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ABSTRACT 
 

We have previously shown (Bajanca, et al. 2006) that disrupting the binding of the α6β1 integrin 

from the laminin extracellular matrix in the mouse epaxial dermomyotome using a blocking 

antibody (GoH3) causes ectopic activation of the myogenic regulatory factor Myf5. It was 

proposed that, under normal circumstances, this integrin - extracellular matrix disengagement 

activates Myf5 during myogenesis in vivo as myogenic precursor cells delaminate from the 

epaxial lip of the dermomyotome to the myotomal space. The process by which this occurs is 

still unknown. In this work, we test the hypothesis that it may be mediated by the PI3K/Akt 

pathway, previously shown to transduce α6β1 signaling (Nho, et al. 2005, Xia, et al. 2004). The 

PI3K/Akt pathway converges with canonical Wnt signaling, enabling β-catenin mobilization to 

the nucleus, where it promotes transcription. Using C2C12 myoblasts and E9.5 and E10.5 mouse 

embryo explants in conditions in which we activated or inhibited the PI3K/Akt pathway, we 

addressed whether this pathway effectively regulates Myf5 expression downstream of α6β1 

signaling. We discovered that in C2C12 cells in which we artificially activated the PI3K/Akt 

pathway, Myf5 was upregulated; in embryo explant cultures, Myf5 was not upregulated, but was 

ectopically expressed  in the dermomyotome, an effect similar to the one observed when α6β1 – 

laminin binding was blocked. Inhibition of PI3K/Akt both in C2C12 cells and in explants caused 

severe downregulation of Myf5 expression. We also discovered that PI3K/Akt inhibition 

increases proliferation in embryo explants cultures, possibly caused by a blockade of the 

myogenic program, as cells are kept in a proliferative, undifferentiated state.  

We propose that the PI3K/Akt pathway specifically transducing differentiation – promoting 

signals downstream of α6β1 integrin-ECM disengagement, which enables the onset of Myf5 

expression and the first steps of the myogenic program during mouse epaxial myogenesis. A 

possible synergy with the Wnt and Sonic hedgehog signaling in this context (Borycki, Brunk, et 

al. 1999, Tajbakhsh, Borello, et al. 1998) is discussed.  

 

Keywords: muscle, myotome, integrin signalling, embryo, extracellular matrix, development, 

PI3K / Akt, Wnt, Shh  
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RESUMO 
 

A musculatura esquelética em vertebrados forma-se a partir da mesoderme paraxial, localizada 

de cada lado do tubo neural. A mesoderme paraxial é progressivamente segmentada em 

estruturas metaméricas, os sómitos. A partir destes desenvolvem-se populações de células 

precursoras miogénicas (CPMs), que sofrem programas de diferenciação miogénica que passam 

pela expressão diferencial de factores de regulação miogénica (FRMs) e a sua consequente 

organização em feixes musculares (Buckingham, 2001). O processo de miogénese que ocorre 

desde a formação do sómito epitelial até ao estabelecimento de fibras musculares envolve a 

migração e diferenciação das CPMs ao longo do tempo, respondendo a sinais activadores 

induzidos por factores parácrinos e provenientes da matriz extracelular (MEC). A MEC é uma 

rede glicoproteica que serve de suporte às populações celulares, cuja composição é tecido-

específica. Além de ter um papel instrutivo per se, a MEC serve como zona de retenção de 

factores parácrinos e constituição de gradientes dos mesmos como os da família Wnt, Shh, BMPs 

e FGFs. A interpretação dos sinais directos da MEC é levada a cabo por receptores celulares 

específicos quer para moléculas secretadas quer para os próprios constituintes da matriz 

(lamininas, fibronectina), dos quais se destacam as integrinas, receptores transmembranares 

diméricos constituídos por uma subunidade α e uma β (Hynes 1992). Diferentes combinações 

destas subunidades originam especificidade para determinados ligandos, e o perfil de integrinas 

em determinado tecido adequa-se à composição molecular do mesmo. Além de possuírem um 

papel mecânico de ancoragem célula-matriz, a interacção intracelular das mesmas com 

componentes do citoesqueleto e com constituintes de vias de transdução de sinal definem a sua 

relevância na resposta celular à matriz aquando de processos como proliferação e ciclo celular, 

migração, diferenciação e apoptose (Danen e Sonnenberg 2003). 

Recentemente, (Bajanca, et al. 2006) descobriram que a ligação da integrina α6β1 ao seu ligando 

laminina tem um papel na repressão do programa miogénico das células no lábio epaxial do 

dermamiótomo (uma estrutura prévia ao miótomo). Estas CPMs necessitam de se desligar da 

matriz de laminina a nível do lábio epaxial de forma a migrar internamente para uma zona mais 

ventral, onde vão formar o miótomo; a repressão miogénica é levantada ocorrendo expressão do 

FRM Myf5. Mais especificamente, demonstraram que incubações com GoH3, um anticorpo que 

bloqueia especificamente a ligação da subunidade α6 à laminina, em explantes de embriões de 
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ratinho, provocaram expressão precoce de Myf5. O processo intracelular de transdução de sinal 

é, contudo, ainda desconhecido. Um candidato provável será a via da PI3K/Akt, uma via 

directamente a jusante da transactivação de integrinas por receptores tirosina cinase (Chartier 

2005), envolvida em processos de proliferação celular, e que sinergiza a nível da libertação de β-

catenina com a via Wnt (Fukumoto, et al. 2001), por si só previamente implicada na promoção 

da expressão de FRMs (Geetha-Loganathan, et al. 2005). Inclusive, estão descritas interacções 

também de Wnt com a via Shh (McDermott, et al. 2005)(Borycki &Emerson, 2000). 

Neste projecto de Mestrado estudamos o papel da via PI3K/Akt na promoção da miogénese no 

miótomo epaxial do embrião de ratinho. Brevemente, utilizou-se a linha celular C2C12, uma 

linha estável  de células satélite que se diferencia em células musculares quando as células estão 

confluentes ou privadas de factores de crescimento para experiências – piloto de promoção e/ou 

inibição da via PI3K/Akt. Pretendeu-se activar a via com insulina, cujo receptor tirosina cinase 

transactiva PI3K (Velling, Stefansson e Johansson 2008), e inibir a mesma com o inibidor PI3K-

específico LY294002, um processo que foi monitorizado recorrendo a imagens de 

imunofluorescência para Akt fosforilada (p-Akt), o efector principal da via. Presença de p-Akt 

denota activação com sucesso da via, e ausência denota inibição, por comparação com o 

Controlo. Após activação e inibição com sucesso da via em mioblastos C2C12, procurámos 

avaliar de que forma os diferentes tratamentos afectavam a proliferação celular, apoptose, e a 

expressão do FRM Myf5 em resposta à modulação experimental da via. Observámos que a 

activação da via aumentava a expressão de Myf5, e a sua inibição a diminuía, em concordância 

com resultados obtidos num estudo recentemente publicado (van der Velden, et al. 2006). 

Apoptose e proliferação nas culturas de C2C12 não se encontravam significantemente alteradas 

em relação ao controlo. 

Este resultado motivou-nos a conduzir o mesmo tipo de experiências em culturas de explantes de 

embriões de ratinho de E9.5 e E10.5 dias pós-fertilização. Observámos que o tratamento 

experimental quer com insulina quer com LY294002 provocava aumento de apoptose nos 

explantes, em comparação com o controlo. Contudo, no caso da inibição da via PI3K/Akt, não se 

verificou aumento discernível de apoptose na zona do dermamiótomo/miótomo, o que é uma 

indicação que o papel da via nessas estruturas poderá não estar necessariamente relacionado com 

protecção de CPMs da apoptose. Um resultado interessante foi o aumento de proliferação em 

explantes tratados com o inibidor de PI3K, LY294002, sobretudo em estruturas epiteliais como o 
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dermamiótomo. Isto poderá ser devido a bloqueio das CPMs nessa zona num estado proliferativo 

e indiferenciado, após inibição de uma via em que um dos papéis por excelência é a promoção da 

diferenciação (Sumitani, et al. 2002). Estimulação com insulina resultou, peculiarmente, em 

diminuição da proliferação em explantes, um efeito inesperado dado que vias de transdução de 

sinal a jusante do receptor de insulina como MAPK/ERK são frequentemente mitogénicas  

(Nguyen, et al. 2007). Ambos os efeitos merecem estudos futuros.  

Observámos também que a estimulação experimental da via PI3K/Akt em explantes de embriões 

de ratinho com E9.5 provocava expressão ectópica de Myf5 no dermamiótomo, à semelhança do 

efeito observado previamente causado pelo bloqueio experimental da ligação da integrina α6β1 

ao seu ligando laminina também em explantes de embriões de ratinho E9.5. Também 

observamos que a inibição da via PI3K/Akt em explantes em cultura provoca diminuição da 

expressão de Myf5 no miótomo. Estes resultados indicam a relevância da via de transdução de 

sinal PI3K/Akt no início da miogénese epaxial no embrião de ratinho, a jusante da actividade da 

integrina α6β1.  

 

Palavras-chave: Músculo, miótomo, integrinas, sinalização, embrião, matriz extracelular, 

desenvolvimento, PI3K / Akt, Wnt, Shh 
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INTRODUCTION 
 

Vertebrate myogenesis 
 

The skeletal musculature in vertebrates is formed from 

the paraxial mesoderm, located on both sides of the neural 

tube in the developing embryo. It is continuously 

segmented in a rostro – caudal fashion into metamerical 

structures, the somites (Figure 1), from which populations 

of myogenic precursor cells (MPCs) arise. The epithelial 

somites get compartmentalized into a dorsal region, the 

dermomyotome, which originates dorsal dermis, some 

endothelial precursors and gives rise to all trunk, limb and 

a few head muscles (Cossu, De Angelis, et al. 2000, 

Christ e Ordahl 1995). The ventral region of the somites 

undergoes an epithelial-to-mesenchyme transition giving 

rise to the sclerotome, the precursor of the axial skeleton. 

Later a third transitional region, the myotome, arises 

populated by MPCs that delaminate and migrate from the 

four extremities, called lips, of the dermomyotome (Gros, Scaa e Marcelle 2004) (Figure 2). 

These cells go through myogenic differentiation programs with the expression of different 

myogenic regulatory factors (MRFs), and subsequently organize into a parallel array of 

elongated mononucleated myocytes (Pownall, Gustafsson e Emerson 2002)(Buckingham 2001). 

In the mouse embryo, the first 

migrating cells express the early 

MRF Myf5 and delaminate from the 

epaxial lip of the dermomyotome. 

Later, cells from the hypaxial lip 

express Myf5 followed by MyoD 

and migrate from the hypaxial lip 

(Borycki, Brunk, et al. 1999). As 

Figure 1 - Scanning electron micrography of 
somites and presomitic mesoderm, paired 
paraxially to the central neural tube, in 
Developmental Biology, Eighth Edition, Figure 
14.4, 2006 Sinauer Associates 

Figure 2 - Schematic of dermomyotome and future myotome structures, in
Developmental Biology, Eighth Edition, Figure 14.11, 2006 Sinauer
Associates 
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MPCs colonize the myotomal space, they express the other MRFs, Myogenin and MRF4. As 

myogenesis progresses, these MPCs differentiate and elongate in a rostral to caudal fashion and 

form mononucleated myocytes which later contribute to the definitive multinucleated muscle 

fibres of the trunk; limb, diaphragm, and tongue muscles are derived from MPCs derived from 

the lateral dermomyotome which migrate to 

their target locations before differentiating 

(Buckingham, Bajard, et al. 2003).  

In summary, myogenesis starts with the 

formation of the epithelial somite and lasts 

until the establishment of muscle fibers. The 

early stages of this process involve migration 

and progressive differentiation of MPCs, 

according to a specific myogenic program 

which is determined by paracrine signals from 

the extracellular environment. These signals 

have long been implicated in somite patterning 

and myogenic induction, and belong mainly to the Wnt and Shh families of paracrine factors. 

Briefly, canonical Wnt signaling involves Frizzled 

receptor engagement, which, activating Dishevelled, 

disrupts the APC-Axin-GSK3β complex, enabling β-

catenin release to the cytoplasm, where it can be exported 

to the nucleus and, via LEF/TCF binding, act as a 

transcription factor (Figure 3). Non-canonical Wnt 

signaling involves other intracellular signaling pathways, 

which are β-catenin independent, such as the PCP (planar 

cell polarity) pathway in Drosophila. Wnt signals 

emanate from dorsal neural tube and dorsal ectoderm and 

may cooperate with Shh in somite myogenesis 

(Tajbakhsh, Borello, et al. 1998, Cossu e Borello, Wnt 

signaling and the activation of myogenesis in mammals 

1999). Shh operates through its cell receptor Patched, and 

Figure 3 - Overview of Wnt signaling, in 
http://www.wormbook.org/chapters/www_wntsignaling/wntfig
1.jpg 

Figure 4 - Overview of Shh signaling, in
http://www.rndsystems.com/mini_review_deta
il_objectname_MR02_SonicHedgeHog.aspx 
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its subsequent inactivation of Smoothened, which prevents degradation of Gli transcription 

factors and allows their mobilization to the nucleus, where they act as transcription factors 

(Figure 4). Shh signals from notochord and ventral neural tube have been implicated in direct 

induction of epaxial myogenesis and Myf5 activation in the mouse embryo (Borycki, Brunk, et 

al. 1999). 

Extracellular Matrix and Integrins 
 

The extracellular matrix (ECM) is a complex network of high molecular weight proteins 

(laminins, collagen, fibronectin, vitronectin) which are secreted and organized by epithelial and 

mesenchymal cells, providing structural support and a physical barrier or selective filter for 

soluble molecules. It plays an important role in the differentiation and growth of certain cell 

types, as information is transduced from direct binding of its tissue-specific components to 

particular cell receptors. Also, the ECM serves as a retention area for paracrine factors and a 

morphogen gradients enabler, e.g. Wnt, Shh, and BMPs and FGFs. Extracellular matrix signals 

recognition and interpretation is performed by cellular membrane receptors (such as integrins, 

cadherins, imunoglobulins, selectins) specified for secreted molecules or ECM constituents.  

Integrins, found throughout metazoans, are the most common and best studied of the ECM 

receptors. They are glycosylated heterodimeric transmembrane adhesion receptors, that consist 

of non-covalently bound α and β-subunits, without any intrinsic catalytic activity. They are 

highly conserved through evolution and are 

often functionally redundant. The loss of 

almost any integrin leads to biological defects 

in knock-out mice, from subtle to 

severe/lethal. Given its number (18 α- and 8 

β-subunits), the loss of a β subunit is more 

severe than that of an α subunit, though 

similar integrins in terms of ligand binding 

may compensate the loss of one another 

(Figure 5) (for a review on integrins, see 

(Danen e Sonnenberg 2003)).  

Figure 5 - (A) Schematic representation of a cell - matrix 
adhesion in which integrins connect the ECM with the actin
cytoskeleton. (B) The integrin family. in (Danen e Sonnenberg 
2003) (Danen e Sonnenberg 2003) 
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Integrins take their name from their role of binding together, thus “integrating”, the extracellular 

space to the intracellular cytoskeleton, assembling protein aggregates on each side of the plasma 

membrane. Besides acting as mechanical anchors of cells to the ECM, their interaction with the 

cell cytoskeleton, associated proteins, and signal transduction pathways gives them an important 

role in cellular processes such as cell cycle and proliferation, migration, differentiation, and 

apoptosis. Integrins cluster in functional aggregates in the cell membrane, which enables 

increased ligand binding and adhesion to its specific ECM constituent(s). This represents a form 

of inside-out signaling characteristic of integrins, resulting in ECM modulation and reshaping, 

which is tissue – specific according to the particular integrin profile being expressed. Outside-in 

signaling also occurs and involves the activation of intracellular signaling cascades following 

transduction of extracellular stimuli. These signaling cascades are diverse and play roles in 

almost every aspect of cell life, e.g. role in proliferative pathways, such as integrin-mediated 

activation of the extracellular signal regulated kinase (ERK) through mitogen activating protein 

kinase (MAPK) in synergy with tyrosine kinase receptors (RTKs) (Chen, et al. 1996, Renshaw, 

Ren e Schwartz 1997) focal adhesion clustering during stress fiber (Chartier 2005) formation in 

cultured cells, and subsequent signaling and cytoskeletal components recruitment (reviewed in 

(Danen e Sonnenberg 2003));  engagement of Ras proteins (Rac, Rho, Cdc42) which modulate 

cell proliferation, spreading, and membrane arrangements (ruffles, lamellipodia, filopodia) in 

cultured cells (van der Flier e Sonnenberg 2001). 

Connection to vertebrate myogenesis 
 

Interplay between ECM signaling and Myf5 expression was first suggested by (Tajbakhsh, et al 

1996). They demonstrated that Myf5-null mouse embryos fail to form a laminin-rich basement 

membrane underlying the myotome, and MPCs migrating from the epaxial lip of the 

dermomyotome (putative Myf5-expressing cells) fail to migrate normally, but rather accumulate 

around the epaxial lip or migrate in an aberrant fashion. It was later shown that delaminating 

Myf5-null cells do not express the α6β1 integrin, a laminin receptor, which perturbs laminin 

matrix assembly (Bajanca, et al. 2006). Also, Bajanca and colleagues discovered that the binding 

of α6β1 to its ECM ligand laminin has a role in repressing precocious myogenesis in cells of the 

dermomyotome. This lead to the suggestion that integrin α6β1-laminin disengagement, normally 

occurring as MPCs disconnect themselves from the laminin matrix in the epaxial lip in order to 
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migrate ventrally and establish in the future 

myotome, lifts the repression of the myogenic 

program and Myf5 expression is activated (Figure 

6). 

Nevertheless, the intracellular process of signal 

transduction by which this occurs is still unknown.  

 

One possible candidate 
 

The PI3K/Akt pathway functions downstream of 

integrin transactivation by tyrosine kinase 

receptors (Chartier 2005) or even by direct 

activation (Velling, Stefansson e Johansson 2008). It is an ubiquitous pathway involved in 

several cellular processes, such as proliferation, differentiation and even maintenance of cells in 

a non-apoptotic state (Fujio, et al. 1999), a reason for it being upregulated in many neoplasic 

conditions (Martelli, et al. 2006). 

PI3K is a phosphoinositide-specific kinase, responsible for membrane phospholipid turnover, 

producing phosphatidylinositol (3,4,5) 

triphosphate, which is instrumental to 

recruiting serine/threonine kinase Akt (or 

PKB) isoforms to the membrane. Once there, 

they are activated through Thr308 (by PDK1, 

as cited in (Velling, Stefansson e Johansson 

2008)) and S473 phosphorylation by several 

kinases, including integrin-linked kinase 

(ILK). Further tyrosine residues 

phosphorylation may occur, thought to 

underlie a kinase activity modulation process  

(Chen, et al. 2001, Conus, et al. 2002) 

(Figure 7). PI3K activation itself may be 

conducted upon receptor tyrosine kinase 

Figure 6 - Model for mouse epaxial myogenesis, in 
(Bajanca, et al. 2006) (Bajanca, et al. 2006) 

Figure 7 - overview of PI3K/Akt signaling, in
www.proteinlounge.com 
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(RTK) engagement (Cully, et al. 2006) or their transactivation by integrins (Velling, Stefansson e 

Johansson 2008). Akt isoforms may be directly activated to the main pathway effector 

phosphorylated-Akt (pAkt) by tyrosine kinase receptors (such as the insulin or insulin-like 

growth factor (IGF) receptor (Sumitani, et al. 2002), epidermal growth factor (EGF) receptor 

(Velling, Stefansson e Johansson 2008) or by integrin recruitment of focal adhesion kinase 

(FAK) (Xia, et al. 2004), integrin-linked kinase (ILK) (Nho, et al. 2005), and other signaling 

effectors. 

Besides modulating different signaling pathways, the PI3K/Akt pathway synergizes with 

canonical Wnt signaling at the level of GSK3β phosphorylation/inactivation, which results in 

disruption of the adenomatosis polyposis coli (APC) – Axin – GSK3β complex and release of its 

captive ligand β-catenin to the nucleus, where it acts as a transcription factor, and influences 

gene expression. 

 

β1 integrins signal through PI3K/Akt for example in epithelial-to-mesenchyme transition in 

mammary epithelial cells (Pownall, Gustafsson e Emerson 2002), activated platelets (Hynes 

1992), human lung and mouse fibroblasts (Nho, et al. 2005, Xia, et al. 2004), and fetal mouse 

pancreatic cells (Jiang e Harrison 2005). Interestingly, studies using the C2C12 myoblast cell 

line demonstrated that inhibition of GSK3β activity either by PI3K/Akt stimulation or by 

mimicking canonical Wnt signaling is sufficient to induce myogenic differentiation (van der 

Velden, et al. 2006). In this thesis, we propose to test the working hypothesis that the PI3K/Akt 

pathway transduces α6β1 signals from the ECM during epaxial myotome formation in the mouse 

embryo, and this, in cooperation with local Wnt signals from the neural tube and/or dorsal 

ectoderm, enables the onset of the myogenic program through β-catenin-mediated transcriptional 

activation of Myf5. 
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EXPERIMENTAL APPROACH AND OBJECTIVES 
  

Firstly, we expect to test whether the PI3K signaling pathway is involved in the activation of 

Myf5 during the formation of the epaxial myotome. The working hypothesis is that PI3K/Akt is 

active at the beginning of epaxial myogenic differentiation. As such, the presence of phospho-

Akt (pAkt) is expected in the epaxial lip of the dermomyotome and in early myotomal cells. 

Possibly, pAkt would also persist in differentiating post-mitotic cells, since PI3K is described as 

having a role in protecting differentiating cells from apoptosis (Fujio, et al. 1999). If the 

PI3K/Akt pathway is found active in the epaxial lip and in early epaxial cells, experiments 

involving activation of inhibition of the pathway would be conducted, in two model systems: 

- the myoblast cell line C2C12 is of easy maintenance and has been extensively studied. It will 

be used for optimization experiments 

- E8.5 to E10.5 embryo explants cultures, as they represent the most in vivo-like conditions, 

albeit being more technically challenging 

 

C2C12 cells and embryo explants cultures shall be exposed to the specific PI3K inhibitor 

LY294002 (50 μM), which is expected to lower pAkt levels and inhibit Myf5 activation. At the 

same time, apoptosis shall be monitored with anti-cleaved caspase3 antibodies, as well as 

proliferation changes with anti-phospho histone H3 antibodies. If, under these conditions, Myf5 

expression diminishes, it is a strong indicator of the relevance of this pathway in epaxial 

myogenesis. 

The reverse experiment will involve activation of the PI3K/Akt pathway through insulin 

administration (1 μM) in C2C12 cells and embryo explants cultures, and is expected to increase 

Myf5 expression in both models, or even to promote ectopic Myf5 expression in the 

dermomyotome, an effect similar to the one observed when α6β1 binding to laminin blocked 

(Bajanca, et al. 2006). If this occurs, there is strong indication that the PI3K/Akt pathway 

contributes to the activation of Myf5 expression in the epaxial myotome, following α6β1 – 

laminin detachment at the onset of myogenesis in the mouse embryo.  
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MATERIALS AND METHODS 
 

Mouse embryos 
 

Charles-River outbred mice were used to generate E8.5, E9.5, and E10.5 embryos, counted as 

E0.5 from plug day. Pregnant females were sacrificed at the desired gestational stage, and the 

embryos were collected. Embryos were then dissected in 10 mM HEPES-containing F12 

medium, supplemented with 4 mM L-glutamin, penicillin (100 U/mL) and streptomycin (100 

U/mL), 1 mM piruvate (dissection medium). Embryo explants were cultured onto a 6 or 8 μm 

pore size filter (according to embryo size), floating on culture medium (same medium as above, 

but without HEPES) as described in (Bajanca, et al. 2006). 1 μM insulin, 50 μM LY294002, or 

1X PBS as a control was added to the culture medium and embryo explants were cultured for 8 

hours in an incubator at 37ºC and 5% CO2.  

Cell culture 
 

C2C12 is a subclone from a myoblast line established from normal adult C3H mouse leg muscle. 

It is a model cell line used in the study of in vitro myogenesis and cell differentiation, since these 

cells readily differentiate into elongated myocytes when confluent and/or when deprived of 

mitogen supplements provided by serum, expressing typical muscle proteins (Sakiyama, et al. 

2005). 

C2C12 cells were cultured in GlutaMAX Dulbecco’s modified Eagle Medium (DMEM), 

containing 10% fetal calf serum (FCS), penicillin (100 U/mL) and streptomycin (100 U/mL) 

antibiotics. Cells were cultured in an incubator at 37ºC and 5% CO2, and passaged every two 

days or when strictly subconfluent, using 0,25% trypsin – 0,53 mM EDTA until detachment 

from container.  

Differentiation into myocytes was performed by switching the culture medium containing 10% 

fetal calf serum to medium containing 2% horse serum (differentiation medium) at 80-90% 

confluency. Cells were then cultured for at least two days in differentiation medium. 
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Immunofluorescence 
 

Embryo explants were washed twice in cold 1X PBS, and fixed in 4% paraformaldehyde 

overnight at 4ºC. Next, embryos were dehydrated on an increasing glucose series and finally 

transferred to warm gelatin solution in small aluminum “boats” and frozen by placing the boats 

on surface of liquid nitrogen-chilled isopentane. Gelatin blocks were then sectioned on a cryostat 

(Bright Clinicut) to achieve 30 μm longitudinal embryo sections and the sections placed on 

SuperFrost Ultra Plus® (Menzel-Gläser) microscope slides. 

E8.5, E9.5 and E10.5 embryo cryostat sections were washed in 1X PBS 3x 5 minutes, prior to 

being permeabilized for 10 minutes in 0,2% Triton X-100 in 1X PBS. They were then blocked 

for 1 hour at room temperature (RT) in PBS containing 10% normal goat serum. Incubation in 

0,2% PBS-BSA containing suitable dilution of primary antibodies followed for 1 hour at RT or 

overnight (ON) at 4ºC. The sections were then washed 3x 10 minutes in PBS 1X and incubated 

in 0,2% PBS-BSA containing suitable dilution (see below) of fluorophore-containing secondary 

antibodies. In some experiments, sections were dipped in 4',6-diamidino-2-phenylindole (DAPI) 

solution for 30 seconds for DNA staining. Next, they were washed for 5 minutes in 4X PBS to 

eliminate non-specifically bound secondary antibody and then 3x 5 minutes in 1X PBS. Finally, 

slides were mounted with suitable coverslips on antibleach propilgallate-PBS-glycerol, sealed in 

nail varnish, and kept in the dark at 4ºC. 

 

C2C12 were seeded on sterile glass coverslips on 6 to 12-well plates to reach ~85% confluency 

on the day of stimulation.  

Cells were fixed post-stimulation in 1% paraformaldehyde in 1X PBS for 10 minutes at RT. A 

brief wash with 1X PBS followed, and cells were permeabilized in 0,5% Triton X-100 (Merck) 

in 1X PBS for 10 minutes at RT. Cells were then blocked for 30 minutes at RT with 0,2% BSA 

(Sigma) in 1X PBS. Two quick washes in PBS followed, and coverslips were transferred from 

wells to parafilm, onto 30 μl of primary antibody/ies in a suitable dilution (see below) in 0,2% 

BSA in PBS for 30 minutes at RT. After 3 x 5 minutes washes in PBS, coverslips were then 

incubated for another 30 minutes at RT onto 30 μl of specific fluorophore-conjugated secondary 

antibody/ies in a suitable dilution (see below) in 0,2% BSA in PBS. After a new cycle of washes, 
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coverslips were mounted on microscope slides onto 10 μl of antibleach propilgallate-PBS-

glycerol, and let dry in the dark at RT. Slides were stored in the dark at 4ºC.  

 

Preparations were viewed in an Olympus BX60 microscope equipped with Nomarski optics and 

epifluorescence coupled to a Olympus DP50 digital camera (cells) or in a Leica SP2 confocal 

laser scanning microscope (sections), acquiring single or stacked images at 1024x1024 pixels.  

Images were treated and analyzed using Adobe Photoshop CS3 and ImageJ software. Mean 

immunofluorescence cell counts were done on ImageJ [E9.5 embryos, n=2, multiple slices per 

embryo (Control: n=12; Insulin: n=16; LY294002: n=16)]. To assess significance between 

experimental results, a nested factorial ANOVA was performed, followed by contrast analysis of 

predicted differences, computed in STATISTICA 6. 

In vitro and in vivo protein expression assays 
 

General procedure 

 

Control and experimental C2C12 cells and embryo explants cultures were lysed with RIPA lysis 

buffer and the lysates were cleared from cellular debris by centrifugation.  Whole cell protein 

lysates were then added to denaturing sodium dodecyl-sulphate (SDS) – containing sample 

buffer, and separated on account of molecular weight by sodium dodecyl-sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were then transferred to a 

polyvinylidene fluoride (PVDF) or nitrocellulose membrane, which was blocked and blotted 

with suitable (see below) primary and secondary antibodies to check for particular protein 

expression. 

 

Cell and whole-embryo lysis 

 

Prior to lysis, cells were stimulated for 30 minutes with 1μM Insulin or with 50 µM PI3K-

specific inhibitor LY294002, mirroring culture conditions for the embryo explants. Lysis was 

conducted on ice; cell dishes were rinsed twice with cold PBS, and 1 ml cold RIPA lysis buffer 

containing 0.1% protease inhibitors cocktail (to prevent endogenous protein degradation) was 

added to each dish for 10 minutes. Embryo explants (n≥2, equal for Control, Insulin, and 
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LY294002 culture conditions) were also washed twice in ice-cold PBS, RIPA buffer was added 

(100 µl for E8.5, 300 µl for E9.5, 500 µl for E10.5) and disintegrated by pipetting. Lysates were 

then transferred to microcentrifuge EppendorffTM tubes, incubated for another 10 (cells) or 20 

(embryos) minutes on ice, and cleared from cellular debris by centrifugation at 14000 rpm at 

4ºC. Total lysates were transferred to a separate tube and kept at -20ºC. An equal amount of 2X 

SDS – sample buffer was added to SDS-PAGE-destined samples.  

 

SDS – PAGE and immunoblotting 

 

Samples were boiled for 5 minutes prior to being run in 12% SDS – PA self casted gels (down to 

~30 kDa protein range) with a 5% stacking gel at 20 mA per gel, until the dye front ran off. A 

broad range protein standard from BioRad was loaded onto the gel. 

Proteins were then transferred to a nitrocellulose or methanol – activated Immobillion PVDF 

membrane using a Transblot SemiDry transfer system (BioRad) at 60 mA per gel for 1 hour. 

Membranes were blocked for 45 minutes in TBS buffer containing 0.05% Tween20 (TBS-T) and 

5% BSA. Incubation with a 1/500 dilution of primary antibody solution in TBS-T containing 5% 

BSA followed for 1 hour. Membranes were then washed twice in TBS-T for 10 minutes each and 

twice in TBS for 5 minutes each, and incubated for 30 minutes in a 1/5000 dilution of 

horseradish peroxidase-conjugated secondary antibody in TBS-T. Additional washes followed, 

and blots were incubated with 2 ml of chemoluminescent solution / peroxidase substrate. Films 

were then exposed and developed. 

 

Antibodies 
 

Primary antibodies were: anti-myogenin (F5D; Santa Cruz Biotechnology) diluted 1:100; anti-; 

anti-Myf5 (C-20; Santa Cruz Biotechnology) diluted 1:500 (for immunofluorescence and 

western blot); anti-myosin (F-59; a gift from F. Stockdale) diluted 1:20; anti-pAkt (S473) (4058 

and 9271; Cell Signaling Technology) diluted 1:500 for western blot and 1:100 for 

immunofluorescence; anti-β-catenin (C2206; Sigma) diluted 1:100; anti-phospho-Histone H3 

(06-570; Upstate); cleaved caspase3 (9669; Cell Signaling Technology). 
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Secondary antibodies were Alexa Fluor 568-conjugated anti-mouse IgG and Alexa Fluor 488-

conjugated anti-rabbit IgG (Molecular Probes) diluted 1:1000; HRP-conjugated anti-rabbit IgG 

(Sigma) diluted 1:2000; ToPro3 nuclear stain diluted 1:5000 with 1:100 RNAase. 
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RESULTS 

Treatment with 1 μM insulin or 50 μM LY294002 does not radically affect proliferation in 
C2C12 cells, but apoptosis is slightly increased 
 

To address whether the 

experimental conditions used 

to modulate PI3K signaling 

were affecting proliferation 

and apoptosis, we tested the 

effect of adding insulin or 

LY294002 to the C2C12 

myoblast cell line. This cell 

line is extensively studied and 

readily differentiates into 

myocytes upon confluence or 

growth factor deprivation. Pilot 

studies were conducted to 

assess MRFs Myf5 and 

Myogenin expression upon 

differentiation, as well as 

expression of muscle-specific 

myosin heavy chain (data not 

shown). We found that some 

proliferating (i.e. non-

differentiated) myoblasts already express low levels of Myf5. As cells reach a certain point of 

confluency (or when the passage number is elevated), Myf5 levels increase and almost every cell 

becomes Myf5-positive. Myogenin, which is expressed later in the myogenic differentiation 

program, also starts getting expressed (data not shown). To evaluate the effect of modulating the 

PI3K/Akt pathway through insulin and LY294002 administration, experiments were conducted 

in proliferating myoblasts and compared to the Control “default” state. Phospho – histone H3 

and cleaved caspase antibodies were used to assay proliferation and apoptosis respectively. 

C2C12 cells grown on glass coverslips, for each of the experimental conditions were processed 
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Figure 8 - phospho-histone H3 immunolabeling of proliferating C2C12
myoblasts, treated with 1μM Insulin, 50 μM LY294002, or 1X PBS (Control);
images are representative of 3 independently repeated experiments. Insulin or
LY294002 does not appear to alter C2C12 proliferation compared to the
control; white bars: 100 μm 
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for immunofluorescence.  Proliferation of C2C12 myoblasts does not seem to be affected 

compared to control in either insulin stimulation or LY294002 (Figure 8)1. Under these culture 

conditions, insulin activation of tyrosine kinase receptors does not appear to signal through 

proliferation – related pathways 

such as MAPK/ERK. Inhibition 

of the PI3K/Akt pathway in this 

context through LY294002 also 

appears to have no significant 

effect on proliferation (Figure 

8B,D,F). Next, we analyzed the 

effect of the treatments on 

relative apoptosis in C2C12 

cells, as determined by the 

presence of cleaved caspase 3 

(Figure 9). Increased apoptosis 

was expected following 

LY294002 administration, since 

it is a specific PI3K inhibitor, 

and one of the roles of this 

pathway is prevention of 

apoptosis in differentiating 

cells. Indeed, increased 

apoptosis is observed in 

LY294002 – treated cells compared to the control (Figure 9F), but interestingly a slight increase 

in apoptosis is also observed in insulin-treated cells compared to controls (Figure 9D). Since 

signaling pathways downstream of insulin-like tyrosine kinase receptors are not usually pro-

apoptotic (e.g. MAPK/ERK), this may be a consequence of the acidic buffer used as a vector for 

the insulin. This rather unexpected result led us to also assess relative apoptosis in embryo 

explants cultured with insulin (see below). 

                                                 
1 Acquisition exposure times, as well as image processing procedures were consistent at all times between 
experimental conditions in order to ensure data relevance. 
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Figure 9 - Cleaved caspase immunolabeling of proliferating C2C12 myoblasts,
treated with 1X PBS (Control); 1μM Insulin, or 50 μM LY294002. Images are
representative of 3 independently repeated experiments. Notice increased
apoptosis in experimental cells, especially in LY294002-treated cells; white
bars: 100 μm 
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Figure 10 - Phosphorylated Akt immunolabeling of proliferating C2C12
myoblasts, treated with 1X PBS (Control), 1μM Insulin or 50 μM LY294002.
Images are representative of 3 independently repeated experiments. Insulin
stimulation noticeably increases Akt phosphorylation (D), whereas LY294002
abolishes it (F); white bars: 100 μm 
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Akt phosphorylation is successfully stimulated with 1 μM insulin and is abrogated with PI3K-
specific inhibitor LY294002 (50 μM) in C2C12 cells 
 

C2C12 cells cultured in Control, Insulin, and LY294002 conditions were immunostained for 

phosphorylated Akt (S473) to check for PI3K/Akt activation (Figure 10). Control cells show 

minor levels of Akt phosphorylation (Figure 10B). Insulin-stimulated cells show visible 

activation of the pathway as 

shown by increased pAkt signal 

compared to the control (Figure 

10D). As expected, LY294002 

completely abrogated Akt 

phosphorylation (Figure 10F). It 

is of note that the phospho-Akt 

signal is mainly nuclear, which 

is in contrast with its expected 

cytoplasmic localization, 

reported in the manufacturer’s 

antibody datasheet. However, 

other studies that have used this 

particular antibody in 

immunofluorescence assays also 

report nuclear or perinuclear 

staining (e.g. (Nascimento, et al. 

2006, Kim, Lee e Choi 2007)). 

Furthermore, immunostaining of 

unphosphorylated Akt in C2C12 

cells show that its location is 

also mainly nuclear (data not shown). Immunostaining of mouse embryos for pAkt and Akt was 

also performed, but, in spite of repeated optimization attempts, unfortunately the antibodies 

never worked on cryostat sections. 
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Experimental modulation of the PI3K/Akt pathway upregulates or downregulates Myf5 
expression in C2C12 cells 
 

Next, we probed C2C12 cells for Myf5 expression under insulin stimulation and LY294002 

administration. As mentioned above,, proliferating C2C12 express low levels of Myf5, as seen in 

Figure 11B. Insulin 

administration stimulated Myf5 

expression even under 

proliferative conditions, as seen 

by increased Myf5 fluorescence 

in Figure 11D. Expression 

levels of Myf5 in proliferating 

C2C12 cells are, in turn, 

dramatically downregulated by 

PI3K/Akt pathway inhibition 

through LY294002 (Figure 

11F). These results are 

consistent with those from (van 

der Velden, et al. 2006), in 

which the same effect was 

observed in C2C12 cells using 

both Real Time – PCR and 

Western Blot analyses.  

 

  

Figure 11 - Myf5 immunolabeling of proliferating C2C12 myoblasts, treated
with 1μM Insulin, 50 μM LY294002, or 1X PBS (Control). Images are
representative of 3 independently repeated experiments. C2C12 proliferating
myoblasts already express low levels of Myf5 (B). Insulin treatment upregulates
Myf5 expression (D). LY294002 downregulates Myf5 expression (F); white bar:
100 μm 
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Treatment with 1 μM insulin or 50 μM LY294002 increases apoptosis in E10.5 embryo explants 
cultures 
 

As with C2C12 myoblasts culture, embryo explants were cultured in 1 μM Insulin to promote 

PI3K/Akt activation or 50 μM LY294002 to specifically inhibit PI3K, and both treatments were 

compared to control explants to which 1X PBS was added. Since the results in C2C12 cells 

showed that stimulated cells display an increase in apoptosis (Figure 9), we also assayed for 

apoptosis in our E10.5 embryo explants (Figure 12). 
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Figure 12 - Maximum intensity z-projection of 30 μm confocal images stacks, immunolabeled for
cleaved Caspase 3, an apoptosis marker. Nuclear staining: ToPro3. Notice increased apoptosis in
the experimental explants compared to the control. Apoptosis in LY294002 – treated embryos does
not seem to be localized to dermomyotome or myotome, which is an indication that PI3K/Akt does
not function as an anti-apoptotic agent in those cell types (yellow arrowheads). Images are
representative of 2 independently repeated experiments; white bars: 100 μm 
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Some apoptosis is observed in all conditions (Figure 12B,E,H),  which is expected for two 

reasons: (1) apoptosis is a process that normally occurs to a certain extent at these stages of 

development (A.S. Cachaço, pers. comm.) and (2) the explant culture procedures may not be 

able to perfectly reproduce the environment of the uterus. However, apoptosis is increased in 

experimental explants, when compared to the control (white arrowheads). As observed for 

C2C12 cells, apoptosis is also increased in insulin-treated embryos (Figure 12E) relative to the 

control (Figure 12B). Also, as expected, apoptosis is considerably increased in LY294002 – 

treated embryos (Figure 12H). Specific inhibition of the anti-apoptotic PI3K/Akt pathway is 

probably making these embryos susceptible to cell death. However, interestingly apoptosis is not 

localized to dermomyotomes or myotomes (yellow arrowheads), indicating that putative 

PI3K/Akt activity in those cell types is not related to an anti-apoptotic function.  

Modulation of PI3K/Akt signaling affects cell proliferation in E10.5 mouse embryo explants 
 

E10.5 embryo explants in Control and experimental conditions were also tested for the 

proliferation marker phospho – histone H3 (Figure 13). Interestingly, Insulin-stimulated embryo 

explants show a reduction in cell proliferation appears compared to Control explants (Figure 

13E). This is unexpected, as insulin stimulation of its receptor, besides activating PI3K, plays a 

role in the activation of mitogenic signaling cascades, such as MAPK/ERK (Nguyen, et al. 

2007), and thus warrants future investigation. Embryos incubated with LY294002 showed a 

noticeable increase in proliferation in epithelial structures, like the dermomyotome (Figure 

13H,K, white arrowheads). Since PI3K/Akt may be functioning as a differentiation – promoting 

pathway in MPCs coming off the dermomyotome, it is possible that its inhibition blocks in the 

production of MPCs and the onset of the myogenic differentiation program, leaving these cells in 

a proliferative state in the dermomyotome.. 
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This result encouraged us to investigate what is happening to the first steps of the myogenic 

program, i.e. the activation of Myf5 expression, under these experimental conditions. 
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Figure 13 - Maximum intensity z-projection of 30 μm confocal images stacks, immunolabeled for
phosphorylated histone H3, a marker of proliferating cells. Nuclear staining: ToPro3. Interestingly,
Insulin – treated embryos (E) show less proliferation than Control (B) embryos. LY294002 – treated
embryos (H,K) show increased proliferation in epithelial structures, e.g. dermomyotome (white
arrowheads). Images are representative of 2 independently repeated experiments; white bars in A-I:
100 μm; white bars in J-L: 35 μm 
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PI3K/Akt pathway stimulation in E9.5 embryo explants causes ectopic expression of Myf5 in the 
dermomyotome, and PI3K/Akt inhibition causes Myf5 downregulation in the myotome 
 

Myf5 expression was analyzed in Control 

and experimental E9.5 mouse embryo 

explants (Figure 16). We chose this earlier 

stage so that in Control embryos (n=2), Myf5 

expression in the myotome was strong and 

occupied the entire myotome area from lip to 

lip (Figure 16B) (Ott, et al. 1991).  Insulin-

stimulated embryos (n=2) appear to often 

have groups of Myf5-positive cells 

“clumped” together (Figure E,H) while 

LY294002 – treated embryos (n=2) appear to 

express less Myf5 than the Control (Figure 16K). Measurement of the mean fluorescent intensity 

for Myf5 the myotome in sections of Control, Insulin- and LY294002-treated embryo explants 

showed that there was a significant difference among the three treatments (Figure 14; ANOVA; 

p=0,0019). Contrast analysis of Control vs. Insulin-treated explants showed that these did not 

score significantly different (p=0,055) whereas the difference between Control and LY294002-

treated explants is highly significant (p=0,0005). These results demonstrate that LY294002 

treatment downregulates Myf5 expression in 

the myotome. In addition to these 

immunofluorescence data, preliminary 

immunoblot experiments (data not shown) 

show downregulation of Myf5 in protein 

extracts from lysed E10.5 embryos, both in 

Insulin and LY294002 – treated cultures 

compared to Control, which is consistent 

with present results. 

Interestingly, the immunofluorescence 

analysis showed that in one of the two 

Figure 14 - Mean fluorescence intensity measurements 
for Control, Insulin, and LY294002 in myotomes; n=2; 
ANOVA; p=0,0019 
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Figure 15 - Mean fluorescence intensity measurements for
Control, Insulin, and LY294002 in dermomyotomes; n=2;
ANOVA; p=0,098 
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Figure 16 - Maximum intensity z-projection of 30 μm confocal images stacks, immunolabeled for 
the early epaxial MRF, Myf5. Nuclear staining: ToPro3.  Myf5 expression in the Control is strong 
and occupies the entire myotomal area between lips (B – green arrowheads); Myf5-positive cells in 
Insulin – treated embryos are more densely packed than in Control, are precociously expressed
along the the dermomyotome, a phenocopy of the effect observed with forced disruption of α6β1 –
laminin interaction (Bajanca, et al. 2006) (E, H, orange arrowheads); Myf5 expression in 
LY294002 – treated embryos is lower compared to Control (K, blue arrowheads). Images are 
representative of 2 independently repeated experiments; white bars in G-I: 25 μm; rest of white 
bars: 100 μm 
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Insulin-treated embryo explants assayed, there was an ectopic expression of Myf5 in the 

dermomyotome (Figure 16H) an effect very similar to the one observed when α6β1 integrin – 

laminin binding was blocked (Bajanca, et al. 2006). Measurement of the mean fluorescence 

intensity for Myf5 in the dermomyotome in sections of Control, Insulin- and LY294002-treated 

embryo explants 

show small 

differences 

between the 

three treatments, 

but these 

differences were 

not significant 

(Figure 15; 

ANOVA; 

p=0,098). More 

experiments with 

a higher number 

of embryo 

explants will 

have to be 

performed to 

determine 

whether this 

effect on Myf5 

expression in the 

dermomyotome 

is biologically 

significant.   

  



30 
 

DISCUSSION  
 

In this Master’s Thesis we have attempted to determine the possible pathway downstream of 

α6β1 integrin – laminin matrix interactions in the epaxial myotome of the mouse embryo. 

Previous work in our laboratory (Bajanca, et al. 2006) clearly showed that disrupting the binding 

of α6β1 integrin to laminin using a specific α6 – blocking antibody leads to precocious 

myogenesis, with ectopic Myf5 and Myogenin expression in the dermomyotome.  

We reasoned that one possible pathway by which this could occur is the PI3K/Akt pathway, a 

pathway which has been shown to be involved in a multitude of cellular signaling processes, 

including promoting differentiation and conferring differentiating cells a protection from 

apoptosis (Fujio, et al. 1999, Fukumoto, et al. 2001). This pathway signals downstream of β1 

integrins and tyrosine kinase receptors, including the insulin receptor (Velling, Stefansson e 

Johansson 2008), and influences gene expression in synergy with the Wnt signaling pathway 

(Almeida, et al. 2005), which is, along with Shh, a well-established player in vertebrate 

myogenesis. These two pathways converge by exhibiting an inhibitory effect on GSK3β which 

allows β-catenin stabilization and translocation to the nucleus where it functions as a 

transcription factor (Liu, Kohlmeier e Wang 2007). This possibility of cooperation with signaling 

pathways relevant for early myogenesis, as well as its own role in regulating differentiation and 

apoptosis, makes PI3K/Akt signaling a prime candidate for transducing laminin – α6β1 signals 

which start the myogenic program in the epaxial myotome of the mouse embryo. In addition, 

diverse studies (Xia, et al. 2004, Nho, et al. 2005, Jiang e Harrison 2005) have shown that α6β1 

signaling can occur through PI3K/Akt. 

To test this hypothesis, we conducted assays which involved mimicking PI3K/Akt activation 

using insulin, or inhibiting it using the PI3K-specific inhibitor LY294002. Treatment with insulin 

or LY294002 did not alter proliferation in C2C12 myoblasts as assessed by p-H3 staining, 

although an accurate quantification of the results should be performed to assay for potential 

small differences in cell proliferation. In contrast, insulin treatment reduced cell proliferation in 

E10.5 embryo explants and treatment with LY294002 clearly increased proliferation in epithelial 

structures such as the dermomyotome. Studies on the role of PI3K – related effects are usually 

cellular context – specific, since it influences wide variety of cellular processes. For example, 
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some reports demonstrate the role of PI3K – induced proliferation in tumorigenesis (Cully, et al. 

2006, Martelli, et al. 2006), others refer its importance in cell differentiation (Sumitani, et al. 

2002), and yet others describe roles in protection from apoptosis (Almeida, et al. 2005). In the 

context of the dermomyotome, inhibition of the differentiation-promoting PI3K/Akt pathway 

may cause cells which are about to enter the myogenic differentiation program within the 

dermomyotome and prepare themselves to enter the myotome, to instead remain in a 

proliferative undifferentiated state in the dermomyotome.  

Apoptosis is increased in both LY294002 – treated C2C12 cells and E10.5 embryo explants. 

However, although apoptosis was in general increased in embryo explants, this increase was 

primarily detected on cell types other than dermomyotome/myotome. This observation suggests 

that PI3K/Akt plays a less prominent role as an antiapoptotic agent in these two cell types 

compared to other cell types present in the embryo at this stage. However, a careful 

quantification of the results will have to be made before drawing any definitive conclusions. 

Nevertheless, since PI3K/Akt is involved in protecting differentiating cells from apoptosis 

(Almeida, et al. 2005), it is to be expected that its suppression results in a general increase in cell 

death both in embryos and in cell lines. 

Surprisingly, insulin-treatment also causes an increase in apoptosis in both C2C12 cells and 

E10.5 embryo explants, and, unlike the case with LY294002 treatment, insulin-induced 

apoptosis in explants was also detected in the dermomyotome/myotome area. This insulin-

induced apoptosis, was quite unexpected, since insulin signaling is generally associated with 

proliferative pathways such as MAPK/ERK and is not usually regarded as pro-apoptotic 

(Nguyen, et al. 2007). We should test whether the low pH of the insulin solution used for 

stimulation somehow disturbs the culture conditions in both cells and embryo explants, 

contributing to the increased cell death. Furthermore, a more detailed analysis involving 

attempting to determine the exact differentiation stage of the apoptotic cells in the myotome is 

warranted to cast some more light on this issue. 

 

To formally prove that we are directly activating or inhibiting the PI3K/Akt pathway in our 

experiments, we should demonstrate that activating the pathway causes an increase in p-Akt and 

that inhibiting it causes a decrease in p-Akt. p-Akt is the main effector of the PI3K/Akt pathway, 

causing Axin – APC – GSK3β complex degradation and release of β-catenin to the nucleus, in 
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the same fashion as Wnt. We used an anti-p-Akt antibody to assess this by immunofluorescence 

in proliferating (i.e. undifferentiated) C2C12 myoblasts. C2C12 cells exposed to insulin show 

increased nuclear staining for pAkt, while LY294002 – treated cells show extremely reduced 

pAkt staining compared to Control baseline levels, demonstrating that our experimental 

conditions are indeed directly modulating PI3K/Akt signaling in this system. Unfortunately, the 

anti-p-Akt antibody failed to give clear results when applied to embryo sections, in spite of 

numerous attempts to optimize the immunohistochemical procedure. Experiments utilizing 

Western blot analysis for p-Akt on embryo explant material are thus underway. However, given 

the fact that our experimental treatments directly modulated p-Akt levels in C2C12 makes it 

appear likely that the same occurs in embryo explants. However, we await results from the 

Western blot analysis to be able to conclude whether this is indeed the case.  

After confirming that we could successfully modulate PI3K/Akt signaling, at least in C2C12 

myoblasts, we assessed the expression of Myf5 in the different culture conditions. In C2C12, 

insulin upregulated Myf5 expression, as determined by fluorescence intensity and LY294002 

nearly abrogated Myf5 expression. This is in agreement with the study by (van der Velden, et al. 

2006) who use RealTime PCR and Western blotting to show that inhibition of GSK3β, 

regardless of the method (mimicking Wnt signaling with lithium chloride, or stimulating 

PI3K/Akt signaling with IGF-1), was sufficient to induce myogenic differentiation in C2C12 

cells as measured by increased Myf5 expression. Furthermore, these authors also show that when 

GSK3β-inhibition was blocked (e.g. using LY294002 or its analog wortmannin), Myf5 was 

downregulated and myogenic differentiation was inhibited.  

In our experiments with E9.5 embryo explants, Myf5 expression was not upregulated with 

insulin: in fact, Myf5 staining in the myotome of insulin-treated embryos was actually reduced 

compared to the control, although this difference was not statistically significant. Nevertheless, 

this difference may be accounted for by the increased apoptosis and reduced proliferation 

detected in insulin-treated embryos. Still, insulin treatment, despite inhibiting cell proliferation 

by presently unknown means, apparently affects signaling, presumably through PI3K/Akt. Myf5-

positive cells in the myotome appear more “clumped” together than in Control explants, and 

there is ectopic expression of Myf5 in the dermomyotome of one of the two insulin-treated 

embryos assayed, an effect which phenocopies the one seen by (Bajanca, et al. 2006), during the 

experimental disruption of laminin-α6β1 engagement. Also, Myf5 expression is severely 
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downregulated in the myotome of LY294002-treated embryos, an effect which is statistically 

significant. Myf5 expression is not completely abrogated, though, since (a) Myf5 expression 

persists since E8.0 (Ott et al., 1991), and the treatment is conducted at E9.5, and (b) Wnt and Shh 

signaling is still present, which may continue to promote Myf5 expression (Tajbakhsh, Borello, 

et al. 1998, Borycki, Brunk, et al. 1999). 

 

These preliminary results enabled us to elaborate the following working model for PI3K/Akt – 

mediated α6β1 integrin contribution to epaxial mouse myogenesis (Figure 17). The 

disengagement of α6β1 from laminin in the ECM in MPCs migrating from the epaxial lip of the 

dermomyotome to the myotomal space causes a downstream signaling event which is mediated 

by the PI3K/Akt pathway. This pathway contributes (probably together with Wnt signaling, and 

possibly also Shh signaling) towards inactivating GSK3β, leading to β-catenin stabilization and 

its translocation to the nucleus where, via LEF/TCF transcription factors binding, it promotes 

Myf5 expression and the onset of epaxial myogenesis. Thus activation of the PI3K/Akt pathway 

in this context fits nicely not only with its established role in differentiation (Sumitani, et al. 

2002), but also with its known function downstream of β1 integrins (Xia, et al. 2004, Nho, et al. 

2005) and its synergy with canonical Wnt signaling (Almeida, et al. 2005). 

 

This study still has to be 

complemented by additional 

data: pAkt activation or 

inhibition in embryo explants 

cultures has to be confirmed 

either by immunofluorescence 

or by Western immunoblot. 

Also, it would be useful to 

assess protein levels of Myf5 

both in C2C12 and embryo 

explants cultures by Western 

blot or relative expression of 

Myf5 mRNA and/or Figure 17 - Working model for intracellular signaling downstream of laminin  -
α6β1 interactions during the formation of the mouse epaxial myotome 
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RealTime PCR, under different culture conditions. Finally, a higher “n” is absolutely paramount 

for consistent immunofluorescence quantification and data significance. Nevertheless, these 

preliminary results offer strong evidence of a role for PI3K/Akt signaling downstream of 

modulations in α6β1 engagement during epaxial myogenesis. 
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FUTURE PROSPECTS 
  

As a follow-up to this work we aim to dissect the intracellular players involved in PI3K/Akt-

mediated α6β1 signaling during myogenesis. We would expand on experiments from (Bajanca, 

et al. 2006) and determine whether PI3K/Akt (phospho-Akt) is activated upon treatment of 

C2C12 and embryos explants with the GoH3 α6-blocking antibody, using immunofluorescence 

and Western blot analysis. Also, it would be interesting to determine what kinase functions 

downstream of α6β1 and is responsible for PI3K activation. Focal adhesion kinase (FAK) and 

integrin-linked kinase (ILK) would be prime candidates, since they are known players 

downstream of integrin signaling, and have been shown to activate PI3K/Akt (Nho, et al. 2005, 

Xia, et al. 2004).  

 

Another interesting study would be to investigate if the myotomal phenotype observed in β1D 

knock-in embryos (Cachaço AS, Bajanca F & Thorsteinsdóttir S, unpublished data) is due to a 

defect in PI3K/Akt signaling through ILK. Briefly, embryos homozygous for the mature skeletal 

muscle-specific β1D integrin knock-in allele (β1D ki/ki) show impaired primary myogenesis 

(Cachaço, et al. 2003). Unpublished studies in our group have shown that these embryos already 

display a defect during myotome formation which manifests itself through a decreased number 

of myotomal myocytes and increased apoptosis. Furthermore, persistence of cells expressing the 

dermomyotomal marker Pax3 suggests a general delay in the myogenic program in β1D ki/ki 

myotomes. These results, and the fact that the β1D variant lacks an ILK binding site, fits nicely 

with the hypothesis that possible downstream PI3K/Akt signaling is affected given that: a) ILK is 

a known activator of the PI3K/Akt pathway, transducing β1 integrin signaling (Nho, et al. 2005); 

b) results in this thesis showing a role for PI3K/Akt signaling early in myogenesis, and 

suggesting that any problems with this pathway may account for impaired or delayed 

myogenesis. 
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