
Aus dem Institut für Physiologische Chemie 

Geschäftsführender Direktor: Prof. Dr. Hantschel 

des Fachbereichs Medizin der Philipps-Universität Marburg 

 

 

The Role of the Actin Regulator Cyclase-

associated Protein 2 (CAP2) for Mammalian 

Skeletal Muscle Development 

 

 

Inaugural-Dissertation  

zur Erlangung des Doktorgrades  

der gesamten Naturwissenschaften 

(Dr. rer. nat.)  

 

 

dem Fachbereich Medizin der Philipps-Universität Marburg 

vorgelegt von 

 

Lara-Jane Kepser  

aus Goch 

 

 

Marburg, 2020 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Angenommen vom Fachbereich Medizin der Philipps-Universität Marburg am:  

27.08.2020 

 

Gedruckt mit Genehmigung des Fachbereichs Medizin 

 

Dekan: Prof. Dr. Helmut Schäfer 

Referent: Prof. Dr. Marco Rust 

1. Korreferent: Prof. Dr. Thomas Worzfeld 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"All our dreams can come true, if we  

have the courage to pursue them." 

Walt Disney



I 
 

TABLE OF CONTENTS 

 

Summary          III 

Zusammenfassung        V 

1. Introduction         1 

1.1 The Actin Cytoskeleton …………………………………………… 1 

1.1.1 Actin Treadmilling and Actin-regulatory Proteins ……. 1 

1.2 Actin Dynamics in the Skeletal Muscle ………………………….. 2 

1.2.1 Switch of Actin Isoforms during Skeletal Muscle 

Development ……………………………………………………. 3 

1.2.2 Role of Actin-regulatory Proteins for Skeletal Muscle 

Development and Maintenance ..……………….…………….. 4 

1.3 Serum Response Factor Pathway ……………………………….. 5 

 1.3.1 Role during Skeletal Muscle Development ……………. 6 

1.4 Aim of the Thesis …………………………………………………... 7 

2. Summary of Publications        8 

2.1 CAP2 Deficiency delays Myofibril Actin Cytoskeleton  

Differentiation and disturbs Skeletal Muscle Architecture  

and Function …………………………………………..….…………….. 8 

2.2 Cyclase-associated Protein 2 (CAP2) controls MRTF-A  

Localization and SRF Activity in Mouse Embryonic Fibroblasts .… 12 

2.3 Description of own Contributions …………......……..…….……. 15 

 



II 
 

                                                                                             Table of Contents 

 

3. Discussion         17 

3.1 The Role of CAP2 for Skeletal Muscle Development .………… 17 

3.2 SRF Dysregulation in CAP2 mutant MEFs and how it could  

explain the Skeletal Muscle Phenotype of Mice lacking CAP2 ....... 19 

References          23 

Reprints of Original Publications      30 

CAP2 Deficiency delays Myofibril Actin Cytoskeleton  

Differentiation and disturbs Skeletal Muscle Architecture  

and Function ..………………………………………………………….. 31 

Cyclase-associated Protein 2 (CAP2) controls MRTF-A  

Localization and SRF Activity in Mouse Embryonic Fibroblasts ..... 55 

List of Abbreviations        83 

List of Academic Teachers       85 

Acknowledgements        86 

 

 

 

 

 

 



III 
 

Summary 

 

Actin is a structural protein that is a major component of the eukaryotic 

cytoskeleton. It is not only important for morphology and stability of cells, but also 

for dynamic processes such as cell migration, adhesion, growth or contraction. In 

muscle cells, the highly structured complex of myosin and actin filaments is 

essential for the coordinated contraction of muscle fibers, which ultimately 

generates muscle strength. In order to achieve this function, actin filaments have 

to build up and rebuilt dynamically during muscle development. However, the 

molecular mechanisms involved are still largely unknown. The need to elucidate 

these mechanisms arises from the finding that a large number of human 

myopathies are associated with defects in the actin cytoskeleton. Previous 

studies identified the transcription factor SRF (serum response factor) as a major 

regulator of skeletal muscle development in humans and mice. In a feedback 

mechanism, SRF is activated in an actin-dependent manner and in turn controls 

the expression of actin and actin-regulatory proteins. One of the main activators 

of SRF is MRTF (myocardin related transcription factor), which can be 

sequestered by actin monomers, thus preventing translocation and subsequent 

activation of SRF in the nucleus.  

This cumulative dissertation presents two studies that aim to elucidate the 

underlying processes of myopathies during skeletal muscle development. 

In the first publication, "CAP2 deficiency delays myofibril actin cytoskeleton 

differentiation and disturbs skeletal muscle architecture and function", we 

identified a previously unknown function for the actin-regulatory protein CAP2 

(cyclase-associated protein 2) during skeletal muscle development in mammals. 

We showed that CAP2 controls the remodeling of actin filaments in developing 

skeletal muscle and is therefore essential for the differentiation of muscle fibers. 

As a consequence of CAP2 loss, mouse mutants developed structural changes 

in skeletal muscles, characterized by a frequent occurrence of ring fibers, 

internalized nuclei and disturbed mitochondrial distribution, as well as deficits in 

motor functions and moderate muscle weakness. These changes reflect 

symptoms of human myopathies. 
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              Summary 

 

In the second manuscript, "Cyclase-associated protein 2 (CAP2) controls MRTF-

A localization and SRF activity in mouse embryonic fibroblasts", we reported that 

loss of CAP2 in mouse embryonic fibroblasts lead to disturbed SRF activity. 

Specifically, we found that CAP2 controls subcellular distribution of the SRF 

trans-activator MRTF in an actin-dependent mechanism. CAP2 inactivation was 

associated with reduced nuclear MRTF levels and impaired SRF-mediated gene 

expression. This suggests that CAP2-dependent actin dynamics may also control 

SRF activity during skeletal muscle development and that dysregulation of SRF 

may cause or at least contribute to the myopathy in CAP2 mutant mice.  
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Zusammenfassung 

 

Das Strukturprotein Aktin stellt einen Hauptbestandteil des Zytoskeletts aller 

eukaryotischen Zellen dar. Als solches ist es nicht nur für die Morphologie und 

Stabilität von Zellen wichtig, sondern auch für dynamische Prozesse wie 

Zellmigration, Adhäsion, Wachstum oder Kontraktion. In Muskelzellen ist der 

hoch strukturierte Komplex aus Myosin- und Aktin-Filamenten essentiell für die 

koordinierte Kontraktion der Muskelfasern, welche letztendlich Muskelkraft 

erzeugen. Um diese Funktion zu bewerkstelligen, müssen Aktin-Filamente 

während der Muskelentwicklung dynamisch auf- und auch umgebaut werden. Die 

daran beteiligten molekularen Mechanismen sind allerdings noch weitestgehend 

unbekannt. Gleichzeitig existiert der Befund, dass eine Vielzahl humaner 

Muskelerkrankungen mit Defekten im Aktin-Zytoskelett assoziiert ist. Die daraus 

resultierende Notwendigkeit zur Aufklärung dieser Mechanismen bildet die 

Grundlage und das Ziel der vorliegenden Dissertation. Frühere Arbeiten anderer 

Arbeitsgruppen haben den Transkriptionsfaktor SRF (serum response factor) als 

einen wichtigen Regulator der Skelettmuskelentwicklung in Menschen und 

Mäusen identifiziert. In einem Rückkopplungsmechanismus wird SRF Aktin-

abhängig aktiviert und kontrolliert wiederum die Expression von Aktin und Aktin-

regulierenden Proteinen. Einer der Hauptaktivatoren von SRF ist MRTF 

(myocardin related transcription factor), welcher zumeist im Zytoplasma an Aktin-

Monomere gebunden werden kann, wodurch seine Translokalisation in den 

Zellkern und die Aktivierung von SRF unterbunden werden.  

Die vorliegende kumulative Dissertation präsentiert zwei Studien, die sich mit der 

Aufklärung von Prozessen beschäftigen, die Skelettmuskelentwicklungsdefekten 

zugrunde liegen. 

In der ersten Publikation „CAP2 deficiency delays myofibril actin cytoskeleton 

differentiation and disturbs skeletal muscle architecture and function” wurde für 

das Aktin-regulierende Protein CAP2 (cyclase-associated protein 2) eine bislang 

unbekannte Funktion während der Entwicklung der Skelettmuskulatur in 

Säugetieren gezeigt.  
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         Zusammenfassung 

 

Die Daten ergaben, dass CAP2 den Umbau von Aktin-Filamenten im sich 

entwickelnden Skelettmuskel kontrolliert und somit essentiell für die 

Differenzierung von Muskelfasern ist. Als Konsequenz eines CAP2-

Funktionsverlusts entwickeln Mausmutanten strukturelle Veränderungen im 

Skelettmuskel, welche durch das gehäufte Auftreten von Ringbinden, 

internalisierten Zellkernen und durch eine gestörte Mitochondrien-Verteilung 

gekennzeichnet sind. Diese gehen mit Defiziten in motorischen Funktionen und 

einer moderaten Muskelschwäche einher. Diese Veränderungen spiegeln 

Symptome humaner Muskelerkrankungen wider.  

Im zweiten Manuskript „Cyclase-associated protein 2 (CAP2) controls MRTF-A 

localization and SRF activity in mouse embryonic fibroblasts“ konnte gezeigt 

werden, dass der Verlust von CAP2 in embryonalen Maus-Fibroblasten zu einer 

gestörten SRF-Aktivität führt. Insbesondere wurde festgestellt, dass CAP2 die 

subzelluläre Verteilung des SRF-Transaktivators MRTF in einem Aktin-

abhängigen Mechanismus steuert. Die Inaktivierung von CAP2 war mit 

reduzierter MRTF-Lokalisation im Kern und einer Beeinträchtigung der SRF-

vermittelten Genexpression verbunden. Dies lässt uns vermuten, dass CAP2-

abhängige Aktin-Dynamik die SRF-Aktivität auch während der Entwicklung der 

Skelettmuskulatur kontrollieren kann und dass eine Dysregulation von SRF die 

Myopathie bei CAP2-Mutanten verursachen oder zumindest zu ihr beitragen 

kann.  
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1. Introduction 

 

1.1 The Actin Cytoskeleton 

The actin cytoskeleton consists of a complex and dynamic network of actin 

filaments (F-actin) and actin-regulatory proteins (ARPs). Together with the other 

components of the eukaryotic cytoskeleton, the microtubules and intermediate 

filaments, it regulates crucial cellular processes such as adhesion, migration, 

division, organelle transport and contraction (Stricker et al. 2009). Since actin is 

essential for cellular functioning, its amino acid sequence is highly conserved 

throughout evolution. Actin has three main isotypes (α-actin, β-actin and γ-actin) 

which show different localization pattern (Perrin and Ervasti 2010; Tondeleir et 

al. 2009). While β- and γ-actin are ubiquitously expressed, the α-actin isoforms 

are abundant in those adult muscle tissues they were initially named after: α-

skeletal muscle actin (α-SKA), α-cardiac actin (α-CAA) and α-smooth muscle 

actin (α-SMA). However, during skeletal muscle development occurs a switch in 

the expression of actin isoforms, from cytoplasmic to α-actin isoforms, that is 

crucial for proper structure and functioning of the adult muscle. To conduct all the 

different functions, the actin cytoskeleton undergoes permanent reorganization 

which requires a highly controlled regulation. Thereby, specific structures as 

stress fibers can be formed (Baum et al. 2006). An important key feature for the 

generation of these unique structures is the dynamic transition of actin itself from 

monomeric, globular actin (G-actin) to F-actin by the formation of non-covalent 

bonds as well as bundle formation by cross-linking proteins (Revenu et al. 2004). 

The assembly and disassembly of F-actin is known as actin treadmilling and is 

maintained by several ARPs.  

 

1.1.1 Actin Treadmilling and Actin-regulatory Proteins 

During the actin treadmilling mechanism, F-actin assembly and disassembly is 

maintained by ARPs. F-actin is a polar structure and can be assembled by 

addition of adenosine triphosphate (ATP)-bound G-actin at the barbed end.  
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Additionally, adenosine diphosphate (ADP)-bound actin can be dissociated from 

the pointed end (Baum et al. 2006; Pollard and Borisy 2003). The key players 

during these processes are members of the actin depolymerizing factor 

(ADF)/cofilin family, profilins and cyclase-associated proteins (CAPs). ADF, 

cofilin1 and cofilin2 are important depolymerizing factors that play a crucial role 

in F-actin disassembly by enhancing the dissociation rate of ADP-actin subunits 

from the pointed ends and by F-actin severing. While ADF and cofilin1 are 

expressed in almost all non-muscle tissues, cofilin2 is the predominant isoform in 

adult skeletal muscles (Vartiainen, et al. 2002; Thirion, et al. 2001; Ono et al. 

1994). Profilin1-4 are important regulators of F-actin assembly since they are 

thought to be important for the nucleotide exchange from ADP-to-ATP on G-actin 

and the direction of ATP-actin to the barbed ends (Baum et al. 2006). Profilin1 is 

broadly expressed in non-muscle cells, profilin2 is expressed in adult skeletal 

muscles and profilin3 and 4 expression was described mainly in the testis (Witke 

et al. 1998; Honore et al. 1993; Ohshima et al. 1989). In mammals, there are two 

CAP isoforms that are known to interact with cofilins by enhancing F-actin 

disassembly and by releasing cofilin from G-actin for further treadmilling (Ono 

2013). On the other side they have an impact on the nucleotide exchange similar 

to profilins. CAP1 is ubiquitously expressed and CAP2 is predominantly 

expressed in striated muscles and in the brain (Peche et al. 2007; Bertling et al. 

2004). 

 

1.2 Actin Dynamics in the Skeletal Muscle 

There are three major muscle types in mammals: skeletal muscles, cardiac 

muscles and smooth muscles. Here, F-actin mainly consists of skeletal muscle 

actin (α-SKA), cardiac muscle actin (α-CAA) and smooth muscle actin (α-SMA) 

respectively. Skeletal and cardiac muscles belong to the striated muscle tissues 

for which sarcomeres, the basic functional units of the muscle fiber, are 

characteristic.  
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Sarcomeres are a highly organized structure that consist of actin and myosin 

filaments which are essential for muscle contraction. Consequently, the amount 

of G-actin in adult muscles is reduced to less than 1% of the total actin (Shimizu 

and Obinata 1986) implicating that the actin cytoskeleton has to be extremely 

stable. However, during skeletal muscle development this system is less 

organized and extremely receptive for disruptions that can result in several 

diseases. 

 

1.2.1 Switch of Actin Isoforms during Skeletal Muscle Development 

Unlike the strict correlation of actin isoforms to the respective muscle tissue in 

adulthood, there is a switch in the expression of different actin isoforms that goes 

ahead with specific stages and processes during skeletal muscle development 

(see Figure S9 in Kepser et al. 2019).  

During early embryonic development (< embryonic day (E)12)  β-cytoplasmic 

actin (β-CYA) and γ-cytoplasmic actin (γ-CYA), usually known to be expressed 

in non-muscle cells, are the main isoforms expressed in undifferentiated 

myoblasts (Hanft et al. 2006; Sonnemann et al. 2006; Tondeleir et al., 2009; 

Rybakova et al. 2000). Here, the actin cytoskeleton does not yet display any kind 

of striated organization and β-CYA and γ-CYA are part of actomyosin bundles 

called stress fibers. During this time, the actin cytoskeleton is highly dynamic with 

a high amount of G-actin. When myoblasts start to fuse to myotubes during 

primary myogenesis (E12 – E14), there is a switch from β-CYA and γ-CYA to α-

SMA and α-CAA (Lloyd et al. 2004). Now, G-actin level decrease and newly 

formed F-actin starts to align and attach to so-called Z-discs through alpha-

actinin, leading to a first striated pattern. During secondary myogenesis (E14 – 

E18), myotubes grow by addition of F-actin and form myofibrils which correlates 

with a second switch from α-SMA and α-CAA to the adult isoform α-SKA (Mizuno 

et al. 2009; McHugh et al. 1991; Chal and Pourquie 2017).  
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In mice, this process is known to be maintained by ARPs of the ADF/cofilin family 

and mutations in cofilin2 have been identified as a reason for the development of 

myopathies characterized by pathological skeletal muscles and muscle 

weakness, similar to human diseases (Gurniak et al. 2014; Agrawal et al. 2012).  

 

1.2.2 Role of Actin-regulatory proteins for Skeletal Muscle Development 

and Maintenance 

ARPs that were associated with skeletal muscle development and maintenance 

in the past are members of the ADF/cofilin family. While cofilin1 seems to have a 

broader role during early myogenesis, it is absent from late postnatal and adult 

skeletal muscles (Vartiainen et al. 2002; Thirion et al. 2001; Ono et al. 1994). A 

direct role for skeletal muscle development was not described so far as cofilin1 

mutant mice died already during embryonic development (Gurniak et al. 2005). 

Nevertheless, cofilin1 was upregulated during early phases of regeneration after 

muscle injury (Thirion et al. 2001), suggesting that it may also have important 

functions during the early phases of myogenesis, as mechanisms of muscle 

regeneration are very similar to muscle developmental processes. When cofilin1 

levels decrease during late embryonic/early postnatal development in mice, 

cofilin2 expression increases drastically and remains the only member of the 

ADF/cofilin family in adulthood (Vartiainen et al. 2002; Thirion et al. 2001; Ono et 

al. 1994). Cofilin2 is a known regulator of early postnatal skeletal muscle 

development, especially when the second actin switch takes place (Gurniak et al. 

2014). Systemic cofilin2 mutants showed severe defects in skeletal muscle 

morphology during postnatal development and died around postnatal day (P)8 

(Gurniak et al 2012; Agrawal et al. 2012). Morphological changes were 

characterized by internalized nuclei, disturbed distribution of mitochondria and F-

actin aggregates; all features that were described for human myopathies as 

nemaline myopathy (Agrawal et al. 2007). Additionally, cofilin2 mutants displayed 

a delay in the second actin switch.  
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However, around birth they were indistinguishable from control littermates 

indicating again a more prominent role of cofilin2 for postnatal development.  

Even though other ARPs as ADF, profilin1 and profilin2 were also identified to be 

expressed during different phases of skeletal muscle development, there are no 

studies implicating a specific and important role during these processes so far 

(Mohri et al. 2000; Ono 2010; Ohshima et al. 1989; Abe et al. 1989; Ono et al. 

2003a; Nagaoka et al. 1996; Babcock and Rubenstein 1993; Ohshiama et al. 

1989; Witke et al. 1998; Honore et al. 1993).  

CAPs were not linked to skeletal muscle defects in the past, even though 

systemic CAP2 mutant mice showed severe defects in heart physiology (Peche 

et al. 2013; Xiong et al. 2019; Stöckigt et al. 2016). Beside enlarged hearts, 

fibrosis and dilated ventricles, CAP2 mutant hearts displayed disorganized 

myofibrils which might be a hint for a specific role during myofibrillogenesis. 

Systemic loss of CAP1 lead to embryonic lethality (Jang et al. 2019), giving no 

insight into specific functions for skeletal muscle development at all. 

 

1.3 Serum Response Factor Pathway 

Serum response factor (SRF) belongs to the MADS (MCM1, Agamous, Deficiens, 

and SRF) box superfamily of transcription factors and, with more than 200 

downstream targets, controls multiple signaling pathways (Posern and Treisman 

2006; Sun et al. 2006). SRF regulates several basic cellular processes as cell 

differentiation, apoptosis and growth as it controls the transcription of immediate 

early genes such as c-Fos (Arsenian et al. 1998). Beside this, SRF is a main 

regulator of cytoskeletal and muscle-specific genes and is accordingly an 

important player of myogenesis.  

SRF can be activated by two different families of co-activators. The first one, the 

family of myocardin-related transcriptional factors (MRTF), can activate SRF in 

an actin-dependent manner (Posern and Treisman 2006).  
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When G-actin is present abundantly in the cell, MRTF is bound and due to that 

cannot translocate to the nucleus to activate SRF (Miralles et al. 2003; Olson and 

Nordheim 2010). As actin and actin regulators are downstream of SRF, this 

pathway is able to regulate itself at the transcriptional and post-transcriptional 

level. The MRTF family comprises two isoforms, MRTF-A and MRTF-B, which 

are both expressed ubiquitously. The second family of co-activators, the ternary 

complex factors (TCF), are regulated by the Ras/extracellular signal-regulated 

kinases (ERK) signaling pathway, mainly known to be involved in tumor 

development, and compete with MRTF for the SRF DNA-binding domain 

(Gualdrini et al. 2016).  

 

1.3.1 Role during Skeletal Muscle Development 

As SRF-dependent gene regulation is crucial for embryogenesis, systemic SRF 

mutants died due to gastrulation defects (Arsenian et al. 1998), giving no direct 

insights into its role for skeletal muscle development. First results were gathered 

a few years later after analysis of mice with a skeletal muscle-specific deletion of 

SRF (Li et al. 2004).  Mutant mice were born at Medelian ratios but died 

perinatally due to severe skeletal muscle hypoplasia. When SRF was deleted in 

adult skeletal muscles, in a tamoxifen-inducible Cre mouse model, mice suffered 

from decreased muscle strength due to progressive loss of muscle mass 

(Lahoute et al. 2008). This implicates a crucial role of SRF for skeletal muscle 

differentiation and maintenance rather than early development. 

Systemic loss of MRTF-A or MRTF-B did not show any effect on skeletal muscle 

development and morphology, even though both of them are activated after 

muscle injury (Mokalled et al. 2012). Interestingly, skeletal muscle-specific double 

knockout of both, MRTF-A and MRTF-B, lead to perinatal death (Cenik et al. 

2016). Mice displayed reduced muscle fiber size and defects in sarcomere 

structure, implicating their importance for skeletal muscle differentiation and 

sarcomere formation.  
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Additionally, RNA sequencing revealed that genes known to be important for 

sarcomere formation and functioning were strongly downregulated and 

myoblasts showed reduced level of proliferation and an increased rate of 

apoptosis. Given the fact, that deletion of both, MRTF-A and MRTF-B, lead to 

such severe phenotypes in comparison to single mutations, it is likely that they 

are able to compensate for each other.  

Together, the MRTF-SRF pathway has important functions for the differentiation 

of skeletal muscles and disturbances result in severe functional defects together 

with increased lethality of mice. On the other hand, disturbances of the TCF-SRF 

pathway were not specifically linked to skeletal muscle defects before, which is 

the reasons that we focus on the MRTF-SRF pathway in this dissertation as it 

seems to be the main player in the process of skeletal muscle development. 

 

1.4 Aim of the Thesis 

Aim of the thesis was to decipher the specific role of CAP2 for skeletal muscle 

development in mice. This was done by a characterization of muscle function in 

mutant mice together with histological, biochemical and molecular analysis of 

various skeletal muscle specimen, complemented with cell biological analysis.  

Given the fact that myogenesis is similar in hearts and skeletal muscles and that 

cofilin2 and CAP2 work together during the actin treadmilling mechanism, CAP2 

might be an important player during skeletal muscle development and 

maintenance as well. Beside this, ARPs are important regulators of actin 

dynamics and changes in the expression of CAP2 might lead to dysregulated 

binding of MRTF to G-actin and consequently disruptions in SRF signaling. 
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2.1 CAP2 Deficiency delays Myofibril Actin Cytoskeleton Differentiation and 

disturbs Skeletal Muscle Architecture and Function  

CAP2 mutant mice were born at expected Mendelian ratios. To assess whether 

loss of CAP2 leads to any behavioral abnormalities in newborn mice we analyzed 

physical landmarks and developmental milestones from P2 until P18. CAP2 

mutants showed no abnormalities in the time points of eye opening and pinna 

detachment (Fig.1 A - B). Additionally, activity levels were equal to controls (Fig. 

1 C), which leads to the impression that general development is unaffected. 

However, obvious differences were seen in all tests performed to study motor 

functions. CAP2 mutants showed a long-lasting tremor and significantly 

decreased performances in surface righting, level screen, vertical screen, 

negative geotaxis and bar holding (Fig.1 D - I and Movie S1). Tests for sensory 

functions or reflexes such as cliff avoidance, auditory and tactile startle, visual 

placing, grasping reflex and forelimb placing (Fig 1. J - O) were again unaffected. 

To investigate whether motor defects were still present in older mice, we 

performed several tests such as string test, grip strength and rotarod in juvenile 

and adult animals. Again, CAP2 mutants showed impairments in the string test, 

which is similar to bar holding in the developmental milestones testing (Fig. S1 

A). Also, in the grip strength, which assesses maximal force generation of the 

animals, CAP2 mutants performed weaker, even after normalization to their 

reduced body weight (Fig. S1 B - C). Interestingly, CAP2 mutants did not display 

any defects in the rotarod or open field (Fig. S1 D - G) that we performed to 

assess motor coordination and activity. Hence, CAP2 mutants displayed specific 

defects in motor functions.  

To test whether motor function defects were associated with skeletal muscle 

defects, we performed a thorough histological analysis of skeletal muscle 

specimen. After identification of CAP2 in multiple muscles (Fig. 2 A) we found 

several structural changes in CAP2 mutant Musculus quadriceps femoris (QUAD) 

muscles.  
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Stained cross-sections revealed a 12-fold increase in internalized nuclei, altered 

mitochondrial distributions in about 22% of fibers and a huge number of so-called 

ring fibers (Fig. 2 C - F). Ring fibers are a feature of several human myopathies 

and are characterized by reorientation of several myofibers that causes a ring-

like structure in cross-sectioned myofibers (Fig. S2 B). These ring fibers can be 

nicely stained by fluorescent phalloidin, a phallotoxin that stably binds to F-actin, 

and were identified to be present in about 41% of the muscle cells in CAP2 

mutants (Fig. 2 D, F). Co-labeling with antibodies against different myosin heavy 

chain (MHC) isoforms revealed that ring fibers were restricted to MHC IIB positive 

fibers, which are commonly called Type IIB fibers (Fig. S2 E, F). Further 

histological analysis did not reveal any hints towards other pathological 

conditions such as fibrosis or inflammation (Fig. S3). The described structural 

differences were also present in Musculus tibialis anterior (TA) and Musculus 

extensor digitorum longus (EDL), but not in Musculus soleus (SOL) (Fig. 2 F, Fig. 

S5, S6). Similar to QUAD, TA and EDL muscles consist mainly of Type IIB fibers 

and are so-called fast twitch muscles. In comparison, SOL muscles contain no 

Type IIB fibers at all, which is characteristic for slow twitch muscles. Despite the 

structural differences, we did not notice any kind of atrophy or malformation of 

leg muscles compared to control littermates (Fig. 2 B, Fig. S2 A). Further, staining 

of longitudinal sections with phalloidin and desmin, a protein that is located at the 

Z-discs, showed that general sarcomere structure was intact in CAP2 mutants 

(Fig. 2 G). Additionally, these findings were supported by analysis of muscle 

fibers on the ultrastructural level by electron microscopy (EM). Here, we 

confirmed the presence of ring fibers, mitochondrial abnormalities and a normal 

sarcomere structure (Fig. 2 H - K). Taken together, histological analysis of adult 

CAP2 mutant muscles exhibited several structural changes that can explain the 

defective motor functions and are similar to phenotypes seen in human 

myopathies caused by mutations in ARPs or actin itself. 
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Further, we were interested in early postnatal development of skeletal muscles, 

as first motor function deficits were already seen during that period. CAP2 is 

known to be expressed in adult skeletal muscles, but was never investigated 

during late fetal/early postnatal development. Western Blots of  control QUAD 

muscles between E18 and P12 revealed CAP2 expression throughout 

development (Fig. 3 A). Additionally, structural changes comparable to ring fibers 

were not noted at P4, but at P8 and P12 we found a high amount of F-actin 

aggregates, ring fibers and an increased number of internalized nuclei similar to 

adults (Fig. 3 B). However, F-actin rich aggregates were no longer present at P21 

and later stages. At P8, EM revealed disturbances as myofibril disarrangement 

and changes in mitochondrial distribution (Fig. S7 B - K). Notably, structural 

changes at P8 and P12 coincided with the strongest behavioral abnormalities 

during developmental milestone testing. During this time window, an important 

step of skeletal muscle development is happening – the second actin switch.  

To test whether CAP2 has an impact on the switch of α-SMA and α-CAA to α-

SKA, similar to cofilin2, we analyzed protein level of several actin isoforms in 

QUAD tissue (Fig. 3 C). First of all, we noticed with a pan-actin antibody that total 

actin levels were increased in CAP2 mutants throughout development and in 

adulthood. This increase was caused by elevated level of α-actin isoforms, as β- 

and γ-actin level were unchanged. In controls, α-SMA and α-CAA level dropped 

during postnatal development, similar to what was reported before. In CAP2 

mutants, this drop was delayed and both isoforms were still present at P12 while 

they were already absent in age-matched control littermates. Interestingly, α-SKA 

levels were elevated throughout development in CAP2 mutant QUAD and were 

still increased in adult muscles. In contrast, mRNA levels of α-actin isoforms from 

CAP2 mutants were strongly reduced at E18 and unchanged at P4 (Fig. S8 A, 

B), indicating that the increase in protein level was not caused by elevated gene 

expression, but by delayed degradation of the proteins.  

 

 



11 
 

                                                                                       Summary of Publications 

 

To examine whether the delay in the actin switch happened due to an impaired 

exchange of actin isoforms at the thin filaments, we made a fractionation of 

muscle proteins into a soluble and insoluble fraction. F-actin belongs to the 

insoluble fraction and we investigated whether α-SMA, α-CAA and/or α-SKA were 

still present in this fraction (Fig. S8 C). Indeed, we found the majority of α-SKA in 

the insoluble fractions in both, CAP2 mutants and controls, at P12. α-SMA and 

α-CAA were no longer detectable in controls, but in CAP2 mutants substantial 

level of both were detectable in the insoluble fraction. This implicates that both 

isoforms were indeed still incorporated in the thin filaments of sarcomeres. To 

validate this finding, we stained longitudinal sections with α-SMA (Fig.  3 D). As 

expected, we found α-SMA in a striated pattern that did not co-localize with 

desmin, while in controls the α-SMA signal was restricted to blood vessels, 

suggesting that in CAP2 mutants it was still present in sarcomeric F-actin. Hence, 

we identified CAP2 as an important regulator of the second actin switch at the 

level of thin filaments. 

As innervation of skeletal muscles by motor neurons is significantly involved in 

the process of muscle contraction, defective motor functioning and structural 

deficits can also be caused due to developmental disruptions in this system. To 

check whether the described defects are caused by disruptions in the skeletal 

muscle itself or have a neurological origin, we re-expressed CAP2 in mutant 

QUAD muscles. Using a viral construct, we transduced green fluorescent protein 

(GFP)-tagged CAP2 in QUAD muscles at P0, before first structural defects were 

seen, and sacrificed the mice at P21 to check for ring fiber formation (Fig. 4 A). 

As a control, we expressed solely GFP in CAP2 mutant QUADs as well. As 

expected, ring fibers were present in GFP-CAP2-negative and in GFP-positive 

control muscle fibers, but were nearly absent in fibers that express GFP-CAP2 

(Fig. 4 B, C). Additionally, the whole muscle seems to be more structured in 

regions expressing GFP-CAP2 as the interstitial space between muscle fibers 

was reduced and fibers were arranged more accurate.  
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These findings showed that the described skeletal muscle phenotype of CAP2 

mutants is indeed skeletal muscle-specific and is not caused by disturbed 

innervation. 

Taken together, our study revealed an important role for CAP2 in skeletal muscle 

development at the time point of the second actin switch during early postnatal 

development. When myofibril differentiation was disturbed, mutants suffered from 

several structural defects that resulted in motor deficits and decreased muscle 

strength. These changes commenced during early postnatal development and 

consisted until adulthood. 

 

2.2 Cyclase-associated Protein 2 (CAP2) controls MRTF-A Localization and 

SRF Activity in Mouse Embryonic Fibroblasts 

To study whether SRF activity is somehow controlled or influenced by CAP2, we 

generated immortalized MEFs from two control and two CAP2 mutant embryos. 

We could show by immunoblots that CAP2 was expressed solely in control MEFs 

(Fig. 1 A) and by transfection with CAP2-GFP we revealed that subcellular 

localization of CAP2 is mainly restricted to the cytosol (Fig. 1 B). By investigation 

of general appearance, proliferation and morphology (Fig. 1 C - E), we excluded 

any obvious general defects upon loss of CAP2 and identified MEFs as a suitable 

tool for our experiments.  

As CAP2 is a known regulator of actin dynamics, we took a closer look at the 

actin cytoskeleton by staining the cells with phalloidin and DNase I, a marker that 

binds G-actin (Fig. 1 F - H). Quantification of fluorescence intensities revealed an 

increase in G- and F-actin level in CAP2 mutant MEFs. Interestingly, ratio of G- 

to F-actin was similar in both groups and by immunoblotting of G- and F-actin 

consisting fractions we did not see any difference as well (Fig. I - K).  Hence, 

despite the increase in G- and F-actin levels, CAP2 mutant MEFs did not show 

any abnormalities in the actin cytoskeleton.  
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However, increased level of G-actin might have an impact on MRTF localization, 

as MRTF can be bound by G-actin and consequently cannot activate SRF in the 

nucleus. To study MRTF localization and translocation in more detail we 

generated cells that stably express MRTF-A-GFP (Fig. 2 A). We categorized 

MRTF-A localization into three categories: cytosolic, nuclear and equal 

distribution. Indeed, CAP2 mutant MEFs showed a striking increase in cytosolic 

MRTF-A compared to control cells (Fig. 2 C), probably reflecting the increase in 

G-actin levels in the cytosol. While MRTF-A localization was mainly restricted to 

the cytosol in CAP2 mutants, it was mostly nuclear in controls. Additionally, we 

analyzed endogenous MRTF-A localization and found a similar localization 

pattern for both groups, excluding that viral transduction of the cells had an impact 

on MRTF-A localization (Fig. 2 B, C). Taken together, these results suggest that 

CAP2 controls MRTF-A localization via an actin-dependent mechanism as 

increased level of G-actin go ahead with an increased cytosolic MRTF-A 

localization in CAP2 mutants.  

To verify this hypothesis, we manipulated the actin cytoskeleton by specific drugs. 

As Latrunculin B (LATB) leads to an elevation of the G-actin pool and 

consequently increases the binding with MRTF, more MRTF-A should be located 

in the cytosol after treatment. Treatment with Jasplakinolide (JASP) leads to 

stabilization of F-actin that in the end results in a decrease in G-actin level and 

consequently less MRTF binding, which should result into translocation of MRTF-

A into the nucleus. Indeed, control cells showed increased cytosolic MRTF-A 

localization after LATB treatment and more nuclear MRTF-A after treatment with 

JASP (Fig. 2 D, E). Interestingly, MRTF-A localization in CAP2 mutant cells did 

not change upon LATB treatment. In contrast, JASP treatment resulted in an 

increased fraction of nuclear MRTF-A which, in the end, was similar to MRTF-A 

localization in untreated control cells. Hence, reduction of G-actin by JASP 

treatment rescued the phenotype seen in CAP2 mutants, supporting again the 

hypothesis that CAP2 controls MRTF-A localization via regulation of the actin 

cytoskeleton.  
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To identify whether CAP2 was additionally relevant for serum-induced nuclear 

translocation of MRTF, we performed live-cell imaging to quantify translocation 

performance and speed. It is known that upon serum stimulation, MRTF is 

translocated within minutes to the nucleus. After starving of MEFs for 48 h, which 

lead to an increased cytosolic localization of MRTF-A, we added fetal calf serum 

(FBS) to cells and analyzed MRTF-A translocation kinetics. To do so, we only 

examined cells that, prior to stimulation, showed only cytosolic localization of 

MRTF-A and similar fluorescence intensities. By analyzing the time MRTF-A 

needed to translocate completely to the nucleus, we revealed that there was no 

significant difference in the translocation kinetics between CAP2 mutants and 

controls (Fig. 3 A, B; Movies S1 - 2). Additionally, we investigated the distribution 

of MRTF-A under starving and after serum stimulation, similar to the previous 

experiments. As expected, control MEFs showed an increase in cytosolic MRTF-

A under starving condition compared to basal condition and a complete 

translocation to the nucleus after serum stimulation (Fig. 3 C, D). In contrast, 

MRTF-A localization under starving condition did not change in CAP2 mutant 

cells and after serum stimulation there were still cells left where MRTF-A was 

distributed equally. Hence, even though MRTF-A localization was changed upon 

loss of CAP2, the kinetics of translocation was unchanged between mutant and 

control cells. 

Next, we examined whether altered MRTF distribution in CAP2 mutants affects 

SRF activity. We generated another cell line which stably expressed an SRF 

reporter for luciferase measurements. Here, the firefly luciferase is controlled by 

three minimal c-Fos promotor sequences including serum response elements 

(SRE). In order to investigate effects coming from MRTF-A itself, this promotor is 

lacking TCF binding sites. Indeed, luciferase activity was significantly reduced in 

CAP2 mutant cells compared to controls under basal conditions (Fig. 4 A), 

implicating that MRTF-A mis-localization directly influences and reduces SRF 

activity.  
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To investigate whether reduced SRF activity can be directly linked to changes in 

SRF-dependent gene expression in CAP2 mutants, we investigated whether 

established SRF target genes were reduced as well. To do so, we performed 

qPCR with several targets as the immediate early genes cysteine-rich angiogenic 

inducer 61 (Cyr61) and c-Fos, the cytoskeletal genes actin alpha 2 (Acta2, 

encoding α-SMA) and vinculin (vcl), and SRF (Srf) itself. As a control we used 

early growth response protein 2 (Egr2), a MRTF-independent but SRF-

dependent target. As expected, mRNA levels of SRF targets and Srf itself were 

strongly downregulated in CAP2 mutants, while Egr2 levels were unchanged 

(Fig. 4 B). Hence, SRF activity and SRF-dependent gene expression is reduced 

as a consequence of changed MRTF-A localization upon loss of CAP2. 

Interestingly, similar to MRTF-A translocation kinetics, induced SRF activity upon 

serum stimulation in the luciferase assay was similar in CAP2 mutants and 

controls as well (Fig. 4 C). 

Taken together, lack of CAP2 lead to elevated level of G-actin which 

consequently resulted in an increased cytosolic MRTF-A localization that in the 

end lead to decreased MRTF-SRF-dependent gene regulation in CAP2 mutant 

MEFs. 

 

2.3 Description of own Contribution 

For the first publication “CAP2 deficiency delays myofibril actin cytoskeleton 

differentiation and disturbs skeletal muscle architecture and function” I performed 

all behavioral experiments, qPCRs, preparations of the muscle specimen, slicing, 

immunohistochemical staining, confocal microscopy and all data analysis. 

Histological staining and electron microscopy was performed in collaboration with 

A. Pagenstecher. Western Blots were done together with the MSc student F. 

Damar that I supervised. Virus production and transduction in CAP2 mutant 

QUAD was carried out by T. De Cicco in T. J. Prószyński’s laboratory. The 

manuscript was written by M. B. Rust and me.  
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For the second manuscript “Cyclase-associated protein 2 (CAP2) controls MRTF-

A localization and SRF activity in mouse embryonic fibroblasts” I performed all 

experiments and data analysis. Generation of the stable cell lines expressing 

MRTF-A and luciferase constructs was done together with L. S. Hinojosa in R. 

Grosse’s laboratory. The same applies for live-cell imaging. The manuscript was 

written by M. B. Rust and me. 
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3.1 The Role of CAP2 for Skeletal Muscle Development 

In “CAP2 deficiency delays myofibril actin cytoskeleton differentiation and 

disturbs skeletal muscle architecture and function” we revealed a new function of 

CAP2 for skeletal muscle development in mammals. We showed that CAP2 is a 

novel and important regulator of the second actin switch, where α-SMA and α-

CAA are replaced by α-SKA at the level of thin filaments during early postnatal 

development. During this phase, the actin cytoskeleton is extremely susceptible 

for disruptions and the development of myopathies. Upon loss of CAP2, mice 

develop deficits in motor functions and structural abnormalities during the early 

postnatal phase that consist until adulthood. These structural abnormalities were 

characterized by a high amount of ring fibers, an increased number of internalized 

nuclei and abnormally distributed mitochondria. However, general appearance of 

the muscle was inconspicuous as we didn’t notice any kind of atrophy and 

additionally sarcomere structure appeared completely normal. Interestingly, first 

occurrence of structural changes and behavioral deficits appeared at the same 

time as the delayed second switch of actin isoforms.  

Similar phenotypes were seen in cofilin2 mutant mice (Gurniak et al. 2014, 

Agrawal et al. 2012). Here, the second actin switch was delayed as well, but 

phenotypes were more severe as cofilin2 mutant mice died during early postnatal 

development due to defects in skeletal muscle maturation. Given the fact that the 

actin switch depends on CAP2 functioning, we propose a model in which CAP2 

and cofilin2 work together on the exchange of actin subunits at the level of thin 

filaments (Fig. S9 B). For this exchange, there needs to be a coordinated release 

of α-SMA and α-CAA from F-actin and at the same time point an incorporation of 

α-SKA. When this exchange is not working properly, thin filaments remain in an 

undifferentiated stage as they still comprise the “wrong” actin isoforms.  
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We claim that, when first excessive voluntary movements in mice start, thin 

filaments built up from α-SMA and α-CAA cannot withstand the forces of muscle 

contraction, myofibrils become disrupted and the structural changes together with 

motoric dysfunctions appear. It is known, that F-actin built up from different 

isoforms show different characteristics. F-actin consisting of α-SKA is known to 

be more stable as they show a higher resistance to heat denaturation compared 

to α-CAA-composed F-actin (Orban et al. 2008). Additionally, force generation is 

reduced in cardiac myofibrils compared to skeletal myofibrils (Linke et al. 1994).  

Another fact that supports our hypothesis is the finding, that ring fibers were 

restricted to Type IIB fibers. As these are the fast twitching fibers, they have to 

resist higher mechanical forces than Type I and Type IIA fibers (MacIntosh et al. 

2006). This was not only shown by us, but also in a publication using mice with 

mutations in α-SKA (Ravenscroft et al. 2011). Here, mutant mice showed muscle 

weakness, features of nemaline myopathy and ring fibers restricted to Type IIB 

fibers as well. 

Taken together, our data for the first time showed a critical function for CAP2 

during skeletal muscle development. Together with cofilin2, CAP2 is a critical 

regulator of actin cytoskeleton refinement during myofibril development. As 

humans and mice show many similarities in the phenotypes of myopathies 

caused by actin or ARP mutations (Ravenscroft et al. 2011, Agrawal et al. 2012, 

Crawford et al. 2002, Gurniak et al. 2014), CAP2 might also cause or contribute 

to human myopathies of unknown origin. In humans, the CAP2 gene is located in 

the chromosomal region 6p22.3 and deletion of this region were implicated with 

developmental delays, heart defects and hypotonia (Bremer et al. 2009; Di 

Benedetto et al. 2013; Celestino-Soper et al. 2012). Mutations in CAP2 might 

contribute to the described pathological conditions and additionally might be the 

reason for human myopathies as well. 
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3.2 SRF Dysregulation in CAP2 mutant MEFs and how it could explain the 

Skeletal Muscle Phenotype of Mice lacking CAP2 

In “Cyclase-associated protein 2 (CAP2) controls MRTF-A localization and SRF 

activity in mouse embryonic fibroblasts” we revealed a novel function of CAP2 as 

a regulator of SRF-dependent gene regulation in MEFs. We used fibroblasts to 

get a first hint whether SRF signaling is disturbed in CAP2 mutants because the 

impact of actin dynamics on SRF signaling was shown extensively in MEFs by 

other research groups before (Miralles et al. 2003, Sotiropoulos et al. 1999).  

Analysis of CAP2 mutant MEFs showed no obvious abnormalities in morphology, 

proliferation, growth and general organization of the actin cytoskeleton. CAP2 is 

a known regulator of actin dynamics and we could already show in Kepser et al. 

2019 that CAP2 depletion results in altered actin expression. Indeed, we found 

an increase in G- and F-actin level in CAP2 mutant MEFs. Given the fact, that 

the SRF co-activator MRTF can be bound by G-actin in the cytosol and thereby 

prevents the translocation into the nucleus and the resulting activation of SRF-

dependent gene transcription, we suggested that MRTF subcellular localization 

might be disturbed in CAP2 mutant MEFs due to the elevated level of G-actin in 

the cytosol. Studies in NIH3T3 cells already linked increased level of G-actin 

through changes of cofilin activity, another important regulator of actin dynamics 

that is known to interact directly with CAP2, to a defective localization of MRTF 

(McGee et al. 2011). Indeed, CAP2 mutant MEFs displayed an increased fraction 

of MRTF-A in the cytosol compared to control cells under basal conditions. But 

can this be explained solely by the changes in G-actin level? Nuclear import of 

MRTF is another important part of the process that is thought to be mainly actin-

dependent (Pawlowski et al. 2010). Interestingly, disturbed nuclear translocation 

can be excluded as a cause of MRTF-A mis-localization in CAP2 mutant MEFs, 

as translocation speed and the response to serum stimulation was similar 

compared to control cells.  
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Indeed, recent studies could show that nuclear import of MRTF after serum 

stimulation is not exclusively actin-dependent as Ddx19, a mRNA export factor, 

is able to change the conformation of MRTF to initiate nuclear import in an actin-

independent manner (Rajakylä et al. 2015). Additionally, after manipulation of G-

actin level by JASP, we showed that MRTF-A mis-location can be rescued. After 

treatment, MRTF-A localization was similar to control cells under basal 

conditions, implying that disturbed levels of G-actin were indeed the cause of 

altered MRTF localization similar to what was seen upon changes in cofilin level. 

These experiments revealed that CAP2 controls the subcellular localization of 

MRTF-A by regulation of G- and F-actin level in MEFs.   

Increased subcellular localization of MRTF in the cytosol is known to result in 

reduced SRF-dependent gene regulation. Recent studies already demonstrated 

that loss of CAP2 leads to downregulation of the SRF target genes Acta2 and c-

Fos in MEFs (Xiong et al. 2019). We could verify these results and additionally 

showed that Cyr61, Vcl and even Srf itself were strongly downregulated as well. 

Additionally, we included Egr2, a target gene that is SRF-dependent but MRTF-

independent. Egr2 expression was similar in CAP2 mutant cells compared to 

controls and from these findings we can suggest that mainly the MRTF part of the 

SRF pathway is disturbed in CAP2 mutant MEFs. This makes sense as CAP2 is 

a regulator of actin dynamics and activation of SRF by MRTF is an actin-

dependent mechanism.   

Another case where dysregulation of actin dynamics leads to disruptions in 

MRTF-SRF signaling in mice is the leiomodin3 (Lmod3) mouse model. Here, loss 

of Lmod3, a tropomodulin-related protein that promotes actin nucleation, caused 

a strong reduction in MRTF and resulted in the development of nemaline 

myopathy (Cenik et al. 2015). As it is known that SRF is an important regulator 

of myogenesis, the skeletal muscle phenotype seen in our CAP2 mutant mice 

might result from disturbances in the SRF pathway as well.  
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Nowadays, it is known that SRF is more important for hypertrophic growth of 

skeletal muscles than for early myogenic differentiation (Li et al. 2005), as SRF 

mutant mice die during early postnatal development due to non-functional 

skeletal muscle formation. This was exactly the time-point where phenotypes in 

our CAP2 mutants occurred. Beside this, skeletal-muscle specific deletion of 

SRF, using the human skeletal actin promotor, lead to impaired growth and a 

striking loss of muscle mass (Chavret et al. 2006). Additionally, these mice 

showed reduced level of α-SKA and contractile genes as nebulin on mRNA level.  

Taken similarities to recent publications on SRF and MRTF mutant mice into 

account, the skeletal muscle phenotype of CAP2 mutants could be caused due 

to changes in SRF-MRTF signaling after disruptions in actin dynamics similar to 

what we found in MEFs. One first step to verify this hypothesis is to evaluate the 

level of G- and F-actin and the expression of SRF downstream targets in skeletal 

muscles of CAP2 mutants. Even though Xiong and co-workers (Xiong et al. 2019) 

claimed that SRF activity is unchanged in CAP2 mutant skeletal muscles after 

preliminary experiments, a more detailed and comprehensive study is needed. 

Indeed, loss of CAP2 in heart muscles revealed an upregulation of SRF target 

genes as Acta2 which is opposite to our findings (Xiong et al. 2019). Given the 

fact, that SRF can be regulated differently in several tissues, these findings do 

not exclude a dysregulation of SRF in CAP2 mutant skeletal muscles. In Kepser 

et al. 2019 we already showed on mRNA level, that the expression of actin 

isoforms is indeed reduced even though we reported an increase on protein level. 

Additionally, delayed development of CAP2 mutant skeletal muscles together 

with changes in proliferation and an increase in G-actin level (unpublished data) 

support our hypothesis, that loss of CAP2 indeed leads to reduced SRF signaling 

in skeletal muscles. 
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If this holds true, CAP2-dependent myopathies could be linked to SRF 

dysregulation and this might give insight into new therapeutic strategies. By 

inhibition of SRF with the synthesized drug CCG-1423-8u, Xiong and co-workers 

were recently able to increase survival of cardiac muscle-specific CAP2 mutant 

animals by roughly 2 weeks (Xiong et al. 2019). These results provide a promising 

strategy for treatment of diseases caused by dysregulation of the actin 

cytoskeleton, because targeting of actin directly mostly results in cardiac toxicity.  
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