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Abstract 

Compensatory growth and regeneration of skeletal muscle is dependent on the 

resident stem cell population, termed satellite cells.  Self-renewal and maintenance of the 

satellite cell niche is coordinated by the transcription factor Pax7, yet continued expression 

of this protein inhibits the myoblast differentiation program.  As such, the reduction or 

removal of Pax7 may denote a key prerequisite for satellite cells to abandon self-renewal and 

acquire differentiation competence.  Here, we identify caspase 3 cleavage inactivation of 

Pax7 as a crucial step for terminating the self-renewal process.  Inhibition of caspase 3 

results in elevated Pax7 protein and satellite cell self-renewal, while caspase activation leads 

to Pax7 cleavage and initiation of the myogenic differentiation program.  We have also noted 

that casein kinase 2 (CK2) directed phosphorylation of Pax7 attenuates caspase directed 

cleavage.  Together, these results demonstrate that satellite cell fate is dependent on opposing 

post-translational modifications of the Pax7 protein. 
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CHAPTER 1 

1.0   Introduction 

 

“The scientist is not a person who gives the right answers; he's one who asks the right questions.”  

― Claude Lévi-Strauss, 1964 
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1.0 Introduction 

In multi-cellular organisms the fate of a proliferating adult stem cell is, for the most 

part, restricted to divide, differentiate or die. Each of these outcomes holds great importance 

to the homeostasis of the organism’s tissues and organs within which the stem cell resides. 

Division and replication is imperative for the self-renewal of the stem cell pool, thus 

ensuring the maintenance of a reserve population of cells, the loss of which is thought to 

contribute to the process of aging. The majority of these cells will carry out the most 

important job of differentiating and repairing/regenerating the tissue following injury or 

disease. This occurs through a complex succession of commitment, expansion (proliferation) 

and terminal differentiation. Finally, a small portion of these cells must die to prevent 

cellular overgrowth of abnormal/transformed cells as is seen in the many forms of cancer 

(Lockshin and Zakeri, 2007). The Megeney lab and others have shown caspases, specifically 

caspase 3, plays a central role not only in cell death but also in cellular differentiation 

(Abdul-Ghani and Megeney, 2008; Fernando et al., 2002). In addition, recent work out of the 

lab has implicated the yeast meta-caspase, Yca1, in regulating cell cycle dynamics (Lee et 

al., 2008) placing caspases as central regulators of basic cell fate decisions.  

Following the work performed in the lab, highlighting a role for caspase 3 during the 

cellular differentiation of skeletal myoblasts into terminally differentiated muscle, we believe 

it is reasonable to predict caspase 3 is also playing a role in the differentiation/commitment 

of the adult stem cells residing in their specialized niche on the muscle fiber, termed satellite 

cells. Satellite cells are indispensable for the growth and extensive regeneration capacity of 

post-natal skeletal muscle (Chargé and Rudnicki, 2004). They express a number of distinct 

and well defined molecular markers including the most commonly used 

immunohistochemical marker Pax7 (Seale et al., 2000). A loss or defect in satellite cell 
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function has been attributed to several muscle wasting diseases and muscular dystrophies. 

This system offers several advantages in which to study adult stem cells due to the wide 

range of markers available to identify satellite cells throughout the differentiation/self-

renewal process and the ability to study these cells within their specialized niche.  

 This body of work utilized an ex vivo model to study the effects of caspase 3 on the 

self-renewal, proliferation and differentiation of satellite cells associated with single isolated 

myofibers to investigate our hypothesis that caspase 3 regulates the cell fate decisions of 

muscle satellite cells. 

 

1.1: Skeletal Muscle Development and Satellite Cell Specification 

Skeletal muscle is a complex tissue responsible for all voluntary movement, 

remaining highly responsive to its systemic milieu.  During embryogenesis, skeletal muscle 

is produced via differentiation and fusion of myoblasts which form a functional syncytium in 

a process referred to as myogenesis. The proliferation and differentiation of muscle precursor 

cells is a tightly regulated process during embryogenesis which requires strict temporal and 

spatial patterning in response to Wnt and FGF (fibroblast growth factor) signalling. All 

vertebrate skeletal muscle (with the exception of some head muscles) originates from 

segmented paraxial mesoderm-derived structures in the embryo called somites. Following 

the formation of embryonic (primary) fibers, and fetal (secondary) fibers, a basal lamina 

begins to form around each at E13.5 (in the mouse). Subsequently thereafter a subset of 

progenitor cells exits the cell cycle and the first satellite cells can be identified. These cells 

are anatomically located in a well-defined niche between the basal lamina and the 

sarcolemma of the muscle fiber (Mauro, 1961). Satellite cells are maintained in a quiescent 

state to elicit repair and homeostasis in the adult (Buckingham et al., 2003; Kang and Krauss; 
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Messina and Cossu, 2009). Embryonic myoblasts, fetal myoblasts and satellite cells have all 

been shown to have specific features characterizing them as distinct cell populations 

(Hutcheson et al., 2009). This raises the question of whether they represent a continuum of 

myogenic differentiation or derive from distinct progenitor populations in the embryo.  

During development, myogenesis is regulated by, and dependent on, the expression 

patterns of two members of the paired-box family of transcription factors, Pax3 and Pax7; 

corroborated by the complete lack of myogenic progenitors in the dermomyotome region of 

the Pax3
-/-

/Pax7
-/-

 double knockout mouse (Relaix et al., 2004). Initially, Pax7 was believed 

to be the most important factor for satellite cell specification in the adult, as the Pax7
-/-

 single 

mutant mouse lacked apparent satellite cells (Seale et al., 2000). Despite these mice having 

normal skeletal muscle at birth, they were unable to thrive due to the lack of post-natal 

muscle growth, particularly in the diaphragm, and quickly succumb to death around 2 weeks 

of age. Subsequent analysis revealed the Pax7 null mouse possess satellite cells immediately 

following birth, however, these cells were progressively lost during post-natal growth due to 

defects in cell cycle regulation and survival, highlighting an important role for Pax7 in 

satellite cell self-renewal and re-population of the satellite cell niche (Oustanina et al., 2004; 

Relaix et al., 2006).  

Myogenic progenitors in the embryo express additional factors playing functional 

roles at defined stages of the myogenic program. Most notably is a family of basic helix-

loop-helix (bHLH) transcription factors termed myogenic regulatory factors (MRFs), which 

include MyoD, Myf5, Myogenin and MRF4(Myf6). Ectopic expression of these MRFs in 

non-myogenic cells, such as fibroblast cell lines, results in their conversion to the muscle 

lineage (Braun et al., 1989; Davis et al., 1987). Gene targeting has provided great insight into 

the role of each of the MRFs to delineate their hierarchical framework of regulation. During 
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the proliferative phase of cell expansion, Pax7 positive progenitors co-express MyoD and 

Myf5. Mice lacking both MyoD and Myf5 are completely devoid of skeletal muscle and 

myoblasts, classifying them as myogenic determination factors (Rudnicki et al., 1993). 

Following exit from the cell cycle, Pax7 is down-regulated, along with Myf5, as expression 

of myogenin and MRF4(Myf6) is induced, indicative of their role during terminal 

differentiation (Figure 1). Consistent with this is the complete lack of myofibers in the 

myogenin knockout mouse, while the number of MyoD positive myogenic progenitors was 

unaltered (Hasty et al., 1993). Of note, expression of Pax7 and myogenin appear to be 

mutually exclusive, suggesting they may negatively regulate each other’s expression (Olguin 

and Olwin, 2004). Late stage differentiation is often associated with expression of the 

structural proteins myosin heavy chain (MHC) and desmin, which provide the structure and 

contractibility of the resulting muscle fibers. In vivo, satellite cells of the adult perform 

muscle regeneration via sequential activation of the MRFs, allowing for a proliferative phase 

followed by terminal differentiation/fusion with existing myofibers, recapitulating myoblast 

function in the embryo.  

With the striking phenotype observed in the MyoD/Myf5 double mutant mouse, 

further studies of the MyoD and the Myf5 single mutant mouse models revealed a redundant 

role for these two factors during development, yet an essential function for each during adult 

regeneration. The Myf5 null mouse is born with apparently normal skeletal muscle but die 

shortly after death due to rib abnormalities (Braun et al., 1992). Similarly, MyoD null mice 

also appear normal and thrive, likely due to the observed increase in Myf5 expression, yet 

they are unable to successfully repair muscle following damage (Megeney et al., 1996). With 

the observation of an increase in the number of satellite cells present in the MyoD
-/-

 mice, it  
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Figure 1: Hierarchy of transcription factors regulating progression through the 

myogenic lineage. Muscle progenitors that are involved in embryonic muscle differentiation 

skip the quiescent satellite cell stage and directly become myoblasts. Some progenitors 

remain as satellite cells in postnatal muscle and form a heterogeneous population of stem and 

committed cells. Activated committed satellite cells (Myoblasts) can eventually return to the 

quiescent state. Six1/4 and Pax3/7 are master regulators of early lineage specification, 

whereas Myf5 and MyoD commit cells to the myogenic program. Expression of the terminal 

differentiation genes, required for the fusion of myocytes and the formation of myotubes, are 

performed by both myogenin (MyoG) and MRF4. This figure was originally published in 

Cold Spring Harbor Perspectives in Biology. Bentzinger, F.C., Wang, Y.X. and Rudnicki, 

M.A., Building Muscle: Molecular regulations of Myogenesis. Cold Spring Harb Perspect 

Biol. 2012; 4: a008342 © Cold Spring Harbor Laboratory Press. (Bentzinger et al., 2012) 

Figure 1 
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was hypothesized that these cells had a propensity for self-renewal over differentiation. This 

is consistent with the notion that a delicate balance between MyoD and Pax7 expression 

plays a major role in the cell fate decisions of these cells, wherein a lack of MyoD and/or 

over-expression of Pax7 favours self-renewal and a return to the quiescent state (Chargé and 

Rudnicki, 2004; Cossu and Biressi, 2005; Sabourin and Rudnicki, 2000).  

The absolute requirement for Pax7 in satellite cell self-renewal (and thus an effective 

regeneration response) has given impetus to further examine its mode of regulation. In this 

regard, the use of satellite cells have proven indispensable, either as an ex vivo model 

attached to single isolated fibers or in vitro as a myogenic cell line. Notch signalling, 

extensively studied for its role in stem cell self-renewal, has been shown to promote Pax7 

transcription (in a RBP-J-dependent manner) and repopulation of the satellite cell niche 

(Wen et al., 2012). Conversely, Pax7 must be removed from the cell in order for myogenesis 

and terminal differentiation to occur. Overexpression of Pax7 in satellite cells resulted in a 

down-regulation in MyoD, cell cycle exit and prevented myogenin expression (Olguin and 

Olwin, 2004). It is suggested that Pax7 regulates MyoD activity indirectly as a means to 

inhibit differentiation during the important phase of proliferation (Olguin and Olwin, 2004). 

When the cell is directed toward terminal differentiation, Pax7 is rapidly downgraded and 

removed while MyoD is de-repressed allowing it to bind to the promoters of a number of 

important skeletal muscle specific genes (Olguin and Olwin, 2004; Olguin et al., 2007). This 

may be, in part, due to MyoD–dependent micro-RNA expression (miR-206 and -486) which 

are expressed during differentiation and down-regulate Pax7 by directly targeting its 3’ UTR 

(Dey et al., 2011).  

Since the identification of Pax7 as a key satellite cell marker additional factors have 

been found which identify the quiescent satellite cell in resting muscle, such as Syndecan-3, 
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Syndecan-4 (Cornelison et al., 2001), CD34 (Beauchamp et al., 2000) and integrin α7β1 

(Burkin and Kaufman, 1999). Each of which, have been characterized for specific functional 

roles during skeletal muscle regeneration. Specifically, CD34 has been shown to be essential 

for efficient entry into proliferation following activation as well as stem cell migration 

(Alfaro et al., 2011). Understanding the signalling pathways that regulate the balance 

between opposing myogenic factors is vital to evaluating the cell fate decision of myogenic 

progenitors and what makes a stem cell divide or differentiate. 

 

1.2: Mechanisms Regulating Satellite Cell Mediated Skeletal Muscle Regeneration/ 

Repair 

Skeletal muscle homeostasis and repair depends on the delicate balance between 

extrinsic and intrinsic factors and the constant communication of a satellite cell with its 

niche. Satellite cells, even in the quiescent state, are constantly engaging receptor-mediated 

signalling pathways to dictate its gene expression and metabolic activity. Upon activation of 

satellite cells, by either muscle injury or during homeostasis, they exit quiescence, enter the 

cell cycle and proliferate. Eventually, at around 3-4 days following activation in the mouse, a 

subset of these cells return to quiescence while the majority differentiate and fuse to form 

functional myofibers. The question as to whether the decision to return to quiescence (self-

renewal) vs. differentiate is intrinsically mediated or extrinsically mediated is currently the 

topic of extensive research and likely involves cross-talk between the two pathways.  

Seminal work using a Myf5-Cre/ROSA-YFP reporter mouse has shown satellite cells 

use asymmetric divisions for self-renewal, where a genetically upstream Myf5-ve cell can 

give rise to a Myf5-ve cell and a Myf5+ve cell (Kuang et al., 2007). These Myf5-ve satellite 

cells make up about 10% of the satellite cell population and are believed to represent a more 
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“stem-like” population. These cells demonstrate an extensive self-renewal capacity and can 

repopulate the satellite cell niche in transplantation experiments. In corroboration with this 

paradigm, the asymmetric co-segregation of DNA strands into different daughter cells has 

been shown for satellite cells (Rocheteau et al., 2012). The retention of template DNA 

strands in the “stem cell” is hypothesized to minimise acquisition of DNA mutations which 

could result in impaired function or tumorigenesis, often referred to as the “immortal DNA 

strand hypothesis” (Cairns, 2006). It was also noted that committed satellite cells 

(undergoing symmetric cell division) exhibited random DNA segregation further supporting 

the notion of a cell intrinsic mechanism of asymmetric cell division in satellite ‘stem’ cells 

specifically. Interestingly, the asymmetric division observed in the Myf5/YFP reporter 

mouse appeared to prefer an apical-basal orientation, relative to the host muscle fiber, with 

the YFP-ve cell located next to the basal lamina while the YFP+ve cells maintains contact 

with the plasma membrane of the muscle (Figure 2) (Kuang et al., 2007). This advocates 

extrinsic influences from its microenvironment and cell-to-cell contact with the muscle fiber 

may influence this asymmetry. Fittingly, the basal side of the satellite cell expresses the 

integrin α7β1 receptor which interacts with laminin in the basal lamina while the apical side 

expresses the adhesion molecule M-cadherin which interacts and binds with the host 

myofiber (Kuang et al., 2008). It remains to be determined if these signals form the basis for 

polarity during cell division. 

 Consistent with the asymmetry of cell surface markers, a variety of signalling 

molecules have been identified which are critical for muscle regeneration in the adult, a 

number of which recapitulate embryonic development. Recently, Wnt proteins have emerged 

as key regulators of satellite cell function mediating the decision between myogenic                

_ 
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Figure 2: Asymmetric versus stochastic modes of satellite cell division. As determined by 

lineage tracing, 10% of adult satellite cells have never expressed Myf5 and are referred to as 

“satellite stem cells.” (A) Satellite stem cells (arrow) undergo asymmetric division in an 

apical–basal orientation in which the daughter cell that is detached from the basal lamina up-

regulates Myf5 and the fluorescent lineage tracer YFP (arrowhead). Pax7 (red); YFP (green); 

nuclei (blue). (B,C) In the stochastic mode of division, both types of satellite cells divide 

planar along the host fiber and give rise to two identical daughter cells. (D) Model of apical-

basal divisions leading to an asymmetric outcome. Opposing signals from the basal lamina 

and the myofiber control the orientation of DNA spindles and the asymmetric cosegregation 

of proteins and DNA strands. Post-cytokinesis, daughter cells continue to be subjected to 

different signals leading to asymmetric cell fates. (E) Planar divisions lead to the symmetric 

expansion of cells. Signals such as the Wnt7a–PCP pathway drive the planar orientation of 

DNA spindles. Daughter cells in this outcome remain attached to the host fiber and the basal 

lamina, thus receiving similar signals, and maintain identical cell fates. This figure was 

originally published in Cold Spring Harbor Perspectives in Biology. Bentzinger, F.C., Wang, 

Y.X. and Rudnicki, M.A., Building Muscle: Molecular regulations of Myogenesis. Cold 

Spring Harb Perspect Biol. 2012; 4: a008342 © Cold Spring Harbor Laboratory Press.  
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commitment and self-renewal. One key family member, Wnt7a, is expressed by the 

regenerating myofiber and signals through the non-canonical planar cell polarity pathway to 

expand the satellite ‘stem’ cell population through symmetric cell divisions (Le Grand et al., 

2009). On the other hand, Wnt3a has been shown to act through the canonical pathway to 

promote myoblast differentiation and efficient muscle regeneration (Brack et al., 2008). 

Interestingly, the manner in which a cell elicits a response to these signals is dependent on 

the state of the cell along the myogenic hierarchy. Satellite ‘stem’ cells, for example, have 

been shown to modulate their own extracellular matrix (ECM) via autologous expression of 

fibronectin, a ECM glycoprotein, following activation. This stimulates Wnt7a signalling 

through the syndecan-4 (Sdc4) and Frizzled-7 (Fzd7) co-receptor promoting stem cell 

expansion (Bentzinger et al., 2013). Although it is clear that Wnts play a major role in 

mediating extrinsic and intrinsic signalling events, the crosstalk between Wnts and other 

signalling pathways still needs to be elucidated.  

 One of the most well studied signalling pathways, which play a dynamic role in 

satellite cells during the regeneration process, involved the p38 MAPK family. Despite the 

crucial role of p38 signalling during myogenic differentiation its mechanism of action is still 

of some debate. Some inconsistencies in the literature may be because the wide range of 

protein targets is dependent on the cell state (ie. quiescent, proliferating or differentiating) 

and cell lines used. During satellite cell activation, p38α/β stimulates MyoD expression as 

cells enter a mitotically active state (Jones et al., 2005). During the first cell division about 

12% of cells divide asymmetrically sequestering p38α/β to one daughter cell in a Par-

3/PKCλ-dependent manner (Troy et al., 2012). This leaves the other daughter cell devoid of 

p38α/β activity, and therefore MyoD expression, and remains mitotically inactive after the 

first cell division (Troy et al., 2012). These cells re-enter a quiescent state to replenish the 
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satellite cell pool. This is consistent with observations that a defined population of low 

mitotically active cells are responsible for the majority of satellite cell self-renewal 

throughout life (Chakkalakal et al., 2014). Whether or not this corresponds to the same 

Myf5-ve satellite ‘stem’ cell population previously identified (Kuang et al., 2007) remains to 

be determined.  

 During myogenic differentiation TNFα activates p38α/β in an autocrine manner to 

promote myogenesis through multiple actions (Chen et al., 2007). In this context, p38α/β-

mediated phosphorylation of chromatin remodelers EZH2 and (BAF)60 leads to repressive 

chromatin on the Pax7 promoter (Palacios et al., 2010) and activated chromatin at the 

myogenin promoter (Simone et al., 2004) respectively. Moreover, phosphorylation of the 

transcriptional co-activators MEF2 and E47 promotes their binding to MyoD to stimulate 

transcription of down-stream target genes (Lluis et al., 2005). Conversely, p38γ restricts 

differentiation to allow for expansion of the transiently amplifying pool of progenitors 

(Gillespie et al., 2009). Therefore, p38 signalling maintains the balance between quiescence, 

proliferation and differentiation in satellite cells and a block or misregulation of any of its 

isoforms results in a defect in muscle repair. Due to its broad spectrum of substrates working 

towards a similar outcome, p38 MAPKs provide a promising avenue for pharmacological 

intervention to modulate satellite cell populations. 

 

1.3: Caspase Signalling and Regulation 

Caspases are a family of cysteine proteases traditionally studied for their role as 

conserved cell death proteins. These proteases exist in cells as inactive pro-forms containing 

a pro-domain, a large subunit and a small subunit, which requires post-translational cleavage 

to form active enzymes (Nhan et al., 2006). Following cleavage, caspase enzymes form 
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heterodimers consisting of two large subunits and two small subunits forming a cleavage 

pocket, which contain the proteolytic cysteine and protein binding domains. Although each 

caspase is unique in their specificity for substrate binding and cleavage, they all require an 

aspartic acid in the P1 position (Fuentes-Prior and Salvesen, 2004; Lamkanfi et al., 2007; 

Nhan et al., 2006). In mammals there are variable numbers of caspases with humans having 

13 and mice 12. There is also a degree of inconsistency regarding the nomenclature as 

human caspase 4 is homologous to murine caspase 11.  

Caspases are categorized according to structural organization and cellular function. 

The first functional grouping is the cytokine activator caspases, comprised of caspase -1, -4, -

5, -11 and -12, all of which contain a caspase recruitment domain (CARD) in their large pro-

domain (Figure 3). These proteases are required to initiate the pro-inflammatory response 

through activation of interleukin-1β and interleukin-18 within the cell. The apoptotic initiator 

caspases form a distinct category and are responsible for activating death pathways through 

interactions with various signaling partners via oligomerization motifs in their pro-domain. 

These proteases are further divided into two sub-groups termed extrinsic and intrinsic 

initiator caspases. The extrinsic initiators (caspase -8 and -10) contain two death effector 

domains (DED) that allow for binding to cell surface receptors promoting oligomerization of 

a death inducing signaling complex (DISC), transducing death signals from outside the cell 

(Figure 4). The intrinsic initiator caspases, (caspase -9 and -2) contain a CARD domain that 

participates in the formation of a multiprotein complex termed the apoptosome. The 

formation of the apoptosome occurs in response to stress and genotoxic damage resulting in 

the depolarization of the outer mitochondrial membrane, leading to efflux of vital 

mitochondrial proteins such as cytochrome C, which spurs the formation of the tripartite 

protein complex (via binding to the adaptor protein Apaf-1 and the initiator caspase 9). These  
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Figure 3: Domain organization of human caspases. Human caspases have been grouped 

according to their sequence similarities. Notice that sequence identity divides caspases-1 to -

10 into three subfamilies, in accordance with the physiological distinction between 

inflammatory, initiator and effector caspases. In contrast with the widespread distribution of 

these family members, caspase-14 is found mainly in the epidermis, may be involved in 

keratinocyte differentiation, and is not activated in vivo at an Aspartic acid residue. The 

positions of maturation cleavage sites are given, with the P1 aspartate residue highlighted in 

red (in italics in cases where the usage of the site has not been confirmed experimentally). 

Numberings correspond either to the Swiss-Prot entries (with exception of caspase-10, for 

which the sequence of the more commonly expressed isoform 10/a is given) or to the 

caspase-1-based system used throughout this work (colour coded). This figure was originally 

published in The Biochemical Journal. Fuentes-Prior, P. and Salvesen, GS., The protein 

structures that shape caspase activity, specificity, activation and inhibition. The Biochemical 

Journal. 2004; 384(Pt2): 201-32 © the Biochemical Society.  

Figure 3 
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protein complexes, the DISC and the apoptosome, promote the self-activation of the initiator 

caspases and provide a scaffold to recruit and activate the effector caspases. 

The apoptotic effector caspases (caspase -3, -6 and -7) are the convergent point for 

the intrinsic and extrinsic death signaling cascades and are responsible for the majority of the 

proteolytic events that mediate the cellular and morphological changes associated with 

apoptosis. Recent proteomic studies have identified close to 300 protein targets of caspase 3 

within a single cell type (Mahrus et al., 2008), confirming the centrality of this enzyme for 

the proteome wide alterations that occur during programmed cell death. Although caspase 3 

activity is the convergent point for several death-signaling pathways, recent observations 

have implicated this protease in non-death roles such as stem cell self-renewal and 

differentiation (Abdul-Ghani and Megeney, 2008).  

 

1.3.1: Mechanisms regulating caspase activity 

 As caspases and programmed cell death (PCD) play a critical role in development 

and defending against disease, the regulatory milieu provide a favourable avenue for 

intervention. The most well studied regulators are the Inhibitors of Apoptosis (IAPs). These 

are a family of E3 ubiquitin ligases which act as key signalling intermediates, participating in 

a wide array of cellular functions. Mammalian IAPs (IAP1, IAP2 and XIAP; X-linked 

inhibitor of apoptosis) were characterized for their ability to restrict the cell death machinery 

due to their BIR (baculoviral IAP repeat) domain which mediates protein-protein 

interactions, facilitating their ability to bind and inhibit caspases (Berthelet and Dubrez, 

2013).  

As an additional level of regulation, mammals also contain a number of IAP agonists; 

Smac/Diablo, Omi/HtrA2 and ARTS. During activation of the intrinsic cell death pathway,   



17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 



18 
 

Figure 4: Intrinsic and extrinsic pathways of caspase activation in mammals. Activation 

of executioner caspases-3 and -7 is the key event in mammalian apoptosis, and two major 

mechanisms exist to carry out this task. The intrinsic pathway involves the mitochondrion, 

which acts as an intracellular death receptor receiving a variety of proapoptotic signals that 

trigger oligomerization of proapoptotic proteins (Bcl-2-associated protein, Bax, and Bcl-2-

antagonist killer, Bak, to produce mitochondrial outer membrane permeabilization, MOMP). 

This leads to the release of cytochrome C, which activates Apaf1, induction of apoptosome 

formation, procaspase-9 recruitment/ activation and direct processing and activation of 

procaspase-3 and -7. In the extrinsic pathway, Fas receptor ligand (FasL) triggers the 

membrane-bound Death-Inducing Signaling Complex (DISC), which recruits procasapase-8 

and activates caspase-3 directly. In some cell types, caspase-8 can also cleave Bid to form 

tBid, which interacts with Bax/Bak to trigger MOMP, cytochrome C release and apoptosome 

formation. The activation of caspase-3 and -7 is antagonized by IAPs, which in turn can be 

inhibited by Smac/Diablo and Omi/HtrA2. Activation of caspase-3 and -7 orchestrates the 

demolition of the cell by cleavage of specific substrates, such as ICAD, Rho effector 

ROCK1, kinase MST1, PARP, transcription and translation initiation factors. Figure 

reprinted by permission from Macmillan Publishers Ltd: Cell Death and Differentiation 

D’Amelio, M., Cavallucci, V. and Cecconi, F. Neuronal caspase-3 signalling: not only cell 

death. Cell Death and Differentiation 17: 1104-14 © 2010. 
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mitochondrial outer membrane permeabilization (MOMP) results in Smac/Diablo and ARTS 

being released into the cytosol alongside cytochrome C. Smac/Diablo binds the BIR domain 

of IAP1/2 and XIAP interfering with their ability to bind caspases, as well as promoting the 

auto-ubiquitination/degradation in the case of IAP1 and IAP2 (Yang and Du, 2004). Due to 

their efficiency at engaging the cell death machinery, small molecules which mimic the 

inhibitory effects of Smac/Diablo (SMAC mimetics) are currently in clinical trials for their 

ability to kill death-resistant tumor cells (Bai et al., 2014; Beug et al., 2014).  

In a similar fashion, ARTS binds and inhibits XIAP resulting in activation of caspase 

9 and 3 (Mandel-Gutfreund et al., 2011). ARTS is produced from an internal splice site in the 

Sept4 gene (Larisch et al., 2000). Although it contains no canonical IAP binding domains it 

depends on a stretch of 27 amino acids residing in its unique C-terminal to bind XIAP 

(Gottfried et al., 2004). Despite little being known about this unusual IAP agonist, its 

importance is highlighted by evidence that shRNA mediated knockdown of ARTS blocks 

release of both Smac/Diablo and cytochrome C (Edison et al., 2012), suggesting ARTS itself 

is an upstream regulator of apoptotic induction in response to MOMP. The Sept4/ARTS-

deficient mouse exhibits increased tumor incidence and an increase in the number of 

hematopoietic stem/progenitor cells (Garcia-Fernandez et al., 2010). This phenotype is 

exacerbated by combined inactivation of XIAP, suggesting ARTS may act as a tumor 

suppressor specifically through its role as an IAP agonist. The use of ARTS-based drugs to 

promote apoptosis in cancer, however, has yet to be tested. As we continue to uncover the 

diverse cellular outcomes that occur in response to caspase signalling it will be evermore 

important to identify and study the mechanisms by which they are regulated. With caspase 

activation, in the absence of cytochrome C release, being a key step in cellular differentiation 

(Murray et al., 2008) it will be interesting to see how the IAPs and IAP agonists play a role 
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in mediating an apoptotic response vs. a cell differentiation response. A requirement for 

Sept4/ARTS in regulating sperm terminal differentiation in mice (Kissel et al., 2005) 

confirms the requisite to study these agonists outside the context of apoptosis induction.  

In addition to regulating the activity of caspases directly, a body of evidence is 

emerging implicating a number of proteins which bind to caspase substrates mediating the 

susceptibility of these targets to cleavage. This occurs by either binding the target, preventing 

caspases from subsequent binding (Ribeil et al., 2007), or via post-translational modification 

of the protein target modulating the ability of caspases to recognize/cleave the aspartic acid 

residue. With regard to the latter, caspase 3 and the CK2 kinase have been shown to share an 

overlapping recognition motif in targeted substrates (Duncan et al., 2011). CK2 

phosphorylation of a wide range of proteins prevents cleavage by caspase 3, a biochemical 

event that extends even to pro-caspase 3 itself (Duncan et al., 2010). Specifically, CK2 

phosphorylation has been implicated in mediating protein stability of the transcription 

factors, YY1 (Riman et al., 2012) and Pax3 (Iyengar et al., 2012), as well as the Pax3-FOXO 

translocation mutant, whose overexpression is responsible for the rare cancer, aveolar 

rhabdomyosarcoma (ARMS) (Dietz et al., 2011). Although this reciprocal relationship was 

only examined in conditions of apoptosis, one may envision this rheostat mechanism being 

directed to control caspase activity and drive non-death outcomes. 

 

1.3.2: Evolutionary origin of caspase proteins. Non-death functions were an early adaptation 

of caspase/metacaspase like enzymes  

It is suggested that caspase and PCD pathways co-evolved from a single cell 

ancestor, common to all multicellular eukaryotes. Indication of a conserved pathway for cell 

death was first gleaned from studies in the simple nematode Caenorhabditis elegans. Genetic 
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and biochemical evidence established a linear pathway of apoptotic induction in which there 

is only one caspase, CED-3 (Yuan et al., 1993). In response to a death signal EGL-1 is 

actively transcribed and acts as an antagonist against the anti-apoptotic protein CED-9. 

Under homeostatic conditions, CED-9 is bound to the adaptor protein CED-4. Once CED-4 

is released from CED-9, CED-4 oligomerises and activates CED-3, which carries out the 

proteolysis typified of programmed cell death (Conradt and Horvitz, 1998) (Figure 5). In 

more complex organisms, the apoptotic program evolved additional modes of regulation, 

whereby multiple caspase enzymes interact in a coordinated signaling pathway (as 

previously discussed).  This basic signal relationship emerged from the study of two key 

model systems, the fruit fly (Drosophila melanogaster) and the common mouse (Mus 

musculus). These diverse species share a remarkable number of functional orthologs with C. 

elegans, as well as each other, indicating these protein interactions evolved early as a 

requisite for normal development (Figure 5).   

Ultimately, the discovery of caspase homologues in single-cell species, termed 

metacaspases (Uren et al., 2000), has provided support for the basic contention that PCD 

evolved from an ancient function in early eukaryotic organisms.  Indeed, forced expression 

and activation of these caspase homologues has been shown to yield a PCD like phenotype in 

various model systems such as Saccharomyces cerevisiae (Madeo et al., 2002), suggesting 

that PCD is an ancient and conserved cell fate. Several prokaryotes, including various 

bacterial species, have now been shown to exhibit PCD in response to environmental stresses 

(Aizenman et al., 1996; Hazan et al., 2004) and during biofilm development (Asally et al., 

2012; Bayles, 2007). Numerous hypotheses have been posited to rationalize PCD in single 

cell organisms, prominent among which is altruistic sacrifice of the individual cell for colony            

_ 
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Figure 5: Conservation of the molecular pathway of caspase activation across the major 

species studied and its divergent physiological roles. Caspase 3 and caspase 7 in 

mammals, and Drice and Dcp1 in Drosophila, are classified as effector caspases. CED-3 in 

the nematode C. elegans functions as both the initiator and effector caspase. Effector 

caspases dictate diverse cell fates including apoptosis, cell cycle regulation, neuronal 

remodelling and terminal differentiation of a number of different cell types. The sole 

metacaspase in the yeast, S. cerevisiae, Yca1, functions similarly to an effector protease, and 

has been implicated in yeast apoptosis, cell cycle regulation and proteostasis. Functional 

homologs found within each species are indicated by the same colour. This figure was 

originally published in the journal Bioessays. Dick, S.A. and Megeney, L.A. Cell death 

proteins: An evolutionary role in cellular adaptation before the advent of apoptosis. 

Bioessays 35(11): 974-83 © 2013 WILEY Periodicals, Inc. 
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benefit (Duszenko et al., 2006; Frohlich and Madeo, 2000; Okasha, 2005; West et al., 2007): 

a reasonable notion given the clonal nature of such cellular communities. Within this context, 

two arguments are commonly put forth to support the evolution of PCD from a single cell 

organism. For example, PCD represents an efficient mechanism to remove otherwise 

damaged or aged cells from the population (Fabrizio and Longo, 2008; Gomes et al., 2008; 

Vachova and Palkova, 2005). In turn, self-sacrifice via PCD would act to provide nutrient 

supply for neighboring cells, maximizing population dynamism (Fabrizio et al., 2004; Mai-

Prochnow et al., 2006; Segovia et al., 2003).   

Despite the obvious theoretical appeal for an entrenched biochemical pathway 

devoted to inducing PCD, the utility of such a process in single cell organisms is not without 

controversy. Foremost in the argument against an exclusive evolved PCD pathway is the 

simple observation that there is no evolutionary advantage for PCD in a single cell entity.  

Cell death defies the basic precept of maintaining and replicating life; therefore the retention 

of an exclusive PCD pathway would be subject to strong negative selection pressures over 

the evolutionary timescale that would be required to entrench this cell fate.  To rationalize 

this contradiction, we propose the hypothesis that apoptotic or death-centric proteins evolved 

from a primordial non-death role in the cell (Dick and Megeney, 2013). The corollary to this 

premise is that PCD is a process that evolved via co-option or co-evolution from a cohort of 

essential proteins with canonical functions unrelated to cell death (Dick and Megeney, 2013).  

A non-death origin for apoptotic proteins and pathways is not a conventional 

perspective in the field.  Indeed, while reviews over the preceding decade have highlighted 

the broad role of these biochemical cascades including non-death outcomes, the general 

consensus remains that any physiologic function is ancillary to the core death role (as 

reviewed in (Bozhkov et al., 2010; Galluzzi et al., 2012; Lamkanfi et al., 2007)). To support 
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the premise that the constituent proteins of PCD evolved from a non-death role in single cell 

organisms, it is essential to identify a corresponding physiologic activity (if any) for these 

proteins. A series of observations in the yeast model S. cerevisiae, provided the first robust 

evidence that apoptotic/PCD proteins in single cell life forms retain core non-death 

functions.  Here, Lee et al. demonstrated that yeast strains with a genetic deletion of the 

single metacaspase Yca1, or expressing a catalytically inactive mutant strain of Yca1 (where 

the catalytic cysteine residue was mutated to an alanine) displayed significant reduction in 

cell growth/cell fitness (Lee et al., 2008).  Both Yca1 mutant strains were characterized by a 

slower G1/S transition, and a failure to respond to reagents that induce G2/M checkpoint 

(Lee et al., 2008).   In a subsequent study, Lee et al. characterized the precise molecular role 

for Yca1.   Using a series of complimentary proteomic screens, these investigators noted that 

1) Yca1 formed robust physical interactions with proteins that control basic proteostasis 

functions, including protein folding and aggregate control, and 2) that loss of Yca1 led to 

accumulation of vaculor structures and protein aggregates during cell cycle progression and 

heat stress (Lee et al., 2010).  These results confirm that the core molecular function of Yca1 

is to limit protein aggregation within the cell, rather than to promote cell death per se. In 

support of this notion, Yca1 overexpression resulted in decreased accumulation of unfolded 

proteins and an increase in the life span of S. cerevisiae (Hill et al., 2014). The observation 

that Yca1 has a positive rather than a negative effect on life span corroborates an 

evolutionary role for caspases as an integrated part of the protective response to help cells 

minimize the effects of toxic stress and cellular aging caused by the accumulation of 

misfolded protein.    

   These observations do not exclude a role for Yca1 in PCD, and suggest that such a 

role may have been derived from the general aggregate targeting capacity of the protease.  
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Indeed, one may envision conditions in the cell whereby unrestrained activation of Yca1 

would lead to widespread protein aggregate disassembly, active inhibition of protein 

aggregate formation or limiting the formation of vital multi-protein structures, all changes 

that are not conducive for basic cell survival/function (Shrestha et al., 2013). The inescapable 

conclusion is that the PCD capacity of Yca1 may simply be the result of re-purposing a 

protein rather than de novo evolution of a death specific factor. Indeed, the very concept that 

Yca1 manages physiologic cell death is weakened by the observation that apoptosis in 

multicellular yeast structures occurs independent of Yca1 activity (Vachova and Palkova, 

2005). 

Lastly, a recent study in yeast supports the contention that the metacaspase/caspase 

targeting of insoluble aggregates may have a relevant bearing on a human disease (Shrestha 

et al., 2013).  Here, Yca1 was observed to form a strong physical association with Cdc48, a 

protein that modifies protein aggregation.  Loss of Yca1 led to a dramatic reduction in the 

recruitment of Cdc48 to the insoluble protein fraction, concurrent with increased aggregate 

formation (Shrestha et al., 2013).  Cdc48 is the homologue of the human AAA
+ 

ATPase 

VCP, and substitution mutations in VCP have been shown to give rise to a progressive form 

of damaging protein aggregation (Inclusion Body Myopathy with Pagets Disease of the Bone 

and Frontotemporal Dementia) (Kobayashi et al., 2007).  How mutations in VCP give rise to 

progressive aggregate formation remains unknown; nonetheless, impaired recruitment of a 

caspase/disaggregase would be consistent with this disease etiology. 

 

1.4: Caspases as Cell Fate Modulators 

There is a predilection for regarding the non-death related function of caspases and 

PCD pathways as aberrant or recent adaptations of a core death activity (Fuchs and Steller, 
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2011).  The wealth of data collected from single and multicellular organisms refute this core 

argument and suggest that PCD proteins evolved as general determinants of cell adaptation 

and cell fate. The new interpretation of PCD protein biology raises a number of critical 

questions. First, what is the range of physiologic functions (independent of cell death) that 

are attributed to caspase activity? Second, what are the constraints and factors that direct 

these proteins to engage death versus non-death outcomes?  

 

1.4.1: Non-death roles of caspase proteases 

As mentioned, elegant studies in yeast have provided support for the hypothesis that 

PCD proteins evolved from a non-death cellular function. However, the initial support for the 

hypothesis that PCD proteins retain conserved non-death functions were gleaned from 

observations involving complex cell types of vertebrate and invertebrate animals. Early 

studies using lens fiber epithelial cells (Ishizaki et al., 1998) and erythrocytes (Zermati et al., 

2001) demonstrated that caspase 3 was essential for the differentiation of these cell types. 

The role of caspase 3 in these cell lineages was interpreted to simply be an attenuated form 

of apoptosis, as the differentiation program in each of these cell lineages is characterized by 

nuclei removal and dissolution akin to PCD.  However, this death centric view of caspase 

function was challenged with the publication of three landmark papers.  First, Fernando et al. 

reported that caspase 3 activation was essential for the differentiation and formation of 

murine skeletal muscle (Fernando et al., 2002).  Loss of caspase 3 activity through peptide 

inhibition, or via the generation of caspase 3 null mice, led to a drastic reduction in the 

endogenous differentiation capacity of skeletal muscle progenitor cells. While skeletal 

muscle differentiation shares phenotypic characteristics of apoptosis, myofibers are long 

lived cell types that retain their nuclei in a functional syncytium. Next, Sordet et al. 
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demonstrated that the differentiation of monocytes into macrophages was dependent on the 

activity of a number of caspase proteases (Sordet et al., 2002), again macrophages being cell 

types that retain their nuclei and defy simple characterization as an attenuated apoptotic cell.  

Finally, a study examining Drosophila spermatid maturation, provided compelling evidence 

for a conserved non-death role of the intrinsic cell death pathway (Arama et al., 2003). 

Spermatid individualization, the final step in sperm development, is characterized by 

chromatin condensation along with bulk removal of the majority of cytoplasm and alterations 

in cytoarchitecture.  Closer examination of this process revealed that Apaf-1 and cytochrome 

C, as well as the effector caspase Drice, were active during spermatid differentiation (Arama 

et al., 2003).  Drice activity was initially restricted to the cytoplasmic bulge, known as the 

individualization complex, then traveled along the length of the elongated spermatid 

removing the bulk of the cytoplasm, a spatial and temporal regulation of caspase activity that 

was essential for maturation of the developing sperm. 

Building on these initial observations, a plethora of studies have confirmed the 

requirement of PCD proteins for cell differentiation in general.  To date, transient activation 

of caspase-mediated signaling has been found to be indispensable for the differentiation of 

the various hematopoietic cell lineages (Janzen et al., 2008), epithelial derivatives (Weber 

and Menko, 2005), skeletal muscle (Fernando et al., 2002; Larsen et al., 2010; Murray et al., 

2008), neural progenitors (Fernando et al., 2005), cardiac myocytes (Abdul-Ghani et al., 

2011), osteogenic derivatives (Miura et al., 2004) and embryonic stem cells (Fujita et al., 

2008).  This caspase dependent control of cell differentiation is also broadly conserved, 

having been demonstrated in vertebrate (zebrafish (Popgeorgiev et al., 2011), murine, 

human) and invertebrate (Drosophila) cells.  This degree of conservation may also extend to 

the penultimate enzymatic step associated with PCD, caspase-directed genome wide DNA 
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damage.  The differentiation of skeletal muscle myoblasts is characterized by genome wide 

DNA strand breaks (Larsen et al., 2010), a phenomenon that is essential for the 

differentiation program and has been demonstrated to be mediated by caspase 3 activation of 

caspase activated DNase (CAD).  Most interesting is the degree to which the intrinsic PCD 

pathway is conserved in its entirety for the induction of these various differentiation 

programs.  As noted above, this complete pathway conservation was initially demonstrated 

in Drosophila spermatid maturation (Arama et al., 2003), then corroborated in the study of 

differentiation in lens fiber epithelial cells (Weber and Menko, 2005), skeletal muscle 

myoblasts (Murray et al., 2008) and neural progenitor cells (Ohsawa et al., 2010).  In an 

ironic twist, the intrinsic PCD pathway has also been implicated in the promotion of cell 

differentiation in C. elegans (Pinan-Lucarre et al., 2012): C. elegans was the pivotal model 

used to discover and construct the biochemical relationships that constitute caspase mediated 

PCD.  CED-3, along with the cognate activator CED-4, acts in a calcium dependent manner 

to promote efficient regeneration initiation in part via the kinase DLK-1 and dependent on 

CED-3 protease activity (Pinan-Lucarre et al., 2012). Both the rate and extent of new 

outgrowth were dramatically reduced in CED-3 null nematodes, indicating defects in early 

filopodia extension. This phenotype was also observed in CED-4 null as well as the CED-

3/CED-4 double mutants (Pinan-Lucarre et al., 2012), again highlighting the conservation of 

the intrinsic PCD pathway in a non-death cell fate. 

In addition to cell death and differentiation, caspase proteases have also emerged as 

critical regulatory factors in neuronal adaptation. At the cellular level, the proteolytic activity 

of caspase 3 has been found to be indispensable for synaptic plasticity by regulating the 

formation and retraction of axonal projections and dendrites (reviewed in (D'Amelio et al., 

2012).  At the organ level, caspase 3 activity has been shown to be vital for memory, 
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learning, and consolidation, remarkable tasks for a protein that is often considered to be the 

primary mediator of PCD.    

 

1.4.2: Constraints and factors that direct non-death outcomes 

The available evidence suggests that altering the timing, duration or intensity of flux 

through PCD signalling pathways and proteins is a definitive step in directing divergent cell 

fates. The differentiation of lens fiber epithelial cells has provided an excellent model in this 

regard; demonstrating that cell differentiation was associated with intrinsic PCD pathway 

activation, accompanied by elevated expression of caspase inhibitory proteins (from the IAP 

family) (Weber and Menko, 2005). In contrast, cells displayed excessive levels of caspase 

activation during apoptosis, a level that was sufficient to overcome the threshold provided by 

the IAP content. PCD pathway selection of cell fate may also depend on reinforcing 

feedback loops between caspase proteases. Caspase 3 has been shown to cleavage-activate 

caspase 9, thus propagating the signal, during apoptosis (Fujita et al., 2001). Furthermore, 

cleavage of the caspase 7 ortholog, Dcp1, activates the caspase 3 ortholog, Drice, but not 

vice versa (Florentin and Arama, 2012). Despite having overlapping target sequences, Drice 

and Dcp1 have very different affinities for the same death-associated targets and Dcp1 is 

very inefficient at inducing cell death (Florentin and Arama, 2012). Post-translation 

modification of caspase enzymes may also provide a rapid and convenient mechanism for a 

cell to guide PCD pathways to divergent outcomes. Fbox proteins that mediate degradation 

of caspase inhibitory proteins and stimulate proteasome activation have been demonstrated to 

modify the Drice/caspase 3 activity during Drosophila spermatid differentiation (Bader et al., 

2010; Bader et al., 2011). Despite an enormous amount of interest in recent years implicating 
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caspase 3 as a key player in cell fate decision making, the mechanism by which caspase 

activity can give rise to such diverse fates is just beginning to be examined. 

 

1.4.3: Caspases and the cell death machinery during skeletal muscle differentiation 

As previously noted, work from the Megeney lab has revealed caspase 3 activity is 

required for skeletal muscle differentiation (Fernando et al., 2002). Importantly, this study 

demonstrated that both inhibition and homologous deletion of caspase 3 resulted in the 

reduction of myoblast fusion and myotube formation. The mechanism of action, by which 

caspase 3 mediates differentiation in this context appears to share some protein substrates 

with the apoptotic pathway, as well as substrates that appear unique to differentiation. In the 

inaugural study, Fernando et. al. identified Mammalian Sterile Twenty-like kinase (MST1) 

as a crucial effector, being cleavage-activated by caspase 3. MST1 has been described to act 

upstream of kinases such as MKK6 and members of the p38 MAPK family (Graves et al., 

2001). Transfection of primary myoblasts derived from caspase 3 null mice with active 

MST1 rescued the differentiation deficit, resulting in the formation of multi-nucleated 

myotubes (Fernando et al., 2002). Additional caspase substrates have been identified which 

promote myogenesis including inhibitor of caspase-activated DNase (ICAD) (Larsen et al., 

2010), Nek5 (Shimizu and Sawasaki, 2013) and HIPK2 (de la Vega et al., 2013). The 

diversity of caspase substrates in this context highlights the role for this protease as an 

essential mediator of the differentiation program.  

Interestingly, a number of upstream apoptotic inductive proteins have also been 

shown to play a role in skeletal muscle differentiation, confirming conservation of the 

prototypical PCD pathway in directing cell fate outcomes. Coordinating caspase 3 activation, 

caspase 9 and the intrinsic pathway protein Bcl-xL have been identified as key regulators of 
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myoblast differentiation (Murray et al., 2008). Caspase 9 itself is negatively regulated by the 

cytokine LIF (leukemia inhibitory factor) in proliferating myogenic progenitors, likely as a 

result of direct phosphorylation (an inhibition) via ERK (extracellular signal-regulated 

kinase) (Hunt et al., 2011). Furthermore, the myogenic marker Pax3, expressed in 

proliferating muscle progenitors, is a transcriptional regulator of the anti-apoptotic proteins 

Bcl-2 and Bcl-xL. MyoD dependent loss of Pax3 expression, via miR-1 and miR-206, results 

in a down-regulation of these factors and an increase in caspase activation (Hirai et al., 

2010). The death receptor-mediated (extrinsic) pathway of caspase activation also 

participates in the regulation of satellite cell fate through FADD (Fas-associated death 

domain) phosphorylation (Cheng et al., 2014). C-terminal phosphorylation of FADD in a 

subset of satellite cells results in an increase in Pax7 and M-cadherin expression, suppression 

of myogenin and desmin and induced a phase of reversible cell cycle arrest indicating a 

propensity for self-renewal (Cheng et al., 2014). This ability of FADD to direct cell fate 

determination is mediated by its ability to modulate the Notch signaling pathway. Together, 

these observations suggest that the same strict regulations that impinge upon caspase activity 

in a death context are also maintained to regulate skeletal muscle differentiation. The factors 

that direct an activated satellite cell to self-renew versus initiate myogenesis are not fully 

defined, yet a reasonable hypothesis would envision that acquisition of these divergent cell 

fates requires a mutually exclusive molecular milieu.  

 

1.4.4: Caspases as mediators of stem cell self-renewal  

A probable mechanism that may influence satellite cell fate choice is the restricted 

deployment of directed proteolysis.  The caspase 3 protease has been demonstrated to control 

cell fate determination independent of inducing cell death (Abdul-Ghani and Megeney, 
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2008).  Transient activation of caspase 3 is essential for differentiation to occur across a 

broad range of lineage restricted progenitor cells (Dick and Megeney, 2013). The question 

remains as to whether this occurs directly, by engaging factors which promote the 

differentiation program, or indirectly, by limiting self-renewal, creating a permissive state for 

additional differentiation factors to act. Previous observations identifying a number of 

caspase substrates during differentiation provide a rationale for both occurring 

simultaneously. This is supported by the fact that caspases have the ability to target and 

cleave a wide number of protein substrates which could act in concert with each other to 

direct cell fate. However, complete mapping of caspase targets in a given cell type, in 

response to a given stimuli, would be required to gain a better understanding of this process.  

With regards to stem cell self-renewal, caspase 3 has been observed to limit self-

renewal of embryonic stem cells through direct proteolysis and inactivation of the key 

pluripotency factor Nanog (Fujita et al., 2008). Embryonic stem cells have a cell autonomous 

ability to self-renew due to their auto-regulatory circuit of pluripotency factors Oct4, Sox2 

and Nanog (Boyer et al., 2005). However, they maintain the ability to rapidly differentiation 

down a specific lineage in response to developmental cues via post-transcriptional 

modification of core transcription factors. Caspase 3 mediated cleavage of Nanog allows 

embryonic stem cells to rapidly escape the constraints of their self-renewal machinery and 

further suppresses expression of other pluripotency factors, including Oct4 (Fujita et al., 

2008). Additionally, caspase 3 has been implicated in negatively regulating cell cycle entry 

in primitive hematopoietic stem cells, leading to increased stem cell populations in the 

caspase 3 null mouse model (Janzen et al., 2008). Caspase 3 alters signal transduction in 

these cells by limiting activation of the Ras-Raf-MEK-ERK pathway, thus modulating the 

cytokine responsiveness required to maintain stem cell self-renewal and quiescence (Janzen 
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et al., 2008). It is still unclear whether the differentiation delay observed in caspase 3 null 

hematopoietic stem cells is due to the accumulation of self-renewal factors or an inability to 

activate differentiation factors. Further examination into the caspase 3 targets in this cell type 

will help elucidate these questions. In skeletal muscle myoblasts, caspase 3 directs a 

differentiation specific gene expression program by activating the caspase responsive DNase 

CAD. Once active, CAD reprograms the genome through targeted DNA damage/strand 

break events leading to P21 expression and cell cycle exit (Larsen et al., 2010). Together this 

data supports a novel role for proteases as central to the process regulating the stem cell 

compartment.  

Here we examined whether limitation of satellite cell self-renewal was dependent on 

caspase 3 targeted cleavage of the transcription factor Pax7.  Pax7 has been reported to 

regulate distinct panels of genes that promote proliferation and antagonize myogenic 

differentiation, a function that is consistent with maintaining the satellite cell niche 

(Soleimani et al., 2012). As such, the reduction or removal of Pax7 may denote a key 

prerequisite for satellite cells to abandon self-renewal and acquire differentiation 

competence.  How the activated satellite cells retains or eliminates Pax7 protein activity 

remains unknown.    
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1.5: Hypothesis / Aims 

Previous observations from our lab implicating caspase 3 in proper differentiation of 

skeletal muscle myoblasts, as well as work from other groups suggesting a role for caspases 

in stem cell maintenance, provide a critical rationale to further investigate whether caspase 3 

activity alters muscle stem cell self-renewal. This work will greatly contribute to establishing 

a role for caspase 3 in skeletal muscle development and also to our overall understanding of 

satellite stem cell regulation. In order to approach this question we have outlined the 

following hypothesis and aims: 

Hypothesis: Caspase 3 regulates the cell fate decisions of muscle satellite cells. 

Aim 1: Examine the functional role of caspase 3 in activated fiber associated satellite cells  

Aim 2: Determine how caspase 3 is affecting Pax7 protein levels 

Aim 3: Determine the mechanisms regulating caspase 3 activity during myogenesis 

 

We noted that inhibition of caspase 3 activity leads to the accumulation of Pax7 

protein and expansion of the satellite cell self-renewing compartment. Conversely, small 

molecule stimulation of caspase 3 depletes Pax7 protein and results in a down-regulation of 

Pax7 target genes.  Moreover, the ability of caspase 3 to target Pax7 is subject to an 

additional regulatory control via CK2.  Here, quiescent and self-renewing satellite cells 

maintain elevated CK2 activity, which phosphorylates Pax7 and prevents caspase mediated 

degradation of Pax7.  Together these results demonstrate that caspase cleavage of Pax7 is an 

early and essential step to limit satellite cell self-renewal, thereby establishing a cellular 

environment that is permissive for muscle differentiation. 
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CHAPTER 2 

Materials and Methods 
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Single Fiber Isolation and Immunocytochemistry  

Single muscle fibers were isolated from the EDL of 6-8 week old C57/B6 mice and 

cultured in floating conditions in Fiber Media (DMEM, 20% FBS, 2% CEE) as previously 

described (Kuang et al., 2007; Pasut et al., 2013). Fibers were fixed with 4% PFA at the 

indicated times and blocked using goat blocking buffer (5% goat serum; 2% BSA; 0.2% 

Triton; 1% NaAzide in 1xPBS) and incubated in primary antibody (Rabbit anti-Active-

Caspase 3, Cell Signalling; Rabbit anti-Active-Caspase 7, SantaCruz; Rabbit anti-CK2α, 

Abcam; Mouse anti-Pax7, Developmental Studies Hybridoma Bank (DSHB); Rabbit anti-

MyoD, SantaCruz; Rabbit anti-Syn4, Abcam) overnight at 4
o
C followed by incubation with 

secondary antibody (Goat anti-Mouse 594 or Goat anti-Rabbit 488; AlexaFlour) and 

counterstained with DAPI. For analysis of satellite ‘stem’ cells the Myf5-Cre/ROSA-YFP 

mice were obtained from Dr. Michael Rudnicki and used for fiber isolation. Fibers were 

stained with Mouse anti-Pax7 (DSHB) and Goat anti-GFP(FITC) (Abcam). 

For small molecule inhibitor treatments fiber cultures were plated in 6 well dishes 

and treated at T=0 with DMSO as a control and either z.DEVD.fmk (20 µM, BioVision) or 

TBBt (50 µM, Calbiochem). Fibers were plated on coverslips and the number of cells 

expressing each marker was counted. Data for 30-40 fibers/treatment were pooled and 

expressed as a percent of the total number of cells or as fold change relative to DMSO 

negative control. The average from 4 independent experiments were measured and expressed 

as +/- SEM (2400-3200 cells/treatment, N=4). Significance was considered p≤0.05 as 

determined by unpaired one-tailed student t-test.  
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Satellite Cell Primary Cultures  

Primary myoblasts were isolated as previously described (Fernando et al., 2002) from 

4 week old SV129 mice. Hind limb muscle was isolated and washed in PBS + 1% Pen/Strep 

followed by manual homogenization and incubation with Collagenase/Dispase solution (10% 

100 mg/ml collagenase; 20% 12 mg/ml Dispase; 2.5% 100 mM CaCl2 in DMEM) at 37
o
C 

for 30 min. The muscle slurry was filtered with a netrix filter and cells were pelleted at 1,000 

RPM (300xg). Cells were either pre-plated on plastic for 1 hour and immediately put into 

culture or processed for FACS purification as previously described (Pasut et al., 2012). 

FACS purification was used to isolate a highly pure population of satellite cells eliminating 

the need for pre-plating to remove fibroblasts and other contaminating cell types. Briefly, 

cell pellets were resuspended in 1 ml isolation media (10 mM Hepes, 2% FBS in DMEM) 

and incubated with mouse anti-α7-integrin for 15 min at room temperature followed by a 

wash step and incubation with IgG1-mouse 647, Hoechst and PE conjugated Sca-1, CD45, 

CD31 and CD11 for 15 min at 4
o
C. Cells were washed, filtered and sorted using a 

BeckmanCoulter MoFlo XDP (StemCore Laboratories, Ottawa) gaiting for α7 positive and 

PE negative. Isolated satellite cells were then placed into culture and allowed to expand for 

down-stream studies.   

Primary myoblasts and FACS sorted satellite cells were maintained in growth media 

(HAM F10 media, 20% FBS, 1% Pen/Strep, 1% heperin, 2.5 ng/µl bFGF) and induced to 

differentiate in low serum conditions (2% horse serum, 1% Pen/Strep in DMEM) in the 

presence of either DMSO or z.DEVD.fmk (20 µM; BioVision). Drug was refreshed after 24 

hourss differentiation. Cell pellets were collected at indicated times for Immunoblotting or 
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RT-qPCR. Alternatively, cells were treated with TBBt (50 µM, Calbiochem) or 

staurosporine (STS) (1 µM, Sigma) in growth media for the indicated times.  

 

Immunoblotting  

Cell lysates were obtained by incubation of cell pellets with lysis buffer (0.05 M 

Hepes-NaOH, pH 7.5; 0.15 M NaCl; 10% (vol/vol) glycerol, 1% (vol/vol) Tx-100; 1 mM 

EGTA; 1.5 mM MgCl2; 20 mM NaF; 10 mM sodium pyrophosphate) supplemented with 

protease inhibitors (4 mM Sodium Vanadate; 200 µM PMSF; 7.5 µg/mL Aprotonin; 7.5 

µg/mL Pepstatin; 7.5 µg/mL Leupeptin) and incubated at 4
o
C for 1 hour followed by 

centrifugation at 20,800xg for 10 min. Protein (50-100 µg) was separated by SDS/PAGE and 

transferred to PVDF membranes. Membranes were blocked with 5% (wt/vol) non-fat 

powdered milk in TBS-T (10 mM Tris, pH 7.4; 150 mM NaCl; 0.05% Tween-20), and 

incubated with primary antibody [mouse anti-Pax7 (Developmental Studies Hybridoma 

Bank); Rabbit anti-cleaved-caspase3 (Cell Signalling); mouse anti-β-tubulin (clone E7; 

Developmental Studies Hybridoma Bank); Mouse anti-MF20, Myosin Heavy Chain (MHC) 

(Developmental Studies Hybridoma Bank)] overnight at 4
o
C followed by incubation with 

HRP-conjugated secondary antibody (goat anti-mouse or goat anti-rabbit, BioRad). The ECL 

detection kit (GE Healthcare) was used to detect protein expression. Relative densitometry 

was measured using ImageJ software, values were normalised to a tubulin loading control 

and expressed relative to growth (T=0).    
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Protein Expression and Purification  

C-terminally 3xFLAG-tagged Pax7 was expressed using the baculovirus system as in 

(Kawabe et al., 2012). Pax7(WT), previously cloned into the pFastBac™1 vector (using 

EcoRI/XbaI), was used to produce single point mutations using site-directed mutagenesis. 

PCR was performed using primers containing the mutated nucleotide sequence 

corresponding to a single amino acid change (Table 1). The resultant vectors were then 

transformed into chemically competent E. coli (DH5α) for large scale production. Aliquots 

of the transformed E. coli were collected for miniprep isolation of the plasmid DNA and 

sequencing to confirm the mutation. Three to six individual clones were picked per mutation 

and sent for sequencing (Applied Biosystems 3730 DNA Analyzer, StemCore Laboratories). 

Sequencing data was analyzed using the Chromas software and one clone was selected for 

down-stream protein production.  To produce double mutants, site-directed mutagenesis was 

performed on vectors containing the single mutation using the corresponding primer to 

induce the second mutation. Recombinant baculoviruses were generated using the Bac-to-

Bac system (Invitrogen) and infected into Sf9 cells. Cells were lysed and pre-cleared by 

incubation with protein G sepharose (GE healthcare life science) at 4
o
C for 30 min. 

Recombinant protein was purified using anti-FLAG M2-agarose beads (Sigma) at 4
o
C for 

3hrs and eluted by addition of 500 mM 3xFLAG peptide (Sigma). The purity of the eluted 

fractions was analyzed by SDS-PAGE followed by coommasie blue staining.   
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Table 1: Primers used for site-directed mutagenesis and cloning of Pax7 protein 

Pax7 Primer 

D187A  5’-GCCAAACACAGCATCGCTG GCATCC-3’ 

D202A  5’-GAACCCGCCCTCCCCCTGAA-3’ 

D208A  5’-TGATTCCACAGCTGAGCCCTCATCC-3’ 

N-Term 
FW 5’-ATAGGATCCACCATGGCGGCGCTGCCCGGC-3’ 

RV 5’-TGTGCTCGAGATCTGAGCCCTCATCCAGACGGTT-3’ 

C-Term 
FW 5’-ATAGGATCCACCATGGACCTCCCCCTGAAGCGCAA-3’ 

RV 5’-TGTGCTCGAGGTAGGCTTGTCCCGTTTC-3’ 

 

 

In Vitro Cleavage Assay  

Recombinant Pax7 protein (100-300 ng) and recombinant active-caspase 3 or 

recombinant active-Caspase 7 (0.5 µg, Chemicon) were incubated for 0.5-8 hours in cleavage 

assay buffer (50mM Hepes, pH 7.5; 0.1 M NaCl; 10% glycerol; 0.1% Chaps; 10 mM DTT) 

containing either DMSO or z.DEVD.fmk (20 µM, BioVision) as indicated. Reactions were 

incubated at 37
o
C and stopped by addition of running buffer and subjected to SDS-PAGE. 

Western blot analysis was performed using αPax7 as described.  

To assess the cleavage of dephosphorylated Pax7, recombinant Pax7 (600 ng) was 

treated with 5 units Alkaline Phosphatase, Calf Intestinal (CIP) for 1 hour at 37
o
C (or buffer 

lacking the phosphatase enzyme, in which case Pax7 remained partially phosphorylated). 

Aliquots were subsequently incubated with recombinant active-Caspase 3 (0.5 µg) as 

described. Reactions were subjected to SDS-PAGE and western blot analysis. 
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Bioinformatics Analysis of Pax7 Protein 

To evaluate the Pax7 protein for caspase 3 cleavage sites we acquired the mouse a.a. 

sequence from the NCBI database and compared this to other closely related species using 

BLAST2 software. For help with cloning, site-directed mutagenesis and primer design we 

utilized the ApE software (A plasmid Editor © Wayne Davis).  

 

Cloning of Pax7 Fragments and Retrovirus Production 

To determine functionality of the Pax7 fragments Pax7(FL), N-Term [a.a. 1-208] and 

C-Term [a.a. 202-503] cDNA was cloned into the BamH1 and Xho1 sites of pHIT4-IRES-

eGFP vector (for primers see Table 1). The resultant vectors were then transformed into 

chemically competent E. coli (DH5α) for large scale production. Aliquots of the transformed 

E. coli were collected for miniprep isolation of the plasmid DNA and sequencing to conform 

the mutation. Three to six individual clones were picked per mutation and sent for 

sequencing (Applied Biosystems 3730 DNA Analyzer, StemCore Laboratories, Ottawa). 

Sequencing data was analyzed using the Chromas software and one clone was selected for 

down-stream analysis.  

Retrovirus was produced using the Phoenix helper-free retrovirus producer line PHX 

ECO (Stanford University). These cells were created by placing into 293T cells constructs 

capable of producing gag-pol and envelope (viral packaging) proteins for ecotropic viruses. 

PHX ECO cells were transfected at ~80% confluency using calcium phosphate mediated 

transfection for 16 hours, followed by washing in PBS and maintained in growth media 

(DMEM, 20% FBS and 1% Pen/Strep). 48 hours later, the virus containing media was 

removed from the cells, filtered using a 0.45 µm filter and supplemented with an additional 
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20% FBS. Virus was added to primary myoblasts cells maintained in growth conditions at 

~60% confluency at a concentration of 50% overnight (50% virus media; 50% myoblast 

growth media; 1:1,000 5 mg/ml polybrene). The following day media was replaced with 

fresh myoblast growth media and cells split when they reach 80% confluent. At 4 days post-

infection, primary myoblasts were trypsinized and prepared for FACS analysis to sort for 

GFP+ve cells containing the pHIT4 vector (gaiting for PE and GFP using a BeckmanCoulter 

MoFlo XDP, StemCore Laboratories, Ottawa). Cells which exhibited a side scatter positive 

for GFP were collected. This step was necessary to enhance the effect seen by over-

expressing the Pax7 fragments as the transfection efficiency alone was very low (~4%). 

These cells were allowed to recover in culture and expand until enough GFP+ve cells were 

available for RNA isolation and qPCR analysis (as previously described). 

 

Luciferase Assay 

To measure the activity of the Pax7 fragments the previously mentioned N-terminal 

and C-terminal Pax7 pHIT4 expression vectors were used for luciferase assay. COS cells 

were seeded onto 48-well plates (0.7 x 10
5
 cells per well), the following day cells were 

transfected using Lipofectamine 2000 (Invitrogen), SF Opti-MEMα (Gibco), 25 ng of 

internal Renilla luciferase internal control, 300ng of Firefly luciferase reporter DNA (Myf5-

57.5kb enhancer in pGL4 vector, (Kawabe et al., 2012)) and 200ng of activator DNA 

containing either Pax7(FL), N-Term or C-Term for 8hrs at 37
o
C with 5% CO2. The reporter 

plasmids and the VP16-Pax7 were a gift from Dr. Michael Rudnicki (For a list of plasmids 

see Table 2). Luciferase activity was measured by using the Dual Luciferase Assay System 

per manufacturer’s instructions (Promega). Luciferase values were normalized to Renilla 

luciferase internal control and empty pHIT4 vector.  
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Table 2: Description of plasmids used in luciferase assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary Myoblasts Viability  

To evaluate primary myoblast viability following treatment with procaspase 3 

activating compound 1 (Pac1; BioVision) (24 hours; 0 µM, 12.5 µM, 25 µM, 50 µM, 75 µM, 

100 µM; dissolved in DMSO) propidium iodide (PI) in combination with flow cytometry 

was used. Following treatment, growth media was collected for identification of detached 

cells in culture and the attached cells were harvested with 1x trypsin and diluted in 1x PBS 

solution. Suspended and adherent cells were combined and pelleted by centrifugation at 

250xg for 5 min. Cell pellet was washed and resuspended in 1mL 1x PBS solution. 

Incubation with PI (1 mg/mL) for 5 min at 4
o
C was followed by analysis of PI-positive cells 

Activator Plasmids 

PHIT pHIT4 Empty Vector, Negative Control 

VP16--Pax7 Positive Control 

Pax7 Full Length Protein in pHIT4 

N-Term a.a. 1-208 of Pax7 in pHIT4 

C-Term a.a. 208-503 of Pax7 in pHIT4 

  

  Reporter Plasmids 

PGL4 Empty Vector Negative Control 

Myf5-57.5 in PGL4 
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by flow cytometry using 488-nm excitation and 617-nm emission (MoFlo instrument; 

Beckman Coulter). Analysis was conducted using Summit version 4.3 software.  

 

Caspase 3-specific Small Molecule Activation  

To examine the differentiation inducing capabilities of caspase 3 activation, primary 

myoblasts were incubated with Pac1 (25 µM or 50 µM dissolved in DMSO) for 24 hours in 

growth media. DMSO alone was used as a vehicle negative control and differentiation media 

(2% horse serum, 1% PS in DMEM; 24 hours) was used as a positive control. Cells were 

harvested by incubation with 1x trypsin and pelleted by centrifugation at 250xg for 5 min. 

Cell pellets were then processed for mRNA or protein lysate isolation.   

To examine the cell fate inducing capabilities of caspase 3 activation, single isolated 

fibers were placed in activation media (15% FBS, 2% CEE in DMEM) for 48 hours. PAC1 

(25 µM, 50 µM) or DMSO alone was added to media and left for an additional 24 hours. 

Fibers were collected 72 hours post-isolation for immunocytochemistry analysis as 

previously described. Fibers were plated on coverslips and the number of cells expressing 

each marker was counted. Data for 30-40 fibers/treatment were pooled and expressed as a 

percent of the total number of cells. The average from 4 independent experiments were 

measured and expressed as +/- SEM (2400-3200 cells/treatment, N=4). Significance was 

considered p≤0.05 as determined by unpaired one-tailed student t-test. 

 

RNA isolation and qPCR  

RNA was isolated from cell pellets using the RNeasy Mini Kit (Qiagen) with on-

column DNase digestion followed by reverse transcription using the iScript cDNA synthesis 



46 
 

Kit (BioRad) using 1 µg of RNA. cDNA was then subjected to qPCR analysis using SYBR® 

Green Supermix (BioRad) in a Eco™ Real-Time PCR system (Illumina). QPCR primers 

(Table 3) were either previously published or designed using Primer-BLAST (NCBI). Gene 

expression was analysed using ΔΔCT method and Eco™ Software v4.1.2, values were 

normalized to GAPDH.     

 

 

Table 3: Primer pairs used for qPCR 

Gene  qPCR Primer 

Myf5 
FW 5’-CACCTCCAACTGCTCTGACG-3’ 

RV 5’-CTCGGATGGCTCTGTAGACG-3’ 

MyoD 
FW 5’-GCGCAACGCCATCCGCTAC-3’ 

RV 5’-TCGACACAGCCGCACTCTTCC-3’ 

Myogenin 
FW 5’-AGCAGGGAGGGTTTAAATGG-3’ 

RV 5’-GTCCCCAGTCCCTTTTCTTC-3’ 

Mef2C 
FW 5’-GGCAGCAAGAACACGATGCCA-3’ 

RV 5’-AAGCTCCCAACTGACTGAGGGCAG-3’ 

P21 
FW 5’-TGTCCAATCCTGGTGATGTCC-3’ 

RV 5’-TCAGACACCAGAGTGCAAGAC-3’ 

Pax7 
FW 5’-GACGACGAGGAAGGAGAGAA-3’ 

RV 5’-ACATCTGAGCCCTCATCCAG-3’ 

MHC 
FW 5’-ACCTTGCCAAGAAGAAGGACTCCA-3’ 

RV 5’-TGGATGCGGATGAACTTGCCAAAC-3’ 

GAPDH 
FW 5’-TGACTCCACTCACGGCAAATTCAA-3’ 

RV 5’-TGCCTGCTTCACCACCTTCTTGAT-3’ 
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Kinase Assay  

Recombinant Pax7 (100 ng) was incubated with purified GST-CK2 (0.1 µg/µl; 

obtained as a gift from Dr. Litchfield) and either DMSO or TBBt (50 µM, Calbiochem) in 

kinase buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 11.25 mM MgCl2, 0.075 mM ATP) 

containing ɣ
32

P-ATP (0.04 µCi/µl) for 1 hour at 30
o
C. Aliquots were subjected to SDS-

PAGE and autoradiography. For pre-treatment prior to caspase 3 cleavage GST-CK2 (0.1 

µg/µl) was incubated with Pax7 (100 ng) in kinase buffer containing cold ATP (0.075 mM) 

for 1 hour at 30
o
C. Aliquots were subsequently subjected to caspase 3 cleavage and 

immunoblot analysis as previously described.  

 

Mass Spectrometry  

To confirm caspase 3 cleavage of Pax7 protein an in vitro cleavage reaction, 

performed as previously described, was subjected to SDS-PAGE followed by silver stain 

using Silver Nitrate. The protein bands corresponding to the cleavage fragments were 

excised and processed for LC-MS/MS via trypsin digest (OHRI Proteomics Core Facility, 

Ottawa). The results were analyzed by MASCOT and the identified peptides were mapped to 

either the N-Terminus or the C-Terminus of the Pax7 protein sequence.  

To identify the site at which caspase 3 cleaves the Pax7 protein the cleavage reaction 

mixes were directly reduced using dithiothreitol, akylated using iodoacetamide and divided 

into 3 aliquots which were digested with trypsin, chymotrypsin and GluC respectively.  A 

portion of the peptide digests were mixed and then processed for LC-MS/MS.  MASCOT 

2.3.01 software (Matrix Science, UK) was used to match the acquired mass spectral data 

against a custom database comprised of mouse sequences in SwissProt (2011_07 version of 
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uniprot_sprot.fasta.gz from ftp.uniprot.org) concatenated with a database of common 

contaminants (Contaminant db downloaded from maxquant.org, downloaded june 9th 2011). 

Data set was queried for Pax7 peptides produced via a cleavage following an aspartic acid 

(D) residue.   

To identify the serine residue phosphorylated via CK2, recombinant Pax7 (600 ng) 

was treated with 5 units Alkaline Phosphatase, Calf Intestinal (CIP) for 1hr at 37
o
C. Aliquots 

were subsequently incubated with GST-CK2 (0.1 µg/µl) (or buffer only) in a cold kinase 

assay, as previously described. Recombinant protein was subjected to SDS-PAGE and silver 

stained, +CK2 and –CK2 bands were isolated and processed for LC-MS/MS. MASCOT 

software version 2.4 (Matrix Science) was used to infer peptide and protein identities from 

the mass spectra. Phosphorylation of serine or threonine, oxidation of methionine, 

carbamidomethylation of cysteine, protein N-terminal acetylation, deamidation, and 

conversion of glutamate or glutamine to pyro-glutamate were allowed as variable 

modifications.   

 

Statistical Analysis 

All data are expressed as mean +/- SEM. The student t test was used for comparisons 

between treatments, with p≤0.05 considered significant.  
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CHAPTER 3 

Caspase 3 is Required for Commitment of Satellite Cells to Differentiation 
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3.1: Caspase 3 is active during myogenic differentiation 

During the early stages of myoblast differentiation (12-24 hours post low-serum 

induction) low-levels of transient caspase 3 activity is observed using a flourometric assay of 

cell lysate (Fernando et al., 2002). Initial examination of the expression of active-caspase 3 

in cultured myogenic cells revealed an increase in active(cleaved)-caspase 3 during early 

stages of differentiation, as previously reported. This activation appeared to be tightly 

regulated with punctate foci observable at 24hrs following differentiation (2% HS; Figure 

6A). In contrast, caspase 3 activity present following 24hrs treatment with low levels of 

Staurosporine (STS) appeared brighter and cytoplasmic.  

To address the role of caspase 3 activity in satellite cell function we isolated single 

muscle fibers from juvenile mice and performed immunofluorescence for active caspase 3. 

Isolated and cultured myofibers provide an amenable model that accurately reconstructs the 

transition of satellite cells from quiescence to activation/early cell divisions, with well-

defined temporal kinetics (T=0 post culture, quiescence; T=48hrs post culture, early 

activation; and T=72hrs full activation) recapitulate in vivo regeneration of a damaged 

muscle fiber (Zammit et al., 2004).  In this system, the first division of satellite cells occurs 

between 24 and 48 hours post-isolation (Siegel et al., 2011). Subsequently, satellite cells 

rapidly divide with an average cycling time of 10 hours (Siegel et al., 2011) producing large 

clusters of cells residing adjacent to the myofiber. By about 72 hours post-isolation a 

majority of these cells will have begun the differentiation process by down-regulating 

expression of Pax7 while a small number are fated for self-renewal, indicative of their high-

levels of Pax7 expression and loss of MyoD expression. 
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Figure 6 – Active caspase 3 is present in activated satellite cells. (A) FACS purified 

satellite cells were cultured in growth media and either induced to undergo apoptosis (STS) 

or differentiate (2% HS) for 24hrs. Immunoflorescence analysis showed active (cleaved)-

caspase 3 (green) was present in both STS and 2% HS treated cells which were low or absent 

for Pax7 expression (red). (B) Single fibers were isolated from the EDL of juvenile mice 

cultured for the indicated times in growth media. Active (cleaved)-caspase 3 (green) was 

observed in Pax7 positive (red) fiber associated satellite cells at 48 and 72 hours following 

isolation at a low frequency, quantified in (C). No active caspase 3 signal was observed at 

time 0 in quiescent satellite cells. Scale bars are 10µm. 
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Satellite cells showed low-level expression of cleaved-caspase 3 in a subset of 

activated fiber associated satellite cells (Figure 6B). Examination at different time points 

following single fiber isolation showed a low frequency of active-caspase 3 expression at 48 

(3.9%) and 72 (4.2%) hours post-isolation in Pax7 positive satellite cells (Figure 6C). Based 

on the transient nature of caspase 3 activity during a non-death phenomenon, compared to 

prolonged and constant activity during cell death, we predict low prevalence of active-

caspase 3 in Pax7 satellite cells when fixed at a given moment in time. No caspase 3 activity 

was observed immediately following fiber isolation at the 0 hour time point when cells are 

viewed in their quiescent state, confirming a role for caspase 3 in activated satellite cells. 

 

3.2: The role of Caspase 3 during Satellite cell activation 

To address the function of caspase 3 in satellite cell activation and self-renewal, 

isolated myofibers were incubated with a cell permeable caspase 3 specific peptide inhibitor 

(20M, z.DEVD.fmk) and assessed for markers of self-renewal (Pax7) vs. commitment to 

differentiation (MyoD). Sustained Pax7 expression in the absence of myogenic markers is 

indicative of the self-renewing population (Olguin and Olwin, 2004). Alternatively, satellite 

cells with down-regulation of Pax7 and up-regulation of the transcription factors MyoD and 

myogenin are considered to be a cell population committed to differentiation.  Satellite cells 

expressing both Pax7 and MyoD are understood to be committed cells that remain in a 

proliferative state. Inactivation of caspase 3 resulted in a significant increase in the number 

of Pax7+/MyoD- satellite cells on fibers (34.85±3.13% in treated versus 15.74±4.61% in 

control conditions) (Figure 7A, B).  The total number of satellite cells per fiber did not           

_ 
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Figure 7 - Caspase 3 activity is required during early satellite cell fate decisions. (A) 

Single fibers were isolated from juvenile mice and cultured in 20µM z.DEVD.fmk (bottom) 

or DMSO (top; control) for 72 hours, fixed and stained with Pax7 (red) and MyoD (green). 

(B) Quantification of the number of satellite cells expressing each marker expressed as a 

percentage of the total number of satellite cells (+/- SEM). (C) Quantification of total 

number of satellite cells per fiber (+/- SEM). *p<0.05 unpaired student t-test. Scale bars are 

10 µM.  

 

 

A        

 

 

 

 

 

 

 

B                        C 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

Pax7+/MyoD- Pax7+/MyoD+ Pax7-/MyoD+

Sa
te

lli
te

 C
e

lls
 (

%
) 

Single Fibers Treated with Caspase Inhibitor 

DMSO DEVD

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

DMSO DEVD

Sa
te

lli
te

 C
e

lls
/ 

Fi
b

e
r 

* 

Figure 7 



55 
 

change with caspase 3 inhibition (Figure 7C), confirming that caspase activation in the          

activated satellite cell population impacts the self-renewal process rather than influencing 

cell death/cell survival per se.  

Published work out of Dr. Rudnicki’s lab demonstrates the use of a Myf5-cre reporter 

mouse to identify a new population of satellite cells that express Pax7 and reside in the 

satellite cell niche, however at no time in their development had ever expressed the 

myogenic marker Myf5. These are now generally recognized as the hierarchical 

subpopulation of stem cells that has not yet been committed to muscle differentiation and are 

hypothesized to be more pluripotent then their Myf5+ daughters (Kuang and Rudnicki, 

2008). During satellite cell activation Myf5- cells divide either symmetrically to give rise to 

two daughter cells or asymmetrically to produce one Myf5- stem cell and one Myf5+ 

committed muscle progenitor (Kuang et al., 2007). To test if caspase 3 inhibition has an 

effect on the regulation of Myf5+ commitment within these cells, we analyzed this 

population at 72 hours post fiber isolation as previously described. We found no significant 

differences in the number of uncommitted Myf5- satellite cells indicating caspase 3 is acting 

downstream of this cell fate decision (Figure 8A, B). A significant decrease in the 

differentiating Myf5+/Pax7- population was observed confirming a role for caspase 3 in 

satellite cell differentiation. We did not observe any changes in the total number of satellite 

cells per fiber (Figure 8C). These results, along with the experiments looking at Pax7/MyoD 

expression, indicate caspase 3 affects the decision of a satellite cell to either differentiate or 

return to quiescence for future rounds of regeneration but not the decision to commit to the 

myogenic lineage from a Pax7+/Myf5- stem cell population.  
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Figure 8 – Caspase 3 activity has no effect on the satellite ‘stem’ cell population. (A) 

Single fibers were isolated from juvenile Myf5/Cre-Rosa/YFP mice and cultured in 20µM 

z.DEVD.fmk (bottom) or DMSO (top; control) for 72 hours, fixed and stained with Pax7 

(red) and GFP (green). (B) Quantification of the number of satellite cells expressing each 

marker expressed as a percentage of the total number of satellite cells (+/- SEM). (C) 

Quantification of total number of satellite cells per fiber (+/- SEM). *p<0.05 unpaired 

student t-test. Scale bars are 10µM. 
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3.3: The effect of exogenous caspase activation on myogenic differentiation 

To determine whether caspase 3 activation is a dominant (sufficient) signal in 

determining satellite cell fate, we used a specific small molecule activator of caspase 3, 

termed Procaspase 3 Activating Compound 1 (Pac1), to engage protease activity.  Pac1 is a 

potent and specific procaspase 3 targeted molecule, that chelates the inhibitory zinc ions 

from the catalytic site of the enzyme, leading to auto activation (Putt et al., 2006).  A 

previous report has successfully utilized Pac1 to produce non-lethal levels of caspase 3 

activation, confirming a role for this protease in the induction of cardiac hypertrophy 

(Putinski et al., 2013). Isolated myofibers treated with low levels of Pac1 (50M) displayed a 

significant reduction in the number of Pax7 positive satellite cells compared to control 

treated myofibers (Pax7+/Syndecan4+ cells, Figure 9A, B). This suggests caspase 3 activity 

is sufficient to push these cells from a Pax7+ve (self-renewing) state to one permissive for 

differentiation, indicated by an increase in the Pax7-ve population (Pax7-/syndecan4+, 

Figure 9B). Although a slight decrease in the number of satellite cells per fiber was seen, 

indicating in some cultures Pac1 (and thus caspase 3 activity) induce a small amount of cell 

death, this was not found significant (Figure 9C).  

To independently confirm these observations, we also tested the capacity of Pac1 to 

alter Pax7 levels and the commitment of FACS isolated satellite cells. We treated cultured 

satellite cells with various concentrations of Pac1 for 24hrs in growth media, using DMSO as 

a vehicle control. Cells cultured in low-serum differentiation media for 24 hours were used 

as a positive control. Following treatment cells were processed for viability assay, protein 

isolation or RNA isolation (Figure 10A). The viability was determined using PI/FACS 

analysis of floating and attached cells following treatment. We ascertained all concentrations  
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Figure 9 - Small molecule (PAC-1) activation of caspase 3 induces loss of Pax7 positive 

satellite cells. (A) Single fibers were treated with either 50µM Pac1(bottom) or DMSO (top) 

48hrs following isolation and left for an additional 24 hours. At 72 hours post-isolation fibers 

were fixed and stained with syndecan 4 (green) and Pax7 (red). (B) The number of satellite 

cells expressing each marker was counted and expressed as a percentage of total number of 

satellite cells (+/- SEM). (C) Quantification of total number of satellite cells per fiber (+/- 

SEM). *p<0.05 unpaired student t-test. Scale bars are 10µM. 
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over 50µM Pac1 induced a significant level of cell death (Figure 10B). Therefore, we 

decided to use two viable concentrations of Pac1 (25µM and 50µM) to induce caspase 3 to 

functional levels without inducing cell death, a known outcome of sustained high-levels of 

caspase 3 activity.  

Western blot analysis revealed that satellite cells treated with 25 or 50µM Pac1 

displayed a dramatic reduction in Pax7 protein in growth media conditions, a loss that was 

comparable to cells exposed to low serum induction of differentiation (Figure 10C, D).  

Consistent with these results, we also observed activation of caspase 3 in these cells to levels 

similar to that seen in differentiation (Figure 10C, middle panel), confirming the need for a 

tight regulation of caspase 3 activity during differentiation to keep it at low-levels thus 

preventing cell death. Moreover, the Pac1 induced loss of Pax7 was concurrent to a reduction 

in the expression of the Pax7 target genes Myf5 and MyoD (Figure 10E). Collectively, these 

results support the hypothesis that caspase 3 is necessary and sufficient to limit satellite cell 

self-renewal and establish the molecular conditions that are conducive for differentiation. 

Surprisingly, we did not see an increase in the expression levels of the differentiation 

markers myogenin, Mef2C and P21, suggesting additional cues may be required to sustain 

precocious differentiation in these conditions. We predict this is due to the high-levels of 

growth factors present in the media restricting the progression through differentiation. 

Unfortunately, administration of Pac1 at levels viable in growth media result in extensive 

cell death when used in combination with differentiation media. Likely due to the delicate 

balance in caspase 3 activity already produced during myoblast differentiation.  
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Figure 10 - Small molecule (PAC-1) activation of caspase 3 induces cleavage of Pax7 

and down-regulation of Pax7 target genes. (A) Cultured FACS purified satellite cells were 

treated with PAC-1 for 24 hours prior to collection for down-stream analysis. (B) Viability 

was evaluated by PI staining and FACS analysis. Percent of PI negative cells were plotted 

for each treatment group (+/-SEM). (C) Western blot analysis of PAC-1 treated cells at the 

indicated concentrations. Lysates were probed with αPax7, Cleaved-Caspase3 and αTubulin. 

(D) Densitometry analysis of Pax7 protein levels determined using imagej software and 

normalized to tubulin (loading control) shows a decrease similar to that seen in 

differentiation conditions. (E) Primary myoblasts treated with 25µM or 50µM Pac1, DMSO 

(control) or differentiation (2% HS) for 24 hours. RT-qPCR analysis was performed using 

primers indicated in Table 3. Error bars represent SEM. *p<0.05; **p<0.005, unpaired 

student t-test.  
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CHAPTER 4 

Pax7 is a Caspase 3 Cleavage Substrate 
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4.1: Caspase 3 activity alters Pax7 protein levels 

The increased numbers of self-renewing satellite cells following caspase 3 inhibition 

is consistent with the premise that this protease may act to cleave and inactivate the factor(s) 

that governs the self-renewal process. To test the influence of caspase 3 inhibition on Pax7 

levels under differentiation conditions, primary myoblasts were placed in culture under 

growth conditions until confluent, at which time the media was replaced with low-serum 

media to induce myogenic differentiation. We observed inhibition of caspase 3 resulted in 

the persistent expression of Pax7 protein levels at 12 hours after the initiation of 

differentiation compared to loss of Pax7 protein at this time in control conditions (Figure 

11A). Pax7 is a logical target in this regard, as 1) the protein content has been shown to 

decline faster than message content in differentiating myoblasts (Figure 11B, C) and (Dey et 

al., 2011), and 2) simple inspection of the Pax7 protein reveals conserved caspase 3 cleavage 

sites (Figure 14A).   

 

4.2: Caspase 3 cleaves Pax7 in vitro 

To determine whether caspase 3 directly targets the Pax7 protein, we conducted an in 

vitro cleavage assay using recombinant active-caspase 3 and recombinant Pax7 proteins.  

Addition of active-caspase 3 was sufficient to induce an immune-reactive Pax7 cleavage 

product of approximately 40KDa (Figure 12A). This cleavage event was blocked by addition 

of the caspase 3 peptide inhibitor, confirming the specificity of Pax7 as a caspase 3 substrate.   

In an attempt to determine the kinetics of this cleavage event, we incubated 

recombinant Pax7 (100ng) with caspase 3 enzyme (3 units) for various times at 37
o
C (Figure 

12B). We observed cleavage of Pax7 at all time-points examined with a slight increase in 

cleavage product as time increased. In addition, we performed titration experiments in which  
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Figure 11 – Pax7 protein stability is affected by caspase 3 activity. (A) Differentiation 

time course of primary myoblasts treated with the caspase 3 peptide inhibitor z.DEVD.fmk 

(20µM) or DMSO control. Lysates were probed for αPax7 (top blot) and α-tubulin (bottom 

blot; loading control). (B) Primary myoblasts were induced to differentiate and collected at 

the indicated times for RT-qPCR analysis of Pax7 mRNA expression. (C) Relative mRNA 

expression from the RT-qPCR and relative densitometry analysis of Pax7 Protein (using 

ImageJ for western blot) was plotted together to show kinetics of Pax7 protein decrease is 

accelerated in comparison to the mRNA. Error bars represent SEM.  
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Figure 12 - Pax7 protein is cleaved by caspase 3 at a cryptic cleavage site. (A) 

Recombinant Pax7 protein and recombinant active caspase 3 were incubated in standard 

cleavage assay conditions containing either DMSO or z.DEVD.fmk (20µM) for the indicated 

times. (B) Cleavage reactions were performed using static amounts of Pax7 (100ng) and 

caspase 3 (3 units) which the duration of the reaction was altered between 2 and 8 hours. (C) 

Cleavage reactions were performed using static amounts of Pax7 (100ng) and time (4 hours) 

while the amount of caspase 3 was altered between 1 and 4 units. Lanes marked with c 

(Cleaved; Caspase 3) or I (Inhibited; Caspase 3 and z.DEVD.fmk). (D) Cleavage reaction in 

which 100ng of Pax7 and 3 units of caspase 3 were incubated in cleavage conditions at 37
o
C 

overnight (~16 hours). All reactions were subjected to SDS-PAGE and western blot analysis 

using αPax7 indicating a caspase 3 specific cleavage event at around 40kDa. 
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the amount of Pax7 remained constant (100ng) while the amount of recombinant caspase 3 

was gradually increased from 1 to 4 units (Figure 12C). Reactions were incubated at 37
o
C for 

4hrs. As predicted the amount of cleavage product produced increased when incubated with 

2 units compared to 1 unit of caspase 3, however, we did not observe an appreciable increase 

at higher concentrations. Although we observed a plateau in the amount of cleavage product 

produced (at concentrations higher than 2 units for 4hrs) we never observed complete loss of 

the full length protein. This suggests there may be more than one species of Pax7 protein 

present, a cleavable and an uncleavable form. This is most likely due to post-translational 

modifications present on the protein during production via the baculovirus system in Sf9 

cells. This, however, was overcome by incubation of 100ng Pax7 with 3 units of Caspase 3 

overnight (~16hrs) (Figure 12D). In addition to the 40kDa fragment, we observed a number 

of smaller immune-reactive fragments and complete loss of the full length species. Complete 

loss of this cleavage by addition of the caspase 3 specific inhibitor z.DEVD.fmk confirms the 

presence of multiple caspase cleavage sites in the Pax7 protein. That these are only cleaved 

during long exposure to the caspase 3 enzyme suggests low affinity of caspase 3 for these 

sites compared to the one which produces the 40kDa fragment, observable with as little as a 

30min incubation (Figure 12A). Whether one or all anticipated cleavage sites are 

physiologically relevant remains to be determined. Due to the high affinity of caspase 3 for 

the site producing the 40kDa fragment we focused on this as the most relevant, with the 

assumption that cleavage at any other site would be secondary to this cleavage event.  

 

4.3: Identification of the caspase 3 cleavage site within Pax7 

Next, we sought to identify the caspase 3 cleavage site(s) within Pax7 and whether 

the cleavage event is consistent with producing a loss of function for Pax7.  Importantly, we 
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observed both a 40kDa band on a silver stained gel which corresponded to the immune-

reactive fragment identified via western blot analysis, as well as a 20kDa fragment, as 

predicted, upon addition of active-caspase 3 (Figure 13A, red and green box). These two 

bands were excised and processed for LC-MS/MS, identifying peptides which clustered to 

either the N-terminus (and within the paired domain) in the case of the 20kDa fragment or 

the C-terminus (including the homeodomain) for the 40kDa fragment (Figure 13B).  This 

analysis suggested a physiologic cleavage event that parsed these two regions.  To identify 

the precise caspase 3 cleavage site (an exposed N-terminal aspartic acid), we subjected 

aliquots of the whole cleavage reaction to enzymatic digestion using 3 different 

endoproteases (Chymotrypsin, Trypsin, GluC).  Analysis of the Pax7 cleavage reaction 

products revealed a number of peptides with a common N-terminal aspartic acid at D187 that 

could not be attributed to cleavage via the selected diagnostic endoproteases (Table 4).  

Importantly, D187 mapped to a region that was not detected in either the 40kDa or the 

20kDa fragments, and was localized between the paired and the homeodomain in which the 

respective peptides clustered (Figure 13B and Figure 14A).  

To confirm this cleavage site, we produced recombinant Pax7 protein which harbored 

an aspartic acid to alanine mutation at site D187. For this we utilized the baculovirus system. 

A point mutation was introduced into the cDNA of Pax7 (previously cloned into the 

FastBac1 vector, containing a C-terminal 3xFLAG tag) via site-directed mutagenesis (For 

primers see Table 1). Following sequencing and confirmation of the point mutation, the 

FastBac1 plasmid containing D187A Pax7 was transfected into Sf9 cells and recombinant 

Pax7 was isolated using M2Flag beads. To confirm recombinant protein purification aliquots 

of the elute was run on a SDS-PAGE gel stained with coommassie blue (Figure 14B). This 

work was in collaboration with Yoichi Kawabie and Natasha Chang of the Rudnicki lab. 
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Figure 13 - Fragments produced via caspase 3 cleavage map to the N- or C- Terminus 

of the Pax7 protein. (A) Recombinant Pax7 (1µg) was subjected to an in vitro caspase 3 

cleavage reaction followed by SDS-PAGE and silver stain. The protein fragments produced 

(red and green boxes) were isolated and processed for LC-MS/MS. (B) Pax7 amino acid 

sequence with the identified peptides indicated. Peptides indicated by green were identified 

in the ~20kDa fragment and the peptides indicated by red were identified in the ~40kDa 

fragment.  
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Table 4 – Mass spectrometry results identifying D187 as a caspase 3 cleavage site. 

Recombinant Pax7 was subjected to an in vitro caspase 3 cleavage assay and directly 

processed for LC-MS/MS using 3 different endoproteases (Chymotrypsin, Trypsin, GluC). 

MASCOT software was used to analyse the identified peptides mapping to the Pax7 protein. 

The peptides identified were queried for cleavage events following an aspartic acid residues 

which could not be attributed to cleavage via one of the endopeptide used for LC-MS/MS 

processing (red).  

 

Start - End Observed Mr (expt) Mr (calc) Sequence Interpretation 

2 - 10 893.5179 892.5107 892.513 M.AALPGAVPR.M 

tryptic peptide from N-
terminus of protein 
following loss of N-term Met 
plus acetylation 

2 - 10 447.2626 892.5107 892.513 M.AALPGAVPR.M 

tryptic peptide from N-
terminus of protein 
following loss of N-term Met 
plus acetylation 

23 - 37 779.9136 1557.813 1557.815 
R.TGFPLEVSTPLGQ
GR.V 

trypsin cleavage (also seen in 
control) 

29 - 42 713.3931 1424.772 1424.774 
E.VSTPLGQGRVNQ
LG.G 

non-specific (also seen in 
control) 

34 - 45 616.3296 1230.645 1230.647 
L.GQGRVNQLGGVF
.I chymotrypsin cleavage 

38 - 56 526.0481 2100.163 2100.171 
R.VNQLGGVFINGR
PLPNHIR.H trypsin cleavage 

38 - 56 701.0637 2100.169 2100.171 
R.VNQLGGVFINGR
PLPNHIR.H trypsin cleavage 

38 - 56 701.3901 2101.148 2101.155 
R.VNQLGGVFINGR
PLPNHIR.H trypsin cleavage 

38 - 56 526.2949 2101.15 2101.155 
R.VNQLGGVFINGR
PLPNHIR.H trypsin cleavage 

62 - 74 511.9333 1532.778 1532.782 
E.MAHHGIRPCVISR
.Q ??? 

78 - 92 612.6333 1834.878 1834.882 
R.VSHGCVSKILCRY
QE.T ??? 

93 - 107 485.278 1452.812 1452.816 
E.TGSIRPGAIGGSK
PR.Q ??? 

93 - 120 730.8995 2919.569 2919.578 

E.TGSIRPGAIGGSK
PRQVATPDVEKKIE
E.Y GluC cleavage 

121 - 132 772.3531 1542.692 1542.693 
E.YKRENPGMFSWE
.I GluC cleavage 

137 - 156 554.2861 2213.115 2213.122 
R.LLKDGHCDRSTVP
SVSSISR.V trypsin cleavage 

137 - 156 738.7123 2213.115 2213.122 
R.LLKDGHCDRSTVP
SVSSISR.V trypsin cleavage 
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184 - 213 816.1625 3260.621 3260.627 

K.HSIDGILGDKGNR
LDEGSDVESEPDLPL
KR.K seen in control sample only 

184 - 214 678.7504 3388.716 3388.722 

K.HSIDGILGDKGNR
LDEGSDVESEPDLPL
KRK.Q seen in control sample only 

188 - 208 1101.508 2201.002 2201.008 
D.GILGDKGNRLDE
GSDVESEPD.L 

caspase plus GluC or caspase 
x2 

188 - 208 734.6756 2201.005 2201.008 
D.GILGDKGNRLDE
GSDVESEPD.L 

caspase plus GluC or caspase 
x2 

188 - 211 842.4155 2524.225 2524.229 
D.GILGDKGNRLDE
GSDVESEPDLPL.K caspase plus chymotrypsin 

188 - 213 703.1121 2808.419 2808.425 

D.GILGDKGNRLDE
GSDVESEPDLPLKR.
K caspase plus trypsin 

188 - 213 937.1475 2808.421 2808.425 

D.GILGDKGNRLDE
GSDVESEPDLPLKR.
K caspase plus trypsin 

188 - 214 735.1355 2936.513 2936.52 

D.GILGDKGNRLDE
GSDVESEPDLPLKR
K.Q caspase plus trypsin 

188 - 214 588.3104 2936.516 2936.52 

D.GILGDKGNRLDE
GSDVESEPDLPLKR
K.Q caspase plus trypsin 

188 - 215 767.1497 3064.57 3064.579 

D.GILGDKGNRLDE
GSDVESEPDLPLKR
KQ.R caspase plus GluC 

188 - 215 613.9221 3064.574 3064.579 

D.GILGDKGNRLDE
GSDVESEPDLPLKR
KQ.R caspase plus GluC 

188 - 216 645.1409 3220.668 3220.68 

D.GILGDKGNRLDE
GSDVESEPDLPLKR
KQR.R caspase plus trypsin 

230 - 247 766.3755 2296.105 2296.112 
E.LEKAFERTHYPDIY
TREE.L 

GluC cleavage (also seen in 
control) 

232 - 247 514.5022 2053.98 2053.986 
E.KAFERTHYPDIYT
REE.L GluC cleavage 

232 - 247 685.6674 2053.98 2053.986 
E.KAFERTHYPDIYT
REE.L GluC cleavage 

236 - 247 527.2528 1578.737 1578.743 E.RTHYPDIYTREE.L 
GluC cleavage (also seen in 
control) 

236 - 247 527.2534 1578.738 1578.743 E.RTHYPDIYTREE.L 
GluC cleavage (also seen in 
control) 

236 - 247 527.2535 1578.739 1578.743 E.RTHYPDIYTREE.L 
GluC cleavage (also seen in 
control) 

236 - 247 527.2537 1578.739 1578.743 E.RTHYPDIYTREE.L 
GluC cleavage (also seen in 
control) 

237 - 247 712.327 1422.639 1422.642 R.THYPDIYTREE.L ??? 

257 - 263 453.2513 904.488 904.4919 E.ARVQVWF.S ??? 

259 - 267 596.3213 1190.628 1190.631 R.VQVWFSNRR.A trypsin cleavage 

333 - 350 816.8837 1631.753 1631.754 
M.HQGGLAAAAAA
ADTSSAY.G 

chymotrypsin cleavage? 
seen in control sample only 
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317 - 350 819.6508 3274.574 3274.579 

D.GGSTVHRPQPLP
PSTMHQGGLAAAA
AAADTSSAY.G caspase plus chymotrypsin 

317 - 350 1092.535 3274.584 3274.579 

D.GGSTVHRPQPLP
PSTMHQGGLAAAA
AAADTSSAY.G caspase plus chymotrypsin 

317 - 353 890.6918 3558.738 3558.739 

D.GGSTVHRPQPLP
PSTMHQGGLAAAA
AAADTSSAYGAR.H caspase plus trypsin 

351 - 385 1236.882 3707.624 3707.619 

Y.GARHSFSSYSDSF
MNPGAPSNHMNP
VSNGLSPQVM.S chymotrypsin cleavage 

355 - 406 1088.5 5437.462 5437.438 

H.SFSSYSDSFMNP
GAPSNHMNPVSN
GLSPQVMSILSNPS
AVPPQPQADFSISP.
L also seen in control 

402 - 412 571.7947 1141.575 1141.577 D.FSISPLHGGLD.S caspase or GluC? 

464 - 477 739.8946 1477.775 1477.778 
Y.GQTAVDYLAKNV
SL.S chymotrypsin cleavage 

464 - 483 746.7256 2237.155 2237.159 
Y.GQTAVDYLAKNV
SLSTQRRM.K 

chymotrypsin cleavage (also 
seen in control) 

465 - 482 678.3622 2032.065 2032.07 
G.QTAVDYLAKNVS
LSTQRR.M also seen in control 

470 - 477 454.2649 906.5152 906.5174 D.YLAKNVSL.S caspase plus chymotrypsin 

470 - 480 612.334 1222.654 1222.656 D.YLAKNVSLSTQ.R caspase plus GluC 

470 - 483 556.304 1665.89 1665.898 
D.YLAKNVSLSTQRR
M.K caspase plus chymotrypsin 

470 - 487 1047.577 2093.14 2093.142 
D.YLAKNVSLSTQRR
MKLGE.H caspase plus GluC 

483 - 492 542.7934 1083.572 1083.575 R.MKLGEHSAVL.G ??? 

488 - 498 567.8281 1133.642 1133.645 E.HSAVLGLLPVE.T 
GluC cleavage (also seen in 
control) 

488 - 498 1134.65 1133.643 1133.645 E.HSAVLGLLPVE.T 
GluC cleavage (also seen in 
control) 
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Figure 14 – Identification of the caspase 3 cleavage sites and site-directed mutagenesis. 

(A) The aspartic acid residues targeted by caspase 3 (highlighted in blue), as well as the 

serine residue targeted by CK2 (highlighted in red), is conserved across a broad range of 

phyla. Amino acid sequences obtained from NCBI (http://www.ncbi.nlm.nih.gov). (B) Pax7 

protein containing a point mutation resulting in the loss of the aspartic acid responsible for 

caspase 3-mediated cleavage was produced via site-directed mutagenesis on Pax7(WT) 

containing FastBac1 vector and baculovirus production. PCR was performed using primers 

harbouring the mutations (indicated in Table 1) and resultant vectors were sequence verified. 

These vectors were transfected into Sf9 cells for baculovirus production and the protein was 

purified using their 3xFLAG-tag. Eluent was run on a SDS-PAGE gel and commassie 

stained to verify purity.   

  

http://www.ncbi.nlm.nih.gov/
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Interestingly, the recombinant D187A Pax7 protein displayed partial cleavage via 

caspase 3, suggesting that Pax7 contained additional cleavage site(s) attributing to 

production of the 40kDa fragment (Figure 15A).  Examination of the Pax7 amino acid 

sequence indicated two additional aspartic acid residues (D202 and D208) that retain 

prototypical caspase 3 recognition sites (Thornberry et al., 1997).  To test the caspase 

targeting of these residues we generated the single aspartic acid to alanine Pax7 mutations 

(D202A and D208A), as well as the relevant Pax7 double mutants (D187A/D202A and 

D187A/D208A) for use in the caspase cleavage assay. Recombinant Pax7 containing the 

D187A/D202A double mutant, or any of the single mutants did not provide effective 

blockade of caspase-directed cleavage (Figure 15A, B). However, Pax7 protein containing 

the dual D187A/D208A aspartic acid to alanine mutations was completely protected from 

caspase 3 cleavage (Figure 15B), establishing these aspartic acids as de facto caspase target 

sites.   

 

4.4: Examining a role for the caspase 3 mediated cleavage fragments of Pax7  

Following caspase 3-mediated cleavage at the indicated site(s) within Pax7, two 

fragments are produced which may contain residual activity. The N-terminal fragment of 

Pax7 is of particular interest as it retains the DNA binding capacity of Pax7 (Paired domain) 

unbound from the transactivation domain (Figure 16A). A dominant-negative effect has been 

documented following truncation of transcription factors, following loss of the 

transactivation domain (Choul-Li et al., 2010) providing a rationale to test the functional 

activity of the fragments produced via caspase 3 cleavage of Pax7. 

We produced retroviral expression plasmids in the pHIT4 backbone containing the N-

terminal (a.a. 1-208), the C-terminal (a.a. 208-503) or full length (a.a. 1-503) Pax7  
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Figure 15 – Caspase 3 cleavage was abolished in the D187A/D208A double mutant only. 

(A) Recombinant Pax7 protein containing single aspartic acid to alanine point mutations at 

site D187A and D202A or D208A were subjected to caspase 3 cleavage followed by western 

blot analysis. (B) Recombinant Pax7 containing double point mutations at sites 

D187A/D202A, D187A/D208A and D202A/D208A were subjected to caspase 3 cleavage 

followed by western blot analysis. Only D187A/D208A completely blocked caspase 3 

cleavage compared to wild-type. 

  

Figure 15 
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containing a down-stream IRES-GFP (Figure 16A). Initially, we examined whether caspase 

cleavage of Pax7 resulted in loss of function for the resulting Pax7 fragments. COS cells 

were co-transfected with either full length or truncated Pax7 constructs and a Pax7 

responsive promoter linked to a luciferase reporter (Myf5-57.5) (Table 2).  COS cells 

transfected with full length Pax7 induced expression of the Myf5 linked reporter, whereas 

COS cells expressing either caspase generated Pax7 fragment (N-Term or C-Term) did not 

activate the reporter (Figure 16B). These results suggest that caspase cleavage of Pax7 

results in the generation of non-functional Pax7 fragments.  

Based on previous observations of truncated/fragmented transcription factors having 

a dominant-negative affect on function we then tested the ability of the cleavage fragments 

of Pax7 to inhibit Pax7 function, thus further promoting differentiation. We hypothesize the 

N-terminal fragment of Pax7 (containing amino acids 1-208) would act as a dominant-

negative by binding to Pax7 target elements and blocking the ability of full length Pax7 to 

successfully initiate transcription of its down-stream target. In accordance with our 

hypothesis, Zammit et. al. revealed, regardless of persistent Pax7 expression, via retroviral 

infection with a Pax7 expression construct, myoblast differentiation occurred. This supports 

the notion that a dominant-negative effect is acting to inhibit Pax7 function (specifically at 

the Myf5 promoter) regardless of its mRNA levels (Zammit et al., 2006).  

 We observed no significant change in reporter activity when the N-Term or the C-

Term of Pax7 was co-expressed with the full length Pax7 (Figure 16C). Due to the low 

baseline expression induced by the full length Pax7 protein we sought to observe the effect 

of the over-expression of either the N-Term or C-Term fragment on the function of a Pax7 

transgene containing VP16 (a potent transcriptional activator). Similarly, we did not observe 

a significant change in reporter activity when either of the fragments were co-expressed with 
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VP16-Pax7 compared to co-expression with full length Pax7 (Figure 16D). Together these 

results indicate the N-Term and C-Term Pax7 fragments likely do not contain a residual 

function following caspase 3 mediated cleavage.  

To confirm our results from the luciferase assay we produced retrovirus via 

transfection of the pHIT4 expression plasmids in PHX ECO cells, which was used for 

subsequent infection of primary myoblasts. Following expression and expansion of GFP 

positive cells (Day 6, Figure 17A), the myoblasts were FACS sorted to produce a pure 

population of Pax7 expressing cells (Figure 17B). These cells were allowed to recover for an 

additional 4 days in culture prior to collection and processing for RT-qPCR. Using primers 

for the Pax7 target genes Myf5 and MyoD we observed no change in transcriptional activity 

at the Myf5 promoter in cells expressing either the N-terminal or C-terminal of Pax7 (Figure 

17C). We did however observe a decrease in transcription of MyoD, consistent with what has 

been reported for a dominant-negative form of Pax7 (Relaix et al., 2006). Further 

investigation into the role of the Pax7 fragments produced via caspase 3 cleavage is 

warranted with specific attention to the cell environment. Our results suggest these fragments 

may have a specific role in regulating Pax7 transcriptional activity as opposed to a global 

one.   
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Figure 16 – Pax7 fragments produced via caspase 3 cleavage retain no transcriptional 

activity.  (A) The N-Terminal (a.a. 1-208) and the C-Terminal (a.a. 208-503) of Pax7 was 

PCR cloned into the pHIT4 vector. (B) Luciferase assay was performed in COS cells co-

transfected with a Pax7 containing plasmid and a luciferase reporter plasmid containing the 

Myf5 promoter (see Table 2 for plasmid descriptions). Only Pax7 full-length induced 

expression of the Myf5 luciferase reporter indicating the fragments contained no 

transcriptional activity (C) Luciferase assay was performed using Pax7 full-length in 

conjunction with either the N-Terminus (NT) or the C-Terminus (CT) of Pax7 to determine 

if the fragments acted as a dominant negative to inhibit the transcriptional activity of full-

length Pax7. (D) Luciferase assay was performed as in (C) using Pax7 (full-length) fused to 

VP16 (a strong transcription activation domain) to enhance any observable affect. In both 

cases there was no significant change in the reporter activity from Pax7 + PHIT (empty 

vector control) to Pax7 + NT or Pax7 + CT. Luciferase activity were normalized to Renilla 

for transfection efficiency and expressed as luciferase activity relative to empty vector 

(PHIT). Error bars represent SEM. *p<0.05; unpaired student t-test. 
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Figure 17 – Pax7 fragments retain some endogenous function. (A) pHIT4 vectors 

containing the Pax7 fragments (produced as in Figure 16A) were transfected into PHX ECO 

cells for retrovirus production. Retrovirus was then used to infect primary myoblasts in 

culture. (B) Following 4 days in culture, infected myoblasts were FACS purified gaiting for 

PE and GFP. Cells which exhibited a side scatter positive for GFP were collected (~4% of 

total cells). (C) RT-qPCR analysis showed no change in Myf5 mRNA expression and a 

significant decrease in MyoD mRNA expression. Error bars represent SEM. *p<0.05; 

unpaired student t-test. 
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CHAPTER 5 

The Role of CK2 in Modulating Caspase 3 Mediated Cleavage of Pax7 

Protein 
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5.1: CK2 is present and active in satellite cells 

The stand alone capacity of caspase 3 to alter self-renewal implies that the satellite 

cell may have evolved or co-opted a mechanism(s) to restrain the protease targeting of Pax7.  

Interestingly, the constitutively active casein kinase 2 (CK2) has been shown to produce a 

steric inhibition on caspase 3 cleavage events via phosphorylation of serine residues that 

reside in close proximity to the caspase 3 cleavage site (Duncan et al., 2011). Indeed, 

comprehensive proteomic analysis has established that caspase 3 cleavage sites and CK2 

phosphorylation sites strongly overlap (Duncan et al., 2011; Turowec et al., 2014).  Here we 

show that CK2 is present in all activated satellite cells and the majority (73.0±3.5%) of 

quiescent satellite cells (Figure 18). There are a small percentage of cells (25.48±9.0%) that 

express CK2 but lack Pax7 (Figure 18C) which is cytoplasmically located, as determined via 

immunofluorescence microcopy (Figure 18A). Whether this represents CK2 in 

differentiating satellite cells or other fiber associated mononuclear cells (such as fibroblasts) 

was not determined. As CK2 plays an important role in general cell survival we favor the 

notion that CK2 activity is restricted during differentiation commitment allowing for 

cleavage of Pax7 protein, as opposed to transcriptional shut down of CK2 gene transcription. 

Further examination of CK2 activity at different times of satellite cell commitment would be 

required to further elucidate its function.  

 

5.2: CK2 inhibition results in a differentiation defect 

To address the physiological relevance of CK2 activity and whether this kinase 

modulates satellite cell self-renewal we tested the effect of the CK2 specific inhibitor TBBt 

on single fiber cultures.  We observed an increase in the differentiation potential of satellite 

cells when treated with TBBt (50µM) compared to vehicle control (DMSO), as indicated by  
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Figure 18 – Casein Kinase 2 (CK2) is present in fiber associated satellite cells. (A) CK2α 

(green) was observed in Pax7 positive (red) fiber associated satellite cells at all time points 

tested. (B) The number of mononuclear cells expressing CK2 was quantified at T=0, T=48 

and T=72 hours post fiber isolation. (C) The number of cells expressing each marker was 

also quantified and expressed as a percentage of the total number of cells counted. Error bars 

represent SEM. Scale bars are 10µM. 
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the increase in Pax7-/MyoD+ satellite cells at day 3 following isolation (1.41±0.10 fold 

increase) (Figure 19A, B). There was no significant difference in the number of satellite cells 

per fiber indicating that inhibition of CK2 activity does not impair cell survival (Figure 19C). 

As we increased the amount of inhibitor from 10µM to 50µM we observed a step wise 

increase in the number of Pax7-/MyoD+ satellite cells indicating a dose dependent effect 

(Figure 19D). Together, these results suggest a role for CK2 in maintaining Pax7 protein 

stability during the proliferation/expansion of activated satellite cells.  

To confirm these results, we treated FACS-isolated satellite cells in culture with the 

CK2 inhibitor TBBt (50µM) for 24 hours in growth media. RT-qPCR analysis revealed an 

increase in the differentiation marker Mef2C suggesting a propensity for these cells to 

differentiate (Figure 19E). Interestingly, the transcription of the Pax7 target gene Myf5 

remained unchanged (Figure 19E). This suggests CK2 may act to inhibit Mef2C and 

myogenic differentiation independent of its role in modulating caspase 3 targeted cleavage 

events, further elucidation of which is outside the scope of this thesis and was not further 

examined.  

 

5.3: CK2 phosphorylates Pax7 at serine 201 

To examine the direct role of CK2 in modulating caspase 3 cleavage of Pax7 we 

looked for potential CK2 phosphorylation sites in the Pax7 protein. The Pax7 amino acid 

sequence contains two evolutionarily conserved serine residues (S201 and S205) which are 

consistent with a CK2 consensus sequence, and in close proximity to the caspase targeted 

aspartic acid residue at position D208 (Figure 14A). To confirm Pax7 is a direct target of  

 



86 
 

   

  

0.00

5.00

10.00

15.00

20.00

25.00

30.00

DMSO TBBt

Sa
te

lli
te

 C
e

lls
 /

 F
ib

e
r 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

Pax7+/MyoD- Pax7+/MyoD+ Pax7-/MyoD+

Fo
ld

 C
h

an
ge

 

DMSO TBBt

** 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

DMSO 10uM 25uM 50uM

Fo
ld

 C
h

an
ge

 

[TBBt] 

Affect of CK2 inhibitor on 
Pax7 negative satellite cells 

*           ** 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Mef2C Myf5

R
e

la
ti

ve
 E

xp
re

ss
io

n
 

RT-qPCR of TBBt Treated Myoblasts 

Growth TBBt

* 

A                     B 

 

 

 

 

                                              

 

         C 

 

 

 

  

D                         E 

Figure 19 



87 
 

Figure 19 - Casein Kinase 2 (CK2) inhibition promotes satellite cell differentiation. (A) 

Individual fibers were incubated in the presence of the CK2 inhibitor TBBt (50µM) or 

DMSO and stained with αPax7 (red) and αMyoD (green). (B) Quantification of the number 

of satellite cells expressing each marker expressed as fold change relative to DMSO control. 

TBBt treated fibers had a significant increase in the number of differentiating (Pax7-

/MyoD+) satellite cells. (C) There was no change in the number of satellite cells per fiber in 

treated and control conditions. (D) Fibers were incubated with various concentrations of the 

CK2 inhibitor TBBt for 72 hours. The number of Pax7-/MyoD+ (differentiating) satellite 

cells was quantified, indicating a dose-dependent effect of the inhibitor on increasing the 

number of cells in this population. (E) FACS isolated satellite cells were treated with TBBt 

(50µM) for 24 hours and collected for RT-PCR analysis, indicating an increase in Mef2C but 

not Myf5 expression. Error bars represent SEM. *p<0.05; **p<0.005, unpaired student t-test. 

Scale bars are 10µM. 
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CK2 we performed an in vitro kinase assay, observing phosphorylation of Pax7 protein 

which was completely blocked by addition of the CK2 inhibitor TBBt (Figure 20A). It is of 

note there was low levels of phosphorylation detected in the aliquot that contained only the 

recombinant Pax7 protein (without the addition of holo-CK2) that was purified via 

baculovirus. To determine if there was a kinase present in the purified protein we submitted 

an aliquot for Mass Spectrometry analysis. We identified traces of insect CK2 (both α and β 

subunits) in our sample that we believe is responsible for this low level of background 

detection. Importantly, both the CK2 specific phosphorylation, as well as all traces of 

background phosphorylation, was completely inhibited by addition of the CK2 inhibitor 

TBBt confirming the specific phosphorylation of Pax7 by CK2. Point mutations of Pax7 at 

S201 or S205 revealed that only S201 in recombinant Pax7 protein was directly 

phosphorylated by CK2 (Figure 20B) (This experiment was provided by Dr. Yoichi Kawabe 

in the Rudnicki lab).  The specificity of this phosphorylation event was confirmed via Mass 

Spectrometry peptide mapping of Pax7 protein following incubation with CK2 (Figure 20C).    

 

5.4: Phosphorylation of Pax7 via CK2 results in an inhibition of caspase 3 cleavage 

Next, we tested whether prior CK2 phosphorylation of recombinant Pax7 was 

sufficient to inhibit cleavage via active-caspase 3.  Interestingly, CK2 phosphorylation of 

Pax7 resulted in the generation of a partial cleavage of wild-type Pax7, compared to the 

cleavage products generated from unphosphorylated Pax7 protein (Figure 21A). This result 

suggested that CK2-mediated phosphorylation of Pax7 at S201 may shield only one of the 

caspase cleavage sites. To identify the CK2-protected caspase cleavage site we tested the 

D187A and D208A single Pax7 mutants in the same serial kinase/cleavage assay utilized 

above.  CK2 phosphorylation followed by caspase 3 incubation of the D187A mutant 
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displayed a similar cleavage pattern to unphosphorylated Pax7, whereas the caspase cleavage 

products generated from the D208A mutant were unaffected by a prior CK2 mediated 

phosphorylation event (Figure 21A). This experiment revealed that CK2 phosphorylation at 

S201 was sufficient to block caspase 3 cleavage at a single cleavage site, D208 (Figure 21B).  

Together these results demonstrate a physiologic interaction between CK2 and 

caspase 3 in the control of Pax7 protein stability. A remaining question to be answered is if 

one or both caspase 3 specific cleavage events occurs in vivo and the physiological role of 

having two caspase 3 cleavage sites in such close proximity to each other and under different 

regulatory mechanisms. We predict additional kinase(s) are required to phosphorylate Pax7 

to either directly prevent caspase cleavage or prime the protein for additional 

phosphorylation events as seen in previous work published by Hollenbach and colleagues 

(Dietz et al., 2011). 
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Figure 20 - Casein Kinase 2 (CK2) phosphorylates Pax7 at S201. (A) Autoradiography of 

recombinant Pax7 protein shows Pax7 is phosphorylated by CK2, which is completely lost 

by addition of the CK2 inhibitor TBBt (50µM). (B) An in vitro kinase assay of wild-type 

Pax7 or Pax7 with site mutations at S201A or S205A indicating loss of phosphorylation in 

the S201A mutant only (panel provided by Yoichi Kawabe). (C) Recombinant Pax7 was 

subjected to global dephosphorylation via Calf Intestinal Phosphatase (CIP) and subsequent 

phosphorylation with CK2 (+CK2) or buffer only (-CK2). Reactions were processed for LC-

MS/MS and MASCOT analysis which revealed a phosphorylated event on S201 in the +CK2 

sample which was absent from the –CK2 sample.   

 

 

 

Figure 20 
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Figure 21 – Casein Kinase 2 (CK2) phosphorylation restricts caspase 3 cleavage of Pax7 

protein at D208. (A) Recombinant Pax7 (Pax7 wild-type, Pax7 D208A mutant or D187A 

mutant) was subjected to an in vitro (cold) kinase assay with holo-CK2 (containing both the 

α and β subunit). Aliquots from each reaction were then subjected to caspase 3 cleavage and 

to SDS-PAGE and western blot analysis using αPax7. Cleavage of the D187A mutant was 

impaired by pre-incubation with CK2. (D) Schematic of Pax7 protein indicating the caspase 

3 cleavage sites as well as the CK2 phosphorylation site. 

 

 

 

  

Figure 21 



92 
 

 

 

 

 

 

CHAPTER 6 

6.0   Discussion 
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6.0: General Discussion 

Caspase 3 activation is an essential cue for promoting differentiation of committed 

progenitor cells (Dick and Megeney, 2013).  This study establishes that caspase 3 also acts at 

a much earlier step in the life cycle of muscle stem cells, by limiting the self-renewal 

process. Caspase 3 blocks satellite cell self-renewal by cleavage inactivation of Pax7 protein, 

a mechanism that is counter balanced by CK2 mediated phosphorylation of Pax7.  Blockade 

of caspase activity extends self-renewal in the satellite cell pool, while inhibition of CK2 

leads to increased numbers of differentiation committed cells, revealing that satellite cell fate 

is strongly influenced by competing post-translational modifications of Pax7.  

Caspase 3 has been previously reported to inhibit embryonic stem cell (ESC) self-

renewal through targeted cleavage of the pluripotency factor Nanog (Fujita et al., 2008). 

Therefore, it is reasonable to conclude that a similar dichotomous phosphorylation/cleavage 

modification of Nanog controls ESC self-renewal, with CK2 and caspase 3 acting as the 

respective competing enzymes. We speculate that the caspase 3/CK2 targeting of self-

renewal factors is a broadly conserved phenomenon, affecting cell fate determination across 

all lineages.          

 

6.1: Regulation of stem cell fate via caspase 3 through targeted cleavage of transcription 

factors and transcriptional co-regulators. 

In organisms with a high turnover of cells, stem cells must be strictly regulated to 

ensure a balance between the preservation of the stem cell pool and differentiation to replace 

mature cells lost due to injury, disease or wear. Our data support a novel role for proteases, 

in regulating the stem cell compartment. In addition to modulating a variety of signaling 
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pathways, our data illustrate that caspase proteases direct cleavage of a transcription factor, 

Pax7, which leads to an inhibition of stem cell self-renewal.  

Our findings that caspase 3 acts as a mediator of stem cell fate, down-stream of 

satellite cell/myogenic commitment, extends prior observations that Pax7 is dispensable for 

satellite cell specification (Oustanina et al., 2004). Following the identification of Pax7 in 

satellite cells, there has been considerable debate regarding its core function. Contradictory 

reports on the presence/absence of satellite cells in the Pax7 null mouse have questioned its 

role in satellite cell specification (Oustanina et al., 2004; Relaix et al., 2006; Seale et al., 

2000). However, it is now widely recognized that satellite cells do exist in their niche despite 

loss of Pax7 expression, where they are gradually lost during the first few weeks of age 

(Oustanina et al., 2004; Zammit et al., 2006). These observations shifted the focus of Pax7 

from one in specification to a self-renewal regulatory factor, associating the loss of satellite 

cells to an inability to reconstitute the niche following satellite cell activation associated with 

post-natal growth. Second, conditional knockout studies have claimed loss of Pax7 after a 

certain age (P20 in the mouse) does not affect viability and that these animals retain effective 

regeneration capacity (Lepper et al., 2009). Subsequent observations have disproven this 

claim, indicating loss of Pax7 at any age results in loss of the satellite cell compartment 

(Gunther et al., 2013; von Maltzahn et al., 2013). These observations are consistent with in 

vitro studies indicating loss of Pax7 results in spontaneous cell differentiation or death 

(Relaix et al., 2006).  

Here we show inhibition of caspase 3, resulting in persistent Pax7 expression does 

not alter the satellite “stem” cell compartment based on observations of the Myf5-YFP 

lineage marker (Figure 8), which constitutes about 10% of quiescent satellite cell (Kuang et 

al., 2007). Maintenance of a Myf5 negative satellite “stem” cell occurs via asymmetric cell 
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divisions and precludes the decision of a cell to terminally differentiate. The persistence of a 

long-term repopulating cell, along with committed progenitors, has been documented for 

other types of adult stem cells and is required for maintenance of genomic integrity in long 

lived cells (Milyavsky et al., 2010). Although persistence of Pax7 expression is likely 

required to inhibit differentiation in both cell types, the presence of satellite cells in the Pax7 

null mouse indicate additional, yet minor sources for the origin of the stem cell compartment. 

Whether or not these satellite cells represent a Myf5-YFP+ or Myf5-YFP- population has not 

been determined. We surmise that, the increased propensity for self-renewal following 

caspase 3 inhibition (Figure 7) represents a role for Pax7 in the inhibition of differentiation in 

committed progenitors.  The corollary to this argument is that Pax7 promotes a proliferative 

phase of cell expansion and ensures self-renewal of this population by allowing them to 

return to a quiescent state, as would occur during regeneration. Exogenous activation of 

caspase 3 via Pac1 further supports this role, which demonstrates that a loss of Pax7 

expression is commensurate with a decrease in satellite cell self-renewal (Figure 9 and 10).  

The cohort of endogenous and exogenous cues that determine satellite cell self-

renewal or differentiation remain largely undetermined yet our results identify caspase 3 as 

one endogenous factor that modifies stem cell fate through direct cleavage and removal of 

Pax7 protein (Figure 11 and 12). Our observations are reminiscent of a recent study in which 

caspase 3 was found to target the transcription factor Nanog, a known transducer of the 

pluripotent state and important regulator of ESC self-renewal (Fujita et al., 2008).  Here, loss 

of caspase 3 in ESCs displayed enhanced self-renewal at the expense of differentiation. As 

both Pax7 and Nanog are known to promote their own transcription (Fujita et al., 2008; Seale 

et al., 2004), these findings support a mechanism by which stem cells exploit caspases for 

rapid and specific deactivation of pluripotent factors to disrupt the autoregulatory circuit that 
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governs self-renewal in these cells.  Such an autoregulatory loop may exist in myogenic 

progenitors, as treatment with the caspase 3 inhibitor z.DEVD.fmk results in a significant 

increase in Pax7 mRNA expression following 24hrs of differentiation (Larsen, B., 

unpublished data).     

In light of these observations, caspase targeting of transcription factors may represent 

a general mechanism to control cell fate in a variety of stem and progenitor cells. Intriguing 

is the site of caspase cleavage in these two, as of yet identified, caspase targets between two 

functional domains. The question remains as to whether the position of the caspase cleavage 

site is functionally relevant or a coincidence due to the accessibility of these highly flexible 

and exposed linkers. Here we identify two caspase 3 cleavage sites at amino acids D187 and 

D208, both of which reside between the paired domain (N-terminal) and the 

homeodomain/transactivation domain (C-terminal) of Pax7 (Figure 14). In ESCs, Nanog is 

cleaved via caspase 3 at amino acid D63 separating the N-terminal/transcriptional 

interference domain from the homeodomain/ transactivation domain (Fujita et al., 2008). The 

interaction between Nanog and transcriptional co-activators via its C-terminal domains has 

been hypothesized to promote expression of self-renewal/pluripotency genes. Alternatively, 

interactions with transcriptional repressors via its N-terminal domain is thought to suppress 

lineage-specific differentiation genes (Chang et al., 2009; Pan and Pei, 2003). Although the 

functional relevance of cleaved Nanog remains to be addressed, an in vitro study 

demonstrated truncated Nanog, missing its N-terminal domain, enhanced its transcriptional 

activity on the Oct4 promoter (Chang et al., 2009). Future studies will be required to 

determine if this arrangement of dual transactivators, separated by a caspase 3 cleavage site, 

may confer the ability of Nanog to regulate genes critical for both pluripotency and 

differentiation.  
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The findings presented here establish that the Pax7 fragments produced via caspase 3 

cleavage retain no transcriptional activity on the Myf5 promoter (Figure 16). Based on 

known functions for Pax7 domains, we predicted the N-terminal fragment containing the 

Pairedbox domain, would act in a dominant-negative fashion as the Paired domain is thought 

to constitute the DNA binding domain of Pax7 (Chi and Epstein, 2002). This model would 

predict that a separated paired domain would interact with DNA independent of its 

transcriptional activity, competing with wild-type protein for substrate binding, effectively 

blocking expression of its own transcriptional targets. By contrast, we saw no evidence of 

this occurring on the Myf5 promoter when co-expressing wild-type Pax7 and the N-terminal 

fragment of Pax7. Interestingly, we failed to detect appreciable levels of endogenous 

cleavage fragments via western blot during myogenic differentiation, suggesting such 

fragments do not exert dominant-negative effects because they are rapidly degraded. Such a 

mechanism is consistent with the N-end rule pathway which serves to label proteins for rapid 

degradation via the proteasome pathway via their N-terminal residue (Piatkov et al., 2012). 

As such, caspase cleavage may lead to exposure of the appropriate N-terminal residue, 

targeting the C-terminal fragment for identification and degradation via the N-end rule 

pathway. Nevertheless, this hypothesis does not account for the N-terminal fragment of 

Pax7, which may persist in the cell.  Indeed, the data presented here are inconclusive with 

regards to the functional relevance of the N-terminal Pax7 fragment. Further work should be 

conducted to follow up on this supposition to determine a physiological role, if any, for 

truncated Pax7. A technical limitation to detecting endogenous N-terminal Pax7 fragment is 

the lack of commercially available antibodies for Pax7 N-terminal to the D187 cleavage site. 

Therefore, we suggest the use of over-expression studies to determine the transcriptional 
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activities of this fragment as well as its DNA and protein binding profile compared to wild-

type Pax7.   

The necessity for a rapid decrease in Pax7 levels following induction of 

differentiation suggest that several mechanisms may exist to suppress its expression. At the 

transcript level, MyoD mediated expression of two miRNAs, miR-1 and miR-206, target 

Pax7 mRNA resulting in a decrease in gene synthesis (Chen et al., 2010). In proliferating 

myoblasts these miRNAs are regulated by the epigenetic repressor YY1 (Yin Yang 1), which 

recruits the Polycomb complex (PCR2) to block transcription (Lu et al., 2012). Interestingly, 

YY1 has been shown to be cleaved by Caspase 7 in apoptotic conditions in HEK293 cells, an 

event which is blocked by CK2 phosphorylation of YY1 (Riman et al., 2012). Based on these 

observations it is a reasonable conjecture that caspase activation may act at an additional 

level to repress Pax7 translation through cleavage of YY1, resulting in the derepression of 

miR-1 and miR-206. In contrast with this supposition is the observation that YY1 is required 

for the p38-mediated recruitment of the PCR2 complex (specifically the enzymatic subunit 

EZH2) to the Pax7 promoter resulting in repressive epigenetic marks limiting its expression 

(Palacios et al., 2010). Together, these observations suggests a dynamic role for YY1 in 

mediating Pax7 expression during myogenesis, either positively via repression of miR-1 and 

miR-206 in proliferating myoblasts or negatively via repression of Pax7 itself in 

differentiating myoblasts. Whether or not YY1 is regulated by the caspase/CK2 axis in this 

context remains to be determined. The indication that truncated YY1 retains some function 

following caspase cleavage, resulting in removal of the transactivation domain (Krippner-

Heidenreich et al., 2005), may explain the divergence in its apparent functions pre- and post- 

caspase activation.  
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The findings presented here support a role for caspase 3 in the cleavage inactivation 

of Pax7 protein during the commitment phase of satellite cells to terminal differentiation. 

Maintenance of Pax7 expression in a small percent of these cells is necessary for their return 

to quiescence and self-renewal (Olguin and Olwin, 2004). A significant loss in this 

population due to deregulated caspase 3 activation (or Pac1 stimulation) would result in a 

loss of self-renewal, exhaustion of the satellite cell pool and ultimately a defect in skeletal 

muscle repair. Further in vivo examination would be required to confirm a repair defect. 

 

6.2: Casein Kinase 2 (CK2) as a regulator of caspase 3 activity during stem cell 

differentiation. 

 Here we demonstrate a CK2-dependent mechanism which regulates caspase 3 

activity at the level of post-translational modifications on the target protein. Our in vitro 

analysis revealed CK2 phosphorylates Pax7 at S201 and that phosphorylated Pax7 is 

resistant to caspase 3 cleavage at site D208 (Figure 20 and 21). This is in line with previous 

observations demonstrating CK2 phosphorylated proteins are resistant to caspase 3-mediated 

cleavage (Duncan et al., 2010). Recently, a bioinformatics approach determined CK2 and 

caspase 3 have similar and often overlapping consensus sequences (Duncan et al., 2011) 

suggesting they may act in the same regulatory pathway mediating protein stability. This 

mechanism is critical to control a broad range of cellular functions that have been attributed 

to caspase 3, including stimulation of apoptosis as well as the induction of cell 

differentiation.  Therefore, caspase activity must be tightly regulated to ensure proper 

development and avoidance of disease (Lockshin and Zakeri, 2007). For example, loss of 

caspase inhibition leading to inadvertent caspase activation results in degenerative diseases 

such as Alzheimer’s, while a block in caspase activation or insensitization to caspase 
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mediated cell death is a hallmark of many cancer cells. Additionally, the advent of caspases 

in non-death functions further highlights the requirement for a finely regulated mechanism 

which mediates caspase activity. The targeting of CK2 to caspase substrates, including 

caspase 3 itself, may be a critical component to ensure appropriate caspase function. 

Phosphorylation of protein substrates can mediate susceptibility to caspase 3 directed 

cleavage by various mechanisms. First, phosphorylation could result in a conformational 

change of the tertiary structure of the protein which impedes the ability of caspase 3 to 

access the cleavage site. Moreover, the phosphorylation event could promote binding of a 

cofactor/binding partner which blocks the cleavage site.  Interestingly, the caspase 3 cleavage 

sites identified in this study reside within (D187) or close to (D208) in the Pax7 octapeptide. 

The octapeptide is a highly conserved eight amino acid domain located between the paired 

domain and the homeobox domain of all Pax proteins (with the exception of Pax4 and Pax6) 

(Chi and Epstein, 2002). Although very little is known about this small domain it is thought 

to harbour protein binding capabilities (Eberhard et al., 2000). This agrees with the second 

model presented above by which the phospho-dependent binding of a secondary protein 

blocks caspase 3 cleavage of Pax7. Although CK2 phosphorylation was sufficient to block 

cleavage at D208, it is difficult to attribute significance of this phosphorylation event to 

cleavage of D187. Further studies will be required to attribute physiological relevance to this 

site.        

CK2 is a ubiquitously expressed enzyme, which is constitutively active in many cell 

types (Turowec et al., 2010).  Therefore, the regulation of the CK2 phosphoproteome  is 

likely dependent on the matching dephosphorylation of its targets.  What the regulatory 

phosphatases are, and how they manage the efficacy of CK2 inhibition remains to be 

clarified.  
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6.3: A role for CK2 in myogenesis 

CK2 is present in proliferating and differentiating myoblasts (Johnson et al., 1996), as 

well as during satellite cell activation/proliferation (Figure 18). CK2 has been well studied 

for its role in mediating transcription factor activity including several MRFs (Hunter and 

Karin, 1992; Johnson et al., 1996). Phosphorylation via CK2 directly enhances Myf5 

transcriptional activity (Winter et al., 1997) and Mef2C DNA binding (Molkentin et al., 

1996) and over expression of CK2 results in enhanced MyoD and MRF4 transcriptional 

activity (Johnson et al., 1996). In addition, phosphorylation of Pax3 has been implicated in 

enhancing its DNA binding and transcriptional activity (Amstutz et al., 2008). The role CK2 

plays in regulating the protein stability of these factors has yet to be studied for all but Pax3 

(Dietz et al., 2009). Pax3 is phosphorylated at S205 in proliferating myoblasts in a CK2-

dependent manner. This phosphorylation is quickly lost upon induction of differentiation 

(within 15min) and is thought to be related to its subsequent degradation at around 10 hours 

post-induction (Dietz et al., 2009). Although this study did not discuss the mode of 

degradation, we predict it may be targeted by caspase 3, similar to what we have shown here 

for its paralogue Pax7. Consistent with this theory is the presence of two conserved caspase 3 

consensus sites near the site of phosphorylation at D206 and D212 (personal observations). 

The lack of phosphor specific antibodies for Pax7 precluded an assessment of Pax7 

phosphorylation in vivo and in situ.  Nevertheless, based on the findings for Pax3 and the 

enhanced protein stability shown here for CK2-phosphorylated Pax7, we predict the loss of 

Pax7 protein during differentiation is mediated via a dephosphorylation event at S201 

followed by caspase 3 cleavage.    

CK2 phsophorylation of Pax proteins may also impact the etiology and biology of 

skeletal muscle cancer. Importantly, both Pax3 and Pax7 play a role in the tumorigenicity of 
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a rare childhood muscle cancer termed alveolar rhabdomyosarcoma (ARMS). Transformed 

cells contain a characteristic t(2;13)(p35;q14) or t(1;13)(p36;q14) chromosomal translocation 

resulting in the fusion gene Pax3-FOXO1 or Pax7-FOXO1 respectively (Barr, 2001). The 

resultant protein contains the DNA binding and protein-protein interacting domains of the 

Pax3/7 protein with its transcriptional coactivator domain being replaced by the partial DNA 

binding domain and potent transcriptional activation domain of FOXO1. In addition to 

promoting cell survival and proliferation the fusion protein has greater post-transcriptional 

stability and persists in myogenic cells even when subjected to differentiation cues (Dietz et 

al., 2009). In contrast with what was observed for wild-type Pax3, the Pax3-FOXO1 fusion 

protein failed to lose its phosphorylation at S205 following induction of differentiation. It is 

not determined whether the persistence of the phosphorylation on S205 on Pax3-FOXO1 is a 

result of the highly proliferative state of the transformed cells or the cause of the inability of 

these cells to terminally differentiate. In support of the latter, our results presented here 

demonstrate inhibition of CK2 promotes satellite cell differentiation (Figure 19). This 

suggests a possible mechanism by which the Pax3/7-FOXO1 fusion protein escapes 

degradation and inhibits differentiation contributing to the tumorigenicity of these cells, in 

addition to identifying novel targets for the development of therapies for the treatment of 

ARMS. The question remains as to why there is a difference in phosphorylation patterns 

between wild-type Pax3/7 and their corresponding fusion proteins. Among possible 

explanations is the increase in CK2 seen in these tumor cells (Izeradjene et al., 2004) and/or 

the loss of a putative phosphatase promoting a dephosphorylation event allowing for the 

predicted caspase 3-mediated degradation.    
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6.4: Future Directions 

 One outstanding question, which is critical to any evaluation of caspases in the 

context of non-death roles, is why doesn’t caspase 3 activity self-amplify, as seen in an 

apoptosis setting? Several theories have been put forth on the matter, including caspases 

being restricted to a subcellular compartment, as is seen during spermatid differentiation 

(Kaplan et al., 2010); the regulation of caspase activity directly, through their interactions 

with inhibitors such as the IAP family of proteins and the role of the XIAP inhibitor ARTS 

(unpublished results); and finally, presented in detail here, is the role of post-translational 

modifications on caspase substrates, such as phosphorylation. The role of CK2 is of 

particular interest as it phosphorylates and regulates cleavage of pro-caspase 3 itself 

(Turowec et al., 2014) providing a mechanism to limit its own auto-activation. In addition, 

caspase 9, p53 and Bid have all be shown to be phosphorylated by CK2 (Bian et al., 2013) 

providing several levels of regulation in the caspase activation pathway. It is likely these 

pathways of regulation are not mutually exclusive and further investigation into the crosstalk 

between these pathways in a non-death setting will aid our understanding of how caspases 

can mediate distinct cell fates.   

The distinct and coinciding roles of the effector caspases is also of particular interest 

based on the known overlap in substrate specificity between caspase 3, 6 and 7. Although 

caspase 3 is absolutely required for differentiation of certain cell types, as evident by the 

severe hydro exencephaly seen in the caspase 3 null mouse (Fernando et al., 2005), these 

mice are developmentally viable. This is believed to be due to the functional overlap between 

caspase 3 and 7 (and to a lesser extent caspase 6) for a large cohort of substrates, leading to 

compensation following loss of only one of these caspases. In support of this notion, the 

caspase 3/7 double knockout mouse is lethal immediately following birth (Lakhani et al., 
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2006) and the severity of the caspase 3
-/-

 mouse is dependent on the genetic background of 

the mouse and the levels of endogenous caspase 7 present (Houde et al., 2004). As the 

effector caspases are very similar in regards to their structure and activation some of the 

reagents used in this study to inhibit (z.DEVD.fmk) or activate (Pac1) caspase 3 may also 

affect caspase 7.  It will be interesting to examine the role of caspase 7 in the context of 

cleavage-mediated degradation of Pax7 during satellite cell differentiation and whether or 

not the cleavage sites are targeted with similar specificity and kinetics as we have presented 

here for caspase 3.   

 With specific regard to this project it will be important to follow up on a functional 

role for the Pax7 cleavage fragments. Previous observations support our findings that 

dominant-negative Pax7 preferentially affects MyoD (Relaix et al., 2006). Furthermore, Pax7 

(specifically the homeodomain) is critical in directing MyoD function, negatively regulating 

myogenin expression independent of Pax7 transcriptional activity as well as MyoD protein 

stability (Olguin et al., 2007). Future experiments should focus on the expression of the 

dominant-negative constructs, their cellular localization and potential binding partners.  

As the delicate balance between Pax7 and MyoD protein has been shown to play a 

critical role in whether or not a satellite cell self-renews or differentiates, it would be 

interesting to further investigate the mechanism behind how caspases mediate this balance. 

In this regard, there are two interesting regulatory links which may provide insight. First is 

the observation that Pax3 promotes the expression of the anti-apoptotic factors BcL-2 and 

BcL-xL and that Pax3 itself is negatively regulated by MyoD (Hirai et al., 2010). A MyoD 

mediated down-regulation of Pax3 could provide the derepression of the caspase pathway 

necessary for the activation of caspase 9/3 and thus degradation of Pax7 protein. Second is 

the observation that siRNA mediated knock-down of myogenin showed sustained Pax7 
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protein levels, suggesting myogenin negatively regulates Pax7 protein stability (Olguin et al., 

2007). A mechanism for myogenin in regulating caspase 3 activity has yet to be shown, 

however evidence that myogenin protein itself is unaffected by caspase 3 inhibition 

(Fernando et al., 2002) suggests it may be upstream of caspases during myogenesis.    

 

6.5: Conclusion 

Taken together our results support a model in which CK2 and caspase 3 act in an 

adversarial relationship, CK2 targeting and inhibiting caspase directed cleavage of Pax7, 

which acts to maintain satellite cell self-renewal capacity (Figure 22). The removal of Pax7 

from the differentiating cell is critical as prolonged and/or over-expression of this 

transcription factor impairs the proper differentiation of activated myoblasts and thus can 

negatively affect the efficient repair and regeneration of skeletal muscle (Olguin and Olwin, 

2004). Conversely, loss of stem cell self-renewal and the satellite cell pool could negatively 

affect the long-term health of the muscle resulting in muscle weakening and degeneration 

over time. This work will greatly contribute to establishing a role for caspase 3 in skeletal 

muscle development and also to our overall understanding of satellite stem cell regulation. 

This study is the first to demonstrate that caspase 3 limits self-renewal of a lineage 

restricted stem/progenitor cell. We speculate that the caspase 3/CK2 targeting of self-renewal 

factors is a broadly conserved phenomenon, affecting cell fate determination across all 

lineages. Based on the evidence collected thus far, from our group and others, it is becoming 

evident apoptotic proteins have emerged as key regulatory proteins in a wide variety of 

cellular contexts, independent of inducing cell death (Dick and Megeney, 2013).  The results 

presented in this thesis expand the non-death attributes for caspase proteases, confirming a 

role for these proteins in the management of stem cell self-renewal. 
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Figure 22 – Working model. During satellite cell self-renewal CK2 phosphorylates Pax7 to 

protect it from caspase 3 cleavage and maintain protein stability. During myogenic 

differentiation an unphosphorylated Pax7 protein is susceptible to caspase 3 cleavage 

resulting in the production of two fragments which hinders the protein inactive.   

Figure 22 
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ABSTRACT

Expression of the cell surface sialomucin CD34 is common
to many adult stem cell types, including muscle satellite
cells. However, no clear stem cell or regeneration-related

phenotype has ever been reported in mice lacking CD34,
and its function on these cells remains poorly understood.

Here, we assess the functional role of CD34 on satellite
cell-mediated muscle regeneration. We show that Cd342/2

mice, which have no obvious developmental phenotype,

display a defect in muscle regeneration when challenged
with either acute or chronic muscle injury. This regenera-

tive defect is caused by impaired entry into proliferation
and delayed myogenic progression. Consistent with the
reported antiadhesive function of CD34, knockout satellite

cells also show decreased motility along their host myo-
fiber. Altogether, our results identify a role for CD34 in

the poorly understood early steps of satellite cell activation
and provide the first evidence that beyond being a stem
cell marker, CD34 may play an important function in

modulating stem cell activity. STEM CELLS 2011;29:2030–
2041

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Skeletal muscle exhibits a remarkable capacity to regenerate
and completely restore its mass and function rapidly after
injury. Upon muscle damage, muscle stem cells, known as
satellite cells, exit a normally quiescent state to self-renew
and produce myoblasts, which then commit to terminal differ-
entiation and fuse with each other or to existing myofibers to
repair damage [1]. Although composing only a small fraction
of the nuclei found in adult muscle, satellite cells are the pri-
mary source of new myogenic nuclei that contribute to effi-
cient hypertrophy and regeneration, overall having a tremen-
dous capacity to repair damage [2–7].

During regeneration, satellite cells migrate from a necrotic
area toward the periphery as well as in the opposite direction,
from the viable area to the site of damage [8, 9]. Recently,

Siegel et al. [10] used time-lapse imaging of satellite cells on
single fibers to show that satellite cells become extremely
motile, crossing the basement membrane to leave their niche
as early as 12 hours after culture initiation. Since the initial
observation of satellite cell migration [11], there has been a
concerted effort to identify factors that regulate this process.
While numerous proteins have been proposed to modulate sat-
ellite cell migration [12–16], their specific roles have been
difficult to define.

In this study, we focus on the sialomucin CD34. Although
it is a marker commonly used to identify and purify satellite
cells [17–21], its role in skeletal muscle regeneration remains
to be explored. A report by Jankowski et al. [22] showed that
CD34 could be used to separate defined subpopulations of
preplated myogenic progenitors, with CD34þ cells having the
greatest regenerative capacity. Furthermore, Beauchamp et al.
[18] reported a rapid decrease in CD34 mRNA expression in
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satellite cells from cultured single fibers early in myogenic
progression. Overall, these led us to hypothesize that, as pro-
posed in other cell types [23–28], CD34 could function during
activation, initial proliferation, or migration of adult skeletal
muscle progenitors.

Here, we describe the regulation of CD34 expression on
myogenic cells in vitro and in vivo. Furthermore, we use
Cd34-deficient (Cd34�/�) mice to show that CD34 is essential
for efficient satellite cell-mediated muscle regeneration in
vivo. Our analysis of satellite cells on single fibers and sorted
myogenic progenitor cells (MPCs) from Cd34�/� animals
reveals a role for CD34 in promoting efficient myogenic pro-
gression, specifically in satellite cell migration and entry into
cell cycle. Together, our results provide novel insights into
the significance and function of CD34 in muscle regeneration
as well as in the early steps underlying this complex process.

MATERIALS AND METHODS

Mice

Animals were housed in the animal facility of the Biomedical
Research Centre in the University of British Columbia (UBC).
Mice were kept under sterile conditions, bred in-house, and
handled following guidelines approved by the UBC Animal Care
Committee. Cd34�/� mice were provided by Dr. Kelly McNagny.
Cd34�/� mice were crossed onto the green fluorescent protein
(GFP)þCD45.2 background to obtain CD34�/�GFPþCD45.2
mice. LacZ in the Z/AP mice and enhanced GFP expression in
the GFPþCD45.2 C56BL/6 mice are both under the control of cy-
tomegalovirus enhancer-chicken b-actin hybrid promoter. These
strains were used as wild-type (WT) controls. The Z/AP and
GFPþCD45.2 mice were provided by Dr. Corrinne Lobe (MaRS
Centre) and Dr. Irving Weissman (Stanford University), respec-
tively. Mdx mice contain a point mutation in the dystrophin gene
yielding complete absence of the protein. Myf5/LacZ animals
express the b-galactosidase gene under the control of the Myf5
promoter. Both strains were provided by Dr. Michael Rudnicki
(Ottawa Health Research Institute). Mice genotypes for CD34�/�,
mdx, GFPþ, and LacZþ were determined by polymerase chain
reaction (PCR), fluorescence microscopy, or b-galactosidase ac-
tivity using X-gal.

Acute Muscle Damage

To induce acute damage, 10 lL of notexin (NTX; Latoxan#
L8104, 10 lg/mL) was injected in the Tibialis anterior (TA) mus-
cle. WT and Cd34�/� mice were age- (8–9 weeks of age at the
time of injection) and sex-matched accordingly. Muscles were
harvested at days 5, 7, 10, 14, 21 post-NTX damage, paraffin em-
bedded, and serially sectioned at 5 lm. Slides were H&E stained
following standard procedures. Paraffin-embedded tissues were
sectioned and stained by Wax-it Histology Services, Inc.

Cross-Sectional Area Measurements

Area measurements were performed using images taken from
H&E-stained slides of cross-sectioned muscle. Images were taken
with a light microscope (Zeiss Axioplan2 Imaging), and measure-
ments were done on density slices calculated with OpenLab soft-
ware (version 4.0.4). All measured fibers were verified to ensure
that the measurements were done on individual fibers. Regenerat-
ing fibers were defined as centrally nucleated fibers (CNFs). Non-
regenerating fibers were defined as fibers with peripherally
located nuclei.

MPC Preparation, Flow Cytometry Analysis, and
Fluorescence-Activated Cell Sorting Isolation

Fluorescence-activated cell sorting (FACS) isolation of myogenic
progenitors was performed as previously published [29]. Briefly,
primary murine myogenic progenitors were obtained from whole
hind limb or TA muscles, carefully harvested from adult mice (6–
12 weeks of age), and minced into small pieces. Muscles then
underwent enzymatic digestion with 0.2% collagenase type II
(Roche# C6885) for 30 minutes followed by collagenase D
(Roche# 1088882, 1.5 U/mL) and dispase type II (Roche#
295825, 2.4 U/mL) at 37�C for 1 hour. The homogenized muscle
samples were then filtered through a 40-lm cell strainer and the
cell suspension was stained with antibodies against CD45, CD31,
Sca1, and a7 integrin, along with Hoechst and propidium iodide
(PI). All cell surface staining was done on ice. Isotype controls
were used to determine gating. Antibodies to CD34 were used
when needed. Cells were sorted with BD FACSVantageSE (BD
FACSDiva version 4.0.1.2 software). Purity checks were done to
ensure sorting efficiency and accuracy. Analyses of samples were
performed using FlowJo (version 8.7).

Cytospin and LacZ Stain of Sorted MPCs

Following FACS isolation of MPCs, cells were cytospun at 750
rpm for 5 minutes. Samples were then fixed with 2% paraformal-
dehyde (PFA) and underwent standard staining for LacZ with X-
gal and X-gal staining buffer for detection of b-galactosidase
activity.

Quantitative Real-Time and Reverse-Transcription
PCR (RT-PCR) Primers

Probes for quantitative PCR (qPCR) analysis of CD34 were pur-
chased from Applied Biosystems (Mm00519283_m1*). RT-PCR
primers used to distinguish transcripts for full-length CD34 and
truncated CD34 isoforms were 50-AGCACAGAACTTCCCAG-
CAA-30 in exons5/6 and 50-CCTCCACCATTCTCCGTGTA-30 in
exon8.

Transplantation and Engraftment

Freshly sorted MPCs were obtained from Z/APþ, Cd34�/�

GFPþCD45.2, and GFPþCD45.2 adult mice (8–12 weeks of age).
A total of 20,000 GFPþ cells from either WT or Cd34�/� animals
were mixed with 40,000 LacZþ cells in PBS. Mixed cells were
then injected into the TA muscles of adult WT mice in a 20 lL
volume of PBS. Recipient mice were sacrificed 3 weeks post-
transplant and perfused with PBS þ 10 mM EDTA followed by
4% PFA. Hind limb muscles were harvested and left overnight in
20% sucrose at 4�C. Serial 20-lm sections of optimal cutting
temperature TissueTek-embedded muscles were analyzed for
engraftment of GFPþ and LacZþ cells. A ratio was then obtained
by taking the maximum number of GFPþ fibers and dividing it
by the maximum number of LacZþ fibers on an adjacent section.

5-Bromo-20-Deoxyuridine (BrdU) Analysis

Following NTX damage, mice were i.p. injected twice daily with
200 lL BrdU (10 mg/mL) for the first 10 days following muscle
damage and once daily after day 10. BrdU (0.8 mgl/mL) was
also added to the drinking water. All mice were analyzed on the
same day to ensure consistency among samples. Individual TAs
were maintained as separate samples. Muscle tissues were proc-
essed as per our normal MPC protocol. Permeabilization and
denaturation with 0.1% saponin and DNAse (300 lg/mL) treat-
ment were performed followed by addition of anti-BrdU anti-
body. All data samples were collected by flow cytometry using a
BD FACSLSRII machine (BD FACSDiva version 4.0.1.2 soft-
ware). Analysis of samples was performed using FlowJo (version
8.7). NTX-damaged TAs from mice that did not receive BrdU
were used as controls.
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Single Fiber Isolations and Confocal Analysis

Single fiber isolations were performed as per standard protocol.
Briefly, the extensor digitorum longus (EDL) muscle was gently
harvested following sacrifice of the mouse. Collagenase I (Wor-
thington# LS004197, 400 U/mL) digestion for approximately 1
hour in 37�C was performed to obtain single fibers. Fibers were
then cultured, harvested, and fixed with 4% PFA at specific time
points. Immunofluoresecent staining was done using antibodies to
Pax7 (Developmental Studies Hybridoma Bank), MyoD (clone
C20, Santa Cruz# sc-304), and CD34 (clone RAM34, eBio-
science# 13-0341) diluted in 0.3% TritonX. Analysis was done
by confocal microscopy (Nikon C1 laser scanning confocal
microscope).

Doubling Time

Calculation of doubling time was performed using the algorithm
provided by Roth V. in 2006 that is available at http://www.dou-
bling-time.com/compute.php.

Three-Dimensional Video Time-lapse Microscopy

Real-time video imaging and analysis was performed on WT and
Cd34�/� single fiber cultures as initially described in the study of
Siegel et al. [10].

Statistical Analysis

Student’s two-tailed t test was used on all statistical analyzes per-
formed between groups. Statistical significance was set at p � .05.

RESULTS

CD34 Is Necessary for Efficient Muscle
Regeneration in Adult Mice

Cd34�/� mice show no obvious phenotypes under homeo-
static conditions [30, 31]. To assess whether CD34 is required
for skeletal muscle regeneration, we tested the response of
these mice to acute damage induced by NTX injection [32,
33]. Tibialis anterior (TA) muscles from adult WT and
Cd34�/� mice were harvested at days 0, 5, 10, 14, and 21
postdamage (Fig. 1A-1J). No differences between WT and
Cd34�/� muscle were noticeable prior to damage (Fig. 1A,
1F). At day 5 postdamage, although the size of the damaged
areas in the two groups was comparable, a significant increase
in the amount of necrotic myofibers was visible in Cd34�/�

animals (Fig. 1K). Elevated levels of necrosis can be observed
in Cd34�/� animals at all postdamage time points analyzed,
indicating a consistent difference in regeneration efficiency
between WT and Cd34�/� animals. Furthermore, the appear-
ance of CNFs, characteristic of regenerating myofibers, was
delayed in Cd34�/� groups (Fig. 1B vs. 1H) and consistently
appeared to be smaller in size (Fig. 1C-1E vs. 1H-1J). Cross-
sectional area (CSA) measurements on nondamaged fibers
and regenerating CNFs from both WT and Cd34�/� animals
confirmed that WT CNFs, but not undamaged fibers, are sig-
nificantly larger than those from Cd34�/� animals (Fig. 1L,
1M). This suggests that although Cd34�/� animals are capable
of initiating repair, their regenerating fibers fail to undergo
hypertrophy, a necessary component of muscle regeneration
[3, 34].

As the kinetics of satellite cell activation and prolifera-
tion may differ between acute and chronic muscle damage,
we asked whether the regeneration defect observed in
acutely damaged Cd34�/� mice is also present during
chronic damage, as for example seen in mdx mice, the mu-
rine model for Duchenne muscular dystrophy. Thus, we sub-
jected mdx and mdx/Cd34�/� animals of different ages to

the same histological and morphometric analyses. H&E
staining shows histological differences reminiscent of those
observed after NTX damage (Fig. 1N-1S). In addition, rela-
tive to mdx controls, CSA measurements showed a signifi-
cant decrease in regenerating myofiber sizes of mdx/Cd34�/�

animals at 4 weeks of age, a time when the first wave of
myodegeneration takes place, and at 6 months of age. Inter-
estingly, when 18-month old mice were analyzed, no signifi-
cant differences were observed between the two groups (Fig.
1T). Together, our data from acute and chronic damage
models support a key role for CD34 in ensuring efficient
muscle repair.

Prospective Isolation of Adult Skeletal MPCs and
Characterization of CD34 Expression

FACS can be used to prospectively isolate myogenic progeni-
tors from adult mice [19, 20, 29, 35, 36]. Thus, we used
FACS to explore the expression of CD34 on purified myo-
genic progenitors, isolated as Hoechstþ, PI�, CD45�, CD31�,
Sca1�, a7 integrinþ cells, hereafter referred to as MPCs (Sup-
porting Information Fig. S1A). This population contains all
myogenic activity found in adult skeletal muscle [21, 29].

As CD34 expression has been reported on most, but not
all, myogenic cells, we assessed the myogenic potential of
the CD34þ and CD34� MPC fractions. MPCs isolated from
Myf5LacZ mice, which express b-galactosidase in satellite
cells under the control of the Myf5 promoter [37], showed
b-galactosidase activity only in the CD34þ fraction (Fig. 2B,
2C). Furthermore, limiting dilution assays showed that the
frequency of cells capable of initiating colonies containing
multinucleated, myosin heavy chain (MyHC) positive, myo-
tubes is negligible within the CD34� fraction (1 in 31 cells
in CD34þ fraction vs. 1 in 2,921 cells in CD34� fraction).
In summary, our results show that essentially all myogenic
activity in sorted MPCs is contained within the CD34þ

subset.
CD34 expression on myofiber-associated satellite cells is

extinguished shortly after the isolated fibers are placed in cul-
ture [18]. As the conditions used in these cultures promote
satellite cells expansion, likely by mimicking the environment
of damaged muscle, we hypothesized that a similar downregu-
lation may be observed following damage in vivo. Indeed,
FACS analysis revealed that CD34 is downregulated from the
surface of MPCs starting at day 3 postdamage and is essen-
tially absent by day 5. At day 10, a time that follows the ces-
sation of their proliferation [29], MPCs begin to re-express
CD34 on their surface and by day 21, CD34 surface expres-
sion is fully restored (Fig. 2C). Real-time qPCR (qRT-PCR)
analysis of sorted MPCs confirmed the downregulation of
total CD34 mRNA soon after damage (Fig. 2D). In contrast,
the expression of CD34 on Sca1þ a7 integrin� fibro-adipo-
genic progenitors (FAPs) remains constant throughout the
time course (data not shown), despite the fact that FAPs pro-
liferate to the same extent as myogenic cells [29], indicating
that CD34 regulation is specific to MPCs.

Additionally, we assessed whether CD34 regulation also
occurs at the level of isoform expression. Two different iso-
forms of CD34 have been described, a full-length (CD34FL)
and a truncated version (CD34CT), which lacks most of the
cytoplasmic domain [38]. A switch in expression from
CD34CT to CD34FL has been reported on cultured satellite
cells [18]. Using endpoint RT-PCR, our investigation of
CD34 isoform expression in vivo shows that in nondamaged
muscle, MPCs exclusively express CD34FL. On satellite cell
activation and proliferation (days 1–5 post-NTX damage),
both CD34FL and CD34CT are coexpressed. By day 7, when
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regeneration is well underway, the CD34FL again becomes the
predominant isoform (Fig. 2E). As CD34FL and CD34CT are
distinct in their ability to interact with cytoplasmic proteins
[39, 40], a change in isoform expression may lead to changes
in CD34 localization. However, confocal analysis of CD34
localization on Pax7þ satellite cells associated to cultured sin-
gle fibers from the EDL muscle failed to reveal any obvious
changes beyond surface down-regulation (Fig. 2F-2Q).

Our analysis confirms that CD34 expression is rapidly
downregulated on satellite cells following damage. This tight
regulation, together with the observed muscle regeneration
defect in Cd34�/� mice, provides support to the notion that
CD34 plays a fundamental role in the myoregenerative pro-
cess. As CD34 is no longer expressed in MPCs entering dif-
ferentiation, such role is likely to be in satellite cell activa-
tion, migration, or proliferation.

Figure 1. Impaired skeletal muscle regeneration in Cd34�/� mice. (A–J): H&E staining of WT and Cd34�/� muscles following acute NTX
damage. Tibialis anterior muscles were analyzed at days 0 (A, F), 5 (B, G), 10 (C, H), 14 (D, I), and 21 (E, J) post-NTX damage (n ¼ 5–6
mice). Scale bar ¼ 100 lm. (K): Quantification of necrotic and regenerating areas of damage 5 days after NTX. Error bars represent 6 SEM for
n ¼ 4–6 mice. Scale bar ¼ 200 lm. (L): H&E staining of muscle sections showing centrally nucleated myofibers 21 days after NTX damage.
Scale bar ¼ 50 lm. (M): Myofiber cross-sectional area (CSA) measurements were performed on undamaged (day 0) and damaged (day 21) myo-
fibers. Error bars represent 6 SEM for n ¼ 5–6 animals with >200 fibers per animal. (N–S): H&E staining of mdx and mdx/Cd34�/� muscle sec-
tions at 1 (N, Q), 6 (O, R), and 18 (P, S) months of age. Scale bar ¼ 100 lm. (T): CSA measurements performed on regenerating myofibers of
mdx and mdx/Cd34�/� muscles at 1, 6, and 18 months of age. Error bars represent 6 SEM for n ¼ 3–5 mice with >200 fibers per animal.
Abbreviations: NTX, notexin; WT, wild type.
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Figure 2. CD34 is expressed on myogenic cells and this expression is dynamically regulated during in vivo and in vitro myogenesis. (A):
CD34� and CD34þ fractions were isolated from Myf5LacZ animals and stained for LacZ to assess b-galactosidase activity. Quantification of
LacZþ cells was performed. Error bars represent 6 SEM for n ¼ 3 mice. (B): Representative image of LacZ-stained CD34� and CD34þ MPCs
is shown (LacZþ, blue). Scale bar ¼ 16 lm. (C): Representative fluorescence-activated cell sorting plots showing regulated CD34 expression on
MPCs following NTX damage (n ¼ 3–5 mice per time-point). An isotype antibody control was used to verify specificity. (D): qRT-PCR analysis
of total CD34 expression in purified MPCs after NTX damage. Error bars represent 6 SEM for n ¼ 3 independent experiments with 10–20 mice
per time point. (E): End-point RT-PCR analysis of FL and CT isoform expression from purified MPCs. (F–Q): Analysis of CD34 localization
(G, J, M, P) in Pax7þ cells (F, I, L, O) on WT fibers at 0, 12, 24, and 42 hours postculture (Pax7, red; CD34, green; Hoechst, blue). Scale bar ¼
20 lm. Abbreviations: CT, truncated CD34; FL, full-length CD34; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MPC, myogenic progen-
itor cell; RT-PCR, reverse-transcriptase polymerase chain reaction.
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Figure 3. In vitro and in vivo functional assessment of WT and Cd34�/� MPCs. (A): Representative images showing WT and Cd34-/� differ-
entiated MPCs forming multinucleated myotubes (MyHC, green; Hoechst, blue). Scale bar ¼ 65 lm. (B): Fusion index (percent of total nuclei
found in myotubes) for WT and Cd34�/� myotubes. Error bars represent 6 SEM for n ¼ 3 mice with 15 random fields of view per animal. (C):
Schematic of the transplant experiment. (D): Direct enumeration and comparison of WT LacZþ donor-derived myofibers used as internal stand-
ards in transplantation experiments. Bar graphs displaying the relative amount of LacZþ fibers injected with WT/GFPþ or Cd34�/�/GFPþ MPCs.
Error bars represent 6 SEM for n ¼ 3 mice. (E): Representative image showing engraftment of WT/GFPþ and Cd34�/�/GFPþ MPCs 3 weeks
following injection into nondamaged WT recipients (GFP, green; Laminin, red). Scale bar ¼ 95 lm. (F): Quantification of engraftment. GFPþ

donor-derived myofibers were counted and normalized to the number of LacZþ donor fibers. Ratios were then normalized to WT controls. Error
bars represent 6 SEM for n ¼ 3–5. (G): MPCs from WT and Cd34�/� mice on a Myf5LacZ background were sorted, cytospun, and stained for
LacZ to assess b-galactosidase activity. Representative images displaying LacZþ cells in both groups are shown. Scale bar ¼ 50 lm. (H): Fre-
quency of LacZþ cells in WT and Cd34�/� sorted MPCs. Error bars represent 6 SEM for n ¼ 3 mice. Abbreviations: GFP, green fluorescent
protein; MPC, myogenic progenitor cell; WT, wild type.
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Defective Engraftment of Cd342/2 MPCs

Many CD34þ cell types [29, 38, 41, 42] have been proposed to
participate in muscle regeneration. To test whether the observed
muscle regeneration defect in Cd34�/� animals reflects a direct
effect of CD34 loss in MPCs, we functionally compared WT
and Cd34�/� MPCs. We began by testing their ability to differ-
entiate in vitro. Sorted cells were expanded under growth con-
ditions for 5 days and then exposed to differentiation conditions
for 5 days. Multinucleated, MyHCþ myotubes were readily
observed in both WT and Cd34�/� samples (Fig. 3A). Fusion
index calculations, a standard measure of differentiation effi-
ciency, confirmed that Cd34�/� MPCs differentiate in vitro as
efficiently as WT (Fig. 3B). These results are consistent with
the observation that CD34 disappears from the cell surface prior
to the appearance of mature myofibers, suggesting that it would
have little impact on the ability of MPCs to differentiate.

Nevertheless, because in vitro differentiation conditions
may not faithfully recapitulate the in vivo environment [43], we
further tested the myogenic potential Cd34�/� MPCs in vivo
using cell transplantation. MPCs were freshly sorted from three
groups of mice: (1) Z/AP mice ubiquitously expressing LacZ,
(2) WT mice ubiquitously expressing GFP (WT/GFPþ), and (3)
GFPþ mice lacking CD34 (Cd34�/�/GFPþ). LacZþ MPCs, ini-
tially used as internal standards, were mixed with either WT/
GFPþ or Cd34�/�/GFPþ MPCs prior to transplantation into

nondamaged TA muscles of WT recipients. Engraftment was
assessed 3 weeks later by quantifying donor-derived, GFPþ

myofibers (Fig. 3C). Comparable numbers of LacZþ fibers
were observed in all samples (Fig. 3D and Supporting Informa-
tion Fig. S2A), confirming that no bias was introduced prior to
injection. In support of a cell autonomous role of CD34 in
MPCs, our results reveal that Cd34�/�/GFPþ MPCs engraft
with significantly decreased efficiency compared to WT/GFPþ

MPCs (Fig. 3E, 3F and Supporting Information Fig. S2B).
To exclude a difference in the frequency of myogenic

cells contained within WT and Cd34�/� MPCs as the cause
for our observation, we sorted MPCs from WT and Cd34�/�

mice carrying a Myf5LacZ transgene. No significant difference
in the number of b-galactosidaseþ cells, indicative of MPC
frequency, was noted between the two groups (Fig. 3G, 3H,
and Supporting Information Fig. S2C). Overall, these data
demonstrate that CD34 expression on MPCs is required for
the efficient generation of myofibers following transplant and
suggest that the muscle regeneration defect seen in Cd34�/�

mice can be attributed to a cell autonomous defect of MPCs.

Loss of CD34 on MPCs Leads to Impaired
Proliferation In Vivo Following Acute Damage

Recent publications suggest that a burst of proliferation occurs
following transplant of MPCs to recipient muscle [19, 44]. As

Figure 4. Inefficient in vivo proliferation of myogenic progenitor cells (MPCs) lacking CD34. (A): Representative fluorescence-activated cell
sorting plots showing detection of a distinct BrdUþ MPC population at 0, 1, 2, 3, 5, and 7 days following NTX damage in WT and Cd34�/� ani-
mals. (B): Graph showing the frequency of BrdUþ WT and Cd34�/� MPCs at 0, 1, 2, 3, 5, and 7 days following NTX damage. Error bars repre-
sent 6 SEM for n ¼ 3–5 mice per time point. (C): Frequency of BrdUþ WT and Cd34�/� FAPs at 0, 1, 2, 3, 5, 7 days post-NTX damage.
Error bars represent 6 SEM for n ¼ 3–5 mice per time point. Abbreviations: BrdU, 5-bromo-20-deoxyuridine; FAP, fibro-adipogenic progenitor;
NTX, notexin; WT, wild type.
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WT and Cd34�/� MPCs are equally able to generate myo-
tubes in vitro (Fig. 3A, 3B), we hypothesized that inefficient
proliferation of Cd34�/� MPCs may underlie the phenotype
observed in Cd34�/� mice. To assess MPC proliferation in
vivo, mice were treated with BrdU and injected with NTX.
FACS analysis show significantly decreased BrdU incorpora-
tion in Cd34�/� MPCs 3 days postdamage, when WT MPCs
proliferation is maximal (Fig. 4A, 4B). A similar trend of
inefficient Cd34�/� MPC proliferation is observed at day 5.
This proliferation defect is not observed in FAPs, providing
further evidence that CD34 plays a selective role in MPC
function (Fig. 4C).

The lower frequency of BrdUþ MPCs could reflect either
a reduction in their proliferative response or the selective loss
of Cd34�/� cells. To distinguish between these possibilities,
we used terminal deoxynucleotidyl transferase dUTP nick end
labeling staining of WT and Cd34�/� muscle sections to
detect apoptotic cells 3 days postdamage. We observed little
to no apoptosis in either groups (data not shown), indicating
that the decreased amount of Cd34�/� MPCs is not due to
increased apoptosis. Thus, our results suggest that CD34 is
required for the efficient expansion of MPCs after muscle
injury in vivo.

CD34 Is Necessary for the Efficient Entry of
Satellite Cells into Proliferation

One potential explanation for the observed reduction in prolif-
erating MPCs could be delayed satellite cell entry into prolif-
eration. To test this hypothesis, we cultured fibers from adult
EDL muscles of WT and Cd34�/� animals. No difference in
numbers of Pax7þ satellite cells was apparent immediately af-
ter fiber isolation (Fig. 5A), indicating that CD34 is dispensa-
ble for the maintenance of satellite cell numbers during
homeostasis.

We then examined the progression of satellite cells
through the myogenic program by assessing Pax7 and MyoD
expression. Pax7 is highly expressed in quiescent satellite
cells; but, on entry into cycle, these cells initiate expression
of MyoD and eventually downregulate Pax7 as they commit
to differentiation [45, 46]. Thus, two myogenic progenitor
populations can then be identified: activated satellite cells
(Pax7þ MyoDþ) and differentiation-committed myoblasts
(Pax7� MyoDþ) (Fig. 5B). Analyses of these populations
over time in WT and Cd34�/� single fiber cultures revealed
no significant difference in the frequency of Pax7þ cells that
activate MyoD expression. However, analysis of the differen-
tiation-committed myoblast population shows that while these
cells become evident in WT samples, they are absent in
Cd34�/� fibers after 48 hours of culture. At the 72-hour time
point, although differentiation-committed myoblasts are now
readily detectable on Cd34�/� fibers, their frequency remains
significantly lower than on WT fibers (Fig. 5C). Thus, the
lack of CD34 on satellite cells results in a significant delay in
their progression along the myogenic program.

We next examined whether their proliferation is also simi-
larly delayed. On WT fibers, an increase in the total number
of myogenic cells, defined as cells expressing Pax7 and/or
MyoD, is clearly observed at 48 hours following culture ini-
tiation. In contrast, no such increase is detected on Cd34�/�

fibers until 72 hours following culture. At this point, WT
fibers harbor significantly more myogenic cells than Cd34�/�

fibers (Fig. 5D). Because these differences were not present
initially, they reveal a striking reduction in the ability of
Cd34�/� satellite cells to expand. Cd34�/� myogenic progeni-
tors do proliferate, as can be seen by their sharp increase
between 48 and 72 hours in culture. However, this prolifera-

tion is delayed when compared to WT fibers, whose associ-
ated myogenic progenitor numbers begin to increase between
24 and 48 hours in culture (Fig. 5D). In addition, the in vitro
doubling time of Cd34�/� myogenic progenitors was consid-
erably longer than that of WT cells (45.31 hours vs. 30.81
hours, respectively), providing further evidence that the lack
of CD34 on myogenic progenitors indeed results in reduced
proliferation.

To further confirm these results, we performed time-lapse
imaging of cultured single fibers [10], which allows us to
directly monitor satellite cell divisions. We observed fewer
divisions on Cd34�/� fibers between 24 and 48 hours of cul-
ture compared to WT controls (Fig. 5E), reflecting a smaller
percentage of Cd34�/� cells entering the cell cycle (44.2%
vs. 20.6%). Furthermore, the first division of Cd34�/� satellite
cells was significantly delayed (Fig. 5F). Altogether, these
data argue that CD34 is essential for satellite cells to effi-
ciently enter their first cell cycle. Subsequently, the lack of
CD34 results in reduced expansion of myogenic cells as well
as delayed progression through the myogenic program.

CD34 Is Essential for Efficient Satellite Cell Motility

CD34 has been proposed to promote the efficient migration of
hematopoetic cells through its antiadhesive functions [23, 39,
40]. Since Siegel et al. [10] have established that satellite
cells undergo extensive movement and migratory behavior
during culture, we evaluated the motility of Cd34�/� satellite
cells on their native substrate, the myofiber.

Live imaging of WT and Cd34�/� single fibers was initi-
ated 24 hours after isolation and continued for an additional
24 hours [10]. During this period, both WT and Cd34�/� cells
were found to be actively motile, but WT cells exhibited sub-
stantially more movement than Cd34�/� cells (Supporting In-
formation videos S1, S2). Direct tracking of individual satel-
lite cells over time revealed a dramatic reduction in average
speed and overall distance traveled by Cd34�/� cells in com-
parison to WT controls (Fig. 6A-6C). Evaluation of the in-
stantaneous velocities show that WT cells move faster
throughout this period, suggesting that the decreased motility
of Cd34�/� cells is not due to a delay in initiating movement
but rather to a defect in migration (Fig. 6D). Overall, these
data support a key role for CD34 in promoting efficient satel-
lite cell movement.

One of the earliest motility-associated phenomena that
take place during satellite cell activation is their exit from the
niche. To test whether this process is also delayed in Cd34�/�

animals, the position of individual Pax7þ satellite cells on
cultured fibers relative to the lamininþ basement membrane
was assessed by confocal microscopy. We observed no differ-
ence in the proportion of WT and Cd34�/� cells located
above or below the basement membrane, indicating that the
inefficient motility of Cd34�/� satellite cells does not affect
their ability to exit from the niche (Supporting Information
Fig. S3A).

DISCUSSION

CD34 is a well-known surface marker used to isolate various
progenitor cells, yet is also notorious for leaving researchers
questioning its exact functional role. Previous reports specu-
lated that CD34 may function as a homing receptor, a blocker
of differentiation, a proadhesive receptor, or, conversely, an
antiadhesion molecule [40]. Efforts to directly reveal a func-
tion for CD34 have been hampered by the fact that CD34 is
one member of a functionally redundant family of three
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Figure 5. Defective activation of Cd34�/� satellite cells. (A): Immunofluorescent detection and enumeration of satellite cells on WT and
Cd34�/� single fibers (Pax7, red; Hoechst, blue). Scale bar ¼ 50 lm. Error bars represent 6 SD for n ¼ 5–7 animals. (B): Combined Pax7 and
MyoD staining on single fibers identify two subpopulations of myogenic progenitors: Pax7þ MyoDþ as activated satellite cells and Pax7�

MyoDþ as differentiation-committed myoblasts (Pax7, red; MyoD, green; Hoechst, blue). Scale bar ¼ 50 lm. (C): Quantification of activated sat-
ellite cells and differentiation committed myoblasts on WT and Cd34�/� cultured fibers. Error bars represent 6 SD for n ¼ 3–7 animals per time
point. (D): Total myogenic cells counted per fiber. Error bars represent 6 SEM for n ¼ 3–7 animals per time point. (E): Number of satellite cell
divisions detected using time-lapse microscopy between 24 and 48 hours after fiber culture initiation. Error bars represent 6 SEM for n ¼ 42–
107 satellite cells. (F): Timing of first division of individual satellite cell. Line represents the mean values 6 SEM for n ¼ 19–22 satellite cells
in 5–7 mice. Abbreviation: WT, wild type.
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sialomucins (CD34, podocalyxin, and endoglycan) with an
overlapping tissue distribution [40, 47, 48]. This may, in part,
explain why Cd34�/� mice show no obvious defects in tissues
where its homologues are expressed. Recent studies, however,
showed that phenotypes in these mice can be revealed when a
specific system is challenged, thus leading to more precise
hypotheses of CD34’s function [23, 49–51].

In this study, we evaluated muscle regeneration in adult
Cd34�/� animals and observed a clear impairment in both
acute and chronic damage models. Notably, in the chronic
damage model, this defect was no longer apparent in aged,
18-month-old animals. However, as impaired regeneration in
mdx mice has been attributed to satellite cell exhaustion [52,
53], the defects in satellite cell function caused by the lack of
CD34 could be masked in aged animals.

A detailed analysis of CD34 expression on normal MPCs
at steady state and during regeneration following acute damage
showed that, consistent with previous results in vitro, CD34
expression is regulated during in vivo regeneration and is
downregulated prior to differentiation. However, on analysis of
CD34 isoform expression, we find our results from sorted
MPCs in apparent contradiction with those published using
individual satellite cells from single fibers [18], despite our use
of the same primers on multiple experiments. One possible ex-
planation for this discrepancy could be that some of the cells
assayed in the study of Beauchamp et al. may have been FAPs,
which can contaminate fiber preparations [54]. Nevertheless, in
support for our hypothesis that CD34’s role is likely in the
early stages of myogenesis, our results show that it is during
the stages prior to differentiation, when CD34 is regulated, that
defects are observed in Cd34�/� myogenic cells. The defective
engraftment of Cd34�/� MPCs in WT recipients conclusively

supports the notion that CD34 plays a cell autonomous role in
MPCs.

More specifically, our data demonstrates that CD34 is
required for MPCs and satellite cells to proceed through the
early stages of myogenic progression, defined here as the period
spanning from the onset of damage to the first satellite cell divi-
sion. Three main events take place during this time. (1) Satellite
cells exit the niche by crossing the basement membrane. Pre-
sumably, this requires the cells to be motile; however, no defect
in this first step was observed in Cd34�/� fiber cultures, sug-
gesting the effect of CD34 on motility is not generalized. (2)
Satellite cells move rapidly at relatively large distances. In
vitro, this movement takes place on the outside surface of the
basement membrane ensheathing the myofibers, which likely
represents the interstitial space in regenerating tissue in vivo.
(3) Myogenic cells begin to proliferate. We have found that
these latter two processes, movement and proliferation, are
clearly defective in Cd34�/� myogenic progenitors.

The relationship between satellite cell movement and pro-
liferation remains debatable. Some published work suggests
that movement follows division [35], while our data demon-
strates that satellite cells can become motile before dividing
(Supporting Information videos S1, S2). However, it has been
shown that proliferation can proceed despite blocked move-
ment [10]. Evidence that both proliferation and motility are
affected in Cd34�/� mice suggests that a functional link
between the two may exist. But, it is also possible that
CD34 plays independent roles in each of these processes.
Interestingly, links between CD34 and both proliferation and
motility have been independently established in other systems.
Cd34�/� mast cells and eosinophils display defective inflam-
matory migration, an effect that has been ascribed to the loss

Figure 6. CD34 is necessary for efficient satellite cell motility. (A): Representative images of WT and Cd34�/� satellite cell tracking on single
fibers based on time-lapse microscopy imaging. Each color represents a different cell tracked. Scale bar ¼ 50 lm. (B): WT and Cd34�/� satellite
cell velocities as determined using time-lapse microscopy. Error bars represent 6 SEM for n ¼ 42–107 satellite cells. (C): Total distances trav-
eled for WT and Cd34�/� satellite cell were determined. Error bars represent 6 SEM for n ¼ 42–107 satellite cells. (D): Measurement of frame-
by-frame instantaneous velocities for WT and Cd34�/� cells. Abbreviation: WT, wild type.
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of CD34 antiadhesive properties [23, 39]. In support of a role
for CD34 in facilitating the entry of quiescent cells into pro-
liferation, Trempus et al. [28] reported that Cd34�/� animals
failed to develop papillomas upon 7,12-dimethyl-benz[a]an-
thracene/phorbol ester 12-O-tetradecanoylphorbol-13 acetate
induction, a phenomenon attributed to inefficient hair follicle
stem cell activation. Finally, studies comparing CD34þ and
CD34� hematopoietic stem cell subsets show a higher per-
centage of proliferating cells in the CD34þ population [27]
providing a link between CD34 and proliferation. Our data
lend further support to this concept as we find a clear role for
CD34 in mediating activation, proliferation, and motility of
myogenic cells.

Although the reported antiadhesive properties of CD34
are likely to be at the basis for its function in promoting cell
motility, the molecular link between this molecule and prolif-
eration is still unresolved. Interestingly, another sialomucin,
CD164, has been described to regulate myoblast motility and
fusion through modulation of satellite cell responses to the
chemokine stromal cell–derived factor 1 (SDF-1) [55]. More-
over, it has been shown that CD34þ myogenic cells express
higher levels of the SDF-1 receptor, C-X-C chemokine recep-
tor 4 (CXCR4), compared to the CD34� population [56], sug-
gesting a role for CD34 in CXCR4 signaling. However, we
failed to detect any change in the ability of Cd34�/� cells to
migrate in response to SDF-1 (data not shown), suggesting
that CD34 acts through other mechanisms, the elucidation of
which requires further investigation.

CONCLUSION

In summary, we have shown that CD34 is necessary for effi-
cient muscle regeneration in response to both acute and

chronic damage. The downregulation of both mRNA and sur-
face protein levels of CD34 expression on myogenic precur-
sors shortly following damage in combination with the defec-
tive engraftment of Cd34�/� MPCs indicates that CD34 plays
a cell autonomous role on myogenic progenitors during the
early phase of adult myogenesis. Our data demonstrating
impaired motility and delayed entry into proliferation of
Cd34�/� satellite cells further support this notion. Overall, we
show that CD34 is not just a useful marker of MPCs, but it is
required for efficient myogenic progression.
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Prospects & Overviews

Cell death proteins: An evolutionary role
in cellular adaptation before the advent
of apoptosis

Sarah A. Dick1)2) and Lynn A. Megeney1)2)�

Programmed cell death (PCD) or apoptosis is a broadly
conserved phenomenon in metazoans, whereby activation
of canonical signal pathways induces an ordered dis-
mantling and death of a cell. Paradoxically, the constituent
proteins and pathways of PCD (most notably the
metacaspase/caspase protease mediated signal path-
ways) have been demonstrated to retain non-death
functions across all phyla including yeast, nematodes,
drosophila and mammals. The ancient conservation of
both death and non-death functions of PCD proteins raises
an interesting evolutionary conundrum: was the primordial
intent of these factors to induce cell death or to regulate
other cellular adaptations? Here, we propose the hy-
pothesis that apoptotic behaviour of PCD proteins evolved
or were co-opted from core non-death functions.

Keywords:.apoptosis; caspase; differentiation; metacaspase;

multicellularity; non-death

Introduction: The evolutionary paradox
of programmed cell death in unicellular
life forms

We would like to emphasize that while many forms of
programmed cell death (PCD) have been characterized, the
following discussion will focus on caspase-mediated path-
ways as the proxy to address a general evolutionary origin and
intent of cell death proteins.

PCD is a biochemical process in which a single cell actively
commits to death through an ordered deconstruction and
dismantling of organelles. A key feature that distinguishes
PCD from other forms of cell demise is the high level of
regulation, initiated or inhibited by a variety of environmental
and intracellular controls [1]. Themost common form of PCD is
apoptosis, a well-defined cellular signaling cascade that
culminates in the activation of caspase proteases, enzymes
that once activated dismantle the proteome within the cell [2].

From the vantage point of a complex organism, apoptosis
is an essential feature that coordinates normal body
patterning during embryonic development and tissue homeo-
stasis in the adult, facilitating the removal of damaged or
supernumery cells [3]. The discovery of caspase homologs in
single-celled species, termed metacaspases [4], has provided
support for the basic contention that PCD evolved from an
ancient function in early eukaryotic organisms. Indeed, forced
expression and activation of these caspase homologs has been
shown to yield a PCD like phenotype in various model systems
such as Saccharomyces cerevisiae [5], suggesting that PCD is
an ancient and conserved cell fate. Several prokaryotes,
including various bacterial species, have now been shown to
exhibit PCD in response to environmental stresses [6, 7] and
during biofilm development [8, 9]. Numerous hypotheses have
been posited to rationalize PCD in single-celled organisms,
prominent among which is altruistic sacrifice of the individual
cell for colony benefit [10–13]: a reasonable notion given the
clonal nature of such cellular communities. Within this
context, two arguments are commonly put forth to support the
evolution of PCD in a single-celled organism. For example,
PCD represents an efficient mechanism to remove otherwise
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damaged or aged cells from the population [14–16]. In
turn, self-sacrifice via PCD would act to provide nutrient
supply for neighboring cells, maximizing population dyna-
mism [17–19].

Despite the obvious theoretical appeal of an entrenched
biochemical pathway devoted to inducing PCD, the utility of
such a process in single-celled organisms is not without
controversy. Foremost in the argument against an exclusive
evolved PCD pathway is the simple observation that there is no
evolutionary advantage for PCD in a single-celled entity. Cell
death defies the basic precept of maintaining and replicating
life; therefore the retention of an exclusive PCD pathway
would be subject to strong negative selection pressures over
the evolutionary timescale that would be required to entrench
this cell fate. To rationalize this contradiction, we propose the
hypothesis that apoptotic or death-centric proteins evolved
from a primordial non-death role in the cell. The corollary to
this premise is that PCD is a process that evolved via co-option
or co-evolution from a cohort of essential proteins with
canonical functions unrelated to cell death.

A non-death origin for apoptotic proteins and pathways is
not a conventional perspective in the field. Indeed, while
reviews over the preceding decade have highlighted the broad
role of these biochemical cascades including non-death
outcomes, the general consensus remains that any physio-
logic function is ancillary to the core death role (as reviewed
in [20–22]). Here, wewill present the argument for a non-death
origin of this cellular machinery.

The conservation of programmed cell
death pathways in complex eukaryotes

Across the broad phyla of multicellular organisms apoptosis is
a highly conserved phenomenon characterized by ordered
phenotypic events [23]. The penultimate step in apoptosis is
often considered to be the activation of caspases, aspartic
acid-directed, cysteine proteases. The caspase-mediated
cleavage of cellular proteins results in reorganization of the
cytoskeleton, nuclear condensation and DNA fragmentation.
This promotes membrane blebbing and compaction of the
cellular content in membrane bound vesicles known as
apoptotic bodies. Late stage apoptosis involves flipping the
membrane bound protein phosphatidylserine (PS) from its
typical intercellular location to protrude outside the cell. This
signals macrophages to engulf these apoptotic bodies without
eliciting a traditional immune response [23]. Not surprisingly,
the caspases involved in mediating these phenotypic events,
and the proteins that regulate caspase activity are highly
conserved.

Here we suggest that these pathways co-evolved from a
single-celled ancestor common to all multicellular eukaryotes.
Indication of a conserved pathway for cell death was first
gleaned from studies in the simple nematode Caenorhabditis
elegans. Genetic and biochemical evidence established a
linear pathway of apoptotic induction in which there is only
one caspase, CED-3 [24]. In response to a death signal, EGL-1 is
actively transcribed and acts as an antagonist against the anti-
apoptotic protein CED-9. Under homeostatic conditions,
CED-9 is bound to the adaptor protein CED-4. Once CED-4

is released from CED-9, CED-4 oligomerizes and activates CED-
3, which carries out the proteolysis typical of PCD [25](Fig. 1).

In more complex organisms the apoptotic program evolved
additional modes of regulation, whereby multiple caspase
enzymes interact in a coordinated signal pathway, comprising
initiator caspases and effector caspases. This basic signal
relationship emerged from the study of two keymodel systems,
the fruit fly (Drosophila melanogaster) and the commonmouse
(Mus musculus). These dissimilar species share a remarkable
number of functional orthologs with C. elegans, as well as with
each other, indicating that these protein interactions evolved
early as a requisite for normal development. The initiator and
effector caspase enzymes exist within two well-defined PCD
pathways, commonly referred to as the extrinsic and intrinsic
pathway [26]. The extrinsic pathway is engaged by extracellu-
lar signals that bind receptors on the cell membrane,
promoting oligomerization of a death inducing signaling
complex (DISC). This complex is responsible for the activation
of an initiator caspase, caspase-8/10, which subsequently
targets an effector caspase (caspase-3, 6, and 7), in addition to
other pro-apoptotic proteins. The intrinsic pathway originates
within the cell in response to cellular stresses such as DNA
damage, promoting the depolarization of the outer mitochon-
drial membrane, leading to an efflux of vital mitochondrial
proteins such as cytochrome c, which prompts the formation of
a tripartite protein complex (via binding to the adaptor protein
Apaf-1 and the initiator caspase, caspase-9). The resulting
complex, termed the apoptosome, promotes self-activation of
caspase-9, acting as a scaffold to recruit and cleave caspase-3.
Recent proteomic studies have identified close to 300 protein
targets of caspase-3 within a single cell type [27], confirming
the centrality of this enzyme for the proteome-wide alterations
that occur during PCD.

Orthologs of Apaf-1 are found in both C. elegans (CED-4)
and Drosophila (Dapaf-1 aka Dark) and are indispensable for
the activation of the caspase cascade. In addition, the
nematode anti-apoptotic protein CED-9, and pro-apoptotic
protein EGL-1 (functional homologs to the mammalian BCL-2
and BID/BIM proteins, respectively) form the mitochondrial
pore complex that acts as the conduit for cytochrome c release
(see [2] for complete review). Interestingly, genetic analysis
has identified Drp-1, a protein that promotes mitochondrial
fission in Drosophila, and appears to induce PCD independent
of cytochrome c release [28], suggesting a divergent origin for
mitochondrial control of PCD in invertebrate animals.
Nevertheless, mitochondrial membrane polarization and
cytochrome c release during apoptosis in the metazoan,
planarian Platyhelminthes (flat worm) [29] suggests that a
mitochondrion-derived PCD signal was an early adaptation in
the evolution of a common ancestor to extant multicellular
organisms.

Cell death/apoptosis in single-celled life
forms

As noted, PCD as a defined molecular program was initially
characterized in vertebrate and invertebrate animals, yet a
robust scepticism remained as towhether this cell fate/program
evolved from or was present within single-celled organisms. In
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this category, phenotypic characterization of PCD began
with investigations using the budding yeast model, S.
cerevisiae [30]. An apoptosis-like mechanism had been
observed in unicellular life forms comprising the ordered
dismantling of the cell, nuclear fragmentation, PS exposure
[31] and compartmentalization of its nutrients and organelles
into autophagic bodies [32]. High levels of reactive oxygen
species (ROS) were also reported to initiate this apoptosis-like
process [33]. The existence of PCD in the yeast model was
strengthened with the publication of two insightful studies.
First, Uren et al. [4] described a family of caspase-like proteins,
termed metacaspases, present in plants, protists, and fungi.
Similar to caspases, metacaspases contain a histidine/cysteine
dyad in the active site and require proteolytic cleavage for
activation [5, 34]. Subsequently, Madeo et al. [5] identified the
solemetacaspase present in yeast, termed Yca1, demonstrating
that Yca1 mediated the PCD associated with both oxidative
stress and chronological aging. Overexpression of Yca1
induced PCD as defined by ordered proteolysis and membrane
blebbing, while deletion of Yca1 protected the cell from PCD
agonists.

Following these paradigm-setting studies, a wealth of
data has established metacaspases as a probable evolutionary
origin for caspase like enzymes [35]. In addition to ROS
signaling, Yca1-mediated PCD is also linked to alterations in
mitochondrial function [36]. For example, the mitochondrial
permeability transition pore complex is required for Yca1-

mediated apoptosis [31]. In addition, YCA1 is also implicated
in virus-induced cell death [37] and metabolic and DNA
replication defect-associated cell death [38], suggesting that
metacaspases act as global conveyors of cell death akin to
their respective caspase counterparts.

Metacaspases have also been identified for their role in
PCD in additional fungal species as well as the kinetoplastid
parasites, Trypanosoma [39], and Leishmania [40, 41]. In the
fission yeast, S. pombe, the metacaspase Pca1 has been
implicated in PCD associated with nutrient starvation [42]. In
the fungi species Aspergillus fumigatus and A. nidulans, there
are two metacaspases, which act antagonistically, both
promoting (CasA) and protecting against (CasB) ER stress-
associated cell death [43, 44].

Given the conservation of PCD in the eukaryotic phyla, a
reasonable hypothesis would suggest that core PCD protein
constituents evolved from a similar cohort of proteins in
prokaryotic organisms. A PCD-like cell fate has been described
in prokaryotes and shares many morphologic similarities with
the classical apoptosis phenotypes [45–47], yet the molecular
mechanisms that govern PCD in these phyla are poorly
understood, and remain controversial. One protein cascade
that is considered to induce PCD is the Escherichia coli toxin-
antitoxin (TA) module, a major regulatory nodule that
ensures quality control of gene expression during stress
conditions [48]. Despite inducing a form of PCD, this signal
conduit does not have a molecular equivalent in eukaryotes.

Figure 1. Conservation of the molecular
pathway of caspase activation across the major
species studied and its divergent physiological
roles. Caspase 3 and caspase 7 in mammals,
and Drice and Dcp1 in Drosophila, are classi-
fied as effector caspases. CED-3 in the nema-
tode C. elegans functions as both the initiator
and effector caspase. Effector caspases dictate
diverse cell fates including apoptosis, cell cycle
regulation, neuronal remodelling and terminal
differentiation of a number of different cell
types. The sole metacaspase in the yeast, S.
cerevisiae, Yca1, functions similarly to an effec-
tor protease, and has been implicated in yeast
apoptosis, cell cycle regulation and proteo-
stasis. Functional homologs found within each
species are indicated by the same colour.
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Nonetheless, a recent bioinformatic analysis has revealed
metacaspase- andparacaspase-like enzymes across a spectrum
of bacterial species [49]. Having identified a cast of probable
executioner proteins, the challenge will be to substantiate
the physiologic role of these factors. Assuming that meta-
caspase function in single-celled eukaryotes is informative,
then one may predict that the prokaryotic counterpart will
regulate both vital and death-centric functions.

The perceived benefits of programmed
cell death in single-celled life forms

The hypothesized origin of PCD in single-celled life forms is
conventionally explained as an act of altruism, a sacrifice of
the individual cell for the benefit of a population at large. This
is a reasonable context to assume when considering single-
celled organisms that have the potential to interact as a
colony, such as budding yeast [14]. Here, the cells within the
larger structure are propagated by a single founder, such that
all cells contain the same genetic material. Given the genetic
relatedness of such a population, the benefit of selective
removal of individual cells via PCD mitigates the pressure to
select against this biochemical pathway over an evolutionary
timeframe. Agonists that propagate PCD in yeast colonies
include various forms of environmental stress, as well as
nutrient starvation [14]. Indeed, studies of yeast have shown
that single cells will commit to PCD if such an outcome would
benefit the colony as a whole [10, 17]. Retention of a PCD
pathway would also arise if there was a strong selective
advantage or survival benefit of interacting as a colony versus
individual cells [14]. Interestingly, in yeast colonies, cells
display PCD, compartmentalizing their amino acids and
nutrients for release into the extracellular space, ’feeding’ the
other cells in times of low nutritional stress [50]. PCD in this
setting has been suggested to be an adaptive mechanism to
control cell number (as in multicellular organisms) in
response to nutrient constraints, while maximizing long-term
population survival.

The altruistic hypothesis for the origin of PCD is a
reasonable conjecture when considering examples of single-
celled organisms that also have a colony-based life stage.
In the parasites, Trypanosoma and Leishmania, PCD is
hypothesized to be essential in maintaining the host-parasite
equilibrium by controlling cell numbers during infection [51].
The apoptosis-like death of incompetent cells ensures that the
current host will avoid a premature lethal infection event,
which increases the probability of parasite transmission to the
next host. These observations suggest that PCD may have
originated from a direct competition between individual cells,
which belies a less co-operative origin for PCD. For example,
in the quest for genetic survival or supremacy, individual cells
may engage a form of ’warfare’, where paracrine signals are
used to activate a PCD-like pathway in the nearest neighbor.
This hypothesis does not depend on the evolution of an
altruistic PCD program, which has a noted disadvantage in
terms of selection pressure. Rather, one may envision that
such PCD pathways have other vital roles within the cell, yet
these fixed pathways can be co-opted to engage cell death by
sustained activation of an otherwise non-lethal function.

The alternative hypothesis: Apoptotic/
PCD proteins evolved as by-products of
adaptation or co-option

Despite the perceived benefits for PCD in complex organisms,
proteins solely devoted to this cell fate would be subject to
enormous evolutionary constraints and selection pressures in
single-celled organisms. The cell would require extensive and
costly adaptations to ensure that a death centric protein could be
restrained and then activated only when a series of coordinated
alterations in the internal and external milieu had taken place.
A more reasonable hypothesis is that primordial cells did not
evolve apoptotic/PCD proteins per se, but rather that cell death
evolved from the adaptation or co-option of existing proteins
that performed physiologic roles within the cell.

To support the premise that the constituent proteins of
PCD evolved from a non-death role in single-celled organisms,
it is essential to identify a corresponding physiologic activity
(if any) for these proteins. A series of observations in the yeast
model S. cerevisiae, provided the first robust evidence that
apoptotic/PCD proteins in single-celled life forms retain core
non-death functions. Here, Lee et al. [52] demonstrated that
yeast strains with a genetic deletion of the single metacaspase
Yca1, or expressing a catalytically inactive mutant strain of
Yca1 (where the catalytic cysteine residue was mutated to an
alanine) displayed significant reduction in cell growth/cell
fitness. Both Yca1 mutant strains were characterized by a
slower G1/S transition, and a failure to respond to reagents
that induce G2/M checkpoint [52]. In a subsequent study, Lee
et al. characterized the precise molecular role for Yca1. Using a
series of complimentary proteomic screens, these investiga-
tors noted that 1. Yca1 formed robust physical interactions
with proteins that control basic proteostasis functions,
including protein folding and aggregate control, and 2. that
loss of Yca1 led to accumulation of vaculor structures and
protein aggregates during cell cycle progression and heat
stress [53]. These results confirm that the core molecular
function of Yca1 is to limit protein aggregation within the cell,
rather than to promote cell death per se. These observations
do not exclude a role for Yca1 in PCD, and suggest that such a
role may have been derived from the general aggregate
targeting capacity of the protease. Indeed, one may envision
conditions in the cell whereby unrestrained activation of Yca1
would lead to widespread protein aggregate disassembly,
active inhibition of protein aggregate formation or limitation
of the formation of vital multi-protein structures–all changes
that are not conducive to basic cell survival/function [54]. The
inescapable conclusion is that the PCD capacity of Yca1 may
simply be the result of re-purposing a protein, rather than de
novo evolution of a death specific factor. Indeed, the very
concept that Yca1 manages physiologic cell death is weakened
by the observation that apoptosis in multicellular yeast
structures occurs independent of Yca1 activity [14].

The validity of a non-death origin for PCD protein function
has been reinforced with similar observations across multiple
species. In the simple unicellular eukaryote, Trypanosoma
cruzi, the two prominent metacaspase enzymes impact a
range of biological processes [39]. Metacaspase-3 and
metacaspase-5 are both found overexpressed during apoptosis
in these cells during cellular stress, yet overexpression of
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metacaspase-3 resulted in a decreased growth rate due to a
stall in the G1/S transition [55]. This metacaspase activity in
trypanosomes was reminiscent of the capacity of Yca1 to
control cell cycle progression in S. cerevisieae [52]. Further-
more, metacaspase-3 activity promoted the transition from the
proliferative epimastigote stage to the infective G0-arrested
metacyclic trypomastigote [55], indicating an important role
for this protein in regulating the balance between life-cycle
stages. Similar to Yca1, the type 1 metacaspase from the free
living protozoan Acanthamoeba castellani has been shown to
impact cell growth and also stabilize contractile vacuole
formation through multiple protein-protein interactions [56].
Finally, it is germane to note the recent discovery of
metacaspase like enzymes in bacteria and phytoplankton
[57]. A careful molecular dissection of these enzymesmay shed
more light on the origin of PCD proteins and whether this cell
fate emerged as a result of co-option or as a fully independent
cell behavior.

In addition to metacaspases, other well-described PCD
proteins have been reported to manifest non-death activities
in single-celled eukaryotes. The yeast homolog of endonucle-
ase G, Nuc1, is notable in this regard. Early studies of Nuc1
indicated a defined role in yeast PCD, yet the loss of Nuc1 also
resulted in diminished cell growth capacity [31]. In addition,
Nuc1 activity has been linked to the focal destruction of nuclei
during yeast sporulation, a process that occurs without
engaging a complete PCD response in the larger cell mass [58].
Meiotic sporulation is an alternative to asexual reproduction
in yeast and occurs during times of nutrient stress. The result
is the production of two surviving haploid cells while the
additional nuclei are degraded through a phagocytosis-
dependent process. This active nuclear destruction was
shown to be dependent on Nuc1 and combined apoptotic-
like genome fragmentation, while conserving the adjacent
haploid structures [58]. Although not investigated in this
study, the concurrent vacuolar-mediated autophagy of cell
components during sporulation is consistent with the known
aggregate remodeling activity of Yca1 [53], a distinctly non-
apoptotic function of this protease.

Conductors of the orchestra: Apoptotic
proteins as determinants of multiple cell
fates

The cogent interpretation of the metacaspase and Nuc1
studies suggest that PCD evolved from or co-evolved with
another cellular adaptation that utilized a similar cohort of
proteins. A probable cell fate that may share this common
ancestry with PCD is the process of cell differentiation. In
general terms, differentiation is a final disposition where the
cell ceases to divide and adopts a specialized function. This
cell specialization is a critical adaptation, allowing multicel-
lular organisms to thrive and exploit their ambient environ-
ment. Both PCD and cell differentiation involve similar
morphologic and biochemical alterations that appear to be
conserved across themulticellular metazoan phyla. Therefore,
a co-evolution of these critical cell fates and their respective
regulatory proteins is a reasonable proposition. The relevant
question is whether experimental evidence can be found to

support this hypothesis, or whether we are limited to
reconstructing a first approximation based on observed
activities of proteins in current extant organisms.

The seminal study by Ratcliff et al. [59] provides
compelling evidence that PCD and differentiation may well
have a common root. Here, the investigators utilized a model
where they established the development of multicellularity in
yeast over the course of a single experiment. Using gravity to
select for multicellular clusters in the yeast, they noted that
the yeast colonies arranged themselves in a snow-flake
formation and employed a reproductive mechanism whereby
multicellular ’propagules’ or the arms of the cluster were
sequentially released from the parent structure via apoptotic
cell death of the centric (oldest) cells [59]. The evolution of a
centric cell that would sacrifice its own direct reproduction in
favor of the colony as a whole represents a division of labor, or
differentiation event that is synonymous with a somatic cell
and germ cell lineage. Indeed, prior to death, the centric cells
displayed a basic morphology that was distinct from the cells
in the “arms”, suggesting that a differentiation program had
been instituted.

A similar phenomenon is present in yeast grown on solid
nutrient agar [50]. The yeast cells coalesce to form complex
three-dimensional bodies that are composed of two distinct
cell types, with different metabolic activities and distinct gene
expression profiles. The lower cells (L cells), which sit directly
on the medium have high metabolic activities, slow growth
rates, with a definitive size in total cell number. Upper cells
(U cells) are more proliferative and are more stress-
resistant [50]. In this system the U cells utilize nutrients
expressed by the L cells and the L cells repress growth to the
benefit of the U cells. Consistent with their location in a
hypoxic environment, L cells produce high levels of ROS, and
are more susceptible to cell death, hence providing an
additional source of nutrients to the U cells [50]. As in the
study of Ratcliff et al., these observations indicate a clear
division of labor or differentiation of cell types concurrent to
the emergence of PCD. Moreover, ROS a well-defined
apoptogen, appears to influence this division of labor
between U and L cells [50], signifying a common biochemical
root between PCD and differentiation. Of paramount impor-
tance will be defining the molecular basis of these induced
multicellular models and the role (if any) of PCD proteins
(metacaspases, etc.) in establishing these basic morphologies.

Apoptotic proteins in eukaryotes are
general cell fate determinants

These elegant multicellularity studies in yeast have provided
support for the hypothesis that PCD and cell differentiation
may derive from a common source and utilize the same
biochemical controls. However, the primary support for this
supposition has been gleaned from studies involving complex
cell types of vertebrate and invertebrate animals. Early studies
using lens fiber epithelial cells [60] and erythrocytes [61]
demonstrated that caspase 3 is essential for the differentiation
of these cell types. The role of caspase 3 in these cell lineages
was interpreted to be merely an attenuated form of apoptosis,
as the differentiation program in each of these cell lineages is
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characterized by nuclei removal and dissolution, akin to PCD.
However, this death-centric view of caspase function was
challenged with the publication of three landmark papers.
First, Fernando et al. reported that caspase 3 activation was
essential for the differentiation and formation of murine
skeletal muscle [62]. Loss of caspase 3 activity through peptide
inhibition, or via the generation of caspase 3 null mice, led to a
drastic reduction in the endogenous differentiation capacity of
skeletal muscle progenitor cells. While skeletal muscle
differentiation shares phenotypic characteristics of apoptosis,
myofibers are long-lived cell types that retain their nuclei in a
functional syncytium. Next, Sordet et al. [63] demonstrated
that the differentiation of monocytes into macrophages was
dependent on the activity of a number of caspase proteases,
again macrophages being cell types that retain their nuclei
and defy simple characterization as an attenuated apoptotic
cell. Finally, a study examining Drosophila spermatid
maturation, provided compelling evidence for a conserved
non-death role of the intrinsic cell death pathway [64].
Spermatid individualization, the final step in sperm develop-
ment, is characterized by chromatin condensation along with
bulk removal of the majority of cytoplasm and alterations in
cytoarchitecture. Closer examination of this process revealed
that Apaf-1 and cytochrome c, as well as the effector caspase
Drice, were active during spermatid differentiation [64]. Drice
activity is initially restricted to the cytoplasmic bulge, known
as the individualization complex, then travels along the
length of the elongated spermatid removing the bulk of the
cytoplasm – a spatial and temporal regulation of caspase
activity that is essential for maturation of the developing
sperm.

Building on these initial observations, a plethora of
studies has confirmed the requirement of PCD proteins for cell
differentiation in general. To date, transient activation of
caspase-mediated signaling has been found to be indispens-
able for the differentiation of the various haematopoietic cell
lineages [65], epithelial derivatives [66], skeletal muscle [62,
67, 68], neural progenitors [69], cardiac myocytes [70],
osteogenic derivatives [71], embryonic stem cells [72], etc.
This caspase-dependent control of cell differentiation is also
broadly conserved, having been demonstrated in vertebrate
(zebrafish [73], murine, and human) and invertebrate
(Drosophila) cells. This degree of conservation may also
extend to the penultimate enzymatic step associated with
PCD, caspase directed genome wide DNA damage. The
differentiation of skeletal muscle myoblasts is characterized
by genome wide DNA strand breaks [67], a phenomenon that
is essential for the differentiation program, and has been
demonstrated to be mediated by caspase 3 activation of
caspase activated DNase (CAD). Most interesting is the degree
to which the intrinsic PCD pathway is conserved in its entirety
for the induction of these various differentiation programs. As
noted above, this complete pathway conservationwas initially
demonstrated in Drosophila spermatid maturation [64], then
corroborated in the study of differentiation of lens fiber
epithelial cells [66], skeletal muscle myoblasts [68], and
neural progenitor cells [74]. In an ironic twist, the intrinsic
PCD pathway has also been implicated in the promotion of cell
differentiation in C. elegans [75]: C. elegans was the pivotal
model used to discover and construct the biochemical

relationships that constitute caspase mediated PCD. CED-3,
along with the cognate activator CED-4, acts in a calcium
dependent manner to promote efficient regeneration initiation
in part via the kinase DLK-1 and dependent on CED-3 protease
activity [75]. Both the rate and extent of new outgrowth were
dramatically reduced in CED-3 null nematodes, indicating
defects in early filopodia extension. This phenotype was also
observed in CED-4 null as well as the CED-3/CED-4 double
mutants [75], again highlighting the conservation of the
intrinsic PCD pathway in a non-death cell fate.

In addition to cell death and differentiation, caspase
proteases have also emerged as critical regulatory factors in
neuronal adaptation. At the cellular level, the proteolytic
activity of caspase 3 has been found to be indispensable for
synaptic plasticity by regulating the formation and retraction
of axonal projections and dendrites (reviewed in D’Amelio
et al. [76]). At the organ level, caspase 3 activity has been
shown to be vital for memory, learning, and consolidation,
remarkable tasks for a protein that is often considered to be
the primary mediator of PCD.

Accepting the alternative hypothesis:
A deeper understanding of death-centric
proteins in development

There is a predilection for regarding the non-death related
function of caspases and PCD pathways as ancillary or recent
adaptations of a core death activity [3]. The wealth of data
obtained from single-celled and multicellular organisms
refute this core argument and suggest that PCD proteins
evolved as general determinants of cell adaptation and cell
fate (Fig. 1). The new interpretation of PCD protein biology
raises a number of critical questions. First, what are the
constraints and factors that direct these proteins to engage
death versus non-death outcomes? Second, is elevated PCD
protein activity a primary contributor to disease pathology, or
do these proteins serve a physiologic role? i.e. do these
proteins have a role in limiting disease pathology?

The available evidence suggests that altering the timing,
duration or intensity of flux through PCD signaling pathways
and proteins is a definitive step in directing divergent cell
fates. The differentiation of lens fiber epithelial cells has
provided an excellent model in this regard; demonstrating
that cell differentiation was associated with intrinsic PCD
pathway activation, accompanied by elevated expression of
caspase inhibitory proteins [from the inhibitors of apoptosis
(IAP) family] [66]. In contrast, cells displayed excessive levels
of caspase activation during apoptosis, a level that was
sufficient to overcome the threshold provided by the IAP
content. PCD pathway selection of cell fate may also depend
on reinforcing feedback loops between caspase proteases.
Caspase 3 has been shown to cleavage-activate caspase 9, thus
propagating the signal, during apoptosis [77]. Furthermore,
cleavage of the caspase 7 ortholog in Drosophila, Dcp1,
activates the caspase 3 ortholog, Drice, but not vice versa [78].
Despite having overlapping target sequences Drice and Dcp1
have very different affinities for the same death-associated
targets, and Dcp1 is very inefficient at inducing cell death [78].
Post-translation modification of caspase enzymes may also
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provide a rapid and convenient mechanism for a cell to guide
PCD pathways to divergent outcomes. Fbox proteins that
mediate degradation of caspase inhibitory proteins and
stimulate proteasome activation have been demonstrated to
modify the Drice/casapse 3 activity during Drosophila
spermatid differentiation [79, 80]. Most interestingly, caspase
3, and the CK2 kinase have been shown to share an
overlapping recognition motif in targeted substrates [81].
CK2 phosphorylation of a wide range of proteins prevents
cleavage by caspase 3, a biochemical event that extends even
to pro-caspase 3 itself [82]. Although this reciprocal relation-
ship was only examined in conditions of apoptosis, one may
envision this rheostat mechanism being directed to control
caspase activity and drive non-death outcomes.

Revisiting the function of death-centric
proteins in disease progression

The original discovery and characterization of PCD pathways
implied that inappropriate activity of the constituent proteins
may form the basis of human disease conditions, where
excessive cell death is the defining characteristic. PCD has been
theorized to contribute to the evolving pathology of ischemic
disease, pathogen-initiated organ damage and a broad range of
degenerative conditions [3, 83]. Many investigators have noted
a strong association between elevated caspase activity and the

cell death that characterizes neurodegener-
ative disorders [84]. However, caspase
inhibition in many of these models does
not limit the progress of disease: large
numbers of neurons continue to die via
caspase-independent mechanisms [85, 86].
We do not rule out the potential for these
cells to engage additional cell death path-
ways, but propose an alternative point of
view. If, as these studies suggest, caspase
activation is not a core contributor to the

degenerative process, then perhaps the elevated protease
activity reflects a beneficial adaptive response. For example,
elevated caspase 3 is known to promote synaptic plasticity and
neuronal adaptation [76]. Therefore, engagement of this
protease may simply reflect a compensatory mechanism to
restore neuron function during neurodegeneration. The global
increase in caspase activation is also consistent with the
differentiation of neural progenitors, cells thatmay be recruited
in response to damage/tissue loss (recall that neural
differentiation is dependent on the intrinsic PCD pathway).

Tauopathies and proteinopathies present a most fascinat-
ing case study to re-examine caspase function in disease
progression. Tauopathy and proteinopathy represent a class
of neurodegenerative disease where depositions of insoluble
protein aggregates represent the primary cause or contribut-
ing pathology [87]. Tauopathy is associated with detrimental
amyloid protein fibril deposition (Alzheimer’s being the
prototypical condition), whereas proteinopathy is a more
generalized disease phenotype with damaging protein
inclusions and insoluble protein aggregates (ALS features
prominently in this category). Both disease categories are
characterized by a significant elevation in effector caspase
activity and premature death of affected neurons [88]. Based
on the traditional model, caspase activation is viewed as a
secondary stress response, which is detrimental to the survival
of the affected neuron. However, when we view these human
pathologies through the prism of evolution, our knowledge of

Figure 2. A model for metacaspase/caspase-mediated dissolution of protein aggregates.
The yeast metacaspase Yca1 is recruited to protein aggregates during stress and
participates in their dissolution. In human neurons afflicted with neurodegenerative
disease, deposition of protein aggregates (represented here by Tau protein deposits as
observed in Alzheimer’s disease) is concurrent to caspase 3 activation. We predict that
the concurrent activation of caspase in protein aggregation disease is an evolved
compensatory response, engaged to rid the cell of toxic aggregate accumulation. This
caspase-directed clearance of protein aggregates may be applicable to the broader class
of degenerative disease that is characterized by proteostasis disruption, including ALS,
Huntingtin’s disease and inclusion body myopathies.

....Prospects & Overviews S. A. Dick and L. A. Megeney

7Bioessays 35: 0000–0000,� 2013 WILEY Periodicals, Inc.

P
ro
b
le
m
s
&
P
a
ra
d
ig
m
s

139

sadick
Rectangle



metacaspase biology instructs that caspase activation may be
engaged for the clearance of protein aggregates, a function
that wouldmaintain cell viability (Fig. 2). This supposition has
not been exhaustively tested, yet supportive evidence is
beginning to accrue. A significant portion of ALS patients
present with protein inclusions/aggregates that contain TDP-43
protein (TAR DNA binding protein-43), and elevated expression
of TDP-43 in cell and animal models replicates the essential
features of ALS pathology [89]. Suzuki et al. [89] have
demonstrated that TDP-43 aggregate deposition leads to the
activation of caspase 3 and targeted cleavage of TDP-43.
Expression of caspase cleavage-resistant forms of TDP-43
produced a dramatic increase in cell death, while expression
of the cleavage fragments per se resulted in a resistance to cell
death. Lastly, a recent study in yeast supports the contention
that the metacaspase/caspase targeting of insoluble aggregates
may have a relevant bearing on a humandisease [54]. Here, Yca1
was observed to form a strong physical association with Cdc48,
a protein that modifies protein aggregation. Loss of Yca1 led to
a dramatic reduction in the recruitment of Cdc48 to the
insoluble protein fraction, concurrent with increased aggregate
formation [54]. Cdc48 is the homolog of the human AAAþ

ATPase VCP, and substitution mutations in VCP have been
shown to give rise to a progressive form of damaging protein
aggregation (inclusion body myopathy with pagets disease of
the bone and frontotemporal dementia) [90]. How mutations in
VCP give rise to progressive aggregate formation remains
unknown; nonetheless, impaired recruitment of a caspase/
disaggregase would be consistent with this disease etiology.

Conclusion

In this essay we have argued that PCD proteins likely arose
originally as components of the cellular adaptation machinery
rather than the cell death apparatus. The prominence of PCD
protein involvement in basic cell function from unicellular to
multicellular organisms argues against the simple interpreta-
tion that activation of these proteins is a harbinger of cell death
and hence human disease. The field must support an approach
where we categorize PCD protein function in an unbiased
setting and attribute outcomes or disease relevance based on
clear cause and effect experiments rather than guilt by
association. To further substantiate the model that caspases
exert positive aggregate dissolution activity (Figure 2), priority
should be given to examining whether these proteases interact
(genetically or physically? or both?) with a broad range of
inclusion-susceptible proteins. The potential roles of such
interactions in the progression of the respective disease need to
be investigated. If caspase proteases (and other PCD signaling
components) evolved (in part) as a reactive mechanism to
mitigate the effects of harmful protein inclusions, then
implementing strategies to block caspase function during
neurodegenerationmight have the unintended consequence of
accelerating the disease.
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Cardiomyocyte hypertrophy is the cellular response that mediates
pathologic enlargement of the heart. This maladaptation is also
characterized by cell behaviors that are typically associated with
apoptosis, including cytoskeletal reorganization and disassembly,
altered nuclear morphology, and enhanced protein synthesis/
translation. Here, we investigated the requirement of apoptotic
caspase pathways in mediating cardiomyocyte hypertrophy. Car-
diomyocytes treated with hypertrophy agonists displayed rapid
and transient activation of the intrinsic-mediated cell death
pathway, characterized by elevated levels of caspase 9, followed
by caspase 3 protease activity. Disruption of the intrinsic cell death
pathway at multiple junctures led to a significant inhibition of
cardiomyocyte hypertrophy during agonist stimulation, with a
corresponding reduction in the expression of known hypertrophic
markers (atrial natriuretic peptide) and transcription factor activity
[myocyte enhancer factor-2, nuclear factor kappa B (NF-κB)]. Sim-
ilarly, in vivo attenuation of caspase activity via adenoviral expres-
sion of the biologic effector caspase inhibitor p35 blunted
cardiomyocyte hypertrophy in response to agonist stimulation.
Treatment of cardiomyocytes with procaspase 3 activating com-
pound 1, a small-molecule activator of caspase 3, resulted in a ro-
bust induction of the hypertrophy response in the absence of any
agonist stimulation. These results suggest that caspase-depen-
dent signaling is necessary and sufficient to promote cardio-
myocyte hypertrophy. These results also confirm that cell
death signal pathways behave as active remodeling agents in
cardiomyocytes, independent of inducing an apoptosis response.

The vertebrate heart is structurally complex, yet this organ
retains a remarkable ability to adjust intrinsic cell properties

to alterations in the exterior milieu. A most critical aspect of this
phenomenon is hypertrophic growth of individual cardiomyocytes.
This form of cell adaptation is a vital feature that matches physi-
ologic enlargement of the heart to the growth of the organism, yet
compensatory hypertrophy is also a prominent feature of cardiac
disease. Consequently, disease hypertrophy has been intensely
studied, resulting in the identification of a consistent cellular
pathology. In general, the pathologic condition derives from an
agonist or trigger that stimulates key intracellular signaling path-
ways, which converge on transcription factors to reengage the fetal
gene expression program in cardiomyocytes. Prominent examples
of this molecular circuit are agonist-induced mitogen-activated
protein kinase (MAPK)/CAMK (Ca2+/calmodulin-dependent ki-
nase) activation of myocyte enhancer factor-2 (MEF2) transcrip-
tion and calcineurin activation of nuclear factor of activated T cells
(NFAT) transcription (1–3).
Despite the success in identifying the key transcription control

events during cardiomyocyte hypertrophy, the pathways or pro-
teins that couple the fetal gene expression program with the
structural reorganization of the cell remain largely unknown.
One notable facet of hypertrophy is the degree to which this cell
morphology shares overlapping features of programmed cell death
or apoptosis. For example, hypertrophy is characterized by stan-
dard hallmarks of programmed cell death, including cytoskeletal

reorganization and disassembly, altered nuclear morphology, and
enhanced protein synthesis/translation (4, 5). Moreover, although
cardiomyocyte hypertrophy is initially adaptive, hypertrophy often
transits to a myopathic response that results in dilation, a latter
event that is concurrent with an increased incidence of caspase-
mediated cell death (6, 7). Therefore, a reasonable supposition is
that activation of canonical cell death pathways may contribute to
the initiation and/or progression of hypertrophy.
In addition to these general features, a number of proapoptotic

agonists have been directly implicated in the development of
cardiac hypertrophy, including tumor necrosis factor alpha (TNF-α)
and the cognate FAS receptor. Antibody blockade of TNF-α
leads to diminished overload-induced hypertrophy (8), and mice
with genetic deletion of TNF-α display similar attenuation of an
overload-induced hypertrophy response (9). Similarly, Fas ligand
activation of the Fas receptor has been noted to prompt the in-
duction of cardiomyocyte hypertrophy, and loss of the Fas recep-
tor in vivo was reported to result in a dramatic reduction in
compensatory hypertrophy through an as yet undefined signal
(10). Interestingly, the apoptotic endonuclease EndoG has re-
cently been shown to play a critical nonapoptotic role in main-
taining mitochondrial bioenergetics, and defects in EndoG have
directly been linked to the subsequent development of maladaptive
hypertrophy (11).
These phenotypic and biochemical intersections raise the pro-

vocative hypothesis that a caspase signaling mechanism may
propagate or direct the hypertrophy response in cardiomyocytes.
This is not an unreasonable premise, as a growing body of liter-
ature has demonstrated that caspase-dependent apoptosis path-
ways act as essential drivers of cell differentiation, including the
differentiation of cardiac progenitor cells (12, 13). Canonical cell
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death pathways derive from an intrinsic source originating from
the mitochondria, or an extrinsic source as mediated by prodeath
ligand/receptor interactions. Once engaged, these pathways
ultimately converge, activating caspase proteases (such as caspase
3), which cleave vital protein substrates that usher in the cell
death response. Here, we demonstrate that agonist-induced
cardiomyocyte hypertrophy is associated with and critically de-
pendent on the transient activation of the mitochondrial/intrinsic
cell death pathway. Inhibition of the intrinsic pathway (at mul-
tiple levels) led to a dramatic attenuation of hypertrophy, whereas
small-molecule induction of caspase activation alone was sufficient
to recapitulate the phenotypic and biochemical characteristics of
cell hypertrophy.

Results and Discussion
Activation of the Intrinsic Cell Death Pathway During Agonist-Induced
Cardiomyocyte Hypertrophy. To begin to address the role of cas-
pase-mediated signaling in cardiomyocyte adaptation, we used
immunofluorescence microscopy to detect caspase activity dur-
ing agonist-induced hypertrophy (Fig. 1 and Figs. S1–S3). Given
the prominent role of caspase 3 as a mediator of cell fate de-
termination, we initially examined the activity kinetics for this
effector protease. Treatment of primary cardiomyocytes with the
hypertrophy agonist phenylephrine (PE) resulted in rapid for-
mation of active caspase 3 foci in the cytoplasm and within a
nuclear/perinuclear compartment (Fig. 1A, c and d). Similar to
PE, isoproterenol (ISO) treatment also resulted in nuclear local-
ized active caspase 3 foci (Fig. 1 A, e and f). Caspase 3 activation
and localization was also analyzed for additional hypertrophic
agonists, including angiotensin II (AngII) and endothelin 1 (ET1),
which displayed a similar caspase 3 activation pattern (Fig. S1 A,
c and d and e and f, respectively). Within only 30 min of PE
treatment, the number of cardiomyocytes expressing active cas-
pase 3 increased compared with cells not treated with PE (Fig.
S2, green, e and f vs. g and h; white arrows indicate nuclear and
perinuclear localization patterns). Similar caspase 3 activation
and localization was observed at 1 h (Fig. 1 A, a and b vs. c and
d) and 3 h (Fig. S2, i and j vs. k and l) of PE exposure. Following
24 h of PE treatment, the caspase 3 activation pattern was de-
tectable yet diminished, with limited cytoplasmic and peri-
nuclear/nuclear activity (Fig. S2, green, m and n vs. o and p).
Caspase 3 localization was quantified based on the number of
cardiomyocytes expressing nuclear activated caspase 3 and the
number of active caspase 3 foci per nuclei (Fig. 1A). A significant
increase in the number of nuclei with active caspase 3 as well as
total foci number was observed during agonist-induced hyper-
trophy (Fig. 1A and Fig. S1A). Furthermore, caspase 3 nuclear
specificity was demonstrated by z-stack confocal imaging (Fig. S4).
The focal activity pattern for caspase 3 suggested that the car-
diomyocyte may restrict the protease activity to discrete com-
partments to engage nonapoptotic cellular functions. Indeed,
otherwise lethal caspase activity can be refocused and restrained
to effect targeting of particular cellular structures during re-
modeling and differentiation (14–16). Preliminary experiments
indicate that caspase 3 activity in the total soluble protein
fraction/lysate does not change during PE-induced hypertrophy
(Fig. S5), suggesting that the active protease may be directed to
a unique insoluble compartment within the cell.
α-Adrenergic stimulation via PE exposure has been reported

to alter mitochondrial calcium leak and membrane potential (17,
18). As such, we reasoned that the source of caspase 3 activation
during hypertrophy stimulation may originate from transient
activation of the intrinsic/mitochondrial cell death pathway
rather than the ligand-associated extrinsic-mediated cell death
pathway. Caspase 9 activity represents an immediate downstream
proxy for mitochondrial-derived signals whereby, in response to
an apoptogen, the mitochondria releases cytochrome c (cyt c),
promoting activation of procaspase 9 within the multiprotein
apoptosome complex. Immunofluorescence analysis revealed

a caspase 9 activation pattern as early as 15 min post hyper-
trophic induction (Fig. S3 A, a and b vs. c and d), with a peak of
activation at 1 to 3 h after PE exposure in healthy, intact car-
diomyocytes (Fig. 1 B, a and b vs. c and d; and Fig. S3 A, m and n
vs. o and p). Additional hypertrophic agonists ISO (Fig. 1 B,
a and b vs. e and f; and Fig. S3A), AngII (Fig. S1 B, a and b vs. c
and d; and Fig. S3B), and ET1 (Fig S1 B, a and b vs. e and f; and
Fig. S3B) showed similar caspase 9 activation patterns. With all
hypertrophic agonists, caspase 9 activity was dispersed through-
out the cell, reminiscent of a typical mitochondrial distribution
pattern. Activation of the intrinsic (caspase 9-mediated) pathway
was further confirmed by measuring the drop in mitochondrial
membrane potential, which is an early essential step in this
pathway. PE and ISO treatments led to a similar induction of the
intrinsic pathway as early as 5 min after hypertrophic induction
(see number symbols in Fig. 1 C, Left and Right, respectively).
Together, these data demonstrate that agonist-induced hyper-
trophy leads to activation of the intrinsic cell death signal
pathway in a temporally restricted manner.
It is important to note that this initiation signal (caspase 9 and

caspase 3 activation) is not followed by induction of apoptosis
per se. Extensive analysis of cardiomyocyte viability during ago-
nist-induced hypertrophy was conducted by annexin V/propidium
iodide (PI) labeling, TUNEL labeling of apoptosis-induced DNA
damage, and analysis of nuclear integrity via DAPI staining (Fig.
1D). These efforts indicate that there is no significant increase in
apoptotic cell death during hypertrophic agonist stimulation.

Activation of the Intrinsic Cell Death Pathway Is Required for
Cardiomyocyte Hypertrophy. Next, we investigated the requirement
of the intrinsic mediated cell death pathway for mediating the
hypertrophy response. Presumably, if the agonist-induced hy-
pertrophy response required sequential activation of the intrin-
sic pathway, inhibition of this signal should reduce or block
hypertrophy. Primary cardiomyocytes were treated with PE
in the presence or absence of the caspase 9 peptide inhibitor N-
benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethylketone (z-LEHD-
fmk). A significant attenuation of cardiomyocyte cell size (∼39%)
was noted after caspase 9 inhibition (Fig. 2 A, b vs. c). In addition
to cell size, a significant reduction in the expression of the prohy-
pertrophic marker atrial natriuretic peptide (ANP; ∼62%) (19)
was also observed following caspase 9 inhibition (Fig. 2 A, e vs. f).
Although caspase 9 represents an accurate proxy for intrinsic
pathway activation, we sought to confirm the mitochondria as the
de facto initiation signal. Here, the intrinsic pathway was inhibited
during agonist stimulation by infection with an adenovirus (AdV)
expressing the myeloid cell leukemia 1 (Mcl-1) protein. Mcl-1 binds
to various proapoptotic Bcl-2 homology 3 (BH3)-only proteins
such as Bid and Bim and multiple BH domain proteins Bax and
Bak, inhibiting BH3 pore formation in the mitochondrial mem-
brane, squelching cyt c release, and effectively blocking activation
of the intrinsic apoptotic pathway (20, 21). A significant decrease
in cell size (∼33%) and ANP levels (∼61%) was noted in Mcl-1-
AdV–infected cardiomyocytes compared with PE treatment alone
(Fig. 2 B, b and h vs. c and i). ISO treatment (Fig. 2 C, b and h vs.
c and i) and additional hypertrophic agonists, AngII and ET1,
yielded similar reductions in cell size and ANP levels (Fig. S6).
The decrease in cell size and ANP levels resulting from Mcl-1-
AdV infection mirrors the observations with caspase 9 peptide
inhibition, suggesting an essential role for the intrinsic cell death
pathway in promoting hypertrophic induction.

Effector Caspase/Caspase 3 Activation Is Essential for Cardiomyocyte
Hypertrophy in Vitro and in Vivo. We next examined the require-
ment of caspase 3 activity in the development of the hypertrophy
response. Primary cardiomyocytes were treated with the caspase
3-specific peptide inhibitor N-benzyloxycarbonyl-Asp-Glu-Val-
Asp-fluoromethylketone (z-DEVD-fmk), followed by cell size
and ANP quantifications. The PE-induced hypertrophic pheno-

E4080 | www.pnas.org/cgi/doi/10.1073/pnas.1315587110 Putinski et al.

145

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315587110/-/DCSupplemental/pnas.201315587SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1315587110
sadick
Rectangle



A Serum Free (SF) + Phenylephrine, PE (100 μM, 1 hr)

α-actinin DAPI
activeCasp3

DAPI
activeCasp3

α-actinin DAPI
activeCasp3

DAPI
activeCasp3

+ Isoproterenol, ISO (1 μM, 1 hr)

+ Isoproterenol, ISO (1 μM, 1 hr)

a b c d

40 μm

 #
 o

f a
ct

iv
e 

C
as

pa
se

 3
fo

ci
 p

er
 n

uc
le

us
(r

el
at

iv
e 

to
 S

F)

α-actinin DAPI
activeCasp3

DAPI
activeCasp3

e f

0

0.5

1.0

1.5
2.0

0

0.5

1.0

1.5

2.02.5

0
2
4
6
8

10
12
14
16
18
20

Fr
ac

tio
n 

of
 n

uc
le

i w
ith

ac
tiv

e 
C

as
pa

se
 3

(r
el

at
iv

e 
to

 S
F)

G
re

en
 D

eP
si

ph
er

Fl
uo

re
sc

en
ce

 u
ni

ts
(F

ol
d 

in
cr

ea
se

)

A
nn

ex
in

 V
  /

 P
I 

C
el

l V
ia

bi
lit

y 
(r

el
at

iv
e 

to
 S

F)

Fr
ag

m
en

te
d 

A
po

pt
ot

ic
 N

uc
le

i
(%

)

0

2

0

10

20

30

40

50

60

70

80

90

4

6

8

10

12

14

G
re

en
 D

eP
si

ph
er

Fl
uo

re
sc

en
ce

 u
ni

ts
(F

ol
d 

in
cr

ea
se

)

TU
N

E
L 

+ 
FI

TC
-d

U
TP

ap
op

to
tic

 c
el

ls
(r

el
at

iv
e 

to
 S

F)

PE
(100 μM, 1 hr)

Valinomycin
(0.1 μM, 1 hr)

PE treatment
(100 μM)

PE treatment
(100 μM)

SF

SF+

+

5 min 15 min 30 min 1 hr 3 hr 24 hr

SF
Staurosporine
(2 μM, 24 hr)

15 min 30 min 1 hr 3 hr 24 hr

ISO
(1 μM, 1 hr)

SF

0

0.5

1.0

1.5
2.0

2.5

0
0.2
0.4
0.6
0.8
1.0
1.2

0

1
2
3

4

5

0
0.5
1.0
1.5
2.0
2.5
3.0

PE
(100 μM, 1 hr)

SF ISO
(1 μM, 1 hr)

SF

*
*

* *

(SF)

(SF)

(SF)

(SF)
(SF)

(SF)

(SF) (SF) (SF)

B

C

D

Serum Free (SF) + Phenylephrine, PE (100 μM, 1 hr)

α-actinin DAPI
activeCasp9

DAPI
activeCasp9

α-actinin DAPI
activeCasp9

DAPI
activeCasp9

a

*

b c d

40 μm

20 μm

α-actinin DAPI
activeCasp9

DAPI
activeCasp9

e f

Hypertrophic agonist treatment
(24 hr)

+ SF
Staurosporine
(2 μM, 24 hr)

PE PAC-1 ISO AngII ET1

Hypertrophic agonist treatment
(24 hr)

+ SF
Staurosporine
(2 μM, 24 hr)

PE PAC-1 ISO AngII ET1

Valinomycin
(0.1 μM, 1 hr)

ISO treatment
(1 μM)

SF+ 5 min 15 min 30 min 1 hr 3 hr 24 hr

#

#

#

#

STS SF PE PAC-1

ISO AngII ET1

Fig. 1. Increased caspase 3 and 9 activation during early stages of PE- and ISO-induced cardiomyocyte hypertrophy. (A) Cardiomyocytes were treated with
hypertrophic agonists PE (100 μM; c and d) or ISO (1 μM; e and f) to induce hypertrophy for 1 h. Immunofluorescence was used to detect activated caspase 3
(green), α-actinin (red), and DAPI (blue). Exposure to PE or ISO for only 1 h resulted in a significant increase in the number of cardiomyocytes expressing
activated caspase 3 (green; PE, c and d; ISO, e and f) compared with SF media-treated cells (a and b). Activated caspase 3 displayed localization to the
perinuclear and nuclear regions during hypertrophic induction (compare c and d and e and f vs. a and b). Magnified views are shown in boxed regions (white
arrows; a and c vs a and e). The fraction of nuclei with active caspase 3 and the fraction of active caspase 3 foci per nucleus during PE and ISO treatment
significantly increased after 1 h compared with SF controls (n = 3; *P < 0.05; Figs. S1A and S2). (B) Cardiomyocytes were treated as in A and stained for
activated caspase 9 (green). Caspase 9 activation was readily detected during PE and ISO treatment (green; c and d and e and f) compared with SF media-
treated control cells (a and b; Figs. S1B and S3). (Scale bars: 40 μm.) (C) Activation of the intrinsic (caspase 9-mediated) pathway was also evaluated by use of
the DePsipher kit. Green DePsipher fluorescence was quantified during PE- and ISO-induced hypertrophy from 5 min to 24 h. A significant increase in green
fluorescence was observed after only 5 min of hypertrophic induction, suggesting early intrinsic pathway activation (n = 3; #P < 0.05). (D) Caspase activation
during agonist-induced hypertrophy occurs in viable cardiomyocytes. Cardiomyocyte viability was evaluated by analysis of annexin V/PI double-negative cell
population, fragmented apoptotic nuclei quantifications (asterisk), and TUNEL assay. Staurosporine treatment led to a significant reduction in cardiomyocyte
viability (n = 3; #P < 0.05). Cardiomyocyte viability remained intact after 24 h hypertrophic induction with PE (100 μM), PAC-1 (25 μM), ISO (1 μM), AngII
(100 nM), and ET1 (20 nM). (Scale bars: 20 μm.)
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type was abrogated by caspase 3 inhibition, as demonstrated by
reduced cell size (∼36%) and ANP levels (∼42%; Fig. 3 A, b and
e vs. c and f). Caspase 3 inhibition was also accomplished by
infection of primary cardiomyocytes with an AdV expressing the
baculoviral protein p35 (22). p35 acts to competitively inhibit
effector caspases by an irreversible chemical process. The cas-
pase recognition sequence of p35 is targeted by the effector
caspase (3, 6, 7), forming a thioester bond between the active
cysteine and the P1 residue, resulting in a completely disabled
enzyme (23). p35 is the most potent inhibitor of caspases iden-
tified to date, providing an irreversible inhibition of all caspase
enzymes except caspase 9 (23, 24). Importantly, the infection of
cardiomyocytes with p35-AdV led to a similar reduction in the
hypertrophic response following exposure to PE and ISO (de-
creased ANP levels in Fig. 3B), as well AngII and ET1 (decreased
ANP and cell size in Fig. S7 A–C). Finally, we demonstrate that,
within the same cardiomyocyte culture, cells that are infected with
caspase signaling inhibitors (p35-AdV) do not respond to hyper-
trophy agonists, whereas the uninfected cardiomyocytes in the
same culture undergo hypertrophy (Fig. S8). Taken together,
these data confirm that secondary paracrine effects of caspase
activity in adjacent apoptotic cells do not significantly impact the
hypertrophy response.
To further confirm the caspase 3-induced hypertrophy response,

we measured the transcriptional response of known prohyper-
trophic markers [MEF2, NF-κB, ANP, (B-type natriuretic
peptide (BNP)]. Primary cardiomyocytes were transfected with
MEF2, NF-κB, ANP, or BNP plasmids (with a Renilla luciferase
internal control plasmid) and monitored for the response to
agonist and caspase activation (SF plus DMSO, PE plus DMSO,
PE plus z-DEVD-fmk or z-LEHD-fmk). PE treatment resulted
in a significant increase in all hypertrophic markers compared
with cardiomyocytes treated with SF plus DMSO media (Fig.
3C), whereas PE treatment followed by caspase 3 or caspase 9
inhibition led to a dramatic reduction in reporter activation
compared with PE plus DMSO treatment (Fig. 3C).
We next sought to identify a molecular cascade whereby cas-

pase 3 activity engages the hypertrophy response. In this regard,
the MEF2 pathway was of considerable interest. The MEF2 family
functions as a point of convergence for a variety of hypertrophic
signals, including the fetal gene program (3, 25). MEF2 tran-
scriptional activity is suppressed by the binding of histone de-
acetylases (HDACs), and relief of this repression has been well
documented as a key step in the hypertrophic response (3). Of
interest, caspase 3 has been shown to cleave HDAC3 and HDAC4,
resulting in their cytoplasmic relocalization during apoptotic sig-
naling (26–28). Moreover, cardiac-specific deletion of HDAC3 is
synonymous with a pronounced cardiac hypertrophy phenotype
(29). To address our supposition that caspase 3 activity is re-
strained in insoluble foci, we first examined levels of activated
caspase 3 in the soluble and insoluble fractions. We observed
a significant increase in the level of active caspase 3 within the
insoluble fraction of PE-treated cardiomyocytes as early as 30 min,
followed by a transient decrease and then a latter-stage increase
in activity (Fig. S7D). We observed a specific and temporal de-
cline in levels of full-length HDAC3 at early time points following
PE-induced hypertrophy in the soluble fraction, whereas HDAC4
protein levels remained unchanged (Fig. S7D). Furthermore, in-
fection of cardiomyocytes with p35-AdV blocked the temporal de-
cline in HDAC3 protein levels, suggesting that the HDAC3
decrease was caspase 3-dependent (Fig. S7D). Finally, we noted
a large concentration of full-length HDAC3 (∼48 kDa) within
the insoluble protein fraction, which was associated with a cleavage
event that was attenuated with p35-AdV (Fig. S7D, asterisk).
The size of the putative fragment (∼44 kDa) corresponds to the
predicted size of the caspase 3-mediated large C-terminal cleavage
fragment of HDAC3 observed by others (26). Interestingly, a classic
caspase 3 cleavage site is present at Asp-391 of the C terminus of
HDAC3 that would produce this putative large HDAC3 fragment.

Prior observations in the literature also suggest that HDAC pro-
teins do segregate and associate with an insoluble fraction (30, 31).
Liu et al. noted that Hos2 (yeast HDAC) and Yca1 (yeast meta-
caspase) were contained within insoluble stress granules (30).
Our group has previously demonstrated that the core molecular
function of Yca1 is to limit protein aggregate formation in re-
sponse to stress (16). As such, a reasonable conjecture is that
the colocalization of caspase 3 and HDAC3 (and the caspase-
mediated processing of HDAC3) may represent an adaptive
stress response in cardiomyocytes, a response that has been
conserved from single-celled eukaryotes. This is a topic of
considerable interest and will require additional experimental
validation to confirm this hypothesis.
Consistent with a model of caspase-mediated derepression of

MEF2, we also observed that MEF2 transcriptional activity (via
an MEF2-dependent reporter assay) was dramatically attenuated
(∼80%) in cardiomyocytes with impaired caspase activation via
p35-AdV during PE stimulation (Fig. 3D). An additional hy-
pertrophic transcription signal that may respond to and translate
caspase activity is the NF-κB pathway. NF-κB is a transcription
factor that responds to stress signaling to promote or enhance
cell survival, yet this factor is also a prominent feature in path-
ological cardiac hypertrophy (32). Interestingly, caspase proteases
have been shown to activate NF-κB signaling in a variety of
noncardiac settings, steps that involve cleavage-activation of the
inhibitor of kappa B kinase (IKK) kinases, as well as targeted
cleavage and removal of the inhibitor of kappa B alpha (IκBα), the
NF-κB inhibitor protein (33–35). PE-treated cardiomyocytes
displayed a significant increase in NF-κB reporter activity, yet
caspase inhibition via p35-AdV infection resulted in complete
blockade of the NF-κB–induced response (∼84%; Fig. 3D). These
results suggest that the hypertrophy-associated engagement of
NF-κB activity is caspase 3-responsive, yet we have been unable
to identify the precise caspase 3 substrate that is targeted in
this pathway.
Caspase 3-mediated induction of cardiomyocyte hypertrophy

was also examined in the intact myocardium. PE control and ex-
perimental groups were subject to ultrasound-guided microinjec-
tion of the left ventricle wall with control GFP-AdV or p35-AdV
expressing AdVs. After 3 d, osmotic minipumps were implanted
in rats containing saline solution (control) or PE (PE control and
experimental groups) to induce pathologic hypertrophy. Sub-
sequently, hearts were retrieved at 3 wk after treatment, to co-
incide with the early stages of adaptive hypertrophy. Hearts treated
with PE and infected with p35-AdV displayed a significant re-
duction in heart weight to body weight (HW/BW) ratio (∼12%)
and cardiomyocyte cell size (∼37%) compared with the PE-treated
GFP-AdV–infected group (Fig. 4A). Similarly, ISO-induced hy-
pertrophy in vivo (2 wk) was significantly blunted in the presence
of p35-AdV, with a decreased HW/BW ratio (∼12%) and car-
diomyocyte cell size (∼42%) compared with the ISO-treated
GFP-AdV–infected group (Fig. 4B). Therefore, similar to the in
vitro experimental observations, inhibition of effector caspase
activity (caspase 3) attenuates cardiomyocyte hypertrophy in the
intact heart.

Caspase 3 Activation Is Sufficient to Induce Cardiomyocyte Hypertrophy.
The combination of peptide and biologic inhibitor experiments
demonstrate that intrinsic-mediated cell death signaling is re-
quired for the development of cardiomyocyte hypertrophy. As
such, we next examined whether caspase activation was suffi-
cient to engage hypertrophy, independent of any agonist stim-
ulation. To test this premise, we used a small molecule that
specifically stimulates caspase 3 activation, termed procaspase
3 activating compound 1 (PAC-1). PAC-1 is a potent and specific
activator of procaspase 3 that acts via sequestration of the in-
hibitory zinc ions at the catalytic site on the pro form of caspase 3
(36, 37). As unrestricted caspase 3 activation leads to induction
of apoptosis, we conducted a dose range experiment to establish
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Fig. 2. The intrinsic mitochondrial/caspase 9 cell death pathway is required for PE- and ISO-induced cardiomyocyte hypertrophy. (A) Cardiomyocytes were
treated for 24 h with SF medium (a and d), 100 μM PE (b and e), and PE plus 20 μM caspase 9 inhibitor z-LEHD-fmk (c and f). PE treatment increased cell size,
which was significantly attenuated in the presence of z-LEHD-fmk (Left; n = 3, **P < 0.05). ANP levels were significantly reduced in the presence of z-LEHD-
fmk compared with PE-treated cells (Right; n = 3, **P < 0.05). (B) Mcl-1-AdV inhibition of the intrinsic caspase 9 pathway, with GFP-AdV used as a control.
Infection with Mcl-1-AdV significantly decreased cell size and ANP levels compared with PE plus GFP-AdV–treated cardiomyocytes (n = 3; **P < 0.05). (C)
Cardiomyocytes were treated as in B except ISO was the hypertrophic agonist (1 μM). Similarly, intrinsic pathway inhibition by Mcl-1-AdV infection led to
significantly reduced cell size and ANP levels (n = 3; **P < 0.05). For B and C, Mcl-1 expression was detected with anti-myc antibody and an Alexa 647 (pink)-
conjugated secondary antibody (Fig. S6). Cell sizes analyzed by using ImageJ software. (Scale bars: 40 μM.)
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a concentration of PAC-1 that was compatible with maintaining
cell viability. Primary cardiomyocytes treated with high doses of
PAC-1 (100 μM) displayed decreased viability (i.e., increased cell
death) relative to control cells, an outcome that was comparable

to a standard apoptotic treatment with staurosporine (Fig. S9).
However, low-dose PAC-1 administration (12.5–25 μM) main-
tained cell viability (i.e., no significant decrease in cell viability)
while inducing cardiomyocyte hypertrophy, a response that was
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comparable with the hypertrophic agonist PE (Fig. S9 and Fig.
5A). Specifically, cardiomyocytes treated with low PAC-1 con-
centrations (25 μM, 24 h) displayed a significant increase in
cell size (∼65%) and ANP expression (approximately threefold;
Fig. 5 A, a and f vs. c and h). To further validate the PAC-1/caspase
3-induced hypertrophy response, we measured the transcriptional
response of known prohypertrophic markers (MEF2, NF-κB,
ANP, BNP) after 1 h, 3 h, and 24 h of PAC-1 (25 μM) treatment.
Similar to PE treatment, PAC-1 administration resulted in a sig-
nificant increase in all hypertrophic markers compared with car-
diomyocytes treated with SF plus DMSO media as early as 1 h
after exposure to PAC-1 (Fig. 5B, Left). After 3 h of PAC-1
treatment, significant elevations in reporter activity were ob-
served which were comparable to those following PE exposure
(Fig. 5B, Center). Significant reporter activity after 24 h of PAC-1
treatment was also observed (Fig. 5B, Right). The differences in

the fold activation noted at the 24-h time point in PE treated vs.
PAC-1–treated cardiomyocytes may derive from the probability
that PE engages additional signaling events, signals that extend
beyond the intrinsic cell death pathway and that converge to
amplify the hypertrophic gene expression program.
Finally, to confirm specificity of action for PAC-1, we con-

ducted two additional experiments. Assuming PAC-1 stimulates
cardiomyocyte hypertrophy through a strict activation of caspase
3, then (i) use of an irreversible inhibitor of caspase 3 activity
should block the ability of PAC-1 to induce hypertrophy, and (ii)
limiting activation of the intrinsic pathway should not impact the
ability of PAC-1 to promote hypertrophy. Importantly, a signifi-
cant reduction in cell size (∼39%) and ANP expression (∼56%)
was observed in cardiomyocytes treated with the caspase 3
inhibitor during PAC-1 administration (Fig. 5 A, c and h vs. d and
i). Conversely, caspase 9 inhibition was not able to significantly
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reduce the hypertrophic phenotype induced by PAC-1 treatment,
demonstrating that PAC-1 activates caspase 3 downstream of
caspase 9 (Fig. 5 A, c and h vs. e and j). These results establish
that small molecule induction of caspase 3 activation is sufficient
to recapitulate the phenotypic and biochemical characteristics
of cardiomyocyte hypertrophy, independent of any agonist cos-
timulation. To address the involvement of nonspecific protease
activity or other calcium activated proteases as probable contrib-
utors to caspase induction of hypertrophy, we analyzed calpain
activity during PE- and PAC-1–induced hypertrophy in the pres-
ence of caspase and calpain inhibitors (p35-AdV and calpastatin,
respectively; Fig. S7E). Neither PE stimulation nor PAC-1 treat-
ment of primary cardiomyocytes leads to any appreciable increase
in calpain activity at later time points in the hypertrophy cycle
(Fig. S7E). Although our observations do not preclude a role for
calpains in the hypertrophic remodeling process, the data and
reagents used in this study demonstrate a caspase specific role
that cannot be attributed directly to calpain activity.
The present study establishes the intrinsic/mitochondrial cell

death pathway as a central conduit for adrenergic-induced car-
diomyocyte hypertrophy. To date, cell death signal pathways have
been associated with the transition to end-stage heart failure. For
example, long-term caspase inhibition has been reported to re-
duce cardiomyocyte apoptosis, attenuate cardiac remodeling,
while preserving myocardial function in models of cardiomyop-
athy and pressure overload (6, 38–40). Here, our observations
indicate that elevated caspase 3 activity is an early and essential

step in the promotion of cardiomyocyte hypertrophy, a cellular
response that is not associated with the apoptosis program per se.
The ability of caspase signaling to induce hypertrophy or apoptosis
may appear to be an incompatible feature for a single pathway,
yet may simply reflect alterations in signal intensity or duration.
In such a model, transient and low-level activation of intrinsic
signaling would be predicted to promote the hypertrophic ad-
aptation, whereas sustained and high level activation would re-
sult in apoptosis. Indeed, a similar dichotomy has been reported
for many neurohormonal agonists that trigger adrenergic receptor
signaling events in the myocardium (e.g., PE, norepinephrine,
AngII, and ET1). AdV expression of WT Gαq has been reported
to induce compensatory/adaptive hypertrophic growth in cultured
cardiomyocytes at 24 h; however, expression of a constitutively
active Gαq mutant produced hypertrophy, which rapidly pro-
gressed to apoptotic cell death (41). These observations were
supported by in vivo studies where transgenic mice overexpressing
WT Gαq developed compensatory hypertrophy that rapidly transi-
tioned to progressive heart failure (41, 42). Although these studies
did not investigate the requirement for caspase activity, ad-
renergic stimulation of intrinsic cell death signaling may explain
the accelerated progression from hypertrophy to failure.
We favor the hypothesis that caspase 3 cleavage inactivation

of MEF2 and NF-κB inhibitory proteins releases the respective
transcription factors to induce the cardiomyocyte hypertrophy
program. Nevertheless, it is reasonable to conclude that other
caspase-related signaling events augment the hypertrophy tran-
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Fig. 5. Caspase 3 activation is sufficient to induce cardiomyocyte hypertrophy. (A) Cardiomyocytes were treated with SF media (a and f), PE (100 μM; 24 h;
b and g), PAC-1 (25 μM; 24 h; c and h), PAC-1 and caspase 3 inhibitor z-DEVD-fmk (d and i), or PAC-1 and caspase 9 inhibitor z-LEHD-fmk (e and j). Cells
were stained for α-actinin (red), ANP (green), and DAPI (blue). PAC-1 treatment resulted in a significant increase in cell area and ANP levels, whereas inhibition
with z-DEVD-fmk resulted in a significant reduction in cell size (n = 3, **P < 0.05) and ANP levels (n = 3, ##P < 0.05). Conversely, caspase 9 inhibition was not able
to significantly reduce the hypertrophic phenotype induced by PAC-1 treatment (compare c and h vs. e and j). (Scale bars: 40 μm.) (B) The transcriptional
response of known prohypertrophic markers was evaluated following 1, 3, and 24 h of PAC-1 treatment. Cardiomyocytes were transfected with luciferase
reporter plasmids for prohypertrophic markers (MEF2, NF-κB, ANP, and BNP), and reporter activity was measured after treatments with SF, PE, and PAC-1. PAC-1
treatment resulted in a significant increase (n = 3; #P < 0.05) in all hypertrophic markers compared with SF media during early (1–3 h) and late (24 h) time points.
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sition. Caspase activity can be localized to promote dismantling
of specific subcellular structures during cellular differentiation
and remodeling (13, 14). In the context of prohypertrophic re-
modeling, localized/restricted caspase activity may trigger the
dynamic reorganization of cytoskeletal and contractile protein
components, thus allowing for the subsequent addition to and
growth of sarcomeres (43). Communal et al. (43) have reported
that β-adrenergic stimulation via norepinephrine exposure in adult
rat ventricular cardiomyocytes triggered a caspase 3 targeting of
α-actin, α-actinin, and cardiac troponin T before the onset of ap-
optosis. More recently, other sarcomeric proteins have been shown
to be direct caspase targets in apoptotic models including, myosin
heavy chain and ventricular myosin light chain (44–46). The ability
of caspase 3 to directly modify cellular structure while altering the
activity of key gene expression programs implies that this protease
(and the intrinsic pathway) may serve as a fulcrum for agonist-
induced hypertrophy in general.
In summary, we have provided clear evidence that the mito-

chondrial/intrinsic caspase-mediated pathway is essential for car-
diomyocyte hypertrophy. Currently, antagonists of the upstream
adrenergic receptors (e.g., β-blockers) are one of several mainstay
treatments of heart failure (47). Based on our results, targeting
downstream components of the intrinsic pathway, specifically
caspase 3 or 9 protease function, may allow for therapeutic
intervention in patients at the earlier compensatory stage of the

disease process, limiting cardiomyocyte cell size and forgoing the
maladaptive transition to heart failure.

Materials and Methods
Primary neonatal rat cardiomyocytes were isolated from hearts of 2-d-old
Sprague–Dawley rats, and ventricles were digested with collagenase II.
Subsequently, cardiomyocytes were resuspended in DMEM. Cells were
allowed to recover in DMEM culture media for 24 h, followed by a change
to serum-free (SF) media for another 24 h before cardiomyocyte treatments
with hypertrophic agonists: PE (100 μM), ISO (1 μM), AngII (100 nM), or ET1 (20
nM). Caspase 3 and 9 signaling was inhibited by using 20 μM of a chemical
peptide inhibitor (z-DEVD-fmk and z-LEHD-fmk, respectively). Inhibition of
the intrinsic and effector caspase pathways was accomplished by infecting
primary cardiomyocytes with AdVs expressing the biological caspase inhib-
itors (Mcl-1-AdV and p35-AdV, respectively).

Additional details regarding materials and methods are provided in SI
Materials and Methods.
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