studies, showed significant level of FGD1 similar to that of primary fibroblasts and os-

teoblasts. Western blot analysis demonstrated efficient knock down and down-regulation of 

FGD1 in those cell lines, which were used to assess the impact of FGD1 in cell proliferation 

and adhesion.  

3.2.1 FGD1 modulates cell cycle through the control of G1 transition 

Skeletal dysplasia with mild to moderate short stature is a distinct feature of AAS, which im-

plicates a role of FGD1 in proliferation. To examine this possibility, BrdU incorporation and 

cell cycle assays were performed with wild type and knock down HT1080 and RD cells. Us-

ing BrdU analysis, which detects cells in the S phase of the cell cycle, significantly reduced 

proliferation rate was found in both FGD1 knock down cell lines compared to the wild type 

cell lines. In order to define more precisely the cause of the proliferation defect, a cell cycle 

assay was applied using propidium ioide staining. FACS analysis of the labeled cells revealed 

an increase of knock down cells in the G0/G1 phase indicating a defect in G1 progression. A 

previous study has demonstrated that microinjecting a construct carrying the DH (GEF) do-

main of FGD1 in quiescent Swiss 3T3 cells triggers G1 progression and the entry into the S 
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phase (Nagata et al. 1998). Since the PH domain of FGD1 had no effect on proliferation, and 

microinjection of constitutively active Cdc42 also stimulates G1 progression (Olson et al. 

1995), FGD1 likely modulates proliferation in a Cdc42-dependent manner. Interestingly, con-

ditional deletion of Cdc42 in early limb bud mesenchyme results in short legs associated with 

proliferation defect in chondrocytes supporting a common role of FGD1 and Cdc42 in the 

control of cell cycle (Attila Aszodi personal communication). In summary, the knock down 

experiments performed in this thesis confirmed the important role of FGD1 in proliferation, 

which can, at least partially, explain the dysplasia phenotype in AAS patients. 

3.2.2 FGD1 knock down leads to reduced adhesion to extracellular matrix 

proteins 

Although previous studies have revealed that FGD1 regulates cytoskeleton remodeling by 

inducing filopodia formation via Cdc42 activation (Nagata et al. 1998) and Arp2/3 complex-

mediated actin assembly via activation of cortactin (Kim et al. 2004), the direct role of FGD1 

in cytoskeleton-related cellular processes such as attachment has not been investigated so far. 

Therefore, I have analyzed adhesion of wild type and knock down HT1080 (fibroblastic) 

SaOs2 (osteoblastic) cells onto various extracellular matrix proteins. The results revealed a 

massive reduction in binding to all the four extracellular matrix substrates tested (fibronectin, 

collagen type I, laminin and vitronectin). Osteoblast in vivo are surrounded by a complex ex-

tracellular matrix rich in collagen type I (Anselme 2000). In the used attachment assay, SaOs2 

cells had the highest affinity for collagen I followed by reducing affinity to vitronectin, fi-

bronectin and laminin. As FGD1/Fgd1 is expressed at higher levels in osteoblasts compared 

to fibroblasts, it is not surprising that a depletion of FGD1 in SaOs2 cells resulted in stronger 

attachment reduction to ECM proteins as in the fibroblastic HT1080 cells.  

The impaired attachment of the knock down cell lines to ECM substrates can be explained on 

several ways. First, adhesion of connective tissue cell types requires activation of small 

GTPases implicated by the defective attachment of Rac1- and Cdc42-deficient chondrocytes 

to ECM proteins (Attila Aszodi personal communication). Taking into account the role of 

FGD1 in Cdc42-dependent filopodia formation (Nagata et al. 1998), the low amount of FGD1 

in the knock down cells is likely insufficient to support proper attachment to the substrates. 

Second, adhesion to matrix proteins is mediated by the formation of focal contacts and focal 

adhesion sites which requires actin reorganization in the cortex. FGD1 is targeted to the cell 

cortex via cortactin SH3 domain and promote actin assembly mediated by the Arp2/3 com-
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plex (Kim et al. 2004). Third, attachment to the ECM is largely mediated via the integrin fam-

ily of cell surface receptors. Impaired cortical actin remodeling could lead to reduced integrin 

clustering, hence, less firm adhesion. Alternatively, the FGD1-deficiency might affect the 

deposition of integrin heterodimers onto the cell surface through retaining the subunits in 

TGN, as was shown for ECM molecules (Egorov et al. 2009). Integrin activation is regulated 

by small GTPases and Cdc42 null chondrocytes express less active β1 integrins at their sur-

face (Attila Aszodi personal communication). Chondrocytes lacking β1 integrins has abnor-

mal cortical actin cytoskeleton and display severe adhesion and G1 progression defects 

(Aszodi et al. 2003). Reduced Cdc42 activation in the FGD1 knock down cells thus can result 

in abnormal activation of integrins and the down-stream signaling cascades, which regulate 

actin remodeling and adhesion. 

3.3 Genetic modification of Fgd1  

Since the identification of the human FGD1 as a candidate gene for AAS in 1994 (Pasteris et 

al. 1994), several publications have addressed its function in both CDC42-dependent and –

independent signaling cascades. These studies, which implicated FGD1 in various cellular 

processes such as secretion, proliferation and actin dynamics, were, however, largely per-

formed in vitro by overexpressing the full length or dominant negative forms of either the 

human or the mouse Faciogenital dysplasia 1 gene in various cell types. Although such con-

structs are important to address FGD1/Fgd1 function in vitro, the biological, in vivo role(s) of 

the translated protein cannot be fully deduced from experiments performed with cultured 

cells. Surprisingly, gene targeting and generation of transgenic/knock out mice, which are 

crucial tools assessing gene functions, have not been applied in the case of Fgd1. Therefore, a 

general aim of this thesis was to establish murine embryonic stem cell lines with the targeted 

Fgd1 gene in order to generate genetically modified mouse strains. These mice can be used 

for deciphering further FGD1 function and for recapitulating the symptoms of AAS in an an-

imal model system. 

3.3.1 Fgd1 constitutive gene targeting 

AAS is predominantly X chromosome linked, and in about 20 percent of the patients the 

causative gene is FGD1. Most identified FGD1 mutations are missense predicting a null allele 

from which no functional gene product can be produced (Lebel et al. 2002; Orrico et al. 2004; 

Bottani et al. 2007). This suggests that FGD1 is dispensable for life, which is supported with 
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the recent identification of an AAS boy with whole FGD1 gene deletion (Bedoyan et al. 

2008). To mimic the human null allele, therefore, a constitutive Fgd1 gene targeting construct 

was generated and electroporated into R1 ES cells. R1 cells are derived from the inner cell 

mass of 3.5 days old male embryos; consequently the correctly targeted Fgd1 locus represents 

a functional null mutation already in stem cells. In contrast to the expectations, screening of 

more 1000 ES cell clones surviving the selection procedure, homologous recombinant clones 

were not identified. Since the targeting frequency, depending on the genetic environment, 

between 0.5-10 percent, this finding strongly imply that Fgd1 deficiency might affect ES cell 

development. 

3.3.2 Fgd1 is expressed in ES cells and embryoid bodies 

The expression of FGD1/Fgd1 in embryonic stem cells and early embryos has previously not 

been investigated. As shown in this thesis, F9 teratocarcinoma cells, which are derived from 

stem cells, as well as R1 ES cells do express FGD1/Fgd1 at considerable levels. Furthermore, 

quantitative mRNA Fgd1 expression analysis detected low levels of Cdc42 and high Fgd1 

levels in R1 cells implicating an important, Cdc42-independent function for Fgd1 in mouse 

embryonic stem cells. Supporting this hypothesis, constitutive inactivation of Cdc42 in mice 

leads to embryonic lethality only at E7.5 (Chen et al. 2000); hence, Cdc42 is apparently not 

essential for stem cell differentiation and preimplantation embryo development in vivo.  

Based on the expression data and the lack of Fgd1-deficient ES cell clones, it is tempting to 

speculate that Fgd1 plays pivotal role in mouse embryonic stem cells. FGD1 knock down in 

carcinoma cell lines demonstrated a critical function of FGD1 in proliferation by controlling 

G0/G1 transition. It is likely that Fgd1-deficiency impairs ES cell proliferation preventing 

formation of colonies with sufficient size for picking. Alternatively, the lack of Fgd1 may 

reduce cell survival by inducing apoptosis or necrosis.    

After discovering the expression and potential role of Fgd1 in ES cells, early differentiation 

processes were investigated. In vivo, in a 3.5 days old embryo, the inner cell mass is exposed 

to the fluid cavity leading to the development of the basement membrane while the remaining 

cells develop into the primitive endoderm (Wolpert et al. 2007). This fundamental develop-

mental process can be investigated by the in vitro embryoid body (EB) formation assay. When 

ES cells grow in suspension, they form small aggregates which are Fgd1 positive by im-

munofluorescence staining. Within three days, the outer layer of the compacted aggregates 

differentiates into the primitive endoderm followed by the transition into the visceral endo-
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derm depositing basement membrane (BM) components at the inner side of the endoderm. 

Fgd1 is expressed in this endoderm in vicinity of the BM. The fully differentiated BM induc-

ing the transformation of underlying ES cells into epiblast. Subsequently, cells not in contact 

with the BM undergoing apoptosis allowing cavitation of the embryoid bodies. Because Fgd1 

positive cells were diminished in late stage embryoid bodies, Fgd1 apparently plays in role in 

polarization but not in cavitation. Interestingly, it has been shown that Cdc42, the downstream 

target of Fgd1, is important for epiblast polarization (Wu et al. 2007), therefore Fgd1 may act 

via Cdc42 in embryoid bodies. In the absence of Cdc42, the Golgi apparatus and microtubule 

organization center (MTOC) orientation between nucleus and basal (endoderm) or apical 

(epiblast) cell border is lost. Fgd1 is localized in the Golgi apparatus (Egorov et al. 2009), 

hence, it can be postulated that at this stage Cdc42 may function by activation through Fgd1. 

Important to note, that despite the partial loss of polarization in Cdc42-deficient embryoid 

bodies (Wu et al. 2007), in vivo embryos tolerate well the lack of Cdc42 since they develop 

properly until gastrulation (Chen et al. 2000). 

In summary, Fgd1 is expressed in ES cells and embryoid bodies, and its function might be 

required during the polarization process of early mouse embryos. Taking into account that 

human FGD1 is apparently not essential for early embryogenesis; the possible deleterious 

effect of mouse Fgd1 may indicate species-specific differences between man and mice.  

3.3.3 Fgd1 conditional gene targeting 

In order to circumvent the possible negative effect of Fgd1-deficiency in ES cells and/or in 

early embryos, a conditional Fgd1 knock out strategy was designed using the same genomic 

Fgd1 sequences as for the constitutive targeting construct. Importantly, floxing the Fgd1 gene 

with loxP and Frt sites allows normal expression of Fgd1 in ES cells. The conditional strategy 

resulted in ~3% homologous targeting frequency of the Fgd1 locus supporting the hypothesis 

that constitutive Fgd1 deletion indeed can impair ES cell functions. The conditional ES cell 

clones will be used to generate transgenic mice, in which the floxed Fgd1 gene can be re-

moved through breeding with appropriate Cre-mice. For example, using a deleter strain (e.g. 

nestin-cre) could allow testing the impact of Fgd1-deficiency in early embryos. Application of 

cre mice under the control of tissue-specific and/or inducible promoters will help to establish 

mouse strains with spatially and temporally controlled Fgd1 deletion. These mice will signifi-

cantly contribute for the better understanding the tissue-specific functions of FGD1/Fgd1 and 

will provide animal models for symptoms of Aarskog-Scott syndrome.  
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3.4 Swan neck deformity and Littler tenodesis 

Swan neck deformity characterized by the abnormalities of the fingers owing to an imbalance 

of the finger joint supportive structures such as muscle, tendon and ligaments. Anatomically, 

two finger joints are involved in a crooked finger: near to the end the distal interphalangeal 

(IP) joint (DIP) and the middle or proximal interphalangeal joint (PIP). These IP joints are 

essential for bending and straightening the fingers with the support of extensor muscles, ex-

tensor tendons (or extensor hood) and ligaments that connect the extensor hood with other 

tendons involved in bending of the finger. One prominent ligament is the volar plate, which 

under normal circumstances, prevents the hyperextension of the PIP joint. Inflammatory con-

ditions (e.g. rheumatoid arthritis) and injuries are the main factors causing both hyperflexion 

of the DIP (e.g. bent towards the palm) and hyperextension of the PIP (e.g. bent away from 

the palm). Sometimes, other congenital diseases such as Ehlers-Danlos syndrome and, the 

object of this thesis, Aarskog-Scott syndrome display swan neck deformity. 

Depending on the defect of the fingers, several non-surgical and surgical medical intervention 

methods have been developed to correct swan neck deformity. Those treatments range from 

splinting and synovectomy, flexor digitorum superficialis (FDS) hemitenodesis or sling, ar-

throdesis, intrinsic tenodesis to Littler tenodesis II (oblique retiniculare ligament, ORL recon-

struction) (Martini 2008; Towfigh et al. 2011). The latest reports in the rheumatoid arthritis 

related swan-neck deformity, which is one of the most complex condition with PIP hyperex-

tension and DIP flexion due to advanced joint destruction, recommend the Littler tenodesis 

II/ORL reconstruction as the most suitable surgical intervention to correct the defects 

(Borisch et al. 2010). In Littler tenodesis (ORL / II) described by Littler (Littler 1967; Borisch 

et al. 2010), the weakened ORL is reconstructed by a movement of the tractus lateralis (TL) 

recovering the tenodesis between extensors and flexors. Important to note, that the success of 

such repair/reconstruction surgery is crucially depend on an extensive postoperational exer-

cise program controlled by occupational therapists. 

As the Fgd1 expression analysis in mouse revealed strong Fgd1 signals in different ligaments, 

we postulated an impairment of the ORL in the case of Aarskog-Scott patients with swan 

neck deformity. Therefore, the Littler II tenodesis was selected as an operative treatment and 

applied first time to correct finger abnormalities in a male AAS patient. Indeed, at the time of 

the first operation of the left hand small finger (D5), a weakening of ligament structures in-

cluding the ORL was detectable but no impairment of tendon structures was found. The ulnar 
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tractus lateralis was moved proximal palmar of the Cleland ligament (CL), through the liga-

mentum retinaculare transversum (LRT) and fixed at the A2 anular ligament in a flexed posi-

tion of the PIP in ~30° and in a slight hyperextension of the DIP (~5°). The first positive im-

pression substantiated during the following months of occupational therapy. Indeed, the A2 

anular ligament, as well as the LRT seems to be rid enough to inhibit a destruction of the re-

constructed ORL. 

A follow up study, which could verify the long term maintenance of the reconstructed tissue, 

is beyond the scope of this thesis. However, it is clear that if the TL and the ligaments remain 

stable, a trauma leading to a drop back into swan-neck deformity must be avoided. Therefore, 

over-intensive loading of the fingers like climbing or playing volleyball is not recommended. 

During the occupational therapy, particular attention was laid on the physical/physiological 

parameters of the fingers. Besides the stabilization of the ORL, the sensitivity of the finger 

tips, especially at the opened ulnar side, was recovered. The analysis of joint mobility showed 

no hyperextension in PIP or extension deficit in the DIP, hence the joint structures are stabi-

lized and further damage could be prevented. In addition to the mobility, the grip strength of 

the hands was also fully recovered or even improved.  

Summarizing the consequences of Littler II tenodesis for the Aarskog-Scott syndrome-

associated swan-neck deformity, the weakened ligament structures such as the ORL could be 

reconstructed. By monitoring for several years post-operation, the accompanying structures 

(TL, LRT and A2 anular ligament) remained stable. The finger sensibility and grip strength 

were fully recovered, whereas lack of extension (PIP) and flexion deficit (DIP) has been tol-

erated. Beside greater awareness (no over-intensive loading), regular occupational therapy is 

recommended to keep normal movement, strength and finger alignment. As a take home mes-

sage, we suggest Littler II tenodesis as a standard procedure to correct swan-neck deformity in 

Aarskog-Scott patients and to prevent joint and ligament destruction as early as possible. 
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4 Materials 

4.1 Bacterial strains 

DH5alpha E. coli (Invitrogen), NovaBlue E. coli (Novagen), One Shot TOP10 Chemically 

Competent E. coli (Invitrogen), Stbl4 E. coli (Invitrogen), XL1 blue E. coli (Stratagene),  

4.2 Cell lines 

Human embryonic kidney cell-line 293T (HEK293T), human fibrosarcoma cell line 

(HT1080), mouse embryonic stem cell line (R1), human rhabdomyosarcoma cell line (RD), 

human osteosarcoma cell line (SaOs2) 

4.3 Mouse strains 

129/Sv, C57BL/6 

4.4 Media for bacteria and cell culture 

4.4.1 Liquid media and agar dishes for bacteria 

Antibiotics Ampicillin (Amp): 100 µg/ml 

Kanamycin (Kan): 50 µg/ml 

LB-dishes 1.5 % (w/v) Bacto Agar in LB medium plus antibiotic 

LB-medium 1 % (w/v) Bacto Tryptone, 0.5 % (w/v) Bacto Yeast Extract, 1 % (w/v) 

NaCl, pH 7.0 (ddH2O) 

SOB-medium 0.5 % (w/v) Bacto Yeast Extract, 2 % (w/v) Bacto Tryptone, 10 mM NaCl, 

2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, pH 7.5 (ddH2O) 

TB-solution 250 mM KCl, 15 mM CaCl2, 10 mM PIPES, dissolve pH 6.7 added 55 mM 

NaCl2 steril filtrated  

4.4.2 Liquid media for cell culture 

DC (R10) RPMI (Roswell Park Memorial Institute) 1640 with L-

Glutamine (Gibco), 1 % (v/v) Pen/Strep, 10 % (v/v) hiFCS and 

freshly added 200 U/ml GM-CSF 
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DC maturation RPMI (Roswell Park Memorial Institute) 1640 with L-

Glutamine (Gibco), 1 % (v/v) Pen/Strep, 10 % (v/v) hiFCS, 2 µl 

LPS/10 ml medium and freshly added 200 U/ml GM-CSF 

EB DMEM (High Glucose, Sodium Pyruvate, Glutamax) (Gibco), 

20 % (v/v) hiFCS (Gibco), 1 % (v/v) MEM (10mM) (Gibco), 

3.2 µl/500ml β-Mercaptoethanol (Roth) 

ES DMEM (High Glucose, Sodium Pyruvate, Glutamax) (Gibco), 

20 % (v/v) hiFCS (Gibco), 1 % (v/v) MEM (10 mM) (Gibco), 

100.000 U/ml LIF (Core Facility, Max Planck of Biochemistry, 

Matrinsried), 3.2µl / 500ml β-Mercaptoethanol (Roth) 

ES (G418) DMEM (High Glucose, Sodium Pyruvate, Glutamax) (Gibco), 

20 % (v/v) hiFCS (Gibco), 1 % (v/v) MEM (10 mM) (Gibco), 

100.000 U/ml LIF (Core Facility, Max Planck of Biochemistry, 

Matrinsried), 3.2 µl / 500ml β-Mercaptoethanol (Roth), 100 

µg/ml G418 Sulfate / Genetecin (Gibco) 

Feeder DMEM (High Glucose, Sodium Pyruvate, L-Glutamate), 10 % 

(v/v) hiFCS (Gibco), 1 % (v/v) Pen/Strep (PAA) 

Freezing medium 80 % (v/v) DMEM, 20 % (v/v) hiFCS, 10 % (v/v) DMSO 

HEK293/SaOs2/RD/HT1080 DMEM (High Glucose, Sodium Pyruvate, L-Glutamate), 10 % 

(v/v) hiFCS (Gibco), 1 % (v/v) Pen/Strep (PAA) 

hiFCS heat inactivated FCS (30 min 56 °C) 

4.5 Plasmids and Oligonucleotides 

4.5.1 Plasmids 

pBluescript KS, pDNR-dual-hFGD1, pDNR-dual-mFgd1, pfrt-neo-frt-lox, pGEM7 (KJ1) 

SalI, pJet1.2, pLL3.7, pMD2.G, psPAK2 
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4.5.2 Oligonucleotides 

4.5.2.1 PCR and Sequencing 

Name Sequence 5’ – 3’ 
SouthernProbeFgd1KO_3_sense CTTCAGCCCTTGCTTTCTCC 

SouthernProbeFgd1KO_4_anti GGCTCAGGGATCATTGTAAC 
pLL3.7 sense (Colony PCR) GGCTTGGATTTCTATAAGAGATAC 
pLL3.7 anti (Colony PCR) ATGGCGGTAATACGGTTATCC 
hFGD1 sense (qPCR) ATCCTGGAGAAACAGGC 
hFGD1 anti (qPCR) CTTTCACATCCTGAGGGG 
hGAPDH sense (qPCR) GAAGGTGAAGGTCGGAGTCA 
hGAPDH anti (qPCR) TTGAGGTCAATGAAGGGGTC 
mCdc42 sense (qPCR) TGATACTGCAGGGCAAGAGG 
mCdc42 anti (qPCR) TTTAGGCCTTTCTGTGTGAG 
mOct-4 sense (qPCR) GGAGTCCCAGGACATGAAAG 
mOct-4 anti (qPCR) CCGATTTGCATATCTCCTGAA 
mNanog sense (qPCR) CACAGAGGCTGCCTCTCC 
mNanog anti (qPCR) AGGTCTTAACCTGCTTATAG 
mGapdh sense (qPCR) TCGTGGATCTGACGTGCCGCCTG 
mGapdh anti (qPCR) CACCACCCTGTTGCTGTAGCCGTAT 
mFgd1 WT sense (Genotyping) GCGAGCTGAATGAGTGACTG 
mFgd1 WT anti (Genotyping) CTGGATTCAAATCCTAGTATACC 
mFgd1 flx sense (Genotyping) GAGTAGAAGGTGGCGCGAAG 
mFgd1 flx anti (Genotyping) TGGTGGCTAAACATGGGAAG 
mSry sense (Genotyping) CAGAGATCAGCAAGCAGCTG 
mSry anti (Genotyping) TGCAGCTCTACTCCAGTCTTG 

4.5.2.2 LoxP cloning for cond. Targeting construct 

Name Sequence 
loxP NsiI sense 
 

TCGCCATTCAGGCATAACTTCGTATAGCATACATTATACG
AAGTTATTGCGCAACTGTTGTGCA 

loxP NsiI anti CAACAGTTGCGCAATAACTTCGTATAATGTATGCTA-
TACGAAGTTATGCCTG AATGGCGATGCA 

4.5.2.3 shRNA for pLL3.7 

Name Sequence 
shFGD1UT_sense TGGAGGACAATGGATACTCATTCAAGAGATGAGTATC-

CATTGTCCTCCTTTTTTC 
shFGD1UT_anti 
 

TCGAGAAAAAAGGAGGACAATGGATACTCATCTCTT-
GAATGAGTATCCATTGTCCTCCA 

shFGD1 3'UT sense 
 

TGACTACTGGCTGAAGGCGATTCAAGAGATCGCCTTCAG-
CCAGTAGTCTTTTTTC 

shFGD1 3'UT anti 
 

TCGAGAAAAAAGACTACTGGCTGAAGGCGATCTCTT-
GAATCGCCTTCAGCCAGTAGTCA 
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shFGD1 5'UT sense 
 

TGTTTATTTCAGGCTTACAGTTCAAGAGACTGTAAGCCT-
GAAATAAACTTTTTTC 

shFGD1 5'UT anti 
 

TCGAGAAAAAAGTTTATTTCAGGCTTACAGTCTCTT-
GAACTGTAAGCCTGAAATAAACA 

4.5.3 Probes 

4.5.3.1 In situ 

Name Sequence 
mFgd1 In-Situ probe1 CTAGTTCTGCAGCAGTATCATCATTGATTGAGAAGTTTGA

AAGAGAGCCTGTGATTGTTGCCTCGGATAGGCCAGCCCCT
GGCCCCTGCCCAGTTCCCCCAGAGCCAGCCATGTTGCCAC
AGCCACCCCCGCAGCCAACAGGGTCCCAGCTCCCTGAGG-
GTGA (163bp) 

  

4.5.3.2 Southern  

Name Sequence 
mFgd1 external (3+4) CTTCAGCCCTTGCTTTCTCCCCCAGTCCGAGAGACCATCCT

CTTTACCCGCCGACCTAGTTTCCCAAAAGTTCTTTCCTTTT
TGCTGTTGTTCTTTCTTCTCCACTCCCTCTGTTCTCTGTTGC
CACCCAACTGCAACCTCAGAAATTCCAGCTGTCCCAGGCA
GTCCCCCTCTTAAGGGAAGGCTGCATCATCCTGGAGGAGG
CCTGACTGCTGGGGTTATGGGTGGCTCCCCCCACCTCTCA
CTAGTTTCTCACAATGAACAACACACACACATATAGTGCC
CCAAATTTGCAAATGGGAAAATGAGCCCAGAGCTGTGGA
GTTTTTGGTCCCAGGTTATCAGAGAGTTAACAGCCAAGGC
TGGTCTGCAGCTCTCATAGTTGTCTTGAGATTAAGCCAAG
GCTACAGCTGGGAGAAGGGAGACAGGATGCTGCTGGCCA
GGGAAGGAGGGAGAGCTGGCAGCTGAACTTTCCAGAAAG
AGATGCAGGAGAAGCAGGGTCAGGTTCCAGTGAGAATGG
GCCAGAGGAGGAGTTTTTGTCTTCAAATTCAGCTAGACGC
TGAACCTGCTCTGCCATATAAACCCAGAAACATGTCCTCC 
AGGCATCTGCCAAACAGGCACATGCCAAAATCAGAAACA
ATATCTTGAATAATTTTACTATTTTTTCTGTTTTTTTCAAAT
TTCCTACAGTGTATTTTGATCATATTTTCCCACTTCCCCTG
ACTTCTCCCAGATCCATCCCACTTCCCTACCAACCCAACTT
TATGTCCTTTTTTTTTTAAGCCCCATTAAGTGCAGTTTGTG
CTGCCAATATATTCTTAGATATGTGGCCTTTCACCGGAGC
ATGGTTGATCTACCAGTGACTATACTCTAAAACAAAACTG
ACTCTTCCTCTCCCAGCAGCTACCAAATTGCCAATAGCTA
CTCATCTAGGGATTTGTCTGACTTGTTCAGGTCTTTTGTGT
GCTGTCACAACTACTATGACTTCATATGTATAACTTTCCTT
CTGTCTCGAGACTAACAATGTTTTCTTATCACTATTCACTA
TCTCTGGCTCTAAAAATATTTCTGCCCTTTCTGTTACAAT-
GATCCCTGAGCC (1,1kb) 



Materials 
Antibodies and Enzymes 

135 

Neo pGEM7 (KJ1) SalI cut with EcoRI/SalI (1,8kb fragment including 
PGK promotor and neomycin cassette) 

 

4.6 Antibodies and Enzymes 

4.6.1 Antibodies 

Primary antibodies 

Specificity Dilution Typ Name Origin Source 

Anti-DIG-AP (1:500) Fab fragments 11093274910 Sheep Roche 

BrdU-Fitc (1:100) Monoclonal 1202693 Mouse Roche 

GFP (1:15000) Polyclonal Ab290 Rabbit Abcam 

GFP (1:2000) Polyclonal ABR-16571 Rabbit Dianova 

hFGD1/mFgd1  (1:100) Polyclonal Pep1 Rabbit AG Aszodi 

mCollagenIV (1:400) Polyclonal 1119 Rabbit AG Takako 

mLaminin α1 (1:400) Polyclonal 1057 Rabbit AG Takako 

Secondary antibodies 

Goat anti rabbit Cy3 (1:1000) (Jackson Immunoresearch) 

Mouse anti rabbit HRP (1:15000) (Jackson Immunoresearch) 

Antikörperunabhängige Farbreagenzien 

DAPI (1:10000) (Invitrogen) 

Phalloidin Alexa 488 (1:400) (Jackson Immunoresearch)  

4.6.2 Enzymes 

Antarctic Phosphatase (NEB), DNA Polymerase I, Large (Klenow) Fragment (NEB), Fast-

Start Taq DNA Polymerase, 5 U/µl (Roche), mi-Taq (Metabion), PfuUltra II Fusion HS 

DNA Polymerase (Stratagene), Recombinant Taq DNA RNase-free DNase I. (Boehringer 

Ingelheim), Restriction enzymes (NEB), Polymerase (Invitrogen), Proteinase K (Applichem), 

T3 RNA Polymerase (NEB), T7 RNA Polymerase (NEB), 



Materials 
Solutions and buffers 

136 

4.7 Solutions and buffers 

4.7.1 Solutions and buffers for molecular methods 

2 x BBS 50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 6.95 

2 x SSC 300 mM NaCl, 30 mM Tri-sodium Citrate, pH 7-8 (ddH2O) 

Antibody dilution 0.5 % BSA (w/v), 0.5 % Tween 20 (v/v) (PBS) 

Annealing buffer 100 mM Kaliumacetate, 30 mM Hepes, 2 mM Mgacetate, pH 7.4 

with KOH (ddH2O) 

BrdU - denaturation 2 M HCl (ddH2O) 

BrdU - solution 10 µM BrdU (ddH2O) 

BrdU - washing 0.5 % (w/v) BSA (PBS) 

CHURCH buffer 1 % (w/v) BSA, 50 % (v/v) NaPi, 7 % (w/v) SDS, 0.1M EDTA pH8 

(ddH2O) + 10 ml ssDNS 

CHURCH wash 4 % (v/v) NaPi, 1 % (w/v) SDS (ddH2O) 

Denaturation buffer 1.5 M NaCl, 0.5 M NaOH (ddH2O) 

GEBS - buffer 50 mM EDTA, 20 % (v/v) Glycerin, 0.5 % (w/v) Sarcosyl, 0.05 % 

(w/v) Bromphenolblue (ddH2O) 

NaPi 295 mM Na2PO4, 0.4 % (w/v) H3PO4 pH 7.4 (ddH2O) 

Neutralization buffer 1.5 M NaCl, 0.5 N Trizma base, pH 7.5 (ddH2O) 

Sodium Acetate 3 M sodium acetate pH 5.2 (with acetic acid) (ddH2O) 

Sodium borate 0.1 M sodium borate pH 8.5 (ddH2O) 

TAE - buffer (1x) 40 mM Tris base, 1 mM EDTA, 5.7 % (v/v) glacial acetic acid, pH 

8.3  (ddH2O) 

Tail lysis buffer 100 mM Tris (pH 8.5), 5 mM EDTA (pH 8), 0.2 % (w/v) SDS 200 

mM NaCl,  freshly added Proteinase K 100 µg/ml (ddH2O) 

TE - buffer 10 mM Tris-HCl, 1 mM EDTA, pH 8 (ddH2O) 
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4.7.2 Solutions and buffers for biochemical methods 

5x SDS gel-loading dye 250 mM Tris-HCl (pH 6.8), 10 % (v/v)-β-Mercaptoethanol, 10 % 

(w/v) SDS, 0.5 % (w/v) Bromphenolblue, 50 % (v/v) Glycerol 

AB - Blocking buffer 44 mM Cysteine HCL (ddH2O) 

AB - Coupling buffer 50 mM Tris, 5 mM EDTA, pH 8.5 (ddH2O) 

AB - Elution buffer 0.1 M Glycine HCL, pH 2.7 (ddH2O) 

AB - Running buffer 0.05 % (w/v) NaN3 (PBS) 

AB - Wash buffer 1 M NaCl, 0.05% (w/v) NaN3 

Acrylamidsolution 40 % (w/v) Polyacrylamid 

APS 10 % (w/v) Ammoniumperoxodisulphate (ddH2O) 

Blocking solution 5 % (w/v) BSA (TBS-T) 

PBS 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, 

pH 7.4 (ddH2O) 

PBS - T 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, 

0.1% (v/v) Tween-20, pH 7.4 (ddH2O) 

Proteinase K - solution 10 mg/ml (ddH2O) 

Resolving gel - buffer 1.5M Tris-HCl pH 8.8 (ddH2O) 

Runningbuffer 25 mM Tris-Base, 192 mM Glycine, 0.1% (w/v) SDS (ddH2O) 

SDS 20 % (w/v) SDS (ddH2O) 

SDS - gel destaining 20 % (v/v) Isopropanol, 10 % (v/v) Acetic Acid (ddH2O) 

SDS - gel staining 20 % (v/v) Isopropanol, 10 % (v/v) Acetic Acid),  

0.025 % (w/v) Coomassie-Brillant Blue R250 (ddH2O) 

Stacking gel - buffer 0.5 M Tris-HCl pH 6.8 (ddH2O) 

Tail – lysis - buffer 100 mM Tris-HCl at pH 8.5, 5 mM EDTA, 0.2 % SDS, 200 mM 

NaCl, 100 µg/mL proteinase K (ddH2O) 

TBS 25 mM Tris, 125 mM NaCl, pH 7.5 (ddH2O) 

TBS - T 25 mM Tris, 125 mM NaCl, 0.1 % (v/v) Tween-20, pH 7.5 (ddH2O) 
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TEMED 0.1 % N,N,N’,N’-Tetramethyldiamin 

Transferbuffer 25 mM Tris-Base, 192 mM Glycine, 20 % (v/v) Methanol (ddH2O) 

4.7.3 Solutions and buffers for cellbiological methods 

Blocking solution 1 % (w/v) BSA (PBS) 

Denaturing solution 2 M HCl (ddH2O) 

Destaining solution 0.2 % (v/v) Triton X-100 

Dilution buffer 0.5 % (v/v) Tween - 20, 0.5% (w/v) BSA 

Gelatine solution 0.1% (w/v) gelatine (ddH2O), autoclaved 

Sodium borate 0.1 M sodium borate (Na2B4O7), pH 8.5 

Staining solution 0.1 % (w/v) crystal violet (ddH2O) 

Triton - buffer 150 mM NaCl, 50 mM Tris, 1 % Triton X100, 2 mM EDTA pH 7.5 

(ddH2O) + Protease inhibitor cocktail (Roche) 

RIPA - buffer 150 mM NaCl, 50 mM Tris, 1 % Triton X100, 1 % deoxycholate, 

0.1 % SDS, 2 mM EDTA pH 7.5 (ddH2O) + Protease inhibitor cock-

tail (Roche) 

Washing solution 0.5% (w/v) BSA (PBS) 

4.7.4 Solutions and buffers for histological methods 

0.1 % Triton-X 100 0.1 % (v/v) Triton-X 100 (PBS (DEPC)) 

0.2X SSC (DEPC) 30 mM NaCl, 3 mM Tri-sodium Citrate, pH 7-8 (DEPC water) 

20X SSC (DEPC) 3 M NaCl, 300 mM Tri-sodium Citrate, pH 7-8 (DEPC water) 

30 % sucrose 30 % (w/v) sucrose (PBS) 

4 % PFA 4 % PFA (v/w), pH 7.4 or pH 9.5 (PBS) 

Blocking (DEPC) 0.1 % (v/v) Triton-X 100, 10 % (v/v) FCS (PBS (DEPC water)) 

Blocking solution 1 % (w/v) BSA (PBS, pH 7.4) 

DEPC water 0.1 % (v/v) DECP (ddH2O), 1 h stirred and autoclaved 
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DIG III buffer 0.1 M Tris (pH 9.5), 0.1 M NaCl, 50 mM MgCl2, 0.1 % (v/v) Tween 

20 (DEPC water) 

HybMix 10 % (w/v) Dextran sulfat, 5 % (v/v) Formamide, 2.6 % (v/v) 50X 

Denhard, 16 % (v/v) STE buffer, 5% (v/v) ssDNA, 0,6mM DDT 

(DEPC water) 

In situ solution I 50 % formamide, 5X SSC (DEPC water) 

In situ solution II 50 % formamide, 2xSSC (DEPC water) 

In situ solution III 50 % formamide, 0,2xSSC (DEPC water) 

PBS (DEPC) 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, 

pH 9.5 (DEPC water) 

Peroxidase blocking 33 % H2O2 (Methanol) 

STE buffer 5 M NaCl, 3.75 mM EDTA, 44 mM Tris (pH 7.4) (DEPC water) 

Staining solution 2 % (v/v) NBT/BCIP (DIG III buffer) 

4.7.5 Chemicals and kits 

100 bp DNA Ladder (Fermentas), 1kb DNA Ladder (Fermentas), Amersham Rediprime II 

Random Prime Labeling System (GE Healthcare), β-mercaptoethanol (Roth), Bacto Agar 

(BD), BES (Merck), Big Dye Terminator v3.1 (Applied Biosystems), BrdU 10 mg/ml (BD 

Pharmingen),Bromphenolblue (Roth), BSA (Serva), cDNA synthesis kit - iScript cDNA Syn-

thesis Kit (BioRad), cDNA synthesis kit - Transcriptor First Strand cDNA Synthesis Kit 

(Roche), Chlorophorm (Roth), CloneJet PCR cloning kit (Fermentas), Collagen Type I 

(Sigma), Column Coupling Gel (Pierce), Cysteine HCl (Thermo), Denhardt reagent (Fisher 

scientific), Deoxycholate (Thermo), DEPC (Roth), Dextran sulphate (Sigma), dGTP big dye 

v3.0 (Applied Biosystems), EDTA (Sigma), Elvanol (Merck), Ethanol (Merck), Fast-Link™ 

DNA Ligation Kit (Epicentre), Fibronectin (Sigma), Formamide (Merck), Freud’sches In-

complete Adjuvant (Sigma Aldrich), Gelatine (Sigma), Gel extraction - Qiagen Gel Extraction 

Kit (Quiagen), Glacial acetic acid (Roth), Glycerin (Roth), Glycerol (Roth), HBSS (Gibco), 

Hepes (Sigma), Hydrochlorid (Merck), Imject Maleimide-Activated mcKLH kit (Thermo 

Scientific), Isopropanol (Merck), Laminin (Sigma), Magnesium acetate (Sigma), Maxi-

preparation kit (Quiagen), Maxi-preparation - EndoFree Plasmid Maxi-preparation - HiSpeed 

Plasmid Maxi Kit (Quiagen), Maxi-preparation - QIAGEN Plasmid Maxi Kit (Quiagen), 
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Mayer’s hemalum solution (Merck), Mini-preparation - GenElute™ Plasmid Miniprep Kit 

(Sigma), Mini-preparation – QIAprep Spin Miniprep Kit (Quiagen), Methanol (Merck), 

Na2HPO4 (Sigma), Na2PO4 (Merck), NBT/BCIP stock solution (Roche), PageRuler 

Prestained Protein Ladder (Fermentas), Paraformaldehyde (Merck), Paraplast Plus (Leica), 

Pen/Strep solution (PAA), Phenol (Roth), Phosphoric acid (Merck), Plastic Column (Pierce), 

Polyacrylamid (Roth), Poly-L-Lysine solution 0,01 % (Sigma), Potassium acetate (Merck), 

Potassium chloride (Merck), Potassium hydroxide (Merck), Propidium iodide (Calbiochem), 

qPCR kit - LightCycler FastStart DNA MasterPLUS SYBR Green I (Roche), qPCR kit - iQ 

SYBR Green Supermix (BioRad), RNA-isolation - RNeasy Mini Kit (Quiagen), Roti-

Histokitt (Roth), Roti-Histol (Roth), Roti-Mount Aqua (Roth), Sarcosyl (Sigma), SDS 

(Merck), Sodium acetate (Roth), Sodium borate (Roth), Sodium chloride (Sigma), Sodium 

hydroxide (Merck), Spectra Multicolor Broad Range Protein Ladder (Fermentas), ssDNA 

(Sigma), Sucrose (Sigma), Titer Max Gold (Titer Max), Triethanolamin (Sigma), Tris 

(Sigma), Tri sodium citrate (Sigma), Triton X-100 (Sigma), Trizma (Sigma), Trypsin solution 

(PAA), Tryptone (BD), Tween 20 (Sigma), Vectastain ABC KIT rabbit (Vector Laboratories), 

Vitronectin (Sigma), Yeast extract (BD), 

4.8 Laboratory equipment and consumable supplies 

Amersham Hybond XL (GE Healthcare), Autoclave (Varioclav), Bacterial dishes 10 cm (BD 

Biosciences), Bacterial shaker (Heidolph), Balance (Kern), BioRad Gene Pulser (BioRad), 

CA-filter, 0.45 µm (Millipore), Cell culture dishes 10 cm (BD Biosciences), Cell culture 

flasks T25 / T75 / T225 (Nunc), Cell culture multidish 6well / 12well / 24well / 48well / 

96well (Nunc), Cell incubator (Thermo), Centrifuges (Eppendorf, Heraeus, Beckmann Coul-

ter), Cryo Freezing Container (Nalgene), Cryotome (Microm), FACS Calibur (Becton Dickin-

son), FACS Calibur Screw capped tubes, 1.5ml (Sarstedt), FACS tubes (Alpha Laboratories), 

Falcon tubes 15ml/50ml (Greiner), Flow Cytometer (BD Bioscience), Filter tips/Tips 

(Sarstedt), Gel imager (Vilber Lourmat), Gloves (Hartmann), HistoCentre 2 (Shandon), His-

tostat (Reichert Jung), Hood (Heraeus), Ice machine (tritec Hannover), iCycler (BioRad), In-

cubator (Jouan, Memmert), ImageQuant Las 4000 mini (GE), Immobilon-P (Millipore), Light 

Cycler 1.5 (Roche), Menzel-Gläser Superfrost®Plus (Thermo Scientific), Microtome (Leica), 

Mini Protean III System (BioRad), Nanodrop (Peqlab), Pateur pipettes (Brand), PBS (PAA), 

pH-meter (Inolab), Pipettes 2 ml / 5 ml / 10 ml / 25 ml / 50 ml (Sarstedt), Polystyrene (BD 

Falcon), Power supply (Peqlab), Protein A/G PLUS-Agarose (Santa Cruz), PVDF Western 
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Blotting Membranes (Roche),Reaction tubes 50 µl/1,5ml/2ml (Sarstedt), Round bottom tubes 

(Sarstedt), Scalpel (Feather), Shaker (Heidolph), Spin-Pure G-50 Columns (PureBiotech), 

Sterile filter (Millipore), Thermomixer (Eppendorf), Tissue-Tek (Sakura), Ultracentrifuge 

with Rotor SW-28 (Beckman Coulter), UV-Cross linker (Vilber Lourmat), UV-fluoroscopic 

(Vilber Lourmat), Water bath (GFL, Memmert) 

4.9 Therapy –accessories 

E3000 Upper Limb Exerciser (Biometrics), Finger Goniometer (Flexion/Hyper-extension 

Plastic (Baseline), Handmaster (Servoprax GmbH), Paraffin (Röwo), Sono5 (Zimmer), 

T.E.N.S. (Medschope), Therapy putty (Rehaforum Medical GmbH) 

4.10 Software 

AxioVision (Zeiss), Clone Manager (SciEd), Corel Draw and Corel Photoshop, Endnote 

(Thomson Reuters), Lasergene Core Suite (DNASTAR), Office (Microsoft), Sig-

maPlot/SigmaStat, Q-Gene (University of Tübingen) 
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5 Methods 

5.1 Molecular methods 

5.1.1 RNA isolation and cDNA synthesis 

5.1.1.1 RNA isolation 

For RNA isolation from cells and mouse tissues the RNeasy Mini kit from Quiagen was used. 

According to the protocol cells were grown, trypsinized and pelleted. After lysis with buffer 

RLT, cells were homogenized by a needle (0.9 mm diameter) and mouse tissues by a ho-

mogenizer, respectively. The RNA was then precipitated with 70 % ethanol and bound to the 

RNeasy spin column, washed and eluted in 30 µl RNase free water. Past concentration meas-

urement with NanoDrop the RNA was stored at -80 °C.  

5.1.1.2 cDNA synthesis 

Two different systems were used: BioRad at the Max-Planck Institute of Biochemistry and 

Roche in the Experimed laboratory at the LMU Munich. The cDNA synthesis kit for BioRad 

iCycler was the iScript cDNA synthesis kit. In this kit 2 µg RNA was mixed with iSript buffer 

and filled up with nuclease free water to a final volume of 19 µl and then 1 µl iSript was 

added. The reaction was performed in the PCR machine: 5 min at 25 °C, 30 min at 42 °C and 

5 min 85 °C followed by an infinite cooling step of 4 °C. In this system a mix of oligo (dT) - 

and random-primers were used. The cDNA synthesis kit for Roche Light Cycler 1.5 was the 

Transcriptor First Strand cDNA synthesis kit. In this kit 2 µg RNA was mixed with 1 µl oligo 

(dT) - primers and 2 µl random hexamer primers and filled up with nuclease free water to a 

final volume of 13 µl. The mix was incubated at 65 °C for 10 min and cooled on ice immedi-

ately. Then 4 µl 5 x buffer, 0.5 µl RNase inhibitor (20 U), 2 µl dNTPs (1 mM each) and 0,5 µl 

Transcriptor RT (10 U) was added and the mix was incubated for 10 min at 25 °C followed by 

30 min at 55 °C. The enzyme was inactivated in an inactivation step at 85 °C for 5 min. Both 

mixes were diluted 1:10 in Millipore water and used for RT-PCR or qPCR. 
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5.1.2 DNA isolation and general cloning methods 

5.1.2.1 DNA isolation from ESC clones 

After freezing G418 - resistant clones the remaining cells were cultured until the medium 

turned yellow. Then medium was sucked off, 0.5ml lysis buffer was added and put back into 

the incubator. When all wells were filled with lysis buffer the 24 – well - dish was incubated 

for one more day in the incubator. The next day 0.5 ml isopropanol was added to each well 

and the whole dish was shaken for at least 8 hours or overnight. During this time the DNA 

became visible as a white web like structure, which was then transferred to a new tube filled 

with 200 µl water. After resuspending the DNA, the Eppendorf - tube was incubated for 24 h 

in a 55 °C oven and stored at 4 °C. 

5.1.2.2 DNA isolation from mouse tails 

For genotyping by PCR or Southern blotting a small piece of mouse’ tail was cut and incu-

bated in 100 µl lysis buffer at 55 °C overnight. After heat inactivation at 95.5 °C for 10 min 2 

µl DNA was used for PCR, or 20 µl DNA for Southern blot. 

5.1.2.3 Plasmid purification 

To achieve enough bacteria a pre culture with 5 ml LB medium and corresponding antibiotic 

was inoculated with a single clone and incubated at 37 °C 300 rpm over night. With this pre 

culture 500 ml LB selection medium was inoculated and again incubated over night. Next day 

bacteria were harvested through centrifugation (6000 g for 15 min at 4 °C) and lysed with 

buffer P1. Pursuant to the protocol buffer P2 and P3 were added and the supernatant either 

loaded directly onto the equilibrated column (Maxi) or after 30 min incubation with buffer ER 

(Endofree Maxi). After washing on the column, the DNA was eluted and precipitated with 

isopropanol. The following centrifugation step pelleted the DNA, which then was washed 

with 70 % ethanol and air dried. After resolving the pellet in 500 µl EB buffer the concentra-

tion was measured and the DNA solution stored at -20 °C. If less DNA was needed only 2 ml 

of the pre culture was used for a Mini preparation. According to the manual buffer P1, buffer 

P2 and buffer P3 were used. After centrifugation the column was loaded, washed and the 

DNA eluted in a volume of 30µl, concentration measured and the DNA stored at -20 °C. 
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5.1.2.4 DNA-agarose gel and gel extraction  

Depending on DNA size, different concentrated agarose - gels were used. For small fragments 

2% agarose in TAE - buffer and for big fragments 0.7% agarose was used, mixed with Ethidi-

umbromide and filled into the gel chamber. When the gel was stiff the chamber was filled 

with TAE - buffer and the DNA/loading-dye-mix was loaded. If digested DNA was used, it 

was heat inactivated before adding the loading dye. In preparative gels the needed DNA - 

band was cut out and scaled. Following, the kit NTI-buffer was added and the gel slice melted 

at 50 °C. The mixture was loaded to the column, which then was washed and the DNA eluted 

in 15 µl autoclaved water. 

5.1.2.5 Digest with restriction endonucleases 

During the cloning process several control digests had to be performed. Usually a few micro-

liter of the Mini preparation, respectively 100-300 ng DNA, were digested for several hours in 

a total volume of 20 µl with 10 – 20 U enzyme and the corresponding buffer. To reach the 

different intermediate cloning steps several digests, following dephosporylation and/or 

klenow treatment, gel purification and ligation were performed. For this purpose 3 - 5 µg 

DNA were digested over night in a total volume of 20 – 40 µl with 10 – 20 U enzyme and the 

corresponding buffer. For those steps where partial digest was needed an inefficient buffer 

was used and the reaction stopped by heat inactivation at several time points (2, 5, 10 min). 

For genomic Southern 25 µl genomic ES - cell DNA was digested in the corresponding buffer 

together with 100 U enzyme, in a total volume of 30 µl at 37 °C overnight.  

5.1.2.6 Deposphorylation 

To the digestion mix 10X Antarctic phosphatase buffer was added to 1X concentration. Then 

1 µl (5 Units) Anarctic phosphatase was added and incubated for 15 min (5’ extensions or 

blunt end) or 60 min (3’ extensions). After heat inactivation at 65 °C for 5 min, the DNA was 

purified with the PCR - purification protocol of the gel extraction kit and eluted in 15 µl auto-

claved ddH2O. 

5.1.2.7 Klenow treatment 

After digestion the dNTP-mix was added and for each µg DNA 1 µl klenow enzyme. The 

reaction then was incubated for 15 min at 25 °C and stopped by adding EDTA to a final con-
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centration of 10 mM. The reaction mix was additionally heat inactivated at 75 °C for 20 min 

and afterwards purified with the PCR - purification protocol of the gel extraction kit and 

eluted in 15 µl autoclaved ddH2O. 

5.1.2.8 Ligation 

During cloning two linear molecules were ligated. For this purpose fragments were either 

digested, cut and gel purified or in case of linkers, annealed. The vector backbone was 

dephosporylated to inhibit self religation of the plasmid. To obtain the best ligation results 

molar ratios (vector : insert) of 1:5 for blunt end ligation, 1:2 for sticky end ligation and 1:100 

for linker ligations were calculated and used, in which 100 fmol vector backbone was used. 

The ligation reaction mix had 15 µl and in case of blunt end ligation an ATP concentration of 

0.5 mM ATP and 1 mM for sticky end ligation. After incubation overnight at room tempera-

ture the reaction was inactivated in a PCR - machine for 15 min at 70 °C and 1 – 3 µl trans-

formed into bacteria. 

5.1.2.9 Bacterial transformation 

One aliquot of 100 µl competent bacteria was thawn on ice, transferred to a snap capped 

round bottom tube on ice and DNA added: after ligation 1 to 4 µl (of 15 µl) or 300 ng from a 

Mini/Maxi. Past incubation of 30 min on ice a heat shock of 45 s at 42 °C was performed. For 

additional 2 min the tube was chilled on ice and 1 ml LB medium added. After incubation at 

37 °C 200 rpm for 1 h the bacteria were pelleted, resuspended in 100 µl LB medium and 

plated on an agar dish containing the corresponding antibiotic. 

5.1.2.10 Generation of competent bacteria 

The used One Shot TOP10 and Stbl4 competent bacteria were purchased. NovaBlue, XL1 

blue and DH5alpha were available at the institute and made competent through the MnCl2 

method. Three clones of bacteria, grown overnight on an agar dish at 37 °C, were picked and 

used to inoculate 5 ml LB medium which then was incubated at 37 °C, 200 rpm overnight. 

The 5 ml preculture was used to inoculate the main culture of 250 ml SOB medium and incu-

bated at 19 °C, 200 rpm until an OD of 0.3 to 0.6 was reached. After chilling on ice for 10 

min, bacteria were pelleted at 4000 rpm, 10 min at 4 °C and resuspended with 80 ml ice-cold 

TB solution following a second step on ice for 10 min. Then bacteria were centrifuged at 4 
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°C, 4000 rpm for 10 min and resuspended carefully in 20 ml ice-cold TB solution containing 

1.4 ml DMSO. Bacteria were aliquoted in 200 µl aliquots, directly frozen in liquid nitrogen 

and stored at -80 °C. One aliquot was used for a transformation to define the competency. If 

bacteria had at least a competency of  5
101⋅  they were used for transformation. 

5.1.2.11 Sequencing  

For sequencing of shRNA constructs in the pLL3.7 vector dGTP big dye was used. In a 20 µl 

mix 300 ng DNA and 10 pM sequencing primer were used in a PCR program of 25 cycles 

according to the instruction manual from Applied Biosystems. In all the other sequencing 

reactions Big Dye 3.1 was used. Afterwards the extension products were purified and ana-

lyzed through the core facility of the Max-Planck of Biochemistry or the sequencing service 

of the Ludwig Maximilian University of Munich. 

5.1.3 Different polymerase chain reaction (PCR) methods 

5.1.3.1 Standard PCR 

Different Taq polymerases, usually 2 U enzyme, 200 µM dNTPs, 1 x Taq buffer with 2 mM 

MgCl2 in a total volume of 20 and 50 µl were used. Template concentration was 100 to 300 

ng with a standard protocol: 

Step Cycles Time Temperature 

Denaturation 1 4 min 95 °C 
Denaturation 30 sec 95 °C 
Annealing 30 sec 50 to 58 °C 
Elongation 

35 
1 min/1kb 72 °C 

Final Extension 1 3 x Elongation time 72 °C 
Storage  Infinite 4 °C 
 

5.1.3.2 PCR - Genotyping 

After positive Southern results PCR - genotyping for conditional Fgd1 mice was established. 

One primer pair detected only Fgd1 wild type (mFgd1 WT Genotype sense and mFgd1 WT 

Genotype anti) a second one detected only floxed Fgd1 (mFgd1 flx (short) sense and mFgd1 

flx anti) both with a size of ~200bp. As a breeding with heterozygous female and wild type 

male should give directly homozygous Fgd1 floxed male it is important to determine the sex 

of mice and embryos. Therefore, a third primer pair (mSry sense and mSry anti) was used to 
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detect the Sry gen which is a marker for the Y - chromosome. Each animal was analyzed by 

all three primer pairs to define the genotype concerning the Fgd1 locus. The annealing tem-

perature for all three PCR reactions was 50 °C. 

5.1.3.3 RT - PCR 

In the RT - PCR 2 µl 1:10 diluted cDNA was used as a template in a standard PCR reaction. 

Usually the products were in a range of 150 to 300 bp. The same primers (mFgd1, Oct4, 

Gapdh, Cdc42, FGD1 and GAPDH) and program as in the qPCR was used with an annealing 

temperature of 58 °C but only 30 cycles.  

5.1.3.4 Colony - PCR 

For the Colony PCR a bacterial clone was picked with a yellow pipette tip. First a PCR mix 

was inoculated through vigorous pipetting and then a LB - culture (with antibiotic) for plas-

mid Mini preps. The PCR reaction had a final volume of 15 µl including 40 mM dNTPs, 4 

mmol of each primer, 1 x Taq buffer and 1 U enzyme. The program was also modified with a 

longer first denaturation step of 10 min, 25 sec denaturation, 20 sec annealing at 55 °C apart 

from that in a standard PCR program. The primer pair was designed to amplify the vector 

without insert and giving a bigger product (including linker/shRNA) if ligation occurred. 

Negative control was the empty vector (100 ng) and positive control, if available, a sequence 

confirmed vector with insert (100 ng). 

5.1.3.5 qPCR 

The BioRad iCycler is a 96well based qPCR system in which iQ SYBRGreen Supermix was 

used, therefore all samples were done in triplicates in a final volume of 20µl. Firstly, the 

cDNA master mix was pipetted: for each triplicate 1.5 µl cDNA (1:10 dilution) and 32 µl wa-

ter. The negative control was 33.5 µl water. Secondly, the primer mix was pipetted: for each 

triplicate 1 µl sense primer, 1 µl anti primer and 32.5 µl SYBR Green Supermix. Then the 

required combinations composed of different cDNA mixes and primer mixes were combined. 

Each mix had a total volume of 65 µl which was aliquoted in 20 µl aliquots in 3 different 

wells of the 96well plate. At the end the 96well plate was sealed with a plastic label and put 

into the iCycler. The Roche Light Cycler 1.5 is a capillary based qPCR system in which the 

Roche SYBR Green mix was used, therefore all samples were done in duplicates in a final 
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volume of 20 µl. First the reaction mix, consisting of 14 µl tube 1a, and a whole tube 1b was 

prepared. For each duplicate a Master Mix with 20 µl Millipore water, 1 µl sense primer, 1 µl 

anti primer and 8 µl reaction mix was used and 10 µl cDNA (1:100 diluted) added. Each ali-

quot of 20 µl mix was pipetted into one capillary, centrifuged and put into the Light Cycler 

1.5. Both used the same program: 

Step Cycles Time Temperature 

Denaturation 1 10 min 95 °C 
Denaturation 30 sec 95 °C 
Annealing 30 sec 58 °C 
Elongation 

45 
30 sec 72 °C 

Final Extension 1 3 x Elongation time 72 °C 
Storage  Infinite 4 °C 
Analysis of the BioRad results was done with Excel sheet: “Gene Expression Analysis for 

iCycler IQ Real-Time PCR Detection system” provided by BioRad. For the analysis of data 

created by Light Cycler 1.5 the free software Q-Gene was used.  

5.1.4 In situ probe cloning, generation and riboprobe transcription 

5.1.4.1 Cloning of in situ probes 

For the RNA transcription a cDNA fragment of mFgd1 was subcloned from pDNR - dual into 

pBluescript KS with T3 and T7 RNA polymerase promotor sites. To obtain a 163 bp fragment 

containing partial exon 3 and partial exon 4 the pDNR-dual-mFgd1 plasmid was cut with SpeI 

and HindIII in a double digest and gel purified. Additionally, pBluescript KS was cut with 

SpeI and HindIII (multiple cloning sites) and gel purified. Then the 163bp fragment was 

ligated into pBluescript KS and sequenced. Linearization with ClaI led through a T7 promotor 

site to the antisense probe, which binds the mRNA of mFgd1 and its splice variants but no 

other member of the Fgd family. In contrast linearization with PstI led through a T3 promotor 

site to the sense probe, which functions as a negative control. As a next step RNA was tran-

scribed with the corresponding RNA polymerase, purified and stored at -80°C. 

5.1.4.2 In vitro RNA transcription of riboprobes 

For the reaction mix 1 - 2 µg linearized template, the DIG-labelled RNA nucleotides, the cor-

responding RNA polymerase (sense T3, antisense T7), the RNase inhibitor and the transcrip-

tion buffer in DEPC-treated water and DEPC-treated water was used in a final volume of 20 

µl. After incubation at 37 °C for 2 h 1 µl RNase free DNase was added (10 U / µl) and incu-
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bated at 37 °C for 15 min. The riboprobe was column purified and checked on a 1 % agarose 

gel. After adjusting the volume to 50 µl with HybMix the riboprobe was stored at -80 °C. 

5.1.5 Cloning of shRNA 

5.1.5.1 shRNA design 

The small shRNA fragments were generated by ordering complementary oligonucleotides 

which were annealed and ligated into the pLL3.7 vector. For this purpose the oligos were de-

signed with specific sense and antisense overhangs which fit into the cut restriction sites of 

the vector. The pLL3.7 vector has a multiple cloning site following the U6 promotor in which 

the shRNA oligo was inserted. An HpaI site leaves a blunt end prior to the -1 position in the 

promotor. The oligo design must incorporate a 5’ T in order to reconstitute the -1 nucleotide 

of U6. An XhoI site cuts downstream of the U6 start site, therefore the oligo had an XhoI cut 

site (TCGA) at its 3’ - end. For the shRNA design the Genelink homepage was used 

(http://www.genelink.com/sirna/shRNAi.asp).  

The oligo format was: 

Sense oligo: 5’T-(GN18)-(TTCAAGAGA)-(81NC)-TTTTTTC-3’ 

Anti oligo: 5’TCGA-GAAAAAA-(GN18)-(TCTCTTGAA)-(81NC)-A-3’ 

T – recovery of U6 promotor / GN18 – shRNA (sense) / 81NC – shRNA (anti) / TTCAAGAGA – loop region / 

TTTTTTC – Poly-A-tail to stabilize shRNA / TCGA – XhoI site 

5.1.5.2 Annealing of shRNA and ligation into pLL3.7 

The PAGE purified and 5’ phosphorylated oligos were resuspended in water at 60 pmol/µl. 

For annealing one microliter of each oligo was dissolved in 48 µl annealing buffer in a PCR 

tube. The annealing was performed in the PCR machine: 94 °C for 4 min, followed by 70 °C 

for 10 min and cooling down slowly (0.1 °C/min) to 4 °C. Annealed primers were stored at -

20 °C. Meanwhile, 2 µg pLL3.7 was cut with XhoI and HpaI, dephosphorylated and purified. 

Both molecules were used for ligation, transformed into STBL4 and tested by Colony PCR 

and sequencing. 
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5.1.6 Isotopic southern blot and colony hybridization 

5.1.6.1 Cloning of southern probes 

For the targeting construct of the constitutive knock out the Fgd1-EcoRI fragment (see Figure 

2-59 and Figure 2-67) was subcloned into pBluescript KS. In this fragment is a 5’ region that 

is neither in the constitutive nor in the conditional targeting construct. In this region an exter-

nal probe was located and amplified with the primers: Southern Probe Fgd1KO 3 sense and 

Southern Probe Fgd1KO 4 anti. The 1099 bp fragment is located in intron 1 in a distance of 

~200bp from HindIII site (border constitutive) and ~1 kb from KpnI site (border conditional). 

After PCR amplification the fragment was gel purified and stored at -20°C until labelling. The 

internal neo probe was already available at the institute. 

5.1.6.2 Transfer of digested mouse genomic DNA and cross-linking 

A big gel was loaded with digested genomic DNA samples and let run slowly for several 

hours. Then a picture was taken on which a UV - ruler was adjacent to the DNA ladder to see 

the distance from loading pocket to the different DNA sizes. This was important to interpret 

the signal on the photo film at the end and to distinguish between targeted and wild type sam-

ples. The gel was washed twice in denaturation buffer for 15 min on a shaker. For the transfer 

a big dish filled with denaturation buffer was prepared and a glass plate put on top. A in dena-

turation buffer soaked Whatman paper was put atop of the glass plate hanging on both sides in 

the denaturation buffer filled dish. The gel was put onto the Whatman paper with the front 

facing to the Whatman paper. The Whatman paper that is not covered by the gel was covered 

by parafilm. On top of the gel was put an equal Hybond XL membrane soaked in denaturation 

buffer which was covered by 3 Whatman paper, above a pile of paper towel and on top a glass 

plate with balance weight. The next day the pockets of the gel were marked on the membrane 

and the membrane UV cross linked (2 x 120000 microjouls). Membranes were stored in 

wrapping film at room temperature until hybridization. 

5.1.6.3 Isotope labelling of southern probes 

For labelling the Rediprime II Randome Prime Labelling System (GE Healthcare) was used. 

25 to 75 ng probe was mixed with random primer (10 µl) and water to a final volume of 34 µl, 

boiled 5 min and spun down. In the hot lab 10 µl 5 x prime buffer, 5 µl labelled nucleotides 
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and 1 µl klenow (5 U/µl) was added and incubated 30 min at 37 °C. After stopping the reac-

tion with 2 µl EDTA solution the mix was column purified (Sephadex 50) and 1 µl of the elu-

ate the Cherenkov emission counted. If the probe had at least 400000 cpm the whole elute was 

pipetted to the Southern membrane and directly used for hybridization. 

5.1.6.4 Hybridization, washing and developing of Southern blot 

Membrane was unwrapped and put into a plastic box filled with preheated CHURCH buffer 

shaking in a water bath (65 °C). As much CHURCH buffer as possible was discarded. Then 

freshly made labelled probe was pipetted into the plastic box and closed box incubated at 65 

°C shaking overnight. The next day CHURCH buffer was discarded and membrane washed 

twice with pre-warmed CHURCH wash shaking in the water bath. Membranes were checked 

with Geiger counter and put into film cassette. After adding a film into the cassette it was in-

cubated for several days until developed with a photo developing machine. 

5.1.6.5 Colony hybridization 

After ligation several hundred clones could be checked for correct insertion of insert by radio-

active colony hybridization. Two plates were divided identically into small numbered areas. 

One clone after the other was picked and used for the inoculation of both plates at both areas 

with the same number. After incubation at 37 °C overnight, one dish was stored at 4 °C and 

the second dish was cooled for 40 min at 4 °C. Then a same sized Hybond XL membrane was 

put on the bacterial dish for 30 sec and orientation marked. After a denaturation step of 2 – 5 

min in denaturation buffer and two times neutralization for 3 min in neutralization buffer the 

membrane was vigorously washed in 2 x SSC buffer to remove proteinous debris. The air 

dried membrane was fixed through UV cross-linking (120000 mJ) and stored wrapped at 

room temperature. Labelling, hybridization, washing and developing was the same then in 

genomic Southern. Positive clones could be identified on the second dish and used for further 

purposes. 
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5.1.7 Generation of targeting constructs and preparation for electropo-

ration into ESC 

5.1.7.1 Generation of constitutive targeting construct 

For the constitutive Fgd1 knock out strategy the sequence of Fgd1 genomic structure contain-

ing exon 2 to exon 4 were replaced by neo cassette. The pgkNeo plasmid was linearized 

through a SacI digest, overhangs were removed through klenow treatment and the fragment 

gel purified. For the genomic Fgd1 sequence the 12.5 kb fragment was isolated from the cor-

responding PAC clone, containing exon 1 to exon 6 and sub-cloned in pBluescript. From this 

sub-cloned fragment the right homology arm was cut out through a double digest with EcoRI 

and HindIII, leading to a 2 kb fragment, which was filled in and ligated into the linearized 

pgkNeo (construct A). Construct A was linearized with EcoRI and filled in with klenow. 

From the EcoRI 12.5 kb fragment the 0.8 kb BamHI fragment, building one part of the left 

homology arm, was isolated and filled in with klenow. The filled in BamHI fragment was 

ligated into the linearized construct A (construct B). To obtain the second part of the left ho-

mology arm, the HindIII cut fragment (8.5kb) of the EcoRI 12.5 kb fragment, containing par-

tially intron 1 and exon 2 and 3, was sub-cloned into pBluescript. To destroy one XbaI site, as 

this enzyme was needed to linearize the final construct for electroporation, the sub-cloned 

fragment was XbaI cut and filled in with klenow. From this XbaI destroyed fragment a 6 kb 

fragment was obtained through a NheI, HindIII double digest, which was filled in afterwards. 

Construct B was linearized with NheI and filled in. The 6kb filled in NheI – HindIII fragment 

was ligated into filled in construct B. The final constitutive construct contained a left homol-

ogy arm of 6 kb containing parts of intron I, the neo cassette, which destroyed exon 3 and 

partially exon 2 and 4 and the right homology arm of 2kb. The construct was linearized 

through an XbaI digest for electroporation. 

5.1.7.2 Generation of conditional targeting construct 

For the conditional Fgd1 knock out strategy in the genomic Fgd1 sequence isolated from a 

PAC clone a loxP site was inserted into intron 2 and a second loxP site, combined with a neo 

cassette flanked by frt sites into intron 4 leading to a left homology arm of 5.1 kb and a right 

homology arm of 4.5 kb. The 11.3 kb KpnI fragment, containing exon 2 to exon 8 was iso-

lated from the corresponding PAC clone, already used for the constitutive construct, and sub-
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cloned into KpnI linearized pBluescript (construct A). As several Fgd1 fragments had the size 

of approx. 12 kb a high number of clones were checked by colony hybridization for the cor-

rect 11.3 kb insert using an exonic Fgd1 cDNA. As one NsiI site between exon 2 and 3 was 

used to insert a loxP site, the NsiI site in intron 1 (left homology arm) had to be destroyed. 

Therefore, construct A was cut with XbaI and the corresponding fragment containing the NsiI 

site sub-cloned into pBluescipt and partially cut with NsiI, filled in, religated and put back 

into XbaI cut construct A (construct B). In the next step the pfrt-neo-frt-loxP (2) vector was 

cut with EcoRI and SalI and filled in with klenow. The obtained fragment contained a loxP 

site combined with a neo cassette flanked by frt sites was ligated into linearized construct B, 

which was opened in intron 4 through a Bstz17I digest (construct C). The single loxP site was 

generated through the annealing of two complementary primers building a linker containing 

the loxP site, some scrambled DNA and blunt ends. Construct C was cut with NsiI and ligated 

with the linker. The final targeting vector was linearized by NotI and used for electroporation. 

5.1.7.3 Preparation of targeting construct for electroporation 

Before electroporation 100 µg of construct DNA was linearized through a 100 µl restriction 

digest with 100 U enzyme at 37 °C overnight. The next day 1 µl of the restriction digest was 

analyzed on a 0.7 % agarose gel. If the digest was complete a phenol / chloroform extraction 

was performed. First one volume phenol / chloroform was added, centrifuged and the upper 

aqueous phase transferred to a new tube, then one volume chloroform / isoamyl alcohol 

added, centrifuged and the upper aqueous phase transferred to a new tube. DNA was precipi-

tated by addition of 0.1 volume 3 M Na - acetate at pH 5.2 and 2.5 volume absolute ethanol. 

After vigorous mixing a white, coiled DNA was visible. The DNA was transferred to a screw-

cap tube with 1 ml 70 % ethanol and stored at -20 °C until electroporation. At the day of elec-

troporation supernatant was removed, DNA air-dried and resuspended in 700 µl PBS. 



Methods 
Biochemical methods 

154 

5.2 Biochemical methods 

5.2.1 Generation of FGD1/Fgd1 antibody 

5.2.1.1 Design of peptides for FGD1/Fgd1 antibody 

To determine antigenic regions of FGD1/Fgd1 both sequences were loaded into Lasergene 

Protean and Jameson – Wolff antigenic index (Jameson et al. 1988), Emni surface probability 

plot (Emini et al. 1985) and Kyte-Doolittle hydrophobicity plot (Kyte et al. 1982) analyzed. 

Both species have equal peptide sequences from amino acid 148 to 169 

(PSPLKRAPGPKPQVPPKPSYLQ) (Peptide 1) with a very high antigenic index, a high sur-

face probability and high hydrophobicity. This region is localized in the middle of the N - 

terminal proline rich domain of FGD1/Fgd1. In all found FGD1/Fgd1 cDNAs and known 

splice forms of the blast EST database this region exist. All other family members of the 

FGD/Fgd-family do not contain this region. The C - terminal sequence of GFEVGPPEA-

GERPDRRHVFKIT (Peptide 3) is equal in mouse (871-892) and human (872-893) and has a 

very high antigenic index, a high surface probability and a high hydrophobicity. This peptide 

sequence was also used for the antibody generated and used by Gorski et al. in 2000. The pep-

tide sequence is a part of the pleckstrin homology (PH) - domain, which can not be found in 

all cDNAs of the blast EST database. All other family members of the FGD/Fgd-family do 

not contain this region. Both peptides were synthesised with an N - terminal cystein for label-

ling with KLH by the core facility of the Max-Planck institute of Biochemistry, Martinsried. 

5.2.1.2 Activating peptides 

A small peptide of 23 amino acids is not immunogenic enough to activate an immune re-

sponse in laboratory animals. To increase this response the peptide is coupled to a bigger im-

munogenic protein like keyhole limpet hemocyanin (KLH) from Megathura crenulata which 

is recognized by the immune system of the rabbit. The specificity of the cellular and humoral 

response is triggered by the peptide, as KLH is not related to mammals no or only weak back-

ground is expected. The pre-activated KLH was supplied with Sulfo-SMCC, a heterobifunc-

tional cross-linker that allows binding to the sulfhydryl - containing group of the N - terminal 

cystein. 
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The supplied mcKLH tubes were filled with 200 µl Millipore water, closed and inverted sev-

eral times. Then 2 mg peptide was resuspended in 350 µl conjugation buffer and added di-

rectly to the mcKLH tube to a total volume of 550 µl. In a next step the filled tube was incu-

bated for 2 hours at room temperature. Meanwhile the mcKLH column was prepared and 

washed with 20 ml freshly made purification buffer. After draining the 550 µl peptide-

mcKLH mix was pipetted to the centre of the column. Then 5 ml purification buffer were 

added and the eluate collected in 500 µl aliquots. The eluates were analyzed through measur-

ing the absorption at 280 nm. All the fractions containing peptides were pooled, aliquoted in 

500 µl aliquots, frozen in liquid nitrogen and stored at -80 °C. 

5.2.1.3 Injection of activated peptides into rabbits 

Before injecting, the rabbit sera were tested in western blot showing no unspecific signal at 

the size of FGD1/Fgd1 and GFP - tagged FGD1/Fgd1. Then two different animals were se-

lected to inject the carefully mixed solution of 500 µl coupled peptide in 500 µl Titermax 

Gold adjuvant. After four weeks the first boost with incomplete adjuvant instead of Titermax 

was performed. In total six boosts were done at intervals of three weeks. Always two weeks 

after each injection 1 ml blood was taken for testing in western blot. 

5.2.1.4 Testing serum 

For the western blot analysis serum was isolated from whole blood samples by incubating 1 h 

at 37 °C, followed by a centrifugation step at 300 rpm for 10 min. Cell lysates of HEK 293 

cells transfected with untagged FGD1 and GFP tagged FGD1, and cell lysates of SaOs2 cells, 

expressing endogenous FGD1, were tested positively in different dilutions.  

5.2.1.5 Preparation of affinity purification column 

Since FGD1/Fgd1-peptides had to be stored for several months during the immunisation 

process a small lyophilized sample was tested for oxidative state by mass spectrometry. As all 

two peptides were in a reduced state, a reduction of sulfanyl groups was not necessary. In 

order to bind each peptide to a separate column, 2 mg of each peptide was dissolved in 3 ml 

AB - coupling buffer. Meanwhile each column was packed (PE disc and the SulfoLink cou-

pling resin) and equilibrated with 8 ml AB-coupling buffer. The peptide solution was applied 

to the column, which then was closed and rotated for 30 min at room temperature. After an 
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incubation of 60 min at room temperature, the column was opened and drained, following a 

washing step with 6 ml coupling buffer. To block free binding sites of the column matrix, 

15.8 mg cysteine - HCL was dissolved in 2 ml coupling buffer and applied to the closed col-

umn. Then the column was rotated for 15 min and incubated for additional 30 min, both at 

room temperature. After intensive washing with 12 ml AB - wash buffer, the column was re-

equilibrated with AB - running buffer and filled with the same buffer. To stabilize the column 

matrix, a small PE disc was carefully pushed 1 mm deep into the gel bed. The closed column 

was stored in the fridge. 

5.2.1.6 Affinity purification of rabbit serum 

The column was opened and the AB - running buffer let run out. While the column was 

washed with 6 ml running buffer, 2.25 ml serum was diluted with the same amount of running 

buffer. 1.5ml of the mix was applied to the column. When the whole volume entered the col-

umn bed the PE disc was washed with 0.2 ml AB - running buffer, closed, additional 0.5 ml 

AB - running buffer added and incubated 1 h at room temperature. Past to washing with 12 ml 

AB - running buffer the antibody was eluted with 8 ml AB - elution buffer in aliquots of 500 

µl. To neutralize the solution all tubes were prefilled with 25 µl 2 M Tris pH 8. Then the 

whole process was repeated three times starting with the 6 ml washing, until the remaining 

3.75 ml serum mix was completely added to the column. The column was stored in AB-

running buffer at 4 °C. The first 10 fractions of each elution step were analyzed through ab-

sorption measurement at 280nm. The highest antibody concentrations were around fraction 3 

to 6. These samples were pooled and concentration measured: Serum of peptide 1 had a con-

centration of 0.8 mg/ml, Serum of peptide 3 had a concentration of 0.2 mg/ml. To stabilize 

and conserve the affinity purified antibody BSA was added to a final concentration of 1 % 

(w/v) and NaN3 to 0.05 % (w/v). After aliquoting in 1 ml aliquots the antibody solution was 

shock-frozen in liquid nitrogen and stored together with the remaining serum at -80 °C. For 

histology serum 1 and 3, and also purified antibodies of peptide 1 and 3 were used. Western 

blot and immunoprecipitation was done with affinity purified antibody of peptide 1. 

5.2.2 Generation of cell lysates 

Cells were cultured in a 10 cm dish until a confluence of 80 – 90 % was reached. In the cold 

room medium was discarded and cells washed twice with ice-cold PBS. Then PBS was dis-

carded and 1 ml pre-cooled RIPA - buffer added. After incubation of several minutes cells 
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were harvested with a cell scraper and homogenized by pipetting up and down through a 0.9 

mm needle. Cell lysates were immediately frozen at -20 °C. For cell lysates of ES - cells 

Feeder were separated; ES-cells were pelleted, resuspended in RIPA and homogenized 

through a 0.9 mm needle. 

5.2.3 Immunoprecipitation 

In the cold room 500 µl of the desired cell lysate was incubated with 5 µl of Fgd1 antibody 

(Pep1) for 2 h on a rotator. Then 20 µl A/G-beads were added and rotated overnight. The next 

day three washing steps with ice-cold triton buffer were performed (5 min, 800 g) and re-

solved beads with 4 x SDS loading buffer. Before loading to the SDS - gel beads were boiled 

10 min at 99 °C. 

5.2.4 SDS-PAGE 

For SDS - PAGE the BioRad Mini - Protean system was used. To analyze endogenous 

FGD1/Fgd1 with a size of 130 kDa and GFP - tagged FGD1 with a size of 150 kDa usually 6 

% or 8 % SDS gels were made. The Resolving gel was composed of: 6 %/8 % acrylamide, 

375 mM Tris-HCl pH 8.8, 0.1 % SDS, 0.1 % APS and 8 µl TEMED filled up to 10 ml with 

ddH2O. As stacking gel always 5 % acrylamide, 375 mM Tris-HCl pH 6.8, 0.1 % SDS, 0.1 % 

APS and 8 µl TEMED filled up to 10 ml with ddH2O. Usually, 20 µl reduced, 10 min boiled 

samples were used to load the gel, which was run with 50 mA per Gel. 

5.2.5 SDS staining and destaining 

If the gel was used to quantify the input of immunoprecipitation it was stained with 

Coomassie blue staining solution through heating 30 sec in the microwave and incubation of 

15 min on a shaker at room temperature. Then solution was changed to destaining solution 

and incubated overnight. Next day gel was recovered in distilled water and scanned. 

5.2.6 Electroblotting 

To check protein levels quantitatively the proteins in the SDS-gel were transferred to a PVDF 

membrane. The BioRad system was used to perform the wet blotting in a sandwich of fiber 

pads, Whatman paper and the SDS - gel with the PVDF membrane. Usually, it was blotted 
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with 400 mA for 1.5 – 2 h cooled in the cold room. The protein ladder was marked with a 

forceps and washed in TBS - T before continuing with the western blot. 

5.2.7 Western blot 

After electroblotting the membrane was washed once with TBS - T and then blocked with 

blocking solution for 1 h. Afterwards the primary antibody diluted in blocking solution was 

added and incubated on a shaker in the cold room overnight. The next day the membrane was 

washed three times with TBS - T and incubated with the secondary antibody for 1 h on a 

shaker at room temperature. After again three times washing with TBS - T the membrane was 

incubated with Lumina Classico/Forte and analyzed with ImageQuant. Some membranes 

were also analyzed with a photo developing machine. 
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5.3 Cell biological methods 

5.3.1 Sarkoma cell culture 

All sarcoma cell lines (HT1080, RD and SaOs2) were cultured in 10 cm dishes with DMEM 

medium containing 10 % FCS and Pen / Strep. When cells reached sub-confluency after 1 to 

3 days they were trypsinized and passaged in a ratio of 1:7 to 1:10. 

5.3.2 Transient cell transfections 

Cells that should be transfected were plated in 6 or 12 well dishes having single cells on the 

day of transfection. One hour before transfection medium was changed. Meanwhile 1 to 2 µg 

DNA was dissolved in 100 µl medium (w/o any supplement) and carefully vortexted. After 

adding 3 µl Fugene HD transfection reagents and snapping against the Eppendorf tube, the 

mix was incubated for 15 to 30 min at room temperature and added dropwise to the cells. Two 

days after transfection medium was changed and transfection efficiency checked if the desired 

protein was GFP tagged. Cells were directly lysed and the cell lysate used for SDS-PAGE and 

western blot. 

5.3.3 Lentivirus production 

At the first day 15 cm culture dishes were coated with 10 ml Poly-L-Lysine for 15 min at 

room temperature, seeded with 293T cells and incubated until confluency. One confluent 15 

cm dish was passaged to four new pre-coated 15 cm culture dishes and incubated for one 

more night. Next day, transfection mix with 126 µg pLL3.7 shRNA, 63 µg pMD2.G envelope 

plasmid and 90 µg psPAX2 packaging plasmid was pipetted in a 15 ml falcon to a final vol-

ume of 4.7ml. Then 466 µl 2.5 M CaCl2 was added and vortexed. While vortexing 4.7 ml 2 x 

BBS was added dropwise, subsequently inverted seven times and incubated for 12 min at 

room temperature. To each 15 cm culture dish 2.25 ml transfection mix was added dropwise 

and cells incubated overnight in an incubator at 37 °C and 3 % CO2. Early next morning me-

dium was changed to 16 ml new DMEM and cells put into a normal incubator with 37 °C and 

10 % CO2 overnight. Next day virus containing media were collected, filtered (0.45 µm) and 

centrifuged for 2 h with 50000 g at 17 °C. Supernatant was completely discarded and both 

pellets resolved in 40 µl HBSS resulting in 80 µl virus suspension. Fresh medium was added 
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to the HEK293T cells in the 15 cm dishes to harvest again next day. Virus is stored at -80 °C 

until transduction.  

5.3.4 Transduction of HT1080, RD and SaOS2 cells 

Similar to the transient transfection cells were seeded one day before transduction in 6 - well 

dishes achieving single cells on the day of transduction. At the day of transduction medium 

was changed. In S2 lab virus particles were thawn and 8 µl of each virus was pipetteted to the 

cells. After incubation over night cells were washed twice with the corresponding culture me-

dium and put in the S1 incubator for regular culture and further experiments. Depending on 

the fluorescence control transduction efficiency was checked in microscope and by flow cy-

tometry.  

5.3.5 Handling of embryonic stem cells 

5.3.5.1 Embryonic stem cell (ESC) culture and selection 

The R1 ES - cell line is feeder dependent. Therefore, these ES - cells always had to grow on a 

cell layer of mitotically inactivated mouse embryonic fibroblasts (MEF), also called Feeder. 

Always one day before taking R1 in culture, feeder cells were seeded in a density of 80 – 90 

%. The next day ESC were quickly thawn at 37 °C, washed with ES medium and centrifuged 

for 5 min at 500 g. The ESC resuspended in ES medium was added on the layer of subconflu-

ent feeder cells. Medium had to be changed every day and 2 h before trypsinization. As ES-

cells will start differentiating if grown to dense or longer then 2 - 3 days in the same culture 

dish they had to be passaged every other day (1:5 to 1:7). After electroporation ES-cells were 

selected through adding permanently G418 to ES medium (500 µg/ml). After 1 to 2 days 

negative cells died. 

5.3.5.2 Separation ESC from Feeder-cells by replating 

In this method the trypsinized ES/feeder suspension was plated on a cell culture dish and in-

cubated for 30 to 45 min in the incubator. Meanwhile most of MEF cells adhered to the sur-

face but only fewest ESC. The supernatant containing mostly ES - cells was transferred to a 

new cell culture dish. This step was repeated several times to remove most of the feeder cells. 
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5.3.5.3 Separation ESC from Feeder-cells by histopaque gradient 

Histopaque 1119 was diluted with RPMI-1640 to final concentrations of 60 %, 40 % and 20 

%. Then a discontinuous density gradient was performed in a 15 ml falcon carefully layering 

the gradient from bottom to the top: 1 ml 100 %, 1 ml 60 %, 0.5 ml 40 % and 0.5 ml 20 %. 

The trypsinized ES/feeder suspension of one 6 - well was resolved in 250 µl RPMI-1640 and 

pipetted up and down with a syringe. Immediately the cells were carefully loaded on top of 

the gradient and centrifuged 20 min, 400 g. Two cell layers were seen, ES - cells between 100 

% and 60 %, MEF between 40 % and 20 %. Feeders and ES - cells were washed with RPMI-

1640 to remove Histopaque 1119. Then ES - cells were plated on gelatine or RNA of both cell 

types was isolated for qPCR. 

5.3.5.4 Freezing of ESC clones 

Embryonic stem cells were washed, trypsinized, trypsin inactivated and centrifuged. The pel-

leted cells were resuspended in freezing medium and frozen slowly in a Cryo Freezing Con-

tainer. During the generation of a knock out mouse several hundred ESC clones were picked 

and had to be frozen with a quicker protocol. The ES - cells were cultured in 24 - well plates. 

Medium was aspirated and cells washed with 2 ml PBS immediately. To each well three 

drops of a 5 ml plastic pipette (~120µl) trypsin was added and incubated at 37 °C for 5 min. 

Then 0.5 ml ice-cold freezing medium was added and the cells resuspended before 0.5 ml was 

transferred to a box in dry ice. Immediately the full box was stored at -80 °C until positive 

tested clones were thawn again. For further DNA isolation the 24 - well plate was filled with 

ES (G418) medium and incubated overnight. Next day medium was changed and cells cul-

tured until medium turned yellow. 

5.3.5.5 Cell preparation and ESC-electroporation 

Embryonic stem cells were washed twice with PBS and trypsinized 5 min at 37 °C. Cells 

were resuspended in 10 ml ES medium. 50 µl of the cell suspension was counted in a Bürkner 

counting chamber. Meanwhile cells were pelleted 5 min at 500 g and washed twice with PBS. 

Afterwards the supernatant was discarded and 7
104 ⋅ cells resuspended in 700 µl PBS / DNA 

solution. ES-cell / DNA solution was transferred in an electro-cuvette and electroporated with 

a setting of 0.8 kV and 3 µF at room temperature. Cells were carefully sucked out of the cu-

vette, resuspended in 8 ml ES medium and divided to eight 10 cm dishes, which then were 
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filled to a final volume of 8 ml and incubated in the incubator. After one day G418 selection 

was started. 

5.3.5.6 Picking G418-restistent ESC clones 

One day before picking G418 resistant clones 24 - well culture dishes were seeded with feeder 

cells. At the day of picking, each well of a sterile 96well plate was filled with 150 µl trypsin / 

EDTA solution and stored at 37 °C. With a 20 µl pipette resistant G418 ES clones were 

picked. The tip was put close to an ESC colony which was removed from the feeder cell layer 

with a short scratch, sucked and transferred to trypsin - EDTA filled microtiter plate. After 24 

colonies were transferred all wells were checked if they contain colonies. Cells were incu-

bated for 5 min in the incubator at 37 °C, resuspended with 150 µl ES medium and transferred 

to the 24 - well plate containing feeder and 1 ml ES (G418) medium. The well in the micro-

titer plate was washed with additional 150 µl ES (G418) medium which was also transferred 

to the 24 - well plate. These steps were repeated over several days until 500 to 600 clones 

were picked. At the day after picking medium was changed. When the medium turned yellow 

cells were frozen and remaining cells cultured for DNA isolation. 

5.3.5.7 Injection of positive tested ESC clones 

Positive ESC clones were taken in culture to one well in a 6 - well dish checking viability. 

After two days cells were trypsinized and frozen to four cryogenic storage vials. One of these 

tubes was taken in culture one day before injection. Before injection cells were trypsinized 

and resolved in ES medium. Then the injection was performed at the Core Facility of the 

Max-Planck institute of Biochemistry. 

5.3.5.8 Feeder preparation 

Mouse embryos at 14.5 expressing a neomycin resistance gene were isolated and transferred 

to a 10 cm petri dish filled with PBS. Head was cut off and the remnants were transferred to a 

new PBS filled petri dish. Then bellies were opened and intestine, liver, kidneys, and spleen 

were removed with forceps. The remaining material was transferred to a new 10 cm petri dish 

filled with PBS. Embryos were cut into small pieces and incubated with trypsin/EDTA (1 

ml/embryo) for 10 min at 37 °C. Tissue pieces were broken with a 5 ml pipette and incubated 

10 min at 37 °C. Then tissue pieces were broken with a 2 ml pipette and 4 ml feeder medium 
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per embryo added and transferred to a 10 cm cell culture dish. If no infection occurred cells 

were washed, trypsinized and transferred to a big tissue - culture flask. When cells reached 

nearly full confluency they were cultured for additional three days before freezing. Of one 

225 cm2 tissue-culture flask five cry tubes were frozen. Tissue - culture flasks were filled with 

medium to repeat culturing and freezing. The frozen tubes were γ-irradiation with 40 gray to 

mitotically inactivate feeder cells. Irradiated feeders were tested for cell number, viability and 

sterility, as well as proliferation deficiency. 

5.3.6 Isolation of bone marrow progenitor cells and maturation to dendritic 

cells (DC) 

At day 0 femurs were isolated from 4 - 12 weeks old female mice, surrounding tissue re-

moved by rubbing with Kleenex tissue and washed 60 sec in 70 % ethanol. Under sterile 

bench conditions femurs were cut on both sides with sterile scissors and bone marrow was 

flushed with cooled PBS. The flow through was pipetted up and down several times to get a 

cell suspension. This suspension was filtered through a cell strainer with a pore size of 70 

microm and centrifuged 5 min at 400 g. After washing twice with PBS, cells were resus-

pended in R10 medium and counted. Then 6
102 ⋅  cells per 10cm bacterial dish (uncoated) 

were seeded and incubated for three days. At this day 10 ml fresh R10 medium was added and 

cells again incubated for three additional days. At day six carefully half of the medium (10 

ml) was removed, same amount fresh R10 medium added and incubated for two more days. 

At day eight cells were trypsinized, resuspended in maturation medium (as control in R10) 

and put to 6 cm cell culture dishes until day 10 RNA was isolated.  

5.3.7  EB – formation assay 

One day before the experiment a 10 cm dish was seeded with feeder cells in sub-confluent 

density. The next day ES - cells were rapidly thawn at 37 °C, resuspended in 10 ml ES me-

dium, spun down for 5 min at 300 g and after sucking off the medium resuspended in 10 ml of 

fresh ES medium. Then the ES - cells were seeded ontop of the feeder cell layer and grown 

until reaching a confluence of 70 to 80 %. Then cells were washed twice with 10 ml pre-

warmed PBS and 3 ml 0.25 %Trypsin / 0.53 mM EDTA was added for 2 to 3 min at room 

temperature. Trypsin was inactivated by adding 6 ml feeder medium when ES-cell colonies 

started to separate from feeder cells. Two replaiting steps were performed having only very 
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few feeder cells in the cell suspension. After repeated pipetting with a 5 ml plastic pipette, the 

cell suspension was collected in a 15 ml falcon. During incubation of 10 min at room tem-

perature ES - cell aggregates settled down by gravity. The medium containing most of the 

feeder cells and single ES - cells was discarded. The pellet, which contained the ES - cell 

clusters, was resuspended in 2 ml EB medium. As the cells were tightly attached to each other 

the ES clusters had to be broken. For this purpose sterilized Pasteur pipettes drawn with a 

small diameter were made and autoclaved. With this Pasteur pipettes cells were pipetted up 

and down until all clusters display a suitable size of three to four cells. A small amount was 

pipetted into a cell counting chamber to measure the concentration of EB precursors. After 

dilution the precursors to a concentration of 3
101⋅  / ml one millilitre was transferred to a bac-

terial petri dish containing 9 ml EB medium which initiated the EB differentiation. The EB 

precursors were then cultured for three days without changing medium or any agitation. After 

addition three days, an outer layer of primitive endoderm (PE) cells and a basal membrane 

(BM) could be distinguished in many of the aggregates by phase - contrast microscopy. At 

this stage cell aggregates are termed simple EBs. On the third day of differentiation the tissue 

culture dish was tilted for 10 min to allow cell aggregates to settle by gravity. Three to four 

volumes of medium were carefully removed and replaced with 10 ml of fresh EB medium. 

The cell aggregates were cultured for another four days. The medium was changed every sec-

ond day. At the 7th day of differentiation, a high percentage of simple EBs had developed an 

inner layer of columnar epithelial cells (epiblast or primitive ectoderm) and a fluid - filled 

cavity. At this stage cells were fixed and embedded in cryomatrix.  

5.3.8  Proliferation assay 

5.3.8.1 BrdU incorporation 

To measure a time curve of 0 h, 2 h, 4 h 6h and 16h, five different 10 cm dishes were seeded 

with cells and incubated until a confluence of approx. 60 % was reached. The negative control 

with 0 h was directly trypsinized, centrifuged 10 min at 300 g and supernatant discarded. The 

cell pellet was vortexed, dropwise 70 % ethanol added (~100 µl) and stored at -20 °C until all 

samples were ready for antibody staining. In parallel BrdU was added to the remaining four 

10 cm dishes to a final concentration of 10 µM and incubated for the defined time point. Then 

cells were trypsinized, centrifuged and resuspended vortexing in 70 % ethanol followed by 

storage at -20 °C.  
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5.3.8.2 BrdU antibody staining, PI incorporation and flow cytometry 

analysis 

Cells that incorporated BrdU were thawn and incubated for 20 min at room temperature. After 

washing with 1 ml wash buffer cells were pelleted 5 min at 500 g and supernatant discarded. 

The pellet then was resuspended in denaturing solution and incubated for 20 min at room 

temperature. After an additional wash step with 1 ml wash buffer the pellet was resuspended 

in 0.5 ml 0.1 M sodium borate, pH 8.5 to neutralize any residual acid. Following an incuba-

tion of 2 min at room temperature again a wash step was performed. The primary antibody 

(BrdU-FITC) was diluted 1:100 in dilution buffer in a final volume of 50 µl. After incubation 

of 20 min at room temperature cells were washed and after the last wash step resuspended in 

200 µl washing solution containing 1 mg / ml propodium iodide (PI). Samples were measured 

on FACS Calibur Flow Cytometer and analyzed with Cyflogic and SigmaPlot. 

5.3.9  Attachment assay 

To study the interaction of cells with extracellular matrix proteins several adhesion assays 

were performed. For this purpose a 96 - well plate was coated in triplicates with 100 µl of one 

integrin dependent matrix protein (collagen type I, fibronectin, laminin and vitronectin) in 

different concentrations diluted in water (4 µg, 2 µg, 1 µg, 0.5 µg, 0.25 µg, 0.125 µg, 0.0625 

µg) and incubated at 4 °C overnight. The next day the solution was discarded and each well 

blocked with 100 µl blocking solution for 3 hours at room temperature or overnight at 4 °C. 

After discarding blocking solution 5
102 ⋅  cells in 100 µl medium were seeded and incubated 

for 40 min at 37 °C. Then medium was discarded, adherent cells washed with PBS and fixed 

with 70 % ethanol for 10 min at room temperature. Final steps were staining with staining 

solution for 25 min, washing with water until background colour is gone and incubate with 50 

µl destaining solution until crystal violet was in solution. Afterwards the absorbance was 

measured at 595 nm with a 96 - well reader. For the calculation of regression curves (hyper-

bolic or sigmoid) and further analysis the SigmaPlot software was used. Since the extracellu-

lar matrix proteins function as substrates bound by integrin receptors on the cell surface I fol-

lowed the common analysis for attachment assays (Asthagiri et al. 1999; Murillo et al. 2008). 

The attachment data were fit to a Langmuir single-site model described 

by )/(
max cac

CKCAA +⋅= , where A is the amount of attached cells, Cc is the coating concen-

tration, Amax is the cell attachment at saturation, and Ka is the coating concentration required 
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to achieve half-maximal attachment. The affinity is calculated from the reciprocal Ka, there-

fore lower Ka values describe higher affinity. Affinity values of wild type and knock down 

pairs, as well as for comparison between substrates and cell lines were used in percentage 

comparison. As in all experiments the same cell numbers are seeded, theoretically Amax 

should always show the same absorption values at 595 nm. However, if the binding of the 

cells is weakened, they can not or only loosely bind to the substrate. Hence, cells are washed 

away resulting in a reduced maximal cell attachment Amax. 
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5.4 Histological methods 

5.4.1 Specimen fixation, embedding and cutting 

Organs removed from different aged mice were isolated and incubated in 4 % PFA overnight 

at 4 °C. The next day samples were washed twice 3 min in PBS. If organs were embedded in 

paraffin they were put into a histology cassette and dehydrated through an alcohol series: 70 

%, 80 %, 90 %, and twice 100 % (one hour each) and twice in Roti-Histol for 15 min. After-

wards they were incubated in three succeeded pre-warmed paraffin solutions (56 °C) (solution 

one and two 1 h and in solution three overnight). The final embedding was done with the His-

tostat and paraffin blocks stored at 4 °C until cutting. Sections were cut 8 µm with a micro-

tome. Organs for cryotome were stabilized with 30 % sucrose overnight at 4 °C. The next day 

the organs were put in suitable cryomolds filled with tissue tag. Then they were cooled on top 

of a dry ice cooled cooper plate. Cryo blocks were stored at -80 °C until they were cut with 

the cryotome. For the in situ analysis of embryo and organ sections the method described by 

Basyuk et. al. was used (Basyuk et al. 2000). Organs were directly snap-frozen with isopen-

tene and cryo cut. The sections were fixed with 4% PFA pH 9.5 for 60 min at room tempera-

ture and washed twice with PBS pH 9.5 for 3 min before the further pre-treatment for in situ 

hybridization. 

5.4.2 Immunofluorescence (IF) 

For immunofluorescence staining only cryo sections were used. These sections were washed 

twice 3 min in PBS and then blocked for 60 min in blocking solution (humid chamber, paper 

soaked in PBS). Then different antibodies were dissolved in blocking solution and put on sec-

tions overnight. The next day sections were incubated with secondary anti - rabbit Cy3 

(1:1000 in PBS) for 1 h in humid chamber. After washing twice 3 min with PBS sections 

were incubated with Phalloidin 488 (1:400 in PBS) for 1 h in humid chamber followed by 

twice 3 min washing with PBS. Then 5 min DAPI incubation was performed and again twice 

3 min washing. Sections were mounted in Elvanol. 

5.4.3 Immunhistochemistry (IHC) 

Paraffin sections had to be deparaffinised twice in fresh Roti-Histol for 5 min and rehydrated 

in a descending ethanol series: 100 %, 90 %, 80 %, 70 % and last Millipore water each for 30 
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sec and incubated twice 3min in PBS. Cryo directly incubated twice 3 min in PBS. Then the 

endogenous peroxidase activity was blocked through incubation for 20 min at room tempera-

ture in peroxidase blocking solution followed by washing twice 3 min with PBS. A humid 

chamber filled with paper soaked in PBS was used to incubate the sections 1 h in blocking 

solution. Afterwards the primary antibody was diluted in blocking solution and added to the 

sections in the humid chamber incubating overnight at 4 °C. Next day sections were washed 

twice with PBS and incubated 1h in the humid chamber with secondary antibody from the 

Vectastain ABC kit. After three times washing with PBS the sections were incubated with the 

Vectastain kit ABC avidin and biotynilated enzyme for 30 min at room temperature and af-

terwards 7 min DAB staining in the dark. Then a washing step with distilled water was done 

and sections incubated 10 – 20 sec. in 1:5 diluted Mayer solution followed by dehydration (3 

min 95 % ethanol, 3 min 100 % ethanol and 2 x 5 min Roti-Histol). Sections were mounted in 

Roti-Histokit. 

5.4.4 In-situ hybridisation 

5.4.4.1 Pretreatment 

Sections were permeabilized for 20 min in 1 % Triton solution at room temperature. After 

three times 5 min washing with PBS (DEPC) at room temperature slides were incubated for 

15 min in in situ solution I. 

5.4.4.2 Hybridization 

The DIG-labelled probes were thawn on ice. For each section 30 µl probe / Hybmix is needed.  

Hybmix was thawn and incubated at 80 °C for 5 min. To 100 µl Hybmix 2 µl probe was 

added and incubated 3 min at 80 °C. Then 30 µl mix was added to each section and slides 

were put on heating plate (95 °C) for 2 min followed by covering the sections with small 

pieces of parafilm. Slides were put into a humid chamber filled with paper soaked in in situ 

solution I and incubated at 55 °C overnight in a water bath. 

5.4.4.3 Post hybridization washing 

The parafilm on the sections were carefully removed through putting slides into a coupling jar 

filled with pre-warmed (55 °C) in situ solution II and incubated for 30 min at 55°C in in situ 

solution II. Then slides were incubated twice 30 min in in situ solution III at 55 °C. After 5 
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min incubation in in situ solution III at room temperature slides were washed three times with 

PBS (DEPC) followed by blocking with blocking solution (DEPC) for 30 min at room tem-

perature in a humid chamber filled with paper soaked in PBS (DEPC). After removing the 

Blocking solution (DEPC) 30 µl anti - Digoxigenin - AP diluted 1:500 in blocking solution 

was added to each section and incubated for 1 h at room temperature followed by washing 

three times 10 min in PBS (DEPC). Then slides were put in a coupling jar filled with DIG III 

buffer for 10 min at room temperature and covered with staining solution and incubated in the 

humid chamber until colour reaction was ready (purple / brownish signal). Immediately, reac-

tion was stopped through putting slides into a coupling jar filled with 0.1 % Triton-X 100 for 

5 min at room temperature. Then slides were washed three times in distilled water and 

mounted with Roti-Mount Aqua. 
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5.5 Surgical procedure and subsequent treatment 

5.5.1 Operative procedure: oblique retinacular ligament reconstruction 

(ORL / Littler II) 

To correct the swan neck deformity present in the Aarskog-Scott patient the procedure estab-

lished by Littler which reconstructs the ligamentum retinaculare obliquum (ORL/ Littler II) 

was used. For this method the finger was opened at the ulnar side from the metacarpopha-

langeal joint (MCP) to the distal interphalangeal joint (DIP). Then the ulnar tractus lateralis 

(TL) was cut at the height of the finger base joint directly at the border to the musculus in-

terosseus (IO). The TL was dissected until the DIP where it stayed tanged. Afterwards the TL 

is moved proximal palmar of the Clelent ligament (CL) and through the ligamentum retinacu-

lare transversum (LRT) towards the A2 anular ligament where it was engineered and fixed 

 

Figure 5-1 Littler tenodesis II – reconstruction of the oblique retinaculare obliquum (ORL) 

(Up) Finger with swan neck deformity (hyperextension in proximal interphalangeal joint (PIP) and flexion in 

distal interphalangeal joint (DIP)) were opened at the ulnar side and tractus lateralis (TL) (red) cut at the border 

to the musculus interosseus (IO). (Down) After dissection until the DIP TL was moved proximal palmar of the 

Cleland ligament (CL) and trough the ligamentum retinaculare transversum (LRT) to the A2 anular ligament 

where it was fixed with itself. A2, A2 anular ligament; TL, tractus lateralis (red) ; LRT, ligamentum retinaculare 

transversum; CL, Cleland ligament; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint. 

(Adapted from (Borisch et al. 2010)) 
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with itself in the required proximal interphalangeal joint flexion of ~30° and tension. Because 

of the new TL course and function it recovered the function of the ORL. To stabilize the fin-

ger structures and fix DIP in ~5° hyperextension and PIP in ~30° flexion Kirschner wires 

were used. At the end the wound at the ulnar side of the finger was closed. 

5.5.2 Subsequent treatment 

Kirschner wires were removed in an out-patient surgical procedure three to five weeks after 

the medical intervention. Despite the fixation, the new designed TL structure had to be con-

served by a Stack’s splint for additional four weeks. At this time point occupational therapy 

started improving passive and active movability combined with lymph drainage and compres-

sion bandaging. To appease the stressed fingers a resting splint was worn during the night. 

The next month’s focus of occupational therapy was laid on active finger mobility supported 

by dynamic extension splints. Sensibility training combined with scar treatment (ultrasonic 

apparatus and paraffin bath) was also included. Later interosseous muscles were exercised 

through electro muscle stimulation and active training against resistance. Strength / endurance 

of the hand was improved through active exercises and training with different grips of the 

Biometrics 3000 Upper Limb Exerciser. 

5.5.3 Data acquisition and analysis 

The movement range of all finger joints (DIP, PIP, and MCP) was measured with a finger 

goniometer. As not all 6 fingers were corrected in one operation the measurement was done 6-

12-24month after the medical invention. Grip strength measurements were performed with the 

3000 system dynamometer before and after the surgical operations. The sensitivity measure-

ments were done according to the TEN test. All acquired data were compared to the reference 

values in the literature.  
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6 Abbreviations 

% Percent 

°C Degree Celsius 

µg Microgram 

µl Microliter 

AAS Aarskog-Scott syndrome 

ACK Acetate kinase 

ADHD Attention-deficit/hyperactivity disorder 

AER Apical ectodermal ridge 

Ala Alanin 

Amp Ampicillin 

APC Antigen presenting cells 

APS Ammoniumpersulfate 

AR Alizarin S red 

ASD Atrial septal defects 

AS & Ins Aortic stenosis and insufficiency 

BM Basement membrane 

bp Base pair 

BRAF v - Raf murine sarcoma viral oncogene homolog B1 

BSA Bovine serum albumin 

CA Constitutive active 

CDC42 Human cell division control protein 42 homolog 

Cdc42 Mouse cell division control protein 42 homolog 

cDNA complementary deoxyribonucleic acid 

CMT4H Charcot-Marie-Tooth disease 4H 

CoA Coarctation of aorta 

Cre Cre recombinase 

DC Dendritic cells 

DF Dark field 

DH “Dbl” - homology 

DEPC Diethylpyrocarbonate 

DIP Distal interphalangeal joint 
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DNA Deoxyribonucleic acid 

DRS Dominant Robinow syndrome 

EB Embryoid bodies 

EO Endochondral ossification 

et al.  et alii (and others) 

ER Endoplasmatic reticulum 

ESC Embryonic stem cells 

FGD1 Human Facio Genital Dysplasia protein 1 

Fgd1 Mouse Facio genital dysplasia protein 1 

FGF Fibroblast growth factors 

FYVE Fab 1, YOTB, Vac 1, and EEA1 

GAP GTPase - activating protein 

GDI Guanosine nucleotide dissociation inhibitors 

GDP Guanosine - diphosphate 

GEF Guanine nucleotide exchange factor 

GFP Green fluorescent protein 

GM Growth medium 

GPCR G protein coupled receptors 

GST Glutathione - S - transferase 

GTP Guanosine - 5' - triphosphate 

GTPase Guanosine - 5’ - triphosphate hydrolyzing enzyme 

HE Hematoxylin and eosin 

mAbp1 Mouse acting binding protein 1 

hMSC Human mesenchymal stem cells 

IO Intramembranous ossification 

IS Immune synapse 

JNK c - Jun N - terminal kinase 

Ka Dissociation constant 

kbp kilo basepair 

kDa kilo dalton 

KRAS V - Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

LB Luria-Bertani 

LPS Lipopolysaccharides 
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M Molar 

mM Millimolar 

mg Milligram 

ml Millilitres 

MCP Metacarpophalangeal joint 

MEF Mouse embryonic fibroblasts 

MHC Major histocompatibility complex 

MID1 Midline protein 1 

Mlk3 Mixed - lineage kinase 3 

MLPA Multiplex ligation – dependent probe amplification 

MTOC Microtubule - organizing center 

mRNA messenger ribonucleic acid 

NRAS Neuroblastoma RAS viral oncogene homolog 

OM Osteogenic medium  

ORL Oblique retinacular ligament 

OR Oropharynx 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PDA Patent ductus arteriosus 

PFA Paraformaldehyde 

Pfu Pyrococcus furiosus 

PH Pleckstrin homology domain 

PIP Proximal interphalangeal joint 

PKC Protein kinase C 

PMG Polymicrogyra 

Pro - rich Proline rich domain 

PS Pulmonary stenosis 

PTPN11 Tyrosine - protein phosphatase non - receptor type 11 

qPCR Quantitative polymerase chain reaction 

RAF1 Rapidly accelerated fibrosarcoma protein 1 

RAS Rat sarcoma protein 

RNA Ribonucleic acid 

rpm rounds per minute 
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RT Room temperature 

RTK Receptor tyrosine kinase 

RT-PCR Reverse transcriptase polymerase chain reaction 

RRS Recessive Robinow syndrome 

SDS Natriumdodecylsulfate 

Ser Serine 

shRNA Short hairpin ribonucleic acid 

SNP Single nucleotide polymorphism 

SOS1 Son of sevenless homolog 1 

TAE Tris - acetate- EDTA 

Taq Thermus aquaticus 

TGF Transforming growth factor 

TGN Trans Golgi Network 

TOF Tetralogy of Fallot 

TL Tractus lateralis 

TLR Toll - like receptor 

TRD Transmission ration distortion 

TRE Tracheal epithelium 

VEGF Vascular endothelial growth factor 

VK Van Kossa 

VSD Ventricular septal defect 

WNT5 Wingless - type MMTV integration site family, member 5A 
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