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Abstract

The molecular orchestration of skeletal muscle differentiation is a concerted
process involving muscle spéciﬁc transcription factors and components of the cell cycle
machinery. The functional capacity of the master myogenic transcription factors MyoD
and Myf5 are directly coupled to cell cycle regulatory molecules. MyoD activation
powerfully induces differentiation and cell cycle withdrawal in G1. Transit through the
G1 restriction point is regulated by the retinoblastoma (Rb) protein. Therefore, skeletal
muscle differentiation was assessed in the absence of Rb by histology,
immunohistochemistry, and molecular techniques. Rb null myoblasts displayed profound
deficiencies in their ability to exit the cell cycle, inﬁibit apoptosis, and fuse into
terminally differentiated myotubes. Global expression analysis revealed a much higher
number of deregulated genes in fully differentiated Rb” myotubes than in proliferating
Rb" myoblasts. Specifically, the loss of Rb in myotubes resulted in upregulation of cell
cycle genes and the downregulation of muscle struétural genes and glycolytic enzymes.
Finally, ChIP-RDA genomic location analysis identified E2F7 and Myf5 as direct targets
of Rb complexes. These data present a transcriptional model in which Rb potentiates the
activity of MyoD by repressing Myf5, thereby promoting the progression of skeletal

muscle differentiation.
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1. Introduction

Molecular mechanisrhs that govern cellular division are among the most
fundamental of biological processes. The ability to replicate and propagate genetic
information is of essential function for the perpetuation of cellular based organisms.
Hence the most basic constituents of the cell cycle machinery are conserved across all
species. Moreover, mechanisms that inhibit cell division are also in place to maintain
proper cellular function. Diseases such as cancer display uninhibited cell proliferation
and are poorly differentiated derivatives of their tissue of origin. Thus the study of
tumour cells has given us an awareness of putative ‘mechanisms that couple cell cycle
arrest and cellular differentiation. The retinoblastoma (Rb) tumour suppressor is critical
with respects to both these functions. However, our present understanding of how Rb
couples cell cycle arrest to differentiation is rudimentary. Skeletal muscle provides a
well defined and physiologically relevant system iﬁ which to study Rb’s function. Thus
functional studies into Rb’s role in skeletal muscle differentiation will likely provide

future avenues of therapies for diseases such as cancer.

1.1 The Retinoblastoma Family

The retinoblastoma (Rb) gene has been discovered in virtually all metazoan and
plant species that are used in experimental research. To date an Rb gene or Rb like gene
has been found in humans, mice, rat, fish, worms, chicken, dogs, frogs, flies, arabidopsis,
maize, and tobacco (Friend et al. 1986; Clarke et al. 1992; Destree et al. 1992; Jacks et al.
1992; Lee et al. 1992; Roy et al. 1993; Boehmelt et al. 1994; Dunaief et al. 1994; Grafi et

al. 1996; Ach et al. 1997a; Ach et al. 1997b; Lu and Horvitz 1998; Brunelli and
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Thorgaard 1999; Nakagami et al. 1999; Rotchell et al. 2001). The presence of Rb in
these multicellular organisms suggests that the Rb gene is an evolutionary characteristic
of more complex multicellular organisms. This being said, an ortholog of Rb has been
identified in as primitive an organism as the unicellular alga Chlamydomonas (Umen and
Goodenough 2001). Furthermore, a functional counterpart of Rb has also been
characterized in yeast (Costanzo et al. 2004).

In mammals, the retinoblastoma family of proteins consists of three members (Rb,
pl107, p130). Collectively, the Rb family plays a central role in regulating transcriptional
networks involved in cell cycle progression and cellular differentiation (Cobrinik 2005;
Nguyen and McCance 2005; Zhu 2005; Wikenheiser-Brokamp 2006). Within a historical
context, the cloning of Rb was of significant note, in that it was the first tumour
suppressor gene discovered (Friend et al. 1986). The conceptual framework for the
classic tumour suppressor gene was elucidated by the seminal publication by Alfred
Knudson (Knudson 1971). Knudson determined that patients with bilateral
retinoblastoma had inherﬁed one ‘hit’ in the hypothetical tumour suppressor gene, thus a
shorter latency period as compared to patients with unilateral retinoblastoma that required
two successive hits. Knudsoﬁ’s ‘two hit’ hypothesis for retinoblastoma was validated in
the following years by the cloning and functional analysis of the retinoblastoma gene.
Disease causing mutations in Rb leads to the formation of retinoblastoma, osteosarcoma,
and small cell lung carcinoma in humans (Goodrich and Lee 1993). In humans and mice,
Rb is the only family member to have distinct tumour suppressor capabilities.
Heterozygous Rb mufant mice develop pituitary and thyroid tumours (Hu et al. 1994).

Mutations are very rarely associated with p107 and p130 in human tumours.



Chapter 1 — General Introduction 4

Furthermore, specific inactivation of p107 and p130 alone has never been unequivocally
demonstrated as a causative event in tumour formaﬁon (Cobrinik et al. 1996; LeCouter et
al. 1998a; LeCouter et al. 1998b). However, compound ablation of Rb and either of its
family members creates a more severe tumour phenotype in mice (Dannenberg and te
Riele 2006).

As with many other families of genes, there are unique and redundant aspects to
each protein’s function. Rb, p107 and p130 all share a highly homologous structural
motif known as the ‘pocket domain’ (Figure 1). Hence, they are commonly described as
the “pocket proteins™ (Claudio et al. 2002). The importance of this motif is most evident
by the observation that the vast majority of mutations are found in the exons encoding the
small pocket domain of Rb (Goodrich 2003). The small pocket domain is a bipartite
motif composed of the A and B domains, separated by an intervening linker sequence of
amino acids. In its native conformation, the pocket domain serves as the interface for the
majority of the pocket prc;teins’ function. Arguably the most basic role of the pocket
proteins is to properly regulate transcription of target genes. Through its interaction with
transcription factors such as fhe E2Fs, the Rb family is believed to regulate the proper
induction of genes involved in a large number of cellular processes (Cam and Dynlacht
2003; Frolov and Dyson 2004). The pocket domain is the region ;zvith the highest degree
of homology between all thlfee family members. The integrity of this domain is critical
for most of Rb’s active functions. Activity of Rb proteins are regulated by
phosphorylation on serine and threonine residues by cyclin-cdk complexes (Buchkovich
et al. 1989; Chen et al. 1989; DeCaprio et al. 1989; Mihara et al. 1989; Lees et al. 1991;

Hu et al. 1992). Rb has been reported to interact with more than 100 protein
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Pocket
v

pRb
pio7
r1zo

Figure 1. Schematic representation of the Rb family of pocket proteins. The
relative position and organization of A and B pocket domains are denoted by the
orange regions.
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(Morris and Dyson 2001). However, the best characterized and perhaps the most
significant binding partners are the E2F family of &anscription factors. Rb-E2F
interactions regulate the traﬂscription of E2F target genes in proliferating and growth
arrested cells (Cam et al. 2004; Balciunaite et al. 2005). Specifically, phosphorylation of
Rb family members results in the dissociation of Rb from E2F, thus activating the
transcription of E2F target genes. Therefore cell cycle dependent phosphorylation of Rb
family members triggers the G1/S transition through the activation of E2F target genes
(Figure 2).

Among the family members, p107 and p130 are the most homologous in amino
acid identity. Hence, functional compensation between family members in many respects
parallels this degree of similarity. Indeed, targeted deletion of p107 or p130 in a mixed
129/SV and C57/B6 genetic background does not result in any developmental or post-
natal abnormalities. However, compound p107 and p130 mutant mice have defects in
endochondral ossification and do not come to term as a result (Cobrinik et al. 1996). Rb
is unique among its family members in that it cannot be fully compensated for by both
p107 and p130 during mouse development (Clarke et al. 1992; Jacks et al. 1992; Lee et
al. 1992). Structurally, the spacer region of p107 and p130 are highly similar and possess
the ability to bind to cyclilnA-cde and cyclinE-cdk2 complexes (Ewen et al. 1992; Faha
et al. 1992; Lees et al. 1992; Cobrinik et al. 1993; Hannon et al. 1993; Li et al. 1993;
Mayol et al. 1993). Unlike piO7 and p130, Rb’s spacer does not bind to cyclinE-cdk2 or
cyclinA-cdk2 complexes. -Outside of the pocket, p107 and p130 are also highly
homologous in the amino terminal portion that is suggested to function as a cdk inhibitor

(Woo et al. 1997; Castano et al. 1998). Due to their biochemical properties, Rb proteins
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Figure 2. Model of Rb mediated E2F target gene regulation. (A) Inhibition of
E2F target gene transcription by active pRb. (B) Activation of E2F target gene by the
dissociation of hyperphosphorylated pRb from E2F by cyclin/cdk complexes.
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dynamically modify their function according to the signals of the cellular environment.
Changes in cellular environment occur throughout the progression of the cell cycle (GO,
Gl, S, G2, M), cellular tre.nsformation, cell lineage. commitment, cell senescence, cell
stress response, and the progression towards terminal differentiation (Du and Pogoriler
2006). A living snap shot of these states represent distinct and often radically different
portraits. Hence, the ectivity and gene target preference of the pocket proteins are
significantly influenced by the cellular environment. This is no better illustrated by the
tissue specific nature of tumours that develop in humans and mice due to the loss of Rb.
In these respects, Rb provides irreplaceable functions in specific cell types that cannot be

compensated by p107 and p130.

1.2 Transcriptional Regulation by Rb Complexes

The mechanistic deteiils of Rb dependent transcriptional regulation is the result of
a considerable body of research in this area. Tumour suppression and cell cycle
inhibition appears to be a-logical and somewhat synonymous pairing. The first
experimental insight into Rb’s ability to inhibit celi cycle emerged through two
compelling lines of evidence. The first major observation was that overexpression of Rb
was able to G1 arrest some tumour cell lines (Huang et al. 1988). A converging
observation was also made through the study of DNA viral oncoproteins. Viral
oncoproteins have the capacity to induce neoplastic transformation when expressed in
normal cells. Importantly, proteins such as E1A, SV40 Large T antigen, and E7 target
and inhibit the activity of Rb (DeCaprio et al. 1988; Whyte et al. 1988; Munger et al.

1989). These lines of evidence provided the experimental support for Rb’s function as a
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cell cycle inhibitory protein. A transcriptional basis for Rb’s effect on cell cycle was
established upon the discovery that Rb complexed ~With E2F1 transcription factor (Helin
et al. 1992; Kaelin et al. 1992; Nevins 1992). The significance of this interaction lies in
the ability of E2Fs to activate target genes required for the transition from G1 through to
S phase (Hurford et al. 1997; Rayman et al. 2002; Ren et al. 2002; Wells et al. 2002;
Dimova et al. 2003). This seminal discovery provéd to be the foundation for the
development of a multi-faceted model of transcriptional control.

Protein-protein interactions are central to Rb mediated transcriptional regulation.
Rb can be viewed as a versatile adapter of a larger protein complex. Therefore Rb in
itself does not have the ability to bind DNA and alter transcription (Ross et al. 2001).
The C-terminal large pocket domain is most critical for the vast majority of Rb-protein
interactions (Goodrich 2003). Identification of Rb binding proteins has been important in
unraveling the mechanisms behind Rb mediated transcriptional regulation. The E2F
transcription factors were the first physiological protein partners of Rb to be
characterized. Currently, there are 8 known members of the E2F family (E2F1-8). The
E2F family is functionally subdivided into two groups. The activator E2Fs are comprised
of E2F1, E2F2, and E2F3a. The repressor E2Fs consists of E2F3b, E2F4, E2F5, E2F6
and the most recently diséovered E2F7 and E2F8. Under physiological conditions, Rb
has been shown to complex with E2F1, E2F2, E2F3, and E2F4. Rb-E2F complexes are
present during specific stageé of the cell cycle, namely GO and early G1 (Figure 2).
Therefore it is believed that Rb is required to repress E2F target genes during this period,
thus impeding the transition from G1 to S phase. The Rb-E2F interaction has provided a

useful foundation for testing different concepts of Rb mediated gene repression.
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There are two prevailjng mechanistic models of Rb inhibition of E2F target genes.
Rb has been demonstrated to physically interfere with the transcriptional activating
domain of E2F factors. In E2F1, the Rb binding region physically overlaps with the
transactivating domain (Flemington et al. 1993; Helin et al. 1993). Indeed, in vitro
transcription assays have demonstrated that Rb-E2F interaction precludes the formation
of pre-initiation complexes oﬁto the promoter (Ross et al. 1999). More recently, an
alternative model has taken prominence in the field of Rb transcription regulation. This
concept is based on the idea that Rb alters the local chromatin structure, thus affecting
transcription of nearby genes. Rb complexes have been shown to alter the chromatin
structure by histone modification and nucleosomal remodeling. Covalent modifications
of histones have been demonstrated to correlate to the expression levels of nearby genes.
The protruding N-terminal tails of histone H3 and H4 are frequently targeted by histone
modifying enzymes. Moiety linkages such as acetylation are associated with
transcriptional activation. While methylation at specific residues can either be associated
with activation or repression of transcription (Jenuwein and Allis 2001). Therefore, the
discovery that Rb physically interacts and recruits these histone modifying enzymes were
of major significance.

The acetylation status of histones are maintained by the enzymatic activities of
two groups of proteins. These histone modifying enzymes are categorized as histone
acetyl transferases (HATs) and histone deacetylases (HDACs). HDAC activity
contributes to a repressive chromatin structure by removing acetyl groups from histones.
Indeed, the repressive properties of Rb complexes can largely be attributed to the HDAC

component. The A and B pocket domains of Rb which is minimally required for Rb
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mediated transcriptional repression (Chow and Dean 1996; Chow et al. 1996), is critical
for Rb’s interaction with HDACs 1-3. Indeed, repression of transcription was
demonstrated to be directiy related to the deacetylation of the target promoter (Brehm et
al. 1998; Ferreira et al. 1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998).
Deacetylation by Rb recruited HDACs at E2F promoters are counter balanced by
activator E2Fs. E2Fs have been shown to recruit HATs such as CREB-binding protein
(CBP), p300 and P/CAF (Trouche and Kouzarides 1996; Martinez-Balbas et al. 2000;
Marzio et al. 2000; Morris et al. 2000). Histone acetylation/deacetylation thus appears to
play a major role in the dynainic regulation of E2F target promoters through the course of
the cell cycle.

Histone methylation is another form of covglent modification that affects gene
transcription. Methyl groups are neutral in charge, and therefore do not exert their effects
on chromatin electrostatically. However, methylation is considered to be a more stable
modification than acefylation. Due to this notion, the discovery that the cyclinE promoter
was subject to such modification came as a surprise. Moreover, the histone methylation
of the cyclinE promoter was absolutely dependent én Rb-SUV39H1 complex (Nielsen et
al. 2001). This novel insighf contributed yet another mechanistic mode of action for Rb
mediated transcriptional regulation. These results suggest a sequential model of histone
modification by Rb. Since H3-K9 acetylation and methylation are mutually exclusive
modifications (Rea et al. 2000), it is plausible that Rb mediated histone deacetylation
facilitates the eventual methylation. Rb has also been co-purified with DNMT1, a DNA
methyltransferase enzyme (Robertson et al. 2000). Methylation on DNA is also

considered a mark of repressive chromatin. More specifically, methylation of cytosines
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of CpG dinucleotides serve as docking sites for methyl-CpG binding proteins (MBDs)
(Meehan et al. 1989; Lewis et al. 1992). Interestingly, MBDs are able to recruit histone
deacetylase activity and nucleosome remodeling complexes (Jones et al. 1998; Ng et al.
1999; Wade et al. 1999).

Chromatin structure can also be altered in a non-covalent manner by large
nucleosomal remodeling protein complexes. It is hypothesized that ATPase driven
helicases loosen the physical contact between the DNA and core histones, allowing for
the repositioning of the nucleosomes. This is believed to accommodate or hinder the
access of transcriptional machinery at the promoter of genes. BRG1 and hBRM are the
human homologs to the yeast chromatin remodeling SWI2/SNF2 ATPase-heliase. Rb
has been shown to interact with BRG1 and hBRM to inhibit cyclind transcription.
Interestingly, the BRG1 induced cell cycle arrest is a direct result of p27 induction (Kang
et al. 2004). Therefore, the increase in p21 in turn reduces the levels of cdk activity thus
activating Rb and ensuing cell cycle arrest. Taken together, Rb mediated transcriptional

control involves multiple layers of chromatin modifying activities.

1.3 Mouse Models of Rb Dependent Muscle Differentiation

Mouse models prévide a powerful tool in which gene functionality can be
assessed in an in vivo mammalian context. Mouse genetics have allowed us to glean
unanticipated insights into the function of Rb. In humans, the inheritance of a mutated
allele of Rb almost always leads to childhood retinoblastoma and osteosarcoma. This
neoplastic phenotype is iﬁvariably associated with the inactivation of the wildtype Rb

allele. The study of Rb function in humans is limited due to the developmental lethality
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of Rb loss in the embryo. As a result, Rb deficiency in humans can only be ascertained in
the context of the tumour tissue, that develop through the amplification of a limited
founder population of cells. Therefore, mouse models have been tremendously important
in understanding the physiiological function of critical gene products. Studies of Rb gene
inactivation in the mouse have garnered a wealth of data from a developmental and
disease ontology perspective‘. Whole knockouts of Rb in mice lead to embryonic lethality
generally by E. 14.5 (Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992). These initial
studies experimentally défnonstrated that Rb was indeed critical for the development of
neural and haematopoietic systems. In hindsight, these pilot studies just scratched the
surface of uncovering Rb’s function. Our current concept of Rb biology has much
evolved since those eérly knockout studies. This is due to our increasingly more
sophisticated means to dissect out the specifics of Rb function. We now identify the
function of Rb in a cell context specific manner. Although Rb is expressed in virtually
all cell types, its actions are not equivalent across all cell types. An example of this
would be to compare the phenotypes of Rb loss specifically in brain and muscle
development. Conditional knockout of Rb in the developing telencephalon does not
effect differentiation of the neuroblasts, but comprc;mises their cell cycle arrest (Ferguson
et al. 2002). Surprisingly, the developmental defect in Rb deficient telencephalic neurons
was that of improper migration (Ferguson et al. 2005). In comparison, skeletal muscle
specific deficiency of Rb causes poor terminal differentiation, apoptosis, and ectopic
DNA synthesis (Zacksenhaus et al. 1996).

Studying Rb deficiency in skeletal muscle was problematic due to the embryonic

lethality prior to full skeletal muscle development. Cell culture models of muscle
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differentiation in part helped to address this problem. Rb’s role in muscle differentiation
was first explored through the use of cultured Rb deficient mouse cells (Schneider et al.
1994; Novitch et al. 1996). Although quite artificial, these studies provided us with our
first insight into the function of Rb in muscle differentiation. The cell culture model was
then superseded by an in vivo partial rescue model. The study by Zacksenhaus et al
generated a transgenic line of mice expressing an Rb minigene. The Rb minigene when
crossed into an Rb null background rescued the emBryonic lethal phenotype by
expressing low levels of Rb;’ This was the first in vivo example of Rb’s role in muscle
differentiation. Several more mouse models have since provided additional insight into
the importance of Rb in skeletal muscle differentiation. More recently, it has been
demonstrated that much of the developmental abnormalities of whole Rb knockouts can
be circumvented by nurturing the embryo through a wildtype placenta (Wu et al. 2003).
However, even in the presence of a wildtype placenta, the skeletal muscle still remained
poorly developed in the apsence of Rb (de Bruin et al. 2003).

Mouse models have also been an important tool in genetically delineating discreet
functions of Rb. Compound mutant mouse models have allowed us to separate some of
the relevant pathways that interact with Rb. The straight elimination of Rb results in
ectopic DNA synthesis, apoptosis, and deficits in cellular differentiation. Much of the
cell cycle defects can be éttributed to Rb’s interaction with the E2F transcription factors.
Indeed, Rb’s interaction with E2Fs leads to the repression of E2F target genes. Aberrant
induction of E2F targets usuélly leads to ectopic DNA synthesis and the progression of
the cell cycle (Johnson et al. 1993). As a corollary to this function, the combined loss of

E2Fs 1-3 in mouse embrybnic fibroblasts inhibits S-phase progression and mitosis (Wu et
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al. 2001). These Rb-E2F interactions have been genetically validated by the study of
compound Rb and E2F 1-3 mice (Tsai et al. 1998; Ziebold et al. 2001; Saavedra et al.
2002). Despite partial rescue of the cell cycle deficits in the CNS and PNS, muscle
differentiation was still impaired. These results clearly demonstrate a genetic separation
between cell cycle inhibition and cellular differentiation with respects to Rb function.
Conversely, Rb compound mutations have also been shown to rescue differentiation
specific defects. The inhibitor of differentiation (Id) family of proteins are important
molecular regulators of differentiation (Ruzinova and Benezra 2003). Id proteins act in a
dominant negative mannér by sequestering E proteins that are required by bHLH
transcription factors. Furthermore, Id proteins are also capable of binding to the Rb
family of pocket proteins. Lasorella et al demonstrated a genetic link between 1d2 and
Rb dependent cellulaf differentiation (Lasorella et al. 2000). Compound ablation of Rb
and Id2 was able to rescue the neural and haematopoietic defects associated with Rb loss.
The partial rescue Rb:1d2 cqmpound mutant embryos came to term but died due to
skeletal muscle defects. Cellular context in this case, appears to be quite important in
rescuing differentiation deficits by Id2 ablation. Rb has also been implicated as an
upstream effector of ras signaling (Lee et al. 1999). Takahashi et al demonstrated that N-
ras ablation can rescue the skeletal muscle differen;ciation defect in an Rb null
background (Takahashi et al. 2003). Despite proper skeletal muscle differentiation,
Rb:N-ras compound mutants still displayed aberrant cell cycle and apoptosis. In
summary, mouse models of Rb deficiency have provided valuable insight into the
different aspects of Rb function. Furthermore, moﬁse models have provided the means to

investigate key genetic interactions in a complex in vivo system.
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1.4 Myogenic Transcription Factors
(Chapters 1.4 & 1.5; excerpts from Birth Defects Research: Part C, 75(3):180-192)

Skeletal muscle specific gene regulation in the embryonic somite requires a
family of bHLH transcriptioﬁ factors known as the Myogenic Regulatory Factors
(MRFs)(Parker et al. 2003). The members of the family include Myf5, Mrf4 (Myf6),
MyoD, and myogenin. Moreover, the paired-box homeodomain transcription factors
Pax3 and Pax7 play an important role in the speciﬁ‘cation of myogenic progenitors.
Mouse knockout models have been important in understanding functional relationships in
the context of embryonic muscle development. Analysis of compound mutant mice has
allowed researchers to assess functional redundancy amongst family members.
Additionally, the application of this approach was instrumental in understanding the
functional hierarchy of myogenic transcription factors in the developing somite.

The bHLH MRFs represent an excellent point of focus for examining the
molecular biology of skeletal muscle development. The MRFs are specifically expressed
in skeletal muscle tissues and potently induces myogenic conversion when expressed in
non-myogenic cell types. Gene targeting experiments has provided valuable insight
regarding their biological duties. Myf5 and MyoD were the first two MRFs that were
genetically targeted for ablation (Braun et al. 1992; Rudnicki et al. 1992). All told, the
muscle phenotypes for bofh knockout mice were relatively subtle. MyoD-null mice were
born viable and fertile with no apparent gross muscle defects. However, one phenotypic
observation strongly suggestéd of Myf5 and MyoD’s compensatory nature. Northern

expression analysis on newborn MyoD mutant skeletal muscles revealed abnormally
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elevated levels of Myf5 RNA. Subsequent studies of compound Myf5”:MyoD™ mice
clearly demonstrated their redundant functions. Mice without Myf5 and MyoD were
completely devoid of skeletal muscle (Rudnicki et al. 1993). Thus defining the essential
requirement for Myf5 or Mbe in the context of skeletal muscle development.

The identification of somitic domains that initially or exclusively express Myf5 or
MyoD by B-Gal marking has additionally been valuable in deducing their developmental
role. Kablar and colleagues demonstrated an epaxial and hypaxial division of labor by
characterizing a MyoD-LacZ transgene in Myf5'/ “and MyoD'/ " embryos (Kablar et al.
1997). Migrating hypaxial limb precursors were developmentally delayed by 2.5 days in
MyoD”" embryos. While Myf5” embryos displayed no delay in limb muscle
development, but delayed development in the epaxial musculature. These methods were
also the means to examine Myf5 and MyoD’s function in myogenic lineage
determination and migration.

Functional elimination of Myf5 was achieved by insertion of the LacZ coding
sequence into the Myf5 locus (Myf5*") (Tajbakhsh et al. 1996). LacZ expressing DML
derived cells in Myf5**” embryos were mislocalized and expressed non-myogenic
markers such as the dermal marker dermo-1 and cartilage marker scleraxis. Tajbakhsh
and colleagues thus demo»nstrated that Myf5 is largely responsible for myogenic lineage
restriction and localization in the DML. A similar type of phenomenon was observed in
MyoD dependent limb muscle precursors in Myf5":MyoD” embryos. MyoD-LacZ
expressing mesenchymal progenitors in the limb differentiated into cartilage rather than

muscle (Kablar et al. 1999). Taken together, Myf5 and MyoD are important regulators of
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myogenic lineage commitment in epaxial and hypaxial progenitors in a normal biological
setting.

Knockout studies of myogenin and MRF4 have proven to be equally informative
in assessing their developmental function. The skeletal muscle of myogenin mutant
neonates were poorly differentiated, sparse, and unorganized (Hasty et al. 1993;
Nabeshima et al. 1993). Thé residual myotubes lacked sarcomeric Z lines as assessed by
electron microscopy (Nabeshima et al. 1993). Interestingly, there were many
mononucleated cells that were presumably undifferentiated myoblasts. In support of this
notion, it was shown that MyoD-LacZ was appropriately expressed in the myogenin-null
embryo (Venuti et al. 1995).- Furthermore, MyoD” :myogenin”" and Myf5'/ '.'myogenin'/ i
mice analysis revealed muscle phenotypes similar to that of myogenin-null alone (Rawls
et al. 1995). These lines of evidence clearly place myogenin downstream of Myf5 and
MyoD in the process of differentiation. The function of MRF4 has been more difficult to
assess through targeted disruption studies due to the close proximity of the MRF4 and
Myf5 genes (MRF4 is 8kb upstream of Myf5 transcriptional start site) (Olson et al. 1996).
Due to the expansive and complex regulatory sequences at this locus, gene-targeting
constructs must be carefully designed. Multiple allelic variants of MRF4 and Myf5
targeted disruptions result in‘Variable phenotypes (Braun and Arnold 1995; Patapoutian et
al. 1995; Zhang et al. 1995; Kaul et al. 2000; Kassar-Duchossoy et al. 2004). The
severity of the muscle and rib defect phenotype directly correlates to the extent in which
the neighboring gene’s eridogenous expression has been disrupted. Not surprisingly, the
severe MRF4 allele phenocopies the severe Myf5 allele (Olson et al. 1996). Kassar-

Duchossoy and colleagues demonstrated that the Myf5™*“"%Z.Af0D” embryo is in
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essence a triple MRF knockdut (MRFA4, Myf5, MyoD) (Kassar-Duchossoy et al. 2004).
The Myf5"-“"%Z .M yo D" mutant had no skeletal muscle, phenocopying the original
compound Myf3:MyoD mutant described by Rudnipki et al. Myf5 knockout alleles that
do not disrupt MRF4 expression [Myf5° PP and Myf5°P"* (K assar-Duchossoy et
al. 2004), Myf-5TFHRECTH and Myf- 540/ 4P (K aul et al. 2000)] results in viable mice.
Furthermore, Myf5™ " embryos were capable of inducing early epaxial myotome
formation and the proper induction of MyoD expression (Kassar-Duchossoy et al. 2004).
Finally, correct expression of MRF4 in Myf5°Tt-+ rrr :MyoD”" embryos was sufficient
for the formation of myosin‘heavy chain (MHC; marker of terminal differentiation)
positive skeletal muscle. Therefore, MRF4 is a myogenic determination factor acting

upstream of MyoD.

1.5 Myogenic Pax Transcri-ption Factors

Pax3 and Pax7 are highly homologous paired-box transcription factors necessary
for the specification of embryonic and adult MPCs (Seale et al. 2000; Relaix et al. 2005).
Pax3 expression can first be detected in the presomitic mesoderm prior to the formation
of the epithelial somite (Goulding et al. 1994; Williams and Ordahl 1994). At the onset
of dorsal ventral somite compartmentalization, Pax3 is expressed throughout the entire
epithelial dermomyotomc;. Expression of Pax3 is subsequently down regulated in the
DML and becomes regionalized to the hypaxial VLL domain (Goulding et al. 1994;
Tajbakhsh et al. 1997). The developmental role of Pax3 has been analyzed mainly in the
Pax3 deficient Splotch (Sp) mice and in mice with targeted disruptions of the Pax3 locus.

Mice that are Pax3 deficient lack limb musculature and have poorly developed epaxial
{
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and hypaxial trunk musculature (Bober et al. 1994; Goulding et al. 1994; Daston et al.
1996; Tremblay et al. 1998). The limb muscle progenitors in a Sp embryo undergo
apoptosis and are incapable of migrating into the developing limb buds (Borycki et al.
1999a). However, the Sp limb progenitors do appear to have an intrinsic ability to
activate the myogenic program when placed in an inductive environment (Daston et al.
1996).

Pax3 has been demonstrated to directly target genes required for cell migration.
The receptor tyrosine kinase c-met and its ligand hepatocyte growth factor (HGF) are
required for the migration of limb muscle progenitors (Bladt et al. 1995). Migrating limb
muscle precursors expresé c-met, however targeted disruption of c-met or HGF results in
the absence of limb muscles. Importantly, the regulation of c-met expression is Pax3
dependent (Epstein et al. 1996). The absence of Pax3 function also results in the down
regulation of Lbx! in limb muscle progenitors (Mennerich et al. 1998). Similar to the c-
met/HGF mutants, Lbx1-null limb muscle progenitors fail to migrate properly.

The myogenic regulatory network involved in Pax3 dependent myogenesis
mirrors that of an evolutionarily conserved developmental pathway elucidated in the
drosophila (Heanue et al. 1999). Regulation of drosophila eye development involves the
gene products eyeless (Pax6 homolog), daschund, eyes absent, and sine oculis that
function in a synergistic fashion. Heanue et al. have proposed that an analogous pathway
is utilized in vertebrate muscle development. The vertebrate homolog of fly daschund,
Daschund?2 (Dach2) was demonstrated to be expressed in the myogenic compartment in
the developing somite along with Pax3. Moreover, the vertebrate components of this

pathway namely Dach2, Eya2 and Six1 are capable of synergistically activating the
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myogenic program along with Pax3. This specific regulatory network has also been
demonstrated to be importanf in the myogenic differentiation of P19 embryonic
carcinoma cells (Ridgeway and Skerjanc 2001). Pax3 is also an upstream activator of the
MyoD dependent differentiation pathway. Compopnd Myf5'/ “:Sp embryos were
incapable of inducing MyoD dependent myogenesis in the limbs and trunk (Tajbakhsh et
al. 1997). In retrospect, the Myf5'/ “:Sp embryos were also deficient in the expression of
MRF4. Therefore, MyoD is downstream of Pax3, Myf5, and MRF4 in a myogenic
developmental hierarchy.:

Unlike Pax3, Pax7 deficiency does not affeét embryonic myogenesis (Seale et al.
2000). The Pax7 expression domain does partially overlap that of Pax3 during the early
epithelial dermomyotome stage (Jostes et al. 1990). Pax7 is also capable of substituting
for most of Pax3’s function (Borycki et al. 1999b; Relaix et al. 2004). However, Pax7 is
primarily involved in the specification and maintenance of satellite cells (Seale et al.
2000). In a recent publication by Relaix et al., a somitically derived mitotically active
population of myogenic progenitors were found to co-express Pax3 and Pax7 (Relaix et
al. 2005). These Pax3/qu7 expressing progenitors significantly contribute to the growth
of late embryonic and fetal skeletal muscle and are the progenitors of satellite cells. Pax3
and Pax7 are essential for the maintenance and myogenic specification of these
progenitors. Compound ablation of Pax3:Pax7 results in severe muscle growth
deficiencies (Relaix et al. 2005).

The growth and régenerative capacity of the post-natal skeletal muscle depends
primarily on satellite cells (Holterman and Rudnicki 2005). Satellite cells are the

committed resident stem cell population of the skeletal muscle. The maintenance and
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functionality of this population during adulthood is critically dependent on the
transcription factor Pax7 (Seale et al. 2000). Pax7 is highly expressed in quiescent and
activated satellite cells and is believed to play a role in myogenic specification and cell
survival. Indeed, ectopic expression of Pax7 in skeletal muscle resident non-myogenic
CD457Scal” cells, sets off the myogenic program resulting in myoblast conversion (Seale
et al. 2004). The Pax7 gene product is also found endogenously as four different
alternatively spliced isofo.rms (Holland et al. 1999). Based on functional studies on Pax3
isoforms, it is believed that Pax7 isoforms also confer unique DNA binding properties
(Vogan et al. 1996). Furthermore, Pax7 expression is abruptly down-regulated upon
induction of the differentiation program. Taken together, Pax7 function correlates to
maintaining a stem cell-lii(e state in adult myogenic cells.

In summary, myogenic transcription factors interact in a developmental hierarchy
with partially overlapping fuﬁctions. Myogenic transcriptional activation results in a
cascade of gene induction events that ultimately result in a physiologically functional
myotube. When the balance of signaling cascade is disrupted embryonic development is

abnormal resulting in disease and sometimes cancer.

1.6 Molecular Integfation of the Cell Cycle and Myogenic Differentiation

Induction of myogenic differentiation is invariably accompanied by terminal cell
cycle exit. The tight association between muscle differentiation and cell cycle exit is
rooted at the molecular levebl". The molecular cogs of the cell cycle machinery physically
interact with and influence the activity of myogenic transcription factors. The activity of

the myogenic transcription factor MyoD in turn can induce the transcription of cell cycle
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inhibitors. The bi-directionality of these interactions is suggestive of a tightly coupled
regulation of these two processes.

Retinoblastoma (Rb) and its family members p107 and p130 regulate the G1/S
cell cycle transition (Dannenberg et al. 2000; Sage et al. 2000). The activity of Rb
proteins is modulated by the cyclical associations with cyclin dependent kinase (cdk)
complexes. As the cell cycle progresses towards the G1/S boundafy, Rb proteins
progressively become phosphorylated by cyclin-cdk complexes. Hyperphosphorylation
of Rb proteins thus results in the dissociation from, and activation of E2F and their target
genes. Timely and ordered phosphorylation events are thus paramount for properly
regulating the progressioﬁ of the cell cycle. Cell cycle dependent phosphorylation is
mediated by cyclin-cdk complexes. The assembly and activation of these complexes
follow an orderly sequence during active cell division. Following mitosis, and entering
G1 phase, cyclinD-cdk4/6 complexes assemble to initiate G1 progression. As the cell
cycle progresses towards the G1/S phase transition, active cyclinE-cdk2 complexes
assemble. The activity of cyclinE-cdk2 complexes promotes progression past the G1
restriction point, at which an. irreversible decision to complete cell division has been
made. CyclinA-cdk2 complexes assemble during S phase and finally cyclinB-cdc2
complexes form during the G2/M transition of the cell cycle.

The myogenic transcription factors MyoD and Myf5 are important regulators of
myogenic specification and aifferentiation. The abundance and activity level of both
transcription factors are responsive to the modulations of the cell cycle (Figure 3).
Studies in synchronized C2C12 myoblasts have shown that MyoD and Myf5 proteins are

at their maximum level at different points in the cell cycle. The levels of MyoD protein
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Myf5

MyoD

Figure 3. Cell cycle dependent modulation of MyfS and MyoD protein levels.
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are the lowest at GO and hit their peak at mid G1 of the cell cycle. While Myf5 levels are
at their peak at GO and G2, and lowest at mid G1. Thus, the levels of Myf5 and MyoD
are in opposite phases during G0 and mid G1. Interestingly, the GO expression pattern of
Myf5 and MyoD appear to mimic that of quiescent satellite cells (resident adult muscle
stem cells). Moreover, the mid G1 pattern resembles that of a differentiated state.

The cyclical turnover of MyoD and My{5 pfoteins are linked to the activity of cdk
complexes. The cell cycle dependent fluctuations of MyoD protein levels are regulated
by cdk phosphorylation events. Cyclin D1 overexpression studies first demonstrated a
link between cyclin-cdk activity and inhibition of MyoD induction of muscle promoters
(Skapek et al. 1996). Subsequently, it was shown that MyoD protein was targeted by a
proteasome pathway through cdk1 and cdk2 dependent phosphorylation of serine 200
(Song et al. 1998; Kitzmann et al. 1999; Tintignac et al. 2000). Similarily, Myf5 protein
is also degraded through eell cycle dependent phosphorylation events. Myf5 degradation
is accomplished through two different phosphorylation sites. The degradation of Myf5 at
mitosis requires a residue within its bHLH domain (R93) while another site is responsible
for its steady state degradatien (S158) (Lindon et al. 2000). The instability of MyoD and
Myf5 throughout the cell cycle counteraets their potential for target gene induction. The
stability and activity is thﬁs critically important for MyoD induced cell cycle arrest and
myogenic induction. Upon low serum conditions, cdk inhibitors act to stabilize MyoD
protein levels for the subseqeent differentiation program (Figure 4). Indeed, it has been
demonstrated that the cdk inhibitor p57 blocks cyclinE-cdk2 phosphorylation of MyoD,
thus stabilizing it. F urthermore, activated MyoD in turn can induce the expression of cdk

inhibitor p21, differentiation specific cyclinD3, and Rb
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Target gene
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Figure 4. Cell cycle dependent mechanistic model of MyoD activation by cdk
inhibition.
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(Martelli et al. 1994; Guo ét al. 1995; Cenciarelli et al. 1999). The induction of p21 thﬁs
further inhibits cdk phosphorylation and the induction of cyclinD3 and Rb contributes to
terminal cell cycle exit and differentiation. Additionally, MyoD stabilization also serves
to directly inhibit the activity of cyclinD-cdk4 complexes (Zhang et al. 1999). The
inactivation of cdk4 inhibits its ability to phosphorylate Rb, thus activating Rb.
Therefore Rb activation may doubly serve to arrest the cell cycle and promote

differentiation.

1.7 Hypothesis and Specific Aims
1.7.1 Skeletal Muscle Speciﬁc Deletion of Rb

Myogenic conversion and gene induction requires the activity of both MyoD and
Rb. Therefore, we postul;ated a critical function for Rb during the physiological
progression of myogenic differentiation. To this end, we utilized a LoxP-Cre conditional
deletion of Rb in skeletal myoblasts and myotubes. The in vivo and in vitro implications
were assessed through gross morphological, histological, immunocytochemical and
molecular techniques.
1.7.2 Identifying Rb Targets in Skeletal Muscle

Rb complexes regulafe target genes in conjunction with cell specific
transcriptional regulatory co-factors. Uncovering the nature of Rb targets will provide
novel insight with respects to Rb’s physiological ﬁ;nctions in skeletal muscle.
Affymetrix global expression profiling of Rb deleted and wildtype primary myoblast

cultures were analyzed. Additionally, physical binding targets of Rb complexes were
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cloned through the combined use of chromatin immunoprecipitations and

representational difference analysis (ChIP-RDA).
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Purpose

To delineate the requirement for Rb in the progression and maintenance of skeletal
muscle differentiation, in vivo and in cultured adult primary myoblasts.
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Summary

To investigate the requirement for pRb in myogenic differentiation, a floxed Rb
allele was deleted in either proliferating myoblasts, or following differentiation. Myf5-
Cre mice, lacking pRb in myoblasts, died immediately at birth and exhibited high
numbers of apoptotic nuclei and an almost complefe absence of myofibers. By contrast,
MCK-Cre mice, lacking pr' in differentiated fibers, were viable, and exhibited a normal
muscle phenotype and ability to regenerate. Induction of differentiation of Rb-deficient
primary myoblasts resulted in high rates of apoptosis and a total inability to form
multinucleated myotubes. Upon induction of differentiation Rb-deficient myoblasts up
regulated myogenin, an immediate early marker of differentiation, but failed to down
regulate Pax7 and exhibited growth in low serum conditions. Primary myoblasts in which
Rb was deleted following-expression of MCK-Cre after differentiation formed normal
multinucleated myotubes that did not enter S-phase in response to serum stimulation.
Therefore, Rb plays a crucial role in the switch from proliferation to differentiation rather

than maintenance of the terminally differentiated state.
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Introduction

The development Qf skeletal muscle in mammals provides a powerful system with
which to study the molecular regulation of the genesis, growth and differentiation of stem
cells during embryonic and regenerative myogenesis (Parker et al., 2003). Importantly,
the activity of the bHLH transcription factor family of myogenic regulatory factors
(MRFs) is tightly coupled to cell-cycle control and the study of this regulation has
provided important insights into the cellular mechanisms that regulate cell growth versus
differentiation or apoptosis (Puri and Sartorelli, 2000; Walsh and Perlman, 1997; Yee et
al., 1998). }

The myogenic regulatory factors (MRFs) are subject to regulation that acts to
couple MRF activity to the cell cycle. Hypophosphorylated pRb was suggested to bind
MyoD and this association to be required for MyoD-mediated activation of E-box
containing muscle-specific pfomoters (Gu et al., 1993). However, direct binding between
pRb and MyoD has been ruled out by in vivo and in vitro assays (Zhang et al., 1999a;
Zhang et al., 1999b). Therefore, pRb likely potentiates MyoD activity via an indirect
mechanism not involving binding of Rb to MyoD.

Proliferating myoblasts express Id, activated Cdk4, low levels of
hyperphosphorylated Rb, and free E2Fs as well as E2Fs complexed largely with p107.
Activated Cdks and Id both act to stimulate cell cycle progression. By contrast, myotubes
express high levels of p21 and hypophosphorylé.ted pRb. Despite the abundance of
hypophosphorylated pRb, p>130-E2F4 complexes are the predominant E2F complexes in
the myotube (Corbeil et al., 1995). Terminal differentiation and protection against

apoptosis is maintained by Cdk inhibitors (p21, p27 etc.), and high expression of
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hypophosphorylated pRb (Ho et al., 2004; Jiang et al., 2000; Peschiaroli et al., 2002).
Together, these data suggest that during myogenic differentiation pRb plays a role
distinct from the conventional repression of E2F transcriptional activity.

Newborn mice lacking pRb exhibit multiple deficits including severe deficiencies
in the formation of skeletal muscle (de Bruin et al., 2003; Wu et al., 2003; Zacksenhaus et
al., 1996). Studies using MyoD-converted pr-deﬁcient embryonic fibroblasts have
suggested that Rb is essential for both MyoD and MEF?2 transcriptional activity, as well
as maintaining the terminally differentiated state (Novitch et al., 1996; Novitch et al.,
1999; Schneider et al., 1994). Although pRb-deficient fibroblasts transfected with MyoD
become myogenic and express early muscle markefs, such as myogenin, expression of
late markers, such as myosin heavy chain is reduced. In addition, serum restimulation of
these differentiated pr-deﬁcient myoblasts results in bromodeoxyuridine (BrdU)
incorporation and thus, S-phase entry and DNA synthesis. However, these cells are
unable to enter mitosis. Moreover, forced expression of MyoD in a variety of Rb™
fibroblastic cells results in apoptosis that appears to be p21 dependent (Peschiaroli et al.,
2002). In the absence of N-ras, pRb-deficient embryos exhibit normal muscle
differentiation without apoptosis suggesting a role for signaling downstream of N-ras in
provoking cell death in Rl# muscle (Takahashi et al., 2003).

Rb plays a key role in controlling cell cycle progression through the G1 restriction
point for entry into S-phase (Stevaux and Dyson, 2002). During myogenic differentiation,
proliferating myoblasts must also exit the cell cycle from Gl phase, prior to the

restriction point (R) (Perfy and Rudnick, 2000). Therefore, it can be hypothesized that
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pRb plays an analogous role in myoblasts by regulating the switch from proliferation to
differentiation.

To investigate the requirement for pRb in myogenic differentiation, we examined
the proliferation and differentiation potential of primary myoblasts in which a floxed Rb
allele was deleted either before or after differentiation. Our experiments unequivocally
establish that pRb is required for progression of the differentiation program and not for

maintenance of the differentiated state.
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Results

Rbf/f:Myf5-Cre Mice Die at Birth with Severe Muscle Deficits

To investigate the réquirement for pRb in myogenesis, mice carrying a floxed Rb
allele (Marino et al., 2000) were interbred with Myf5-Cre knock in mice (Tallquist et al.,
2000), or MCK-Cre transgenic mice (Wang et al., 1999). The Myf5-Cre allele faithfully
recapitulates the expression pattern of the endogenous Myf5 gene and is uniformly
expressed in all proliferating myoblasts (Tallquist et al., 2000). By contrast, the MCK-Cre
transgene is not expressed in myoblasts but is upregulated in differentiated
multinucleated skeletal myotubes (Andrechek et al., 2002; Wang et al., 1999).

RV males were crossed with RF™* :Myf5-Cre females to generate RY7:Myf5-Cre
progeny. Notably, no viable RV Myf5-Cre mice were identified after genotyping over 95
offspring. Examination of newborn litters revealed the expected Mendelian proportion of
Rbf/f:Myf5-Cre pups. Hovyever, the newborn pups lacking pRb in myoblasts were
motionless, became cyanotic and failed to survive. Therefore, we concluded that
RV :Myf5-Cre mice exhibited a phenotype similar to other Rb knockout mouse models
(de Bruin et al., 2003; Lasorella et al., 2000).

Histological examination of skeletal muscle revealed the presence of severe
differentiation deficits (Fiig. 1, A-F). Hind limb muscles exhibited a dramatic reduction in
mass with a complete absence of mature fibers as compared to littermate controls (n = 3
independent animals; Fig. 1, bcompare A with B). In addition, the morphology of the
residual muscle fibers in the Rb’{/f:Mij -Cre mice was short and irregular in shape (Fig. 1

D). Moreover, the typicaliy long and orderly parallel arrangement of the fibers seen in the



Chapter 2 — Rb is not required for maintenance of differentiation

Rb# Rb™:Myf5-Cre

Figure 1. Severely impaired myogenesis in PO Rbf/f: Myf5-Cre mice. Hematoxylin

and eosin staining of paraffin-embedded longitudinal sections through the hind limb
of control (A and C) and Rbf/f:Myf5-Cre (B and D) mice. Hematoxylin and eosin
staining of cross sections through diaphragm of control (E) and Rbf/f:Myf5-Cre (F)
mice. Original magnifications in A and D, 50x; B, C, E, and F 400x.
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wild-type controls was absent in the R¥”-Myf5-Cre muscle (Fig. 1, compare C with 1D).
These results confirm the well-established requirement for pRb in myogenesis.

The severe deﬁcit:in muscle tissue development lead us to question whether the
residual muscle fibers were undergoing appropriate differentiation. Therefore, immuno-
fluorescent staining of the terminal differentiation marker, myosin heavy chain (MHC),
and of Desmin, a marker for myoblasts and newly formed fibers was performed (Fig. 2,
A-H). Desmin expressioﬁ was significantly diminished in both hind limb and intercostal
muscles in the R¥”:Myf5-Cre in comparison to the level of staining in the control
sections (n = 3 independent énimals; compare Fig. 2, compare A and C with E and G).
Interestingly, MHC eXpression Was considerably diminished in limb musculature but was
less affected in intercostal muscles (Fig. 2, F and H). Taken together, the histological and
immuno-fluorescent analysis support the notion tha;t RV -Myf5-Cre pups die at birth due
to severe deficiencies in skeletal muscle that impede ventilation leading to rapid cyanosis

and death.

RB”:MCK-Cre Mice are Viable and Apparently Normal

Genetic crosses between RY* and R¥™': MCK-Cre mice resulted in completely
viable and healthy RVYY:MCK-Cre mice in the expected mendelian ratio. RV -MCK-Cre
mice were similar to wild-type littermates in size from birth to late adulthood and
appeared normally in all respects. Skeletal muscle specific expression of the MCK-Cre
transgene was tested by crossing MCK-Cre mice with the R26R3 Cre inducible LacZ
reporter line of mice. Single fibers isolated from R26R3:MCK-Cre mice displayed robust

X-@Gal staining confirming the proper expression of the MCK-Cre transgene (Fig. 3 H).
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Hind Limb Intercostal
Desmin : MHC Desmin MHC

Figure 2. Abnormal skeletal muscle differentiation in PO Rbf/f:Myf5-Cre mice.
Immunofluorescent staining of longitudinal sections through the hind limb of control
(A and B) and Rbf/f:Myf5-Cre (E and F) mice with antibodies to desmin and myosin
heavy chain (MHC). Immunofluorescent staining of intercostal muscles of control (C
and D) and Rbf/f:Myf5-Cre (G and H) mice with antibodies to desmin and MHC.
Original magnifications of A-H, 200x.
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Figure 3. Rbf/f: MCK-Cre mice have normal skeletal muscle. Hematoxylin and
eosin staining of frozen cross sections of control muscles (A-C) and Rbf/f:MCK-Cre
muscles (D-F). TA, tibialis anterior; EDL, extensor digitorum longus. Phase-contrast
micrograph of X-Gal-stained single muscle fibers of R26R3 control (G) and
R26R3:MCK-Cre (H) mice. (I) 32P end-labelled PCR genotype analysis of the floxed
Rb locus revealed between 98-99% excision. 32P end-labelled PCR was performed on
DNA samples extracted.from a pool of 20 single fibers from three independent mice
(Rbf/f:MCK-Cre A, Rbf/f:MCK-Cre B, and Rbf/f:MCK-Cre C). (J) pRb immunoblot
analysis of single fiber protein extracts reveals virtually no detectable pRb. a-Tubulin
protein levels were used as loading controls. Protein was extracted from a pool of 200
single fibers from Rbf/f:MCK-Cre A and Rbf/f:MCK-Cre B mice, and from Rbf/wt A
and Rbf/wt B littermate controls. Protein extracts from Ad-LacZ and Ad-Cre infected
Rbf/f primary myoblasts were used as positive and negative controls respectively.
Original magnifications of A-H, 200x.
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To quantitatively assess the efficiency of Rb gene deletion in R¥”:MCK-Cre mice, we
utilized densitometry to calculate the RB™:Rb™**? allele ratios. The allele ratios were
used to determine the percentage of unexcised Rbﬂéx allele from pooled single muscle
fiber preps (n = 3 independent animals). As expected, we detected low levels of
unexcised RW"* allele likely due to the presence of satellite cells on the muscle fibers
(~1-2% RY™ remaining in RV-MCK-Cre fibers; Fig. 3 I). Additionally, protein levels
of pRb were examined by western blot analysis of pooled single fibers from R”:MCK-
Cre and R littermate controls (200 fibers per animal). Levels of pRb were readily
detectable in the control fibers but below the limit of detection in the R”:MCK-Cre
fibers (Fig. 3J). The extremely low levels of pRb in the RV”:MCK-Cre fibers precluded
any possibility of comparing fold differences by this method. Our histological analysis of
the hind limb skeletal muscle revealed no gross abnormalities in the skeletal muscle
fibers of RB”:MCK-Cre mice in comparison to littermate controls (n = 3 independent
animals; Fig. 3, compare A-C with D-F). The fiber caliber of RV”:MCK-Cre and
littermate controls (n = 3). were on average similar (unpublished data). The apparently
normal skeletal muscle phenotype prompted us to examine the regenerative capacity of
the RY”:MCK-Cre skeletal Iﬁuscle using cobra venom derived cardiotoxin. Following
cardiotoxin induced injury into the tibialis anterior muscle, R¥”: MCK-Cre mice
demonstrated no deficit in the regeneration of the damaged muscle tissue (n =3
independent animals; unpublished data). Taken together, these data suggest that pRb is

not required for the maintenance or regeneration of differentiated skeletal muscle.
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Rb-Deficient Primary Myoblasts Exhibit Altered Cell Cycle Kinetics

To investigate the cellular basis for the muscle deficits in newborn R Myf5-Cre
mice, primary myoblasts wefe isolated from R¥” adult muscle. To generate null
mutations in Rb, primary myoblasts isolated from R¥” mice were infected with Cre
expressing adenovirus (Ad-Cre; Anton and Graham, 1995). Myoblasts were infected with
Lac-Z expressing adenovirus (Ad-Lac-Z) as a contfol.

Adenoviral infection and expression of Cre resulted in the complete excision of
the floxed region of Rb as assessed by **P end-labeled PCR genotyping and western blot
analysis (Fig. 4, A and B). Our method of *2p end-labeled PCR was capable of detecting
an RV :Rb™5* allele ratio as low as 10 when amplified from 20 ng of total DNA
(unpublished data). Moreover, pRb protein was below the level of detection by western
blot analysis in Ad-Cre infected R¥” myoblasts (n=3 independent isolates and more than
3 infections per isolate). Additionally, pRb protein was undetectable by immuno-
fluorescence in the nuclei of the Ad-Cre infected myoblasts after 2 days in differentiation
media (DM), when pRb is nqnnally expressed at high levels (n = 3; Fig. 4 C). Ad-Cre
infected myoblasts appeared to be smaller and more compact than the control infected
cells . Our visual assessment was validated by flow cytometry analysis that confirmed the
actual decrease in averagé size of pRb-deficient myoblasts relative to controls
(unpublished data).

Cells with null mutations in Rb display altered cell cycle kinetics consistent with a
role for pRb as an important G1/S checkpoint regulator (Classon et al., 2000; Herrera et
al., 1996). Therefore, we examined the growth characteristics of pRb-deficient primary

myoblasts. We observed increased growth kinetics with a 2.5 fold decrease in the average
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Figure 4. Adenoviral delivery of Cre recombinase into Rb floxed primary
myoblasts completely eliminates pRb expression. (A) 32P end-labelled PCR
genotype analysis of floxed Rb locus revealed complete excision. Primers flanking the
LoxP sites in the Rb locus were used to amplify DNA samples from Ad-Lac-Z control
infected and Ad-Cre infected Rb flox homozygous (f/f) primary myoblasts from 3
independent isolates (Rbf/f A, Rbf/f B, and Rbf/f C). (B) Immunoblot detection of
pRb from control and Ad-Cre infected primary myoblast protein extracts indicated a
complete absence of pRb. Whole cell protein extract was harvested from primary
myoblasts in growth media (GM) and 1 d in DM (D1). (C) Immunofluorescent
staining of control and Ad-Cre infected Rbf/f primary myoblasts. Infected primary
myoblasts were PFA fixed after 2 d in DM and stained with antibody to pRb.
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doubling time (n > 6). The myoblasts exhibited a 17% reduction in the G0/G1 population
(~60% compared with ~50% for control and RV :Ad-Cre, respectively) and a 30%
increase in S phase populations (~20% compared with ~30% for control and R¥” :Ad-
Cre, respectively) of an asynchronously dividing pool of cells. Despite the compact
morphology and altered cell cycle characteristics, pRb null primary myoblasts under sub-
confluent growth conditions showed no obvious evidence of senescence or cell death
after a high number of passages (n=3,> 15 passagés). Taken together, these data
indicate that pRb-deficient myoblasts exhibit a relatively subtle phenotype associated
with an enhanced proliferative potential. Therefore, these data suggest that the perinatal

death of pups was not due to proliferation deficiencies of the myogenic progenitors.

Rb-Deficient Primary Myoblasts are Incapable of Differentiation

Primary myoblasts can be quickly and efficiently induced to exit the cell cycle
and initiate the differentia}tion program by exposure to low serum conditions. To
investigate the differentiation potential of primary myoblasts lacking pRb, Ad-Cre
infected Rb” myoblasts were exposed to low serum conditions using standard procedures
(Sabourin et al., 1999). We observed a rapid loss of cell viability (Fig. 5) together with an
inability of the remaining cells to form multinucleated myotubes (see Fig. 6, compare C
with F). |

Detection of nuclear fragmentation by TUNEL revealed apoptotic nuclei
beginning to accumulate at six hours following serum reduction (Fig. 5, A-F). TUNEL
staining was detected in a markedly higher numbers of pRb-deficient myoblasts by 6

hours in low serum media (6.7 £ 2.4% compare with 22.3 + 1.52% for control and
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Figure 5. pRb null primary myoblasts exhibit high rates of apoptosis in response
to serum withdrawal. Apoptotic cell death was assessed by fluorescein-conjugated
TUNEL analysis after 6 h in DM on control (A-C) and Ad-Cre infected (D-F) Rbf/f
primary myoblasts. Primary myoblasts were counterstained with Propidium Iodide
(PD).
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Rb":Ad-Cre, respectively). The elevated levels of apoptosis gradually diminished the
total cell numbers in direct relation to the length of time under low serum conditions (n =
3 independent isolations and infections; ~25% compared to ~85% cell death in controls
and RF”:Ad-Cre, respectively, after 5 d in low serﬁm).

Interestingly, the sméll number of cells that did survive the low serum conditions
appeared incapable of differentiation. The surviving pRb-deficient primary cells were
adherent and formed elongated mononuclear myocytes that failed to fuse with closely
neighboring myocytes to form multinucleated myofubes (Fig. 4 C, bottom left).

We conducted immunofluorescent staining experiments to examine the cellular
expression and localization patterns of MyoD, myogenin, and myosin heavy chain
(MHC) (n = 3 independent isolations and infections; Fig. 6, A-L). MyoD is expressed in
proliferating myoblasts and is down regulated during differentiation. Myogenin is not
expressed in proliferating myoblasts and is upregulated in mononuclear cells as an early
response gene during induction of differentiation. Lastly, MHC is up regulated relatively
late in the differentiation program and is typically detected in multinucleated myotubes
(Sabourin et al., 1999).

Under growth conditions, MyoD was localized to the nuclear compartment and
similarly expressed in almost all of the pRb-deficient and wild type primary myoblasts
(Fig. 6, A and D). In addition, high levels of MyoD were detected in the nuclei of the
pRb-deficient and wild type myoblasts by day 1 of differentiation (Fig. 6, B and E). After
differentiation, MyoD protein was down regulated to low levels in virtually all nuclei of
wild type multinucleated mybtubes (Fig. 6 C). By contrast, ~36% of the pRb-deficient

RB:Ad-Cre myocytes continued to express high levels of MyoD (Fig. 6 F). By Western
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Figure 6. pRb null primary myoblasts are incapable of forming terminally
differentiated multinucleated myotubes. Double immunofluorescent staining of
control (A-C) and Ad-Cre infected (D-F) Rbf/f primary myoblasts with antibodies to
MyoD (FITC) and MHC (rhodamine). Immunofluorescent staining of control (G-I)
and Ad-Cre infected (J-L) Rbf/f myoblasts with antibody to myogenin (rhodamine).
Nuclei were counterstained with DAPI. Infected primary myoblasts were PFA fixed
and stained at the indicated time points; GM, growth; DM D1, differentiation day1;
DM D3, differentiation day 5.
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blot analysis, both wild type and mutant myoblasts expressed similar levels of MyoD in
subconfluent growth conditions (Fig. 7 C). However, by day 3 and day 5 of
differentiation mutant cells failed to down regulate MyoD (n = 3; Fig. 7 C).

Myogenin was expressed at typically low levels in subconfluent cultures of wild
type and Rb mutant primary myoblasts. Up regulation of Myogenin expression occurred
after one day of differentiation in both wild type and pRb-deficient cells to about equal |
levels (Fig. 6, G, H, J, and K). However, by day 5 of differentiation myogenin protein
was detectable in only 17% of wild type nuclei where as ~50% of Rb-deficient cells
exhibited robust nuclear expression (Fig. 6, I and L‘). By Western blot analysis, myogenin
was not detectable in both wild type and mutant myoblasts in growth conditions (Fig. 7
C). However, by day 3 and day 5 of differentiation mutant cells failed to down regulate
myogenin (n = 3; Fig. 7 C). Therefore, pRb-deficient myoblasts entered the
differentiation program as evidenced by up regulation of myogenin, an immediate early
marker of commitment for differentiation (Bergstrom et al., 2002).

After one day of differentiation, cytoplasmic MHC expression was detected by
immuno-fluorescence in newly formed wild type myotubes whereas little expression was
detected in mutant cells (Fig. 6, compare B with E). By 5 days of differentiation, robust
cytoplasmic MHC staining was evident in wild type multinucleated myotubes (Fig. 6 C).
By contrast, the pRb-deficient cells were incapable of completing the differentiation
program as evidenced by the absence of multinucleated myotubes expressing MHC (Fig.
6 F). Western blot analysis confirmed the very low level expression of MHC in RV”:Ad-

Cre derived cells (Fig. 7 C). Taken together, these data suggest that the perinatal death of
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Figure 7. Absence of terminal differentiation in pRb null primary myoblasts
correlates with an inability to down regulate markers of proliferation and early
markers of myogenic differentiation. (A) RNase protection assay for cyclinA2 and
cyclinB1 mRNA in control and Ad-Cre infected Rbf/f primary myoblasts. (B) RNase
protection assay for cdkl1, cdk2, and cdk4 mRNA in control and Ad-Cre infected Rbf/f
myoblasts. GAPDH mRNA levels were used as loading controls. Total RNA was
harvested from infected myoblasts at the indicated time points (A and B). GM, growth;
DM 36hr, differentiation 36 h. (A and B) White lines indicate that intervening lanes
have been spliced out. (C) Immunoblot differentiation time course analysis of p107,
p130, Pax7, MyoD, Myogenin, and MHC in control and Ad-Cre infected Rbf/f
myoblasts. a-Tubulin protein levels were used as loading controls. Whole cell protein
extract was harvested at the indicated time points. GM, growth; D1, differentiation day
1; D3, differentiation day 3; D3, differentiation day 5. Protein extract from 293T cells
were used as a nonmyogenic control.
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RV -Myf5-Cre mice is due to an intrinsic defect in differentiation of the myogenic
progenitors.

Pax7 is typically expressed at high levels in proliferating myoblasts and is rapidly
down regulated upon induction of differentiation (Seale et al., 2000). Western blot
analysis revealed that pRB-deﬁcient primary myoblasts exposed to differentiation
medium fail to down regulate Pax7 (Fig. 7 C). Taken together, these data suggest that the
low numbers of pRb null myoblasts that survive are capable of initiating differentiation,
but subsequently fail to properly regulate the progression of the myogenic program

required for the completidn of myogenic differentiation.

Primary Myoblasts Lackin-g pRb Fail to Arrest Upon Induction of Differentiation

To elucidate the cell cycle and differentiation phenotype of the Ad-Cre infected
RV’ myoblasts, we performed a series of RNA and protein expression analysis for cell
cycle and differentiation markers. RNA expression levels for cyclins and cdks were
analyzed under growth conditions and serum withdrawal differentiation conditions (n =
3). By RNase protection, pRb-deficient primary myoblasts fail to down regulate cyclinA2,
cyclinBl, cdkl, cdk2, and cdk4 mRNAs in response to serum withdrawal (Fig. 7, A and
B). |

Mutant pr-deﬁcieht cells displayed increased levels of p107 protein under
growth conditions in comparison to the wild type cells (Fig. 7 C). In addition, mutant
cells after differentiation continued to express high levels of p107 protein relative to wild
type myotubes (n = 3; Fig. 7 C). However, the levels and pattern of p130 expression

appeared normal (n = 3; Fig. 7 C). Therefore, pRb-deficient primary myoblasts display a
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similar cell-cycle phenotype as MyoD-transfected pRb-deficient fibroblasts (Novitch et
al., 1996; Novitch et ai., 1999; Schneider et al., 1994).

To investigate whether pRb-deficient myoblasts were appropriately withdrawing
from the cell cycle upon induction of differentiation; we performed BrdU incorporation
experiments on newly differentiated cultures. Wild type cells displayed no incorporation
of BrdU in cultures exposed for one hour to BrdU after 4 days of differentiation (Fig. 8
A). In contrast, ~25% of R¥”:Ad-Cre myoblasts present after 4 days exposure to
differentiation medium incorporated BrdU (Fig. 8 C). In addition, R&"/:Ad-Cre myocytes
also resumed cell division and exhibited about a 50% increase in total cell numbers after
re-exposure to growth mediﬁm for 24 h (Fig. 8 D). These data are consistent with the
hypothesis that Rb-deficient myoblasts display an intrinsic failure of the G1 restriction

point necessary for the switch to terminal myogenic differentiation.

Primary Myoblasts from RV":MCK-Cre Mice Exhibit Normal Differentiation

To investigate whether pRb is required to maintain the terminally differentiated
state, primary myoblasts were derived from RY”:MCK-Cre mice and their growth and
differentiation characteristics examined. The MCK-Cre transgene has been used
extensively to efficiently and completely excise floxed alleles in terminally differentiated
cardiac and skeletal muscle (Andrechek et al., 2002; Kim et al., 2901; Norris et al., 2003;

Wang et al., 1999; Zisman et al., 2000). We verified the efﬁcié% of Rb gene deletion in

i

the RB”/:MCK-Cre by quantitating the allele ratios by *?P end-labeled PCR (100% R
allele present during growth vs. < 1% R¥"* allele remaining by day 5 of differentiation;

Fig. 9 A). In addition, Rb protein levels were undetectable by western blot analysis in all
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Figure 8. Serum restimulation is unable to induce DNA synthesis in terminally
differentiated Rbf/f:MCK-Cre myotubes. Double immunoflourescent staining for
BrdU (FITC) and MHC (rhodamine) in Rbf/f:Ad-Lac-Z infected (A and B), Rbf/f:Ad-
Cre infected (C and D), and Rbf/f:MCK-Cre (E and F) primary myoblasts. Primary
myoblasts were cultured in DM for 4 d and were either BrdU pulsed for 1 h before
fixation (DM D4) or restimulated with BrdU-supplemented growth media for 24 h
before fixation (DM D4+GM 24 hr).
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3 isolates of RE”:MCK-Cre myoblasts by day 5 of differentiation (Fig. 9 B). Finally, we
did not detect pRb positive nuclei in multinucleated MHC expressing Rb”:MCK-Cre
myotubes by day 5 of differentiation (Fig. 9 C).

RV”:MCK-Cre primary myoblasts were indistinguishable from wild type primary
myoblasts in appearance, expression of myoblast-specific (Pax7, Myf5) and cell-cycle
regulators (cyclind2, cyclinB1, cdkl, cdk2, and cdk4), and growth rate of (unpublished
data). Importantly, of R¥/:MCK-Cre primary myoblasts were fully capable of
differentiating into robust. multinucleated MHC-expressing myotubes that were
apparently normal (n = 3 independent isolates; Fig. 9 C).

The levels of pRb ovér four days of differentiation was examined by Western blot
to determine the temporal kinetics of pRb elimination by the MCK-Cre transgene (n = 3;
Fig. 10 B). Levels of pr‘ in wild type and mutant cells were similar in growth media and
after 2 d in DM (Fig. 10, compare A with B). However, MCK-Cre mediated deletion of
the RV allele resulted in the.complete ablation of pRb after 4 d of differentiation (Fig.
10, compare A with B). Interestingly, this late stage elimination of pRb did not result in
the up regulation of p107-as observed in R¥"”:Ad-Cre cultures (compare Fig. 10 B with
Fig. 7 C). Consistent with the normal differentiation of RVY:MCK-Cre primary
myoblasts, MyoD and myogenin levels were subject to normal modulation (Fig. 10 B).
Thus, functional pRb is critically involved in the cascade of regulatory events required
for progression through myogenic differentiation, but pRb is not required for the

maintenance of the terminally differentiated state.
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Figure 9. MCK-Cre transgene efficiently eliminates pRb expression in
Rbf/f:MCK-Cre differentiated primary myotubes. (A) 32P end-labelled PCR
genotype analysis of floxed Rb locus. Primers flanking the LoxP sites in the Rb locus
were used to amplify DNA samples from Rbf/f:MCK-Cre primary myoblasts during
growth (GM) and after 5 d in differentiation conditions (D5) in three independent
isolates (Rbf/f:MCK-Cre 1-3). (B) Immunoblot detection of pRb from
Rbwt/wt:MCK-Cre control and Rbf/f:MCK-Cre primary myoblast protein extracts. a-
Tubulin protein levels were used as loading controls. Whole cell protein extract was
harvested from primary myoblasts in growth media (GM) and 5 d in DM (D5). (C)
Immunofluorescent staining of Rbwt/wt:MCK-Cre control and Rbf/f:MCK-Cre
primary myotubes. Myotubes were PFA fixed after 5 d in DM and stained with
antibody to pRb (FITC) and MHC (rhodamine), and counterstained with DAPI.
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Figure 10. Late stage removal of pRb in differentiated Rb f/f MCK-Cre myotubes
does not result in the up regulation of p107, MyoD and Myogenin protein levels in
low serum conditions. (A) Immunoblot for pRb in wild-type primary myoblasts. (B)
Immunoblot differentiation time course analysis of pRb, p107, MyoD, and Myogenin in
Rb{/f:MCK-Cre primary myoblasts. Whole cell protein extract was harvested from
Rbf/f:MCK-Cre and wild-type myoblasts at the indicated time points. (C) Immunoblot
analysis of pRb, p107, MyoD, myogenin, cyclin E, and cdk2. Whole cell protein extract
were harvested from Rbf/f:Ad-Lac-Z, Rbf/f:Ad-Cre, and Rbf/f:MCK-Cre after 4 d in
DM followed by 24 h in GM. a-Tubulin protein levels were used as loading controls
(A-C).
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Serum Stimulation does not Induce DNA Synthesis in RY:MCK-Cre Myotubes

The presence of pRb has been suggested to be required for inhibiting de novo
DNA synthesis in response to mitogen restimulation in differentiated myocytes derived
from Rb™" teratoma derived myocytes and MyoD-transfected fibroblasts (Novitch et al.,
1996; Schneider et al., 1994). These experiments suggested that myotubes require pRb
for the suppression of mitogen activated ectopic S-phases. Therefore, we investigated the
effect of serum stimulation of myotubes lacking pRb that were derived from RF”:MCK-
Cre primary myoblasts.

Primary myoblastg were cultured in DM for 4 d and either BrdU pulsed for 1 h
before fixation or stimulated with growth media containing 20% FCS and supplemented
with BrdU for 24 hours before fixation (Fig. 8). Our experiments revealed that
stimulation of Rbﬂf'MCK-Cre myotubes for 24 hours with growth media did not result in
any myotube nuclei entering S-phase as evidenced by an absence of BrdU incorporation
(Fig. 8 F). Moreover, serum stimulation did not result in up-regulation MyoD and cyclin
E proteins in Rbﬂf.'MCK-Crémyotubes (Fig. 10 C). However, levels of p107 were
reinduced in the RY”-MCK-Cre myotubes to approximately half the levels present in the
RV:Ad-Cre myocytes (Fig. 10 C). Additionally, higher levels of cyclin E protein and an
activated form of Cdk2 were also present in the restimulated R¥”:Ad-Cre myocytes but
not in the R¥”:Ad-Lac-Z and RV”:MCK-Cre myotubes (Fig. 10 C). These experiments
therefore indicate that pRb is not required to maintain the terminally differentiated state

in myotubes derived from primary myoblasts.
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Discussion

We have utilized mouse genetics to demonstrate that the completion of skeletal
myogenic differentiation is dependent on pRb function. The loss of pRb in myogenic
precursor cells precludes their ability to properly couple cell cycle exit and the
progression of differentiatioti following the induction of myogenin (Fig. 5-7).
Importantly, pRb function was not required for maintaining the terminally differentiated
state of myotubes in vitro-(Fig. 8 and 10) or for the formation of completely differentiated
skeletal muscle tissue in vivo (Fig. 3). |

Recent studies have demonstrated that much of the developmental defects
observed in the initial Rb knockout studies were primarily caused by a pRb-dependent
extraembryonic defect in placental development (Wu et al., 2003). Functional rescue of
placental defects by generation of aggregation chimeras with wild type tetraploid donor
embryos results in Rb” pups that survive to birth without neuronal or erythroid
phenotypes. Notably, the neWbom Rb™ pups exhibited ectopic S-phases and apoptosis in
the lens together with extensive deficiencies in skeletal muscle differentiation (de Bruin
et al., 2003). The muscle phenotype in these animals is strikingly reminiscent of the
RV :Myf5-Cre muscle phenotype. Importantly, our experiments provide the formal
genetic proof that pRb is reqﬁired in a cell autonomous manner for skeletal muscle
development.

Ad-Cre infected Rbf/f primary myoblasts could not properly form multinucleated
MHC expressing myotubes (Fig. 6). Additionally, RV"”:Ad-Cre myoblasts were unable to
down regulate cyclins, cdks, p107, Pax7, MyoD, and myogenin when withdrawn from

serum (Fig. 7). However, upon induction of differentiation, R#”-Ad-Cre myoblasts
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upregulated myogenin expression, an immediate early marker of commitment for
differentiation (Bergstrom et al., 2002). Therefore we conclude that Rb”:Ad-Cre
myoblasts enter the differentiation program but fail to progress as evidenced by continued
Pax7 expression, cell division and failure to form multinucleated myotubes.

Activation of myogenin transcription is directly mediated by MyoD binding to E-
boxes located in the proxtmal myogenin promoter in response to differentiation inducing
signals (Bergstrom et al., 2002; Gerber et al., 1997). These data are consistent with the
suggestion therefore that myogenin induction occurs independently of Rb transcriptional
induction during myogenic differentiation.

During muscle differentiation, pRb becomes hypophosphorylated and mRNA and
protein levels increase about 10 fold (Corbeil et al., 1995; Martelli et al., 1994). MyoD
activation during differentiation is responsible for the transcriptional activation of the Rb
(Martelli et al., 1994). More recent studies demonstrate that MyoD activation of Rb
transcription requires a cyclic AMP-responsive element (CRE) in the Rb promoter, which
binds CREB protein (Magenta et al., 2003). Moreover, CREB is phosphorylated during
myogenic differentiation and recruits MyoD, p300 and pCAF to the Rb promoter
(Magenta et al., 2003). Therefore, both Rb and myogenin are immediate early targets of
MyoD mediated transcriptional activation during the switch to myogenic differentiation.
Our experiments demonstrate that pRb activity is at)solutely required for MyoD-mediated
cell cycle exit and completion of the differentiation program but not for activation of
myogenin.

The severe myogenic differentiation defect seen in the RE”-Myf5-Cre mice (Figs.

1 and 2) and the R¥”:Ad-Cre primary myoblasts (F‘igs. 5-7) was in stark contrast to the
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normal phenotype observed in the RK”:MCK-Cre skeletal muscle in which pRb was
eliminated after the completion of differentiation (Figs. 3 and 9). Furthermore, primary
myoblasts isolated from Rbf/]i'MCK-Cre mice were also able to properly differentiate into
multinucleated MHC positive myotubes. The RB”:MCK-Cre myotubes lacking pRb did
not incorporate BrdU when restimulated with growth media for 24 hours (Fig. 8 F).
However, Rb':Ad-Cre myocytes were fully capable of incorporating BrdU and resuming
cell division upon growth media restimulation (Fig. 8 D). The persistence of activated
Cdk2 (Fig. 10 C) and an abundance of its regulatory subunit cyclin E (Fig. 10 C)
observed in the restimulated RV:Ad-Cre myocytes, but not in the R¥”:Ad-Lac-Z and
RV?:MCK-Cre myotubes is indicative of the actively proliferating state of the
restimulated R&”:Ad-Cre myocytes (Cenciarelli et al., 1999). Interestingly, serum
restimulation of RE”:MCK-Cre myotubes results in the induction of p107 protein (Fig. 10
C). However, despite the induction of p107 in differentiated myotubes, the cell cycle
continues to be checked. Up regulation of cell cycle genes has previously been reported
in serum treated terminally differentiated C2C12 myotubes. Serum restimulation of
C2C12 myotubes induces immediate early genes such as c-fos, c-jun, c-myc, and Id-1
(Tiainen et al., 1996a). Moreover, cell cycle genes such as cyclin DI and cdc2 were
similarly serum induced to levels comparable to that of proliferation (Jahn et al., 1994),
yet no evidence of cell cycle re-entry was ever observed. RY"-MCK-Cre myotubes are
thereby capable of inhibiting DNA synthesis and maintaining the terminally
differentiated state in the absence of pRb.

The maintenance of the terminally differentiated state is likely the effect of

multiple mechanisms that rhay include p130-E2F-4 complexes (Corbeil et al., 1995;
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Takahashi et al., 2000), cyclinD3 complexes (Cenciarelli et al., 1999), p21 activity (Jiang
et al,, 2000; Mal et al., 2000) and inhibition of Cyclin DI expression (Latella et al., 2001;
Skapek et al., 1995). Notably, forced expression of E2F1 in differentiated C2C12
myotubes is insufficient to induce ectopic DNA synthesis (Tiainen et al., 1996a).
However, the expression of viral oncoproteins such as E1A (Tiainen et al., 1996b) and
SV40 large T antigen (Gu et al., 1993) in C2C12 myotubes can induce ectopic DNA
synthesis, but they are both known to inactivate multiple checkpoint mechanisms (Helt
and Galloway, 2003). Therefore, terminal differentiation is a very stable state that
appears tolerant to inactivation of single pathways.

A high proportion of pRb-deficient myoblasts undergo apoptosis in response to
induction of differentiatien. Interestingly, attenuation of N-ras signaling has been
suggested to rescue this apoptotic response of Rb-mutant myoblasts (Takahashi et al.,
2003). The set of genes acti\}ated by mitogens via the Rass/MAPK pathway are very
similar to the genes activated following E2F induction (Muller et al., 2001). Moreover,
forced expression of E2Fs results in high rates of apoptosis (Stevaux and Dyson, 2002)
and elevated rates of apoptosis in the cortex of Rb” embryos is attenuated by crossing
into £2F] and E2F3 mutant backgrounds (Ziebold et al., 2001). Several pro-apoptotic
genes including caspase 3 have been suggested to represent E2F target genes (Muller et
al., 2001). Notably, caspase 3 is upregulated upon myogenic differentiation and is
required for normal progression of the differentiation program (Fernando et al., 2002).
Therefore it is interesting tob speculate that pRb may play a protective role in preventing

an apoptotic response to activated caspase 3 during myogenic differentiation.
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In this article we demonstrate that PRb is essential for progressing through to
terminal myogenic differentiation. Several pRb dependent mechanisms have been
suggested to play important roles in the regulation of myogenesis. Dominant negative N-
ras enhances MyoD mediated expression from an MCK reporter construct in Rb™
fibroblasts (Lee et al., 1999). Additionally, N-ras™:Rb”" compound mutant muscle
appears to relatively normal suggesting N-ras plays a role in mediating the defect in
differentiation of pRb-deficient myoblasts (Takahashi et al., 2003). Other studies have
suggested that dynamic interactions between pRb, HDAC1, and MyoD play an important
role (Puri et al., 2001 ). Alternatively, pRb inhibition of Id2 has been suggested to
potentiate MyoD activity (Lasorella et al., 2000). Ciearly, the weight of importance of
these interactions must be reassessed under a unified context in light of our findings.

We have demonstrated that pRb is required during the early stages of
differentiation in order to properly control cell cycle exit and regulate the progression of
the differentiation program. However, maintenance of myogenic terminal differentiation
does not require pRb. Identifying the early pRb dependent downstream regulatory
network could potentially be valuable in developing highly efficient stem cell
therapeutics for a broad range of myopathies. Future studies will thus address the
mechanistic and the downstream targets of pRb regulation during the early stages of

skeletal muscle differentiation.
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Materials and Methods

Mice and Cell Culture

Mice carrying the LoxP targeted Rb allele (Rb floxed; provided by M. Vooijs and
A. Berns, Netherlands Cancer Institute, Amsterdam, Netherlands; Marino et al., 2000)
were backcrossed into the Bélb/cJ and FVB strain and bred with either Myf5-Cre mice
(provided by P. Soriano, Fred Hutchinson Cancer Research Center, Seattle, WA;
Tallquist et al., 2000), or transgenic MCK-Cre mice (provided by R. Kahn, Joslin
Diabetes Center, Boston, MA; Wang et al., 1999). Primary myoblasts were derived from
lower hind limb skeletal muscle of 4-8 wk-old mice as described previously (Sabourin et
al., 1999). All primary myoblast isolations were expanded and enriched to >99% purity
(assessed by Desmin and MyoD staining) prior to experimental use. Primary myoblasts
were differentiated in 5% horse serum in DMEM fér the duration of time indicated in the
figure legends. Rbf/f.'MCK—Cre myoblasts were differentiated for 3 days in 5% horse
serum, followed by 2 days in 5% horse serum DMEM supplemented with 5Smg/ml
cytosine arabinoside (CA). CA was used to eliminate dividing mononuclear cells in
culture. For adenoviral infections of primary myoBlasts, 300,000 cells were seeded per
60 mm dish and infected with Ad-Cre or Ad-Lac-Z at an M.O.I. of 5 for 1 hour using
established techniques (Parks et al., 1999). To assess the efficiency of Cre-mediated
excision, genomic DNA was isolated from Ad-Cre infected myoblasts and was PCR

genotyped using primers that flank the LoxP targeted Rb locus (Marino et al., 2000).
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Single Fiber Isolation

Single fiber isolation procedure was performed on the extensor digitorum longus
muscle of 8 wk-old Rbf/f:MCK-Cre and RB”™ control littermates as described previously
(Rosenblatt et al., 199.5). 20 fibers were lysed in DNA lysis buffer (100 mM Tris.HC1 pH
8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 ug Proteinase L/ml) and the DNA was
precipitated by isopropanol and washed once in 70% ethanol. 200 fibers were lysed in
protein extraction buffer (50 me Tris.HCI, pH 7.4, 0.1% Triton X-100, 5 mM EDTA,
250 mM NaCl, 50 mM NaF) supplemented with protease inhibitors (0.1 mM Na3VO4, 1

mM PMSF, 10 pg/ml leupeptin).

32p End-labelled PCR and‘Densitometry Analysis

Rb flox forward primer was end-labelled with *?P YATP (Amersham Pharmacia)
by T4 kinase (Invitrogen) in a final reaction volume of 20ul. Rb flox PCR was
performed under standard conditions using 0.4l ot“ end-labelled primer in each 10pl
PCR reaction. 20ng of DNA was used as starting template in each PCR reaction.
Radiolabelled PCR products were resolved on a 7% denaturing acrylamide gel and
exposed on film. Band densities were quantified by ImageJ analysis software.
R :Rb™* allele ratios were determined by denéitometry analysis and an allele ratio

standard curve was constructed. Sensitivity of detection was determined by decreasing

the total ratio of R&™™ DNA to Rb***** DNA in 10 fold steps.
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BrdU Pulsed Cell Cycle AAnalysis

Exponentially growing asynchronous Ad-Cre and Ad-Lac-Z infected R primary
myoblasts were pulsed with BrdU for 20 minutes at a concentration of 30 uM. Myoblasts
were trypsinized, pelleted and washed twice in ice cold PBS. Myoblasts were stained for
BrdU incorporation and total DNA content using the BrdU Flow Kit (BD Pharmingen) as

per manufacturer’s instructions. Flow cytometry was performed on a Coulter FacStar.

TUNEL Assay

Ad-Cre and Ad-Lac-Z infected R¥” myoblasts were grown on collagen coated 4-
well poly L-lysine chamber slides (Lab-Tek). Cells were fixed with 4% formaldehyde in
PBS at the 6 hour differentiétion time point. TUNEL assays were performed using
ApoAlert DNA Fragmentation Kit (Clontech) according to manufacturer’s instructions.
TUNEL staining was analyzed and photographed on a Zeiss Axioscope equipped with a

UV source and FITC, rhodamine, and hoechst detection filters.

RNase Protection and Western Analysis

Total RNA was extracted from Ad-Cre and Ad-Lac-Z RF” primary myoblasts
using the RNeasy mini-kit (Qiagen). RNase protecfion assay was performed using the
RiboQuant kit along with the multi-probe template sets m-CYC-1 and m-CC-1 (BD
Pharmingen). 2 pg of total RNA from each time point was used for the ribo-probe
hybridization incubation. The RNase protection assay was completed according to

manufacturer’s protocols.
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Primary myoblasts were harvested and lysed in RIPA extraction buffer (50 mM
Tris-HCI pH 7.4, 1% nonidet P-40, 0.5% NaDeoxycholate, 0.1% Sodium-dodecyl-
sulphate, 5 mM EDTA, 150 mM NaCl, 50 mM NaF) supplemented with protease
inhibitors (Complete , Roche) on ice. Western blots were probed with antibodies to pRb,
1:1000 (41302, BD Pharmingen); p107, 1:500 (c-18, Santa-Cruz); p130, 1:2000 (ab6545-
100, Ab-Cam); Pax7 1:10 (Developmental Studies Hybridoma Bank [DSHB]); Myogenin
1:10 (F5D, DSHB); MyoD 1:1000 (c-20, Santa-Cruz); Myosin Heavy Chain (MHC)1:10
(MF-20, DSHB); Cyclin E 1:1000 (06-459, Upstate); Cdk2 1:1000 (M2, Santa-Cruz); o-
Tubulin 1:3500 (T 9026, Sigma). Secondary detection was performed with horseradish
peroxidase (HRP) conjugated antibodies (BioRad). Membrane bound immune complexes

were visualized by ECL Plus kit (Amersham).

Immuno-staining

Tissue samples were fixed in 4% para-formaldehyde (PFA) at 4°C overnight.
Samples were washed in PBS for 30 minutes and processed for paraffin embedding.
Sections were dewaxed iﬁ 2 washes of Citri-Solv for 5 minutes each and rehydrated in
graded alcohol washes. Antigen retrieval was performed by immersing sections in boiling
citrate buffer (0.21% w/v ci&ic acid monohydrate in dH,0) for 10 minutes while
continuously agitating. Slides were allowed to cool down to room temperature and
transferred into PBS. Sections were stained with antibodies to Desmin 1:200 (clone D33,
DAKO) and MHC 1:10 (MF -20, DSHB) using the Fluorescent M.O.M. kit (Vector).

Primary myoblasts were grown on collagen coated 4-well poly L-lysine chamber

slides (Lab-Tek). Cells were fixed with 2% PFA and permeabilized with 0.2% Triton-X.
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Cells were stained with antibodies for MyoD 1:200 (M-318, Santa-Cruz), MHC 1:10
(MF-20, DSHB), Myogehin 1:10 (F5D, DSHB), and pRb 1:250 (41302, BD
Pharmingen). Secondary detection was performed with flourescein conjugated or
rhodamine conjugated antibddies (Chemicon). Cells were counterstained with DAPI and
mounted in aqueous fluorescent mounting media (DAKO). Bright field, phase, and
fluorescent images were viewed using an Axioplan2 (Zeiss) fluorescent microscope and
digitally acquired (Axiocam, Zeiss; Axiovision 3.1, Zeiss) at room temperature. Image
processing software (Photoshop 7, Adobe) was used to overlay images and to enhance
colour and clarity. Images were viewed through (40x/0.75; 20x/0.5; 5x/0.12) Zeiss air

objective lenses.

DNA Synthesis Assay

Primary myoblasts were grown on collagen coated 4-well poly L-lysine chamber
slides (Lab-Tek). Cells were induced to differentiate in differentiation media for 4 days.
Prior to fixation, cells were pulsed with 30 uM BrdU for 1 hour or restimulated in growth
media supplemented with 30 pM BrdU for 24 hours. Fixed cells were processed for BrdU
staining using the BrdU in situ staining kit (BD Pharmingen) according to manufacturer’s
protocols. The final HRP-streptavidin incubation was omitted and replaced with
fluoroscein conjugated streptavidin 1:200 (Vector).‘ Cells were washed twice in PBS and

double stained using rabbit anti-myosin skeletal muscle 1:500 (M7523, Sigma). Anti-

rabbit rhodamine conjugated secondary was used to detect the myosin antibody.
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Purpose

To globally survey Rb dependent transcriptional networks in primary myoblasts and
myotubes by expression array and chromatin immunoprecipitation location analysis.

Contribution of Co-Authors

Michael Huh did all of the experimental work and MAPPFinder analysis on the
microarray data.

Jeff Ishibashi analyzed the raw microarray data with MicroArray Suite 5.0 and provided
database and spreadsheet support.

Chris Porter provided scripts for the ChIP-RDA location analysis.
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Summary

Myogenic differentiation entails permanent cell cycle arrest along with the
faithful regulation of differentiation specific genes by MyoD and Rb. Global expression
analysis of differentiated prifnary myotubes revealed two opposing sets of transcriptional
regulatory networks that were deregulated in the absence of Rb. Loss of Rb function
resulted in the de-repression of numerous genes involved in cell cycle regulation. Quite
strikingly, expression of genes encoding contractilé proteins and glycolytic enzymes were
coordinately down-regulated. A combination of chromatin IP and representational
difference analysis (ChIP-RDA) was used to identify Rb binding sites in differentiated
myotubes. We identified a number of putative Rb target genes that included Myf5 and
E2F7. Real-time PCR analysis of Rb ChIPs confirmed Rb complex binding within the
Myf5 5° UTR region. Therefore, Rb’s direct repression of Myf5 is required for cell cycle

withdrawal and the induction of myogenic differentiation.
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Introduction

Skeletal muscle differentiation requires the induction of myogenic transcriptional
regulatory pathways. The basic helix-loop-helix (bHLH) family of myogenic
transcription factors are recognized as the master regulators of skeletal muscle
specification and differentiation (Pownall et al. 2002; Berkes et al. 2004). The
mechanisms of bHLH mediated transcriptional activity are tightly coupled to the cell
cycle machinery, hence disruptions in key cell cycle regulatory components frequently
result in skeletal muscle defects (Walsh 1997; De Falco and De Luca 2006).

The myogenic bHLH transcription factors MyoD and Myf5 respond to the
periodic fluctuations of cell cycle factors in that the stability of both MyoD and Myf5 .
proteins are directly modulated by cell cycle dependent phosphorylation events
(Kitzmann et al. 1998; Lindon et al. 1998; Kitzmann et al. 1999; Lindon et al. 2000;
Tintignac et al. 2000; Doucet et al. 2005). MyoD activation potently activates
transcriptional targets required for differentiation and cell cycle arrest, such as the
myogenic transcription factor myogenin, the cdk inhibitor p21, cyclin D3 and Rb (Halevy
et al. 1995; Kiess et al. 1995; Bergstrom et al. 2002; de la Serna et al. 2005).
Furthermore, activated MyoD in association with CREB/p300 directly targets the
promoter of Rb to induce transcription (Magenta et al. 2003).

Retinoblastoma (Rb) and its family members p107 and p130 regulate the G1/S
cell cycle transition (Dannenberg et al. 2000; Sage et al. 2000), and are modulated by the
cyclical associations with-cyclin dependent kinase (cdk) complexes. Studies in mouse
models have given us some general insight into the~ functional importance of Rb in

skeletal muscle developmenf (Zacksenhaus et al. 1996; Jiang et al. 2000; Lasorella et al.
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2000; Mal et al. 2000; de Brﬁin et al. 2003; Takahashi et al. 2003; Huh et al. 2004). We
have previously described Rb as critical for the progression of the myogenic
differentiation program in primary myoblasts. This progression is defined initially from
the point of cell cycle withdrawal, to the induction of the differentiation program and
concludes with terminal differentiation. Elimination of Rb in myogenic precursor cells
prior to differentiation causes a severe deficiency in muscle differentiation (Huh et al.
2004), indeed histological examination of Rb deficient residual muscle fibers reveals
large amounts apoptotic nuclei and ectopic DNA S};nthesis (Zacksenhaus et al. 1996).
Interestingly, concurrent ablation of Rb and N-ras rescues the defect in skeletal muscle
differentiation (Takahashi et al. 2003). Identifying the direct targets of Rb would
therefore provide valuable insight into its role in cellular differentiation, and provide a
molecular basis for understanding the functional cohsequences of Rb loss.

Based on the current state of knowledge, Rb is hypothesized to be an important
regulator of cell cycle and muscle specific transcriptional networks. This notion
however, has yet to be physically and comprehensively validated. Location analysis
studies have been an effective means to identify direct targets of a protein complex,
indeed such a method has been used to identify Rb binding targets in synchronized
human Raji cells (Wells et al. 2003). The study by Wells et al. identified target sites that
were bound by Rb at GO/G1 and S phase of the cell cycle. However, due to the fact that
Raji cells are a human lyrﬁphoma cell line, these results must be interpreted within
reasonable context. There are also technical limitations to some location analysis
techniques. Specifically, use of CpG arrays or promoter arrays for the identification of

enriched binding targets is highly biased based on limited assur;%i)tions on promoter
A
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regions. In order to circumvent these problems, we have devised a dual pronged approach
combining the use of expression microarrays and ChIP location analysis. Through the
use of our novel ChIP representational difference analysis (ChIP-RDA) technique, we
identified genomic binding targets of Rb in an unbiased manner.

This report exploits the availability of current technologies to understand Rb
directed transcriptional regulation in myogenic differentiation. Comparison of global
expression profiles between Rb deficient myoblast and myotubes revealed a dramatic
contrast in expression- deregulation. Gene expression in proliferating Rb deficient
myoblasts were minimally perturbed. In stark contrast, MCK-Cre driven Rb deleted
differentiated myotubes had increased levels of transcripts involved in cell cycle and
DNA metabolism. Moreover, expression levels of genes encoding contractile proteins
and glycolytic enzymes weré coordinately downregulated. The expression data was
subsequently re-examined in conjunction with the physical binding data from our ChIP-
RDA experiment. Most significantly, the identiﬁcation of Myf5 and E2F7 as Rb targets
physically validates Rb’s function in a myogenic context. We therefore have
demonstrated an effective means to comprehend and deconstruct specifics of a complex

transcriptional network.
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Results

Loss of Functional Rb Deregulates Global Gene Expression in Terminally
Differentiated Myotubes

We set out to test the notion that Rb would regulate a distinct subset of target
genes in proliferating and differentiated primary myotubes. To this end, we utilized
homozygous Rb-LoxP primary myoblasts infected with Cre recombinase expressing
adenovirus (Mb®*") and differentiated Rb-LoxP myoblast lines harboring the MCK-Cre
transgene (Mt™>) (Huh et al. 2004). Total RNA wés harvested in biological triplicates of
Mb™", Mt®, wildtype myoblasts (Mb™"), and wildtype myotubes (Mt™). All together, 12
independent RNA samples were processed and hybridized onto the Mouse Expression
Set 430 (MOE430) Affymetrix microarray.

Changes in gene expression due to the functional loss of Rb were determined by
comparing the normalized intensity ratio of Mb**/Mb* and Mt**/Mt" of each probeset
(entire dataset available in stembase). A list of deregulated genes was generated for
Mb® and MtR* by selectjng for probes that changed at least 2-fold with significant
signal values. Under this selection criterion, the mimber of probesets identified in Mb™"
amounted to only 37 (13 increased and 24 decreased). In comparison, 1146 probesets
were deregulated in Mt®" (638 increased and 508 decreased) (Figure 1). Among the
deregulated probesets in Mb®>" and Mt®, only 5 probesets (4 genes) were common
between both (Cd24a, Ac?n.?, Mypn, and Sic8a3). Actn3, Mypn, and Sic8a3 were down
regulated in both Mb Rb- and Mt ® while Cd24a was down regulated in Mb b byt highly

up regulated in Mt b Our initial intention was to determine the extent of overlap in



Chapter 3 — Rb directly represses transcription of Myf3

- MtRb- exclusive
Common

I:I MbRb- exclusive

Figure 1. Gene expression changes in Rbf/f:Ad-Cre myoblasts (MbRb-) are
distinct and fewer than the changes observed in Rbf/f:MCK-Cre myotubes
(MtRb-) by Affymetrix microarray analysis. Venn diagram of genes that are 2 fold
up and down regulated in MbRb- (white and hatched areas) and MtRb- (grey and
hatched areas). The hatched area represents 2 fold deregulated genes identified in
both MbRb- and MtRb-.
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deregulated genes between Mb**" and Mt %", However, the extremely small number of

changed genes in Mb**

confounded such a comparison. In summary, the loss of Rb
function minimally affects gene expression patterns in proliferating myoblasts, but has a

profoundly greater impact in terminally differentiated myotubes.

Rb is Required for the Repression and Activation of Distinct Classes of Genes in
Terminally Differentiated Myotubes

The expression data generated by our experimental approach produced an
inherently complex output due to the cascading effects of functional Rb loss. As a result,
it was an infeasible pursuit to determine direct targéts of Rb solely from the microarray
data. With this is mind; we .chose to further analyze our list of deregulated genes in
Mb"* and Mt™ in a collective manner. We performed a statistical based Gene Ontology
(GO) grouping of the deregulated list of genes identified from our microarray
experiments by MAPPFinder (Doniger et al. 2003); MAPPFinder analysis of the Mb®"
dataset produced a ranked list of GO categories based on permuted p-values. The 3
highest ranked GO categoriés generated by MAPPFinder for genes that were at least 2-
fold deregulated were: insulin-like growth factor binding (2 genes out of 21 genes
measured in category), development (10 genes out of 1539 genes measured in category),
and extra-cellular region (12 genes out of 2288 genes measured in category) (Tablel).
The GO categories of development and extra-cellular region each encompass many
nested GO categories, thus explaining the large numbers of genes in both. GO family

bRb;

classification of the Mb™" dataset is limited due to the low number of genes meeting the
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Table 1. MAPPFinder Ranked GO Categories for MbRb-

Gene Ontology Category - Changed/Total Z Score p-value

insulin-like growth factor binding 2 of 21 9.764 0
development 10 of 1539 4.359 0
extracellular region 12 of 2288 3.992 0
sarcomere » 2 of 36 7.352 0.002
transcription factor activity 5 of 564 3.845 0.005
regulation of smoothened signaling pathway 1 of 3 13.098 0.007
FAD binding 10f8 7.945 0.024

List of genes in GO category shown in Table $1.
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significant expression cutoff. Therefore, we chose to focus our resources to the analysis
of the Mt™” system. |

MAPPFinder analysis of the Mt®® dataset generated a complete list of statistically
ranked GO categories. Frorri this list, a selection of the most significant nonsynonymous
GO categories was chosen for further examination (Table 2). The top 3 ranked GO
category associations for genes with at least a 2-fold change in Mt were: cyclin-
dependent protein kinase actiyity (5 genes out of 5 genes measured in category),
sarcomere (14 genes out of 36 measured in category), and muscle development (27 out of
120 genes measured in category). The deregulated genes that fell within the top 3 GO
categories for Mt were remarkably coherent based on the Westfall-Young adjustment
for multiple testing (adjusted p = 0 for cyclin-depeﬁdent kinase activity, sarcomere, and
muscle development). Furthermore, we observed a striking consistency with respects to
the activation or repression of the genes within individual GO categories. Most notably
the GO categories of: cyclin-dependent protein kinase activity (4 of 5; 80% of genes
upregulated), sarcomere (13 of 14; 93% of genes dbwnregulated), muscle development
(22 of 27; 81% of genes downregulated), DNA metabolism (28 of 34; 82% of genes
upregulated), glycolysis (6 of 7; 86% of genes downregulated), and cell cycle (24 of 31;
77% of genes upregulated) (Table S2). Taken together, we have demonstrated that Rb is
required for the proper regulation of both skeletal muscle and cell cycle specific
transcriptional networks in terminally differentiated myotubes. Moreover, MAPPFinder
analysis revealed a significant bias for either co-activation or co-repression of the

deregulated genes in individual GO categories.
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Table 2. MAPPFinder Ranked GO Categories for MtRb-

Gene Ontology Category Changed/Total Z Score p-value
cyclin-dependent protein kinase activity* 50f5 12.029 0
sarcomere* 14 of 36 11.884 0
muscle development* 27 of 120 11.732 0
actin binding 22 of 172 6.942 0
phosphotransferases 4 0of 10 6.453 0
DNA metabolism 34 of 404 5.766 0
glycolysis 7 of 45 5.28 0
cell cycle 31 of 445 4.33 0
positive regulation of apoptosis 11 of 106 4.047 0.001

* Adjusted permute p=0 .

List of genes in GO category shown in Table S2.
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Identifying Physical Binding Targets of the Rb Complex in Differentiated Myotubes
In order to identify direct transcriptional targets of Rb we combined the
techniques of chromatin immunoprecipitation (ChIP) and representational difference
analysis (RDA) (Figure SAl ), whereby the RDA allows for the subtraction of non-specific
or background chromatin from the ChIP. This results in a higher relative enrichment of
ChIPed targets. Furthermore, identification of ChIP targets are not restricted to specific
regions of the genome, as is the case with promoter arrays. Through the use of the ChIP-
RDA approach, we identified potential Rb target genes in differentiated myotubes.
Amplified Mt ChIP and MtRb' ChIP were used as the Tester and Driver respectively for
the RDA protocol, and the difference products were cloned, sequenced, and BLATed to
identify their positioﬂs on the genome. In total, more than 100 independent mouse
genomic fragments were identified with at least 60% identity (hits), from which 226

candidate genes fell within 50kb of a ChIP-RDA hit sequence.

Rb Complexes Preferentially Bind Within Genes

ChIP-RDA candidate genes included transcription factors, receptors, metabolic
proteins, cell cycle proteins, DNA synthesis and daﬁage response proteins. For each of
the 226 candidate genes, we} associated the corresponding expression data from the Mt™>
microarray (Table S3). Using this compiled dataset, we analyzed specific relationships in
the data. In particular, we enumerated the frequency of ChIP-RDA target gene pairings
within 50 kb. We considered 11 separate distance elasses (Okb; 0 to £10kb; £10 to
+20kb; £20 to £30kb; £30 to +40kb; £40 to £50kb) (Figure 2A). In total, 582 ChIP-RDA

target gene pairings were placed in their respective distance categories and their
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Figure 2. Rb binds preferentially within genes. (A) Frequency of target gene
pairings within 50 kb of putative Rb binding sites. Each bar represents the percentage
of total hits found within the designated region. Okb bar represents percentage of hits
within genes. (B) Fold change profile of target genes within 50 kb of putative Rb
binding sites. Fold change profiles are illustrated as the percentage of genes within 3
classes [1 to 1.5 fold (grey); 1.5 to 3 fold (white); >3 fold (black)] in each distance
category.
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frequencies per class was calculated as a percentage. We discovered that approximately
a quarter of all the ChIP-RDA sequences identified resided within a transcribed gene
locus. However, with the exception of the Okb class, it appears that Rb complexes on
average bind to the other ‘distance classes with a relative constant frequency (~8% per
distance class).

We expanded our analysis by combining the physical binding data generated from
the ChIP-RDA procedure with the microarray expression data. Our intention was to
determine if gene expression change was related to the proximity of Rb complex binding
to its target gene. For evéry distance class, we calculated the proportion of genes that
changed expression levels (low, 1 to 1.5 fold; medium, 1.5 to 3 fold; high, > 3 fold)
(Figure 2B). Our analysis re.Vealed that the majority of the candidate genes had minimal
gene expression changes (~70% < 1.5 fold change). With the exception of the 40 to 50
kb distance class, the proportion of gene expression changes ranging in the medium to
high class (> 1.5 fold change) was between ~20 to ~30%. It was only in the furthest
distance class of 40 to 50kb where we observed a reduced effect on gene expression
change (8% > 1.5 fold change). Taken together, Rb complexes have a higher affinity for
binding within genes. Furthermore, Rb complexes appear to be able to exert effects on

target gene transcription from as far away as 40kb.

Rb Complexes Directly Regulate the Transcription of Myfs and E2F7

In order to prioritize the complete list of candidate Rb target genes, we utilized
the following criteria (candidates with > 2 hits and > 1.3 fold expression change). This

filtering process reduced the candidate list to 12 genes (9 genes upregulated and 3 genes
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downregulated) (Table 3). Among these candidates were genes encoding metabolic
enzymes (Nat2 and T kt), signal transducers (Ptpns! and Gngtl), transcription factors
(Myf5, MRF4, and E2F7) and nuclear membrane protein (Torlaipl).

To ensure the validity of the Affymetrix expression data, we reverse transcribed
the original RNA samples u§ed in the microarray experiments for quantitative SYBR
Green real-time PCR analysis. Specific primers were designed for our transcripts of
interest (Myf5, MRF4, E2F7, Rab4a, Rai2, Slc2a, Mip, and Timeless) (Figure 3A). These
primers were designed to span introns whenever p(;ssible and specificity of the PCR
products were confirmed by denaturing curve analysis and direct product sequencing.
Additionally, primers for Eif4g] and Eif4e transcripts were designed similarly and used
for mRNA normalization. Real-time PCR analysis reiterated the fold change estimated
by microarray analysis with the exception of E2F7 and Mip (Figure 3B). E2F7 was
expressed at a much higher level in Mt* as determined by real-time PCR (compare 234
fold increase by real-time to 4.74 fold by microarray). While Mip expression was
actually upregulated, oprsite to that of the microarray data (compare 2.7 fold increase
by real-time to —1.3 fold decrease by microarray). This illustrates the limitation of
microarrays when there are either large or modest changes between two samples. We
were also intrigued by the location of the hits in relation to the gene locus. More
specifically, more than half of the ChIP-RDA targets found within genes occurred within
10 kb of the 5° or 3’ end. AIndeed, our findings support the notion that Rb complexes do
not exclusively bind the proximal 5’ region of genes.

Hypophosphorylated’.Rb predominantly binds to members of the E2F family of

transcription factors, thus providing the means to specifically target and regulate the
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Figure 3. E2F7 and MyfS expression is derepressed with the loss of functional Rb
in differentiated myotubes. (A) Illustration of candidate Rb target genes and the

Transcript

94

physical location of the corresponding ChIP-RDA hit. (B) SYBR Green real-time PCR
quantification of candidate Rb target gene transcripts. Fold change of target transcripts

in MtRb- were calculated from the ?Ct values in relation to the respective wildtype

myotube transcript levels. Ct values were normalized to the transcript levels of Eif4G1.



Chapter 3 — Rb directly represses transcription of Myf5 95

transcription of genes. Therefore we posited that Rb-E2F complexes were directly
responsible for the repression of Myf5 and E2F7 in\terminally differentiated myotubes.
To test this hypothesis, ChIPs were performed using antibodies for Rb, p107, and E2F4
on proliferating and differenﬁated C2C12 myoblasts. We specifically examined E2F4
due to its prominence over its family members in terminally differentiated myotubes
(Corbeil et al. 1995). E2F4 was therefore a prime candidate as the DNA binding partner
of Rb at our putative target loci. Primers specific for the E2F7 and Myf5 ChIP-RDA
target loci were designed for interrogating these regions for relative enrichment by ChIP.
Additionally, cdc2 proximal promoter was used as a known high affinity binding region
for anti-p107 and anti-E2F4 ChIPs (Takahashi et al. 2000). Relative fold enrichment of
our genomic targets of interest was measured using SYBR Green real-time PCR.
Chromatin IPs using anti-p107 and anti-E2F4 produced an enrichment of the proximal
cdc2 promoter in proliferating myoblasts as expected (9 fold and 12 fold enrichment
respectively relative to anﬁ-Rb ChIP) (Figure 4). Furthermore, the cdc2 promoter was
highly enriched by anti-E2F4 ChIP in relation to anti-p107 ChIP (26 fold relative
enrichment) (Figure 5). Corﬁparatively, anti-Rb ChIP at the E2F7 locus resulted in a
lower relative enrichment in both proliferation and differentiation (~2 fold enrichment
and ~1.5 fold enrichment respectively) (Figures 4 & 5).

Interestingly, a differential pattern of enrichment spanning the Myf5 target region
was observed between proliferation and differentiation. In proliferating myoblasts, anti-
Rb ChIP on average Was enriched compared to anti-E2F4 ChIP, but similar to anti-p107
ChIP (Figure 4). In contrast, a much different binding profile was observed in terminally

differentiated myotubes. Anti-Rb ChIP at the AMyf5 hit locus produced a 3-fold
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Rb/p107/E2F4 Growth ChIP at Putative Rb Target Loci
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E2F7 +1.5 kb E2F7 cdc2 Myf5 -2.7 kb Myf5 Myf5 +1 kb
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Figure 4. E2F7 target locus is bound by Rb complex in proliferating myoblasts.
SYBR Green real-time quantification measuring fold enrichment of anti-E2F4 and anti-
p107 ChIPs relative to anti-Rb ChIP. Ct values for the detection of specific loci were
normalized to Ct values obtained at E2F7 +1.5 kb locus primers. The E2F7 +1.5 kb
locus is not preferentially enriched by anti-Rb, anti-E2F4, and anti-p107 ChIPs.
Normalized Ct values for ChIPs were subsequently calculated for relative fold
enrichment.
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Rb/p107/E2F4 Differentiation ChIP at Putative Rb Target Loci
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Figure 5. Myf5 target region is bound by Rb and E2F4 complexes in
differentiated myotubes. SYBR Green real-time quantification measuring fold
enrichment of anti-Rb and anti-pE2F4 ChlIPs relative to anti-p107 ChIP. Ct values for
the detection of specific loci were normalized to Ct values obtained at E2F7 +1.5 kb
locus primers. The E2F7 +1.5 kb locus is not preferentially enriched by anti-Rb, anti-
E2F4, and anti-p107 ChIPs. Normalized Ct values for ChIPs were subsequently
calculated for relative fold enrichment.



Chapter 3 — Rb directly represses transcription of Myf> 98

enrichment in relation to anti-p107 ChIP. ChIP enrichment by anti-Rb diminished further
upstream and downstream of the ChIP-RDA target~locus (Myf5 2.7 kb, 1.5 fold
enrichment and Myf5 +1 kb, 2 fold enrichment). Intriguingly, anti-E2F4 ChIP also
enriched for the region spanning the Myf5 target locus. However, the highest relative
enrichment by anti-E2F4 ChIP was observed in the upstream Mjf5 —2.7 kb locus (~3 fold
enrichment). With the Myf5 hit locus found at a lower level (~1.5 fold enrichment
relative to anti-p107 ChIP).

In summary, functional Rb is required for faithful regulation of differentiation,
metabolic, and cell cycle specific genes in terminally differentiated myotubes. We have
demonstrated that this is ;;ossible through an Rb dependent direct regulation of myogenic

and cell cycle transcription factors.
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Discussion

Through the combination of global expression and genomic location analysis, we
have identified a list of putative Rb complex targets in a terminally differentiated
myogenic system (Table S3). Most importantly, our data for the first time elucidates an
Rb dependent transcriptional repression of Myf5 and E2F7 in this context. Knowledge of
these targets evolves our current understanding of Rb dependent regulation of
myogenesis.

Collectively, the retinoblastoma family of Rb, p107, and p130 are critical
regulators of the G1/8S transition of the cell cycle. Mounting evidence now supports the
notion that Rb plays a critical role in the process of permanent cell cycle withdrawal.
Specifically, Rb is essential in establishing cellular senescence and terminal
differentiation (Narita et al. 2003). Based on these observations, the relatively sparse
number of deregulated genes found by microarray énalysis in Mb®" cells supports this
model (Figure 1). Even with a lower expression cutoff (1.5 fold change), the numbers of
deregulated probesets were still relatively low (27 probesets upregulated and 77 probesets
downregulated). The subtle gene deregulation observed in Mb®" may be a direct
correlate to the lack of Rb complex targets in proliferating myoblasts. Given this
scenario, Rb does not directly regulate the progression of the cell cycle. However, it
must be noted that Wells et él. have successfully identified Rb target sites in
synchronized Raji cells (Wells et al. 2003). Therefore, it is plausible that different cell
types can account for the discrepancies reported in the literature.

Microarray analysis of Mt™" in contrast produced a much higher number of

deregulated probesets (Figure 1). The scope and magnitude of gene deregulation in Mt*"
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provides overwhelming evidence for the importance of Rb mediated transcriptional
regulation in terminally differentiated myotubes. We further characterized the nature of
the deregulated genes by grouping them, based on é stringent statistical protocol, into
functional GO categories by MAPPFinder (Table 2). From this analysis, a striking
functional separation emerged from the deregulated collective of genes identified in Mt
. The majority of the genes identified by MAPPFinder analysis were defined either as a
component of the cell cycle and DNA synthesis machinery or structural and metabolic
components of differentiated muscle. Hence, these GO categories represent two distinct
and opposing cellular states. Rb’s profound effects on two seemingly opposing set of
gene regulatory networks may be a function of its ability to repress and activate
transcription (Figure 6). The classical model of Rb dependent transcriptional regulation
involves the interaction with E2F family of transcription factors. In this model, Rb’s
interaction with E2Fs is believed to repress transcription via two separate mechanisms.
The binding of Rb can both directly inhibit E2F transcriptional activity and recruit
repressive histone modiﬁérs and ATPase dependent chromatin remodeling enzymes to
E2F target promoters. Assuming this model, we would predict that loss of Rb function
would result in the activatioﬁ of E2F target genes. Indeed, this appears to be the case as
we observe a coordiné.ted activation of genes associated with the progression of the cell
cycle (Table S2). Therefore the cell cycle phenotype suggests an E2F mediated
repressive model of Rb. In addition to the activation of cell cycle associated genes, we
also observed a significant répression of muscle structural proteins and glycolytic
enzymes. This was an unanticipated effect in Mt® primarily due to their overtly stable

phenotype (Huh et al. 2004). The depression of such genes may be an indirect effect of
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Figure 6. Rb dependent transcriptional regulatory model in proliferating
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the activation of cell cycle genes, however there is evidence in the literature that describe
the transcriptional activation potential of Rb (Novitch et al. 1999; Thomas et al. 2001).
Indeed, MEF2C dependeﬁt muscle gene induction and CBFA1 osteogenic gene induction
both require functional Rb. Taken together, our data would suggest that Rb does have a
positive role in regulating thé physiology of skeletal muscle fibers. Perhaps in upkeeping
skeletal muscle homeostasis by regulating the‘ turnover of contractile proteins and
glycolytic enzymes.

ChIP based location analysis techniques have been particularly effective in
identifying new and functional targets of numerous DNA binding complexes. In this
report, we have introduced a novel variation into the ChIP based location analysis by
combining representation difference analysis (ChIP-RDA). Our ChIP-RDA based
approach was applied to specifically identify functional Rb complex targets in a
terminally differentiated myogenic system. This method resulted in the identification of
ChlPed targets in an unbiased manner (Table S3). Similar to the studies that have
utilized high density tiled-arrays (Cawley et al. 2004; Carroll et al. 2005), modified
SAGE (Impey et al. 2004), and paired-end ditag méthods (Wei et al. 2006). Whilst this
particular study was not able to attain a saturation point in target identification due to
technical limitations, our ChIP-RDA dataset provided sufficient information for some
general observations. In particular, studies such as ours are challenging the simplistic
classical paradigm of transcription factor binding. - This is the notion that transcriptional
regulatory complexes bind predominantly in the proximal 5° region of genes. Our data
seems to suggest that outside of the transcribed region of a gene, there is an equal

frequency of Rb binding its” targets up to 50 kb on either terminus of a gene locus
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(Figure 2A). A similar distribution of p53 binding sites has also been described (Cawley
et al. 2004; Wei et al. 2006). If there is no distancé based bias for transcription factor
binding, one would predict fhat target proximity would not be relevant in altering gene
expression. Indeed, this is largely what we observe in our data (Figure 2B). The
percentage of genes that are deregulated (> 1.5 fold change) in the absence of Rb function
is approximately 30% on average, up to 40kb away. In light of these findings, the
concept of a typical promoter must include a broader physical distance upstream and
even possibly downstream of a transcribed locus.

The diversity of putative target genes is congruous with the notion that Rb is an
effector of a diverse palette of cell biological processes (Table S3). Additionally, it is
conceivable that Rb’s global effects are mediated by a minimal set of direct targets.
Targets such as transcription factors can adequately facilitate this hypothesis. An
individual transcription factor in essence represents a functional gene regulatory network
(Blais et al. 2005). Amoﬁg the most intriguing of our putative Rb targets were the genes
Myf5 and E2F7. The increased transcriptional activity of E2F7 and Myf5 in MR-
suggested that Rb complexes were normally repressive at these genes (Figure 3B). Due
to the predominance of E2F4 in differentiated myotubes (Corbeil et al. 1995), we chose
E2F4 as a potential Rb bihding candidate at our target loci. Anti-E2F4 ChIPs did not
appear to be co-enriched with anti-Rb ChIP at the E2F7 target locus in growth and
differentiation (Figure 4 & 5). However, the relatively low level of enrichment by the
anti-Rb ChIP at the E2F7 locus precludes a confident assessment on the nature of
interactions. Binding of Rb complex to the AMyf5 target locus achieved a 3-fold

enrichment relative to the anti-p107 ChIP (Figure 5). Due to the diminishing of the ChIP
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enrichment on either side of the ChIP-RDA target locus, we inferred that the optimal
binding region is within the 5° UTR of Myf5. Interestingly, the highest level of
enrichment produced by the anti-E2F4 ChIP was the 2.7 kb region upstream of the A%f5
target locus. Assuming that Rb and E2F4 are either in complex together or are in
mutually independent complexes, we offer the follc;wing explanations. If Rb-E2F4
complexes are present, then‘their optimal target would most likely be downstream of the
2.7 kb region. However, Rb and E2F4 complexes may be mutually exclusive thus
explaining our current results. Resolution of these two possibilities would require finer
enrichment mapping of this region. Despite the arﬁbiguity of Rb’s DNA binding
cofactor, our central observation stands as a significant advancement in knowledge of
myogenic differentiation.

MyoD and Myf5 gctivity is closely coupled to components of the cell cycle
machinery. Although MyoD protein is present in significant amounts in proliferating
myoblasts, it is inactive until the initiation of differentiation (Skapek et al. 1995).
MyoD’s arrest of the cell cycle is potentiated through the direct induction of p21, cyclin
D3, and Rb (Martelli et al. 1994; Halevy et al. 1995; Cenciarelli et al. 1999). MyoD’s
direct induction of Rb ma;'ks a significant event in causing cell cycle arrest (Magenta et
al. 2003), and our findings implicate Rb as the key mediator in MyoD induced repression
of Myf5 transcription during differentiation. Rb’s primary role may thus be one of
promoting cell cycle arrest and induction of differentiation through repression of targets
such as Myf5. Ultimately; the repression of Myf3 may provide a more permissive state in

which to progress the differentiation program.
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Herein our studies present novel mechanistic insight into an Rb dependent
repression of Myf5 during skeletal muscle differentiation. Importantly, our findings

delineate a sequential and functional cascade of myogenic transcriptional regulation.
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Materials and Methods -

Cell Culture

Primary myoblasts were derived from mice carrying the LoxP-targeted Rb allele
and MCK-Cre transgenic mice (Huh et al. 2004). Myoblasts were isolated from the lower
hind limb skeletal muscle of 4-8 weeks old mice. Primary myoblasts were maintained in
culture and differentiated as previously described (Sabourin et al. 1999). Adenoviral
infections of primary myoblasts were carried out as described previously (Huh et al.
2004). Efficiency of Cre-mediated excision were verified by PCR primers flanking the
LoxP targeted Rb locus (Marino et al. 2000).

C2C12 myoblast cell line was obtained from the ATCC. C2C12s were
maintained in 10% FBS DME under sub-confluent conditions and differentiated in 2%

HS DME.

RNA Isolation

6x10° cells were harvested from proliferating primary myoblasts and day 6
differentiated primary myotubes using RNeasy Mini-Kit (QIAGEN) as per
manufacturer’s instructioﬁs. Total RNA samples were ethanol precipitated and

resuspended to a concentration of 2 pg/ul for subsequent microarray analysis.

Affymetrix Analysis
Biological triplicafe RNA samples were sent to the Ottawa Genome Centre for

hybridization to the MOE430 GeneChips (Affymetrix, Inc.). The MOE430 contains over
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45,000 probesets representing more than 34,000 known mouse genes. Manufacturer’s
quality controls were verified by the Centre. Raw data files were processed using
MicroArray Suite 5.0 (Affymetrix, Inc.), according to the parameters previously
described (Ishibashi et al.‘»2005). The processed data was then imported into GenMAPP
2.1 (Gladstone Institutes, UCSF). MAPPFinder analysis was performed on the
microarray data to identify deregulated biological processes in Mb™ and Mt™ primary
cultures. Expression deregulation was defined by the following criteria: Mb**/Mb™ and
M /Mt™ ratios of probéset signal intensities achieved an absolute value of greater than
2 fold change, > 7 pair-wise concordance, and presence of significant signal intensities.

Genes within supplementary tables were subsequently inspected and appended manually.

ChIP-RDA

Chromatin Immunoprecipitations (ChIP) were performed using the ChIP Assay
Kit according to the manufacturer’s directions (Upstate Biotechnology). Formaldehyde
crosslinked protein-chromatin suspension were immunoprecipitated with a specific
antibody to Rb (C-15X; Santa Cruz Biotechnology, Inc.). Each ChIP preparation utilized
7x10” primary cells and 36 pg of antibody. The irﬂmunoprecipitated chromatin samples
were representationally ampiiﬁed using the GenomePlex Whole Genome Amplification
(WGA) Kit according to the manufacturer’s instructions (WGA1; Sigma). The WGA
amplified samples were subsequently subjected to representational difference analysis
(RDA) as previously described (Seale et al. 2004). ‘The Tester:Driver subtractive
hybridization ratio used to produce sequentially enriched difference products (DP1-3)

were: (DP1, 1:50; DP2, 1:100; DP3, 1:200). DP3 was cloned into pBluescript and



Chapter 3 — Rb directly represses transcription of Myf5 108

transformed into One Shot OmniMAX 2 T1 Phage-Resistant Cells (C8540-03,

Invitrogen). Positive clones were picked and sequenced at the Ottawa Genome Centre.

SYBR Green Real-Time PCR Quantification of Transcripts

1 pg of each RNA sample was reverse transcribed using the RNA PCR Core Kit
(Perkin Elmer) as per manufacturer’s instructions. Reverse transcribed reactions were
diluted 3 fold in water and used as the working teﬁplate solution. Each real-time PCR
reaction contained the following components: 2 pl of reverse transcribed template, 10 pl
of 2X iQ SYBR Green Supermix (BioRad Laboratories), 30 nM ROX reference dye
(Stratagene), and 200 nM. of forward and reverse primers. Real-time PCR C; values were
calculated with the MX4000 software by using moiling window averaging and adaptive

baseline.

SYBR Green Real-Time PCR Quantification of ChIPs

In total, 9x10° C2C12 cells were crosslinked in 1% formaldehyde and harvested
during growth and 6 days into differentiation. Sonicated growth and differentiation
protein-chromatin suspensions were equally divided into 3 samples. 3 independent ChIPs
were performed for both growth and differentiation samples using 8 pg of the following
antibodies: Rb (C-15X; Santa Cruz Biotechnology, Inc.), p107 (C-18X; Santa Cruz
Biotechnology, Inc.), and E2F4 (A-20; Santa Cruz Biotechnology, Inc.). Reverse
crosslinked ChIPs were purified by phenol/chloroform extractions and ethanol
precipitated. Relative enrichment of target loci by ChIPs were determined by SYBR

Green real-time PCR analysis.
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identification of functional Rb target genes.
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Table S1. Deregulated genes in MbRb- by GO Classifications
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Gene Symbol Gene ID Description Fold Change
growth factor binding
lgfbp2 16008 insulin-like growth factor binding protein 2 -3.85
Igfbp5 16011 insulin-like growth factor binding protein § -4.76
development
Zic1 22771 zinc finger protein of the cerebellum 1 4.00
Rnase4 58809 angiogenin, ribonuclease A family, member 1 2.98
Nr4a2 18227 nuclear receptor subfamily 4, group A, 2.06
member 2
Dmp1 13406 dentin matrix protein 1 2.04
Gal 14419 galanin -2.04
Myom2 17930 myomesin 2 -2.94
lgfbp2 16008 insulin-like growth factor binding protein 2 -3.85
igfbps 16011 insulin-like growth factor binding protein 5 -4.76
cellular component
Coqé 217707  coenzyme Q6 homolog (yeast) 6.10
Smoc2 64074 SPARC related modular calcium binding 2 473
Rnase4 58809 angiogenin, ribonuclease A family, member 1 2.98
Mfap1 67532 microfibrillar-associated protein 1 2.85
Dmp1 13406 dentin matrix protein 1 2.04
Cd8o 12519 CD80 antigen 1.86
Gal 14419 galanin -2.04
Nid1 18073 nidogen 1 -3.70
Igfbp2 16008 insulin-like growth factor binding protein 2 -3.85
Serinc3 26943 serine incorporator 3 -4.09
Igfbp5s 16011 insulin-like growth factor binding protein 5 -4.76
contractile fiber
Actn3 11474 actinin alpha 3 -2.17
Myom2 17930 myomesin 2 -2.94
DNA binding )
Zic1 22771 zinc finger protein of the cerebellum 1 4.00
Nr4a2 18227 nuclear receptor subfamily 4, group A, 2.06
member 2
signal transduction
Zic1 22771 zinc finger protein of the cerebellum 1 4.00
nucleotide binding
Cog6 217707  coenzyme Q6 homolog (yeast) 6.10
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Table $2. Deregulated genesAin MtRb- by GO Classifications
Gene Symbol Gene ID - Description Fold Change
serine/threonine kinases
Cks1b 54124 CDC28 protein kinase 1b - 5.65
Cks2 66197 CDC28 protein kinase regulatory subunit 2 5.57
Plk2 20620 polo-like kinase 2 4.22
Atm 11920 ataxia telangiectasia mutated homolog 2.65
Cdk4 12567 cyclin-dependent kinase 4 2.31
Cdk2 12566 cyclin-dependent kinase 2 2.06
Raf1 110157 v-raf-1 leukemia viral oncogene 1 -1.89
Akt1 11651 thymoma viral prdto-oncogene 1 -2.00
Mapkapk2 17164 MAP kinase-activated protein kinase 2 -2.13
Tesk1 21751 testis specific protein kinase 1 -2.17
Prkaca 18;747 protein kinase, CAMP dependent, catalytic, alpha -2.38
Nrk 27206 Nik related kinase -2.44
Als2cr2 227154 amyotrophic lateral sclerosis 2 -2.63
Alpk3 116904 alpha-kinase 3 -2.78
Camk2a 12322 calcium/calmodulin-dependent protein kinase i -2.86
alpha
Sbk1 104175 SH3-binding kinase 1 -2.94
Dcamkit 13175 double cortin and calcium/calmodulin-dependent -3.85
. protein kinase-like 1
contractile fiber
Pdlim3 53318 PDZ and LIM domain 233
Tpm1 22003 tropomyosin 1, alpha -2.13
Sync 68828 syncoilin 233
Pdlim5 - 56376 PDZ and LIM domain 5 -2.38
Tpm2 - 22004 tropomyosin 2, beta -2.44
Actn3 11474 actinin alpha 3 -2.50
Tnnt2 21956 troponin T2, cardiac -2.70
Myom1 17929 myomesin 1 -2.94
Actn2 11472 actinin alpha 2 -4.17
ltgb1bp2 26549 integrin beta 1 binding protein 2 4.76
8030451F13Rik 109272 myosin binding protein C, slow type -5.00
Mybph 53311 myosin binding protein H -7.69
Myh8 17885 myosin, heavy polypeptide 8, skeletal muscle, -7.69
h perinatal
muscle development .
Myf5 17877 myogenic factor 5 8.37
Tpm4 326618 tropomyosin 4 2.91
Tpm3 59069 tropomyosin 3, gamma 2.82
Ifrd1 15982 interferon-related developmental regulator 1 2.76
Ezh2 14056 enhancer of zeste homolog 2 2.56
Pdlim3 53318 PDZ and LIM domain 2.33
Hdac5 15184 histone deacetylase -1.56
Myl9 - 98932 myosin, light polypeptide 9, regulatory -2.04
Tpm1 22003 tropomyosin 1, alpha -2.13
Vamp5 53620 vesicle-associated membrane protein 5 -2.13
Tnnt3 21957 -2.22

troponin T3, skeletal, fast
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Hspb2
Tpm2
Tnnc2
Tnnt2
Tnni1
Myl4
Myom1
Tnni2
Capn3
Myh6

Mb
Mybph
Myh8

Myf6

cytoskeletal protein binding
Fscn1
Tpm4
Tpm3
Myh9
Tpm1
Cfi2
Daam2

Shrm
Synpo2l
Tpm2
Actn3
Tmod1
Tnni1
Fhod3
Tnni2
Actn2
Myh8

Ablim3
intramolecular transferase
Pmm1

Pgam1

Pgam2

Pgm5

DNA metabolism
Rrm2

Mcm2

Pcna

Ris2

Rpa1

Msh6

Mcm?7

Rpa3

69253

22004
21925
21956
21952
17896
17929
21953

- 12335

140781
17189
53311
17885

17878

14086

326618
59069
17886
22003
12632
76441

27428
68760

22004

11474
21916
21952
225288
21953
11472
17885

- 319713

29858
18648
56012
226041

20135
17216

- 18538

67177
68275
17688
17220
68240

heatshock protein 2

tropomyosin 2, beta

troponin C2, fast

troponin T2, cardiac

troponin 1, skeletal, slow 1

myosin, light polypeptide 4

myomesin 1

troponin |, skeletal, fast 2

calpain 3

myosin, heavy polypeptide 6, cardiac muscle,
alpha

myoglobin

myosin binding protein H

myosin, heavy polypeptide 8, skeletal muscle,
perinatal

myogenic factor 6

fascin homolog 1, actin bundling protein
tropomyosin 4

tropomyosin 3, gémma

myosin, heavy polypeptide 9, non-muscle
tropomyosin 1, alpha

cofilin 2, muscle

dishevelled associated activator of
morphogenesis 2

shroom

synaptopodin 2-like

tropomyosin 2, beta

actinin alpha 3

tropomodaulin 1

troponin |, skeletal, slow 1

formin homology 2 domain containing 3
troponin |, skeletal, fast 2

actinin alpha 2

myosin, heavy polypeptide 8, skeletal muscle,
perinatal
actin binding LIM protein family, member 3

phosphomannomutase 1
phosphoglycerate mutase 1
phosphoglycerate mutase 2
phosphoglucomutase 5

ribonucieotide reductase M2

minichromosome maintenance deficient 2 mitotin

proliferating cell nuclear antigen

retroviral integration site 2

replication protein A1

mutS homolog 6

minichromosome maintenance deficient 7
replication protein A3
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-2.42
-2.44
-2.56
-2.70
-2.86
-2.94
-2.94
-3.23
-4.76
-5.56

-5.70
-7.69
7.69

-9.09

3.81
2.91
2.82
2.44
=213
-2.27
-2.38

-2.38
-2.38
-2.44
-2.50
-2.78
-2.86
-3.03
-3.23
417
-7.69

-33.33

3.37
226
-2.94
-2.94

14.14
13.50
10.55
7.29
6.39
5.57
548
4.28
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Mcm4

Rpa2
Chaf1b
Rev1l
Polk
Rrm1
Erccit

Pold4
Pold4
H3h2a
Hist1th1c
Smyd1
Hist1h2bc
glucose catabolism
Pgam1
Tpi1

Mdh1
Pfkm
Aldoa
Pgam2
Eno3
cell cycle
Mecm2
Ris2
Cks1b
Cks2
Mcm7
E2{7
Pmp22
Rbl1
Tfdp1
Anxa1
Chaflb
Gadd45g

Smc1l1

Atm
Cceng1
Cdk4
Cspgb
Anapch
Cdkn2a
Cdk2
Rad50
Rbbp4
Pkd2
Apbb1

17217

19891
110749
56210

- 27015

20133
13870

69745
69745
319162
50708
12180

- 68024

18648
21991
17449
18642
11674
56012
13808

17216

67177
54124
66197
17220
52679
18858
19650

- 21781

16952
110749
23882

24061

11920
12450
12567

13006

59008
12578
12566
19360
19646
18764
11785

minichromosome maintenance deficient 4
homolog

replication protein A2

chromatin assembly factor 1, subunit B
REV1-like

polymerase (DNA directed), kappa
ribonucleotide reductase M1

Excision repair cross-complementing rodent
repair deficiency

polymerase (DNA-directed), delta 4
polymerase (DNA-directed), delta 4
histone 3, H2a

histone 1, H1¢

SET and MYND domain containing 1
histone 1, H2bc

phosphoglycerate mutase 1
triosephosphate isomerase 1
malate dehydrogenase 1, NAD
phosphofructokinase, muscle
aldolase 1, A isoform
phosphoglycerate mutase 2
enolase 3, beta muscle

minichromosome.maintenance deficient 2 mitotin

retroviral integration site 2

CDC28 protein kinase 1b

CDC28 protein kinase regulatory subunit 2
minichromosome maintenance deficient 7
E2F transcription factor 7

peripheral myelin protein
retinoblastoma-like 1 (p107)

transcription factor Dp 1

annexin A1

chromatin assembly factor 1, subunit B

growth arrest and DNA-damage-inducible 45
gamma

SMC (structural maintenance of chromosomes
1)-like 1

azaxia telangiectasia mutated homolog
cyclin G1

cyclin-dependent kinase 4

chondroitin sulfate proteoglycan 6
anaphase-promoting complex subunit 5
cyclin-dependent kinase inhibitor 2A
cyclin-dependent kinase 2

RADS50 homolog

retinoblastoma binding protein 4
polycystic kidney disease 2

amyloid beta (A4) precursor protein-binding,
family B, member 1
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4.03

3.00
2.96
2.96
2.78
2.74
-2.02

-2.26
-2.27
-2.35
-2.50
-3.25
-5.12

2.26
-1.92
-2.08
-2.08
-2.17
-2.94
-3.03

13.50
7.29
. 5.65
5.57
548
4.73
3.79
3.73
3.50
2.96
2.96
2.85

2.74

2.65
2.38
2.31
229
2.21
2.11
2.06
2.06
1.93
1.90
-2.04
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Fgf7
S100a6
Camk2a

Ccnd3
Cend3
Ceng2
apoptosis
Msh6
Pmaip1

Scotin
Casp8ap?2
Ercch

Bax
Akt1
Rnf7
Ndufa13

- 14178

20200
12322

12445
12445
12452

17688

58801

66940
26885
22592

12028
11651
19823

67184

fibroblast growth factor 7

$100 calcium binding protein A6 (calcyclin)
calcium/calmodulin-dependent protein kinase |l
alpha

cyclin D3

cyclin D3

cyclin G2

mutS homolog 6

phorbol-12-myristate-13-acetate-induced protein
1
scotin gene

caspase 8 associated protein 2

excision repair cross-complementing rodent
repair deficiency, complementation group 5

Bcl2-associated X protein

thymoma viral proto-oncogene 1

ring finger protein 7

NADH dehydrogenase 1 alpha subcomplex, 13

122

-2.38
-2.44
-2.44

-2.53
-2.56
272

5.57
3.00

2.40
242
2.06

2.00
-1.79
-2.04
-2.17
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Overview of Findings

The retinoblastoma pathway is almost always inactivated during the course of
neoplastic transformation. Rb functions not only to inhibit cell proliferation, but also
enables specific cells type to properly differentiate. Hence, it is presumed that Rb is an
important molecular coupier of cell cycle arrest and differentiation. Mouse knockout
models have demonstrated that Rb is physiologically required for the proper maturation
of numerous cell types. Desi)ite the necessity for Rb in these cell types, germline
transmission of a mutant Rb allele predisposes an individual to a limited subset of tumour
types. Rb has been demonstrated to be required for skeletal myogenesis, but has not been
directly implicated in tumour formation in this context. Thus understanding Rb’s
molecular function in skeletél muscle, may potentially provide insight into the
determinants of disease and non-disease states.

This thesis has addressed the following questions. The elimination of Rb function
prior to myogenic lineage commitment compromises skeletal muscle terminal
differentiation. However, Rb’s function subsequent to myogenic lineage commitment
was yet unclear. Through genetic means, these data unequivocally demonstrates that
progression towards terminal differentiation cannot be completed in Rb null primary
myoblasts. Specifically, Rb is critically required fdr permanent cell cycle arrest,
inhibition of apoptosis, and the activation of late markers of muscle differentiation. Rb
integrates its functions through the transcriptional repression of genes associated with
proliferation. In terminally differentiated myotubes, Rb complexes directly inhibit the
transcription of E2F7 and Myf5. These findings for the first time demonstrate Myf5 and

E2F7 as functional targets of Rb in myogenic differentiation. Moreover, identifying
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Myf5 as a direct target of Rb is of major significance in delineating a unified model of
myogenic transcriptional regulation. Taken together, these data redefine a transcriptional
regulatory model of myogenic differentiation that involves MyoD induced repression of

Myf5 through Rb.

Context Driven Function of Rb

Mouse knockout studies have validated the functional importance of Rb in
specific cell types. Processes such neurogenesis, oéteogenesis, and myogenesis all
require functional Rb to faithfully execute their developmental program (Lipinski and
Jacks 1999; Wikenheiser-Brokamp 2006). This is especially relevant in the case of
inherited Rb mutations that predisposes an individual to early onset retinoblastomas and
osteosarcomas. Interestingly, the abnormalities associated with Rb loss in these cell
types results in different sets of deficiencies in mice. Understanding the molecular basis
for this difference will undoubtedly be useful in devising strategies to treat cancers.

Functional compensation of Rb loss can be assumed by its family members p107
and p130. This is most likely the case in tissues and cell types that are not affected by the
elimination of Rb. Rb and its family members together serve to regulate the G1/S cell
cycle transition through their interaction with the E2F transcription factors (Dannenberg
et al. 2000; Sage et al. 2000). However, a clear and important distinction has been made
recently in relation to Rb ‘-and p107/p130 function. It is proposed that Rb complexes
function to target promoters during scenarios that entail permanent cell cycle withdrawal
(senescence and terminal differentiation) (Narita et al. 2003). Conversely, p107/p130

complexes primarily serve to regulate promoters under reversible arrest conditions
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(progression through cell cycle, contact inhibition, serum withdrawal and p16 induced).
This proposal is consistent with the findings that p107/p130 complexes are the
predominant Rb family-E2F complexes in cycling and reversibly arrested cells (Cam et
al. 2004; Balciunaite et al. 2005). Rb’s hypothetical role in permanent cell cycle
withdrawal is then consistent with its function as an important regulator of differentiation

and why it is so frequently targeted in tumour cells.

Myogenic and Osteogenic Models for Rb Function

The fusion of myoblasts into fully differentiated myotubes results in a permanent
cell cycle arrest and the activation of differentiation specific muscle genes. The induction
of differentiation immediately marks the increase in levels of cdk inhibitors p21, p27, and
p57. The lack of cdk activity in turn activates Rb to promote permanent cell cycle arrest
and the progression of the differentiation program. In line with this idea, Rb deleted
myoblasts displayed a severe deficiency in muscle differentiation (Chapter 2). The
deficiency in differentiation is not unlike what is observed in the osteogenic system.
However, there are some key differences between the two. Indeed, Rb deficient mouse
embryonic fibroblasts (MEFs) are incapable of terminal osteogenic differentiation
(Thomas et al. 2001). Furthermore, the master osteogenic transcription factor CBFAL1
can induce terminal cell cycle exit by inducing the ;:dk inhibitor p27 (Thomas et al.
2004), analogous to MyoD induction of p21 (Guo et al. 1995). Interestingly, Rb activity
in terms of osteogenesis is linked to its physical binding with CBFA1. This type of direct
interaction has yet to be confidently reproduced in the myogenic system. Finally, forced

induction of osteogenesis by BMP-2 in Rb null MEFs did not induce apoptosis. This lack



Chapter 4 — General Discussion 134

of apoptosis is contrary to what is observed in Rb null myoblasts. This difference may be
a critical factor in why osteosarcomas arise when a mutant Rb allele is inherited humans.
Therefore, mechanistic knowledge of Rb dependent apoptotic response in osteoblasts can

potentially be of therapeutic value for osteosarcomas.

Rb Dependent Mechanistic Model of Myogenic Differentiation

It was shown in Chapter 2 that functional loss of Rb in skeletal myoblasts
precludes proper cell cycle withdrawal and terminal differentiation. In Chapter 3, the
identification of transcriptional targets of Rb provided a novel mechanistic perspective on
the Rb phenotype. This new model reinforces the notion of functional incompatibility of
MyoD and Myf5. Myf5 and MyoD are members of the bHLH family of skeletal muscle
transcription factors. Despite the high degree of homology in the bHLH domain, they are
not equivalent in function (Ishibashi et al. 2005). Myf3 expression is associated with the
capacity to proliferate, while MyoD expression is associated with the capacity to
differentiate. This phenomenon is supported by the phenotypes exhibited by Myf5 and
MyoD deficient primary myoblasts (Sabourin et al. 1999; Montarras et al. 2000). Under
this assumption, MyoD activity would promote the exclusion of Myf5 expression.
Indeed this is likely to be the case, as Rb directly represses Myf5 transcription during
differentiation (Chapter 3). Therefore, Rb repression of Myf5 may doubly serve to
promote cell cycle arrest and the progression of differentiation. Basic helix-loop-helix
transcription factors are aiso important in neurogenic determination and differentiation.

Therefore, an analogous relationship may exist between Rb and the neurogenic bHLH
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factors. A comprehensive description of Rb targets in this system is also required to

assess these functional relationships.

Biomedical Implications

Dissecting Rb’s function under different cellular contexts is of primary interest in
understanding pertinent cell intrinsic oncogenic mechanisms. Detailed understanding of
these cell specific idiosyﬁcrasies can eventually be exploited for more effective molecular
based therapies for cancer. Cancer cells are highly resistant to single modes of treatment,
largely due to the phenotypic heterogeneity associated with an inherently unstable
genome. Therefore, drug based molecular disruption of multiple therapeutic targets is a
much more effective means to eliminate cancerous cells. Due to the importance of Rb in
suppressing tumour formation, understanding the tissue specific molecular mechanisms
that are pertinent to triggering apoptosis will provide valuable targets for this purpose.
Furthermore, basic mechanistic knowledge of Rb gene targets can also help in the design
of more effective targeting strategies for cancer cells. This can be achieved by allowing
clinicians to predict sets of deregulated genes according to the initiating genetic lesion

(Rb) and tissue of origin of tumour cells.

Conclusion

Rb is a molecular conductor of transcriptioﬁal networks that lead to cell cycle
inhibition and myogenic induction. Rb’s function potentiates the activity of MyoD
through the repression of Myf5 in the formation of skeletal muscle. This relationship

represents an essential dynamic for skeletal muscle differentiation.
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Purpose

To understand the function of p107 and Rb in determining preadipocyte differentiation
into white or brown adipocytes, by means of mouse knockout and cell culture models.
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Preface and Discussion of Figure 7 A

White adipose tissue (WAT) is dramatically reduced in p/07”" mice. The residual
WAT in p/07” displayed elevated levels of UCP-1 and PGC-1a, that are known to be
markers of brown adipocytes. Additionally, p/07” WAT tissue had a marked reduction
in Rb expression and a much higher proportion of resident preadipocytes. These results
suggested to a p107 and Rb dependent inhibition of white adipocyte differentiation.
Expression of PGC-1a causes brown adipocyte differentiation, therefore it was posited
that Rb may directly inhibit PGC-1a expression in differentiating adipocytes. To test this
hypothesis, we performed chromatin IPs (ChIPs) using an antibody directed towards Rb
on the PGC-1a promoter. Binding of Rb on the promoter would indicate a direct
relationship between Rb binding and levels of PGC-1a.

Anti-Rb ChIPs on differentiated 3T3-L1 adipocytes revealed binding of Rb
complexes on the —1 kb aild —4 kb regions of PGC-1a promoter (Figure 7A). This
provides physical evidence as to Rb’s role in directed inhibiting the expression of PGC-
la during white adipose differentiation. This mechanism thus explains the in vivo white

to brown adipocyte conversion phenotype in the p/07” mice.
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.- Summary

The Rb family, Rb, p107, and p130, play important roles in cell cycle control and cellular differentiation, and Rb has been
-suggested to regulate adipocyte differentiation. We report here that mice lacking p107 displayed a uniform replacement
of white adipose tissue (WAT) with brown adipose tissue (BAT). Mutant WAT depots contained mutilocular adipocytes that
expressed elevated levels of PGC-1a. and UCP-1 typical of BAT. WAT from p107-/- mice contained markedly elevated
numbers of adipogenic precursors that displayed downregulated expression of pRb. Consistent with the hypothesis that
pRb is required for adult adipocyte differentiation, Cre-mediated deletion of Rb in adult primary preadipocytes blocked
" their differentiation into white adipocytes. Importantly, pRb was observed to bind the PGC-1a promoter and repress tran-
scription. Therefore, p107 and pRb regulate PGC-1c¢ expression to control the switch between white and brown adipocyte

‘fdifferentiation from a common pool of presumptive adult progenitors in fat tissue.

Introduction

Adipose tissue is composed of white adipose tissue (WAT) and
brown adipose tissue (BAT), two functionally distinct cell types
characterized by their opposing metabolic properties (Ailhaud
-et al., 1992; Cinti, 2000, 2001; Rosen, 2002). Morphologically,
- white adipocytes are unilocular containing a single lipid-filled
vacuole, while brown adipocytes have a muitilocular appear-
“ance with cytoplasmic lipids arranged as numerous small drop-
" lets surrounding the nucleus. The principal role of WAT is the
storage and release of triglycerides in response to energy
~levels. By contrast, BAT dissipates energy in the form of heat
through the process of adaptive thermogenesis in response to
cold exposure or diet (Cannon and Nedergaard, 2004).
The difference between white and brown adipocytes is ap-
parent at the level of gene expression and by the number and
_properties of their mitochondria. Brown adipocytes contain
many more mitochondria and express increased levels of pro-
tein's involved in oxidation. In addition, brown adipocytes spe-
. cifically express uncoupling protein-1 (UCP-1) which uncou-
"ples -the electron gradient of the mitochondrial respiratory
chain such that O, consumption is no longer linked to ATP
" synthesis (Argyropoulos and Harper, 2002; Cannon and Neder-
gaard, 2004). Hence, the resulting energy is given off as heat
required for newborn mammals, rodents, and hibernators. Adi-
pogenesis of both brown and white adipocytes requires the
'peroxisome proliferator activated receptor y (ppary) and the
" CCAAT/enhancer binding protein (c/ebp) family of transcription
.factors.” These factors interact to orchestrate a cascade of
.. gene regulatory events culminating in the development of a
“highly specialized cell type (Rosen and Spiegelman, 2000).

In vitro studies with cell lines reveal that differentiation is di-
vided into three phases. An initial growth arrest phase is fol-
lowed by a period of two or more cell divisions known as mi-
totic clonal expansion (MCE) (Tang et al., 2003). In the last
phase of differentiation, the factors required for adipocyte dif-
ferentiation and triglyceride storage are expressed.

The anatomical localization of WAT and BAT is normally mu-
tually exclusive with BAT located predominately between the
scapulae as a distinct bilobic structure. However, brown adipo-
cytes can be found in WAT and vice versa (Cinti, 2000, 2001).
it has not been clear if brown adipocytes within WAT depots
are derived from brown specific preadipocytes or the same
preadipocytes that give rise to WAT. ppary coactivator-1 «
(PGC-10) has been implicated as a potential switch for brown
adipocyte differentiation (Puigserver and Spiegelman, 2003;
Puigserver et al., 1998). PGC-1¢ is expressed at higher levels
in BAT, where it is involved in mitochondrial biogenesis and
activation of the UCP-1 promoter (Puigserver et al., 1998; Wu
et al., 1999). Furthermore, the exogenous addition of PGC-1¢
promoted brown cell features in human white adipocytes as
noted by the elevated expression of UCP-1 and increased
mitochondrial biogenesis (Tiraby et al., 2003).

There is a large body of evidence that implicates the retino-
blastoma susceptibility protein (Rb) family (pocket proteins), in-
cluding pRb, p107, p130, and their associated proteins, in adi-
pogenesis. Pocket proteins have unique and overlapping
functions. The classic role for the Rb family is in the regulation
of the cell cycle as repressors of the E2F family of transcription
factors (Classon and Dyson, 2001). An additional role for the
Rb family is in development and differentiation of many tissues.
Mice lacking pRb die in utero displaying defects in erythroid,
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Figure 1. p707-- mice display under developed
WAT depots

A) Dorsal view of one-week-old p707~/~ mouse with
p107++, its littermate control. Note the decrease
deposition of fat in the inguinal and interscapular
regions for the mutant animal.

B) Dorsal view of p707~/~ and control adult mice.
The decrease in fat deposition is apparent in the
interscapular and inguinal fat pads.

C) Gross comparison of ovarian fat depots between
* adult p707-- and wild-type mice.

D) Gross comparison of testicular fat depots be-
tween aduit p707~~ and wild-type mice.
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E) Graphical representation for the weight of various
fat depots between p707~~ and wild-type female
mice. Asterisks denote significance for inguinal (p <
0.002), interscapular (p < 0.0002), ovarian (p <
0.0005), and peritoneal {p < 0.001).

F) Graphical representation for the weight of various
fat depots between p707~/- and wild-type male
mice. Asterisks denote significance for inguinal (p <
0.0005), interscapular (p < 0.01), testicular {p <
0.0002) and peritoneal (p < 0.005).

G) Graphical representation for the weight of inter-
scapular BAT between p707-/~ and wild-type mice.
H) Graphical representation for the percent adipos-
ity between p7107-"~ and wild-type mice, n = 5. As-
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neuronal, and muscle differentiation (Clarke et al., 1992; Jacks
“etal., 1992; Lee et al., 1992), whereas mice lacking p107 come
to term but display myeloid differentiation and cell cycle kinetic
abnormalities (LeCouter et al., 1998). The Rb family has been
shown to be differentially regulated during adipogenic differen-
‘tiation of preadipocyte cell lines (Hansen et al., 2004b; Reichert
" and Eick, 1999; Richon et al., 1997).
Sequestration of Rb family members by SV40 large T antigen

E ) inhibits adipocyte differentiation (Cherington et al., 1988; Hig-

- gins ét al., 1996). Antisense suppression of p107 inhibits adipo-
cyte differentiation of a preadipocyte cell line (May et al., 2001).
“However, p707~/~ mouse embryonic fibroblasts (MEFs) exhibit
an increase in their adipogenic potential over wild-type con-
trols (Classon et al., 2000; Landsberg et al., 2003). in addition,

Rb™~ MEFs are unable to differentiate without exogenous
ppary activators (Chen et al., 1996; Hansen et al., 2004a, 1999).
Paradoxically, pRb can inhibit adipogenesis by attenuating
ppary's capacity to drive gene expression. This is accom-
plished by the simuiltaneous binding of underphosphorylated
pRb to ppary and histone deacetylase 3 (HDAC3) (Fajas et al.,
2002a). Lastly, MEFs lacking Rb preferentially differentiated
into brown adipocytes rather than white adipocytes when dif-
ferentiation was forced by treatment with a ppary activator,
Rosiglitazone, and triiodothryonine (Hansen et al., 2004a).

In the current study, we demonstrate that the targeted loss
of p707 leads to a severe deficiency in WAT development. WAT
depots in p707-/~ mice were poorly differentiated with elevated
numbers of preadipocytes and brown-like adipocytes. More-
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over, p107-/- WAT depots exhibited markedly reduced expres-
-Sion of pRb. Using Cre-mediated deletion, we show that pRb
directs brown versus white adipocyte fate from a common
adult progenitor via regulation of PGC-1o. expression. Our ex-
periments reveal for the first time an in vivo role for the Rb
family members p107 and pRb in regulating the bipotential ca-
- pacity of adult preadipocytes to differentiate into white versus
brown adipocytes.

“Results

- Defective WAT development in the absence of p107
The targeted disruption of p107 in a pure Balb/c background
caused a runted phenotype, a myeloid proliferative disorder,
and altered cell cycle kinetics (LeCouter et al., 1998). Unex-
-pectedly, we also found that p 707/~ mice have a severe differ-
- entiation deficiency in WAT development. At birth, p7107~/~
“mice appear identical to their heterozygous and wild-type litter-
. mates. However, by 5 days, p707~/~ neonates were noticeably
“runted despite the ability to suckle, and about 70% did not
survive beyond three weeks of age. Dissection revealed that
“ nigonatal mutant mice exhibited extensive deficiencies in WAT
depots at all sites examined (Figure 1A).

Decreased WAT mass in p707-/- animals persisted into
adulthood. The striking lack of WAT in the interscapular and
'inguinal depots, as well as the smaller sized testicular and

" ovarian depots of p107-/- mice were readily apparent (Figures
. 1B-1D). The size of various WAT depots between mutant and
. wild-type animals was enumerated by carefully weighing dis-
“sected tissue samples (Figures 1E and 1F). In all WAT depots
analyzed, including the interscapular, inguinal, testicular, ovar-
“ian, and intraperitoneal compartment, both p_107'/' male and
female mice exhibited severe reductions in the mass of fat
pads (Figures 1E and 1F). By contrast, interscapular BAT de-
pots were not significantly different in weight between wild-
type and p707-/~ mice (Figure 1G). In addition, p107-"~ mice
had a significantly lower percentage of adipose tissue relative
- 10 body weight as compared to their littermate controls (Fig-
~..ure TH).
" The size of WAT in p707~/~ animals is not due to hypophagia
.- as food intake for both mutant and control animals was essen-
tially the same at 3.9 x 0.5g/mouse/day for wild-type as com-
pared to p107-/~ mice at 3.5 = 0.4g/mouse/day. Furthermore,
as stool mass and composition for p707-/~ mice were found to
“be normal, the malabsorption of nutrients was ruled out as a
- factor leading to their small WAT depots.
.+ The reduction of adipose tissue size is reflected by a signifi-
cantly higher metabolic rate. Indeed the 24 hr mass adjusted
“total 'enérgy expenditure for p7107-/~ mice is about 12% higher
at 0.066 = 0.001 ml O/min/g as compared to 0.058 = 0.002
-ml-Oy/min/g for wild-type controls (n = 6; p < 0.05). Taken to-
gether, these results suggest that p707~/~ mice have drastically
reduced WAT depots perhaps based on a partial replacement
of white fat with brown-type fat, providing the basis for an in-
.creased metabolic rate. :

Histological examination of sections of p707-/- fat pads re-

vealed abnormal WAT adipocyte development at the cellular

Preadipocyte differentiation is regulated by p107

ievel in all depots (Figures 2A-2D). p107~/~ WAT exhibited very
small sized unilocular adipocytes with many multilocular ap-
pearing celils. The brown-type characteristic of WAT in the
p107~/- mice was corroborated by the presence of UCP-1 in
white and brown adipocytes of inguinal fat depots by immuno-
histochemistry (compare Figure 2E with Figure 2F). In addition,
transmission electron microscopy (TEM) revealed that the
p107-- adipocytes within the inguinal pads contained a large
number of multilocular cells with small lipid droplets and mito-
chondria containing many cristae that are consistent with a
brown-type phenotype (Cinti, 2001) (compare Figure 2G with
Figure 2H). The histological appearance suggested that the re-
duced fat pad mass was the result of a severe reduction in the
differentiation potential of white adipocytes and/or a brown-
type differentiation potential.

Increased levels of PGC-1a. and UCP-1 in p107-/- WAT
The nature of WAT in p107~/~ mice suggested the possibility of
a pro-brown adipocyte differentiation program or lack of white
adipocyte differentiation (Tsukiyama-Kohara et al., 2001). Sub-
stantial evidence exists that UCP-1 and PGC-1a are factors
contributing to leanness in various mouse models (Tiraby et al.,
2003). UCP-1 is typically not expressed in adult WAT depots
and correspondingly, we did not detect UCP-1 in the interscap-~
ular WAT depot (IWAT) of adult wild-type mice (Figure 3A). By
contrast, p107-/~ interscapular fat pads expressed high levels
of UCP-1 supporting the assertion of greatly enhanced brown
adipogenesis in the absence of WAT development (Figure 3A,
lanes 3-6).

The transcription factor PGC-1o. regulates the expression
levels of UCP-1 mRNA within white adipocytes and is also in-
volved in the expression of genes required for oxidative phos-
phorylation (Puigserver and Spiegelman, 2003). Hence, the
transcriptional expression pattern of PGC-7« and UCP-1 was
evaluated in the inguinal WAT (IgWAT) and IWAT of mutant and
wild-type mice by gRT-PCR. We detected markedly upregu-
lated levels of PGC-1a and UCP-1 mRNA in p107-/- WAT of
the interscapular and inguinal fat pads (Figures 3B and 3C).
These results confirm an uncharacteristically high number of
brown-type adipocytes within WAT of p107-/~ mice. Taken to-
gether, these experiments indicate that in the absence of p107,
preadipocytes that would normally differentiate into white adi-
pocytes have undergone default differentiation into brown-
type adipocytes.

WAT differentiation deficit of p707-/~ adult preadipocytes
in vivo but not in vitro

An indication that the WAT defect was due to inefficient differ-
entiation of adult adipocyte precursors was the appearance of
the postnatal liver. Macroscopic observation of p707-/- livers
at five days of age revealed an unhealthy yellow appearance,
indicative of excess lipid deposition (Figure 4A). Lipid deposi-
tion was confirmed by histological examination of H&E-stained
liver sections that revealed microvesicular vacuolization. Sudan
Black lipid staining further demonstrated a profound lipid accu-
mulation and steatosis in the liver (Figure 4B). The liver pathol-
ogy was strongly consistent with the notion that insufficient
functional WAT was present at this stage of the mutant animal’s
life, which is normally required to store the dietary fat load con-
tained in the mother’s milk. Fatty livers for p707~/~ mice were
manifested only during this stage in their life. After weaning
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" Figure 3. WAT from p107-/~ mice has elevated levels of UCP-1 and PGC-1a.

A) Western blot for UCP-1 on tissue lysates from the interscapular regions ex-
- cluding the BAT bilobe portion. Two different adult wild-type mice (lanes 1 and 2)

and four different adult p707~/~ mice (lanes 3-6) were used for analysis. UCP-1
" expression persists in the p707-/~ animals through adulthood.

B) Graphical representation of the relative fold change expression between

p107-- and wild-type mice for PGC-1a in IQWAT, IWAT, and BAT using gRT-
~PCR. Asterisks denotes significance (p < 0.002) and (p < 0.0008) for IQWAT and

IWAT, respectively.

C) Graphical representation of the relative fold change expression between

p107-/~ and wild-type mice for UCP-1 in [gWAT, IWAT, and BAT, using qRT-PCR.

Asterisks denotes significance (p < 0.005), (p < 0.003), and (p < 0.03) for IgWAT,
“IWAT, and BAT, respectively. For all experiments, BAT was derived solely from
. the interscapular bilobe section, whereas WAT was derived from inguinal de-

pots only,

onto a standard mouse chow diet, their liver returned to a nor-

" mal appearance, aided by an increase in daily energy expendi-

ture. Together, these results revealed a hitherto unknown

requirement for the Rb family member p107 in the develop-
ment and maturation of WAT.

Transplantation experiments were performed to test if the

- deficit. in p707~/~ WAT was due to a cell-autonomous defect
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Figure 4. Newborn p107~/- mice have profound lipid deposition in their livers

A) Gross physical observation of the livers from p107-~ and wild-type littermate
at 7 days postnatal. Note-the yellow hue of the mutant liver.
B) H&E and Sudan Black staining of liver tissue sections. For H&E staining, clear
areas represent lipid droplets within p107-/- hepatocytes (400x). For Sudan
Black staining, darker areas represent lipid droplets (200x).

of precursor cells to differentiate into adipocytes. IgWAT was
excised from a 2-month-old wild-type donor animal and trans-
planted on the flank of a p707~/~ recipient from the same litter
(Chao et al., 2000; Gavrilova et al., 2000) (Figure 5A). The donor
wild-type tissue before transplantation was essentially com-
posed of uniform white unilocular adipocytes (Figure 5B). One
month posttransplant, the adipocytes within the transplanted
tissue had dramatically increased in size (compare Figure 5B
with Figure 5C). By contrast, the endogenous inguinal white
adipocytes of the recipient mutant mouse remained small (Fig-
ure 5D). Moreover, transplantation of p707~/~ fat pad did not
result in formation of a normal WAT depot (data not shown).
Therefore, these experiments demonstrate that the lipid stor-
age deficit in- mutant WAT was caused by a cell-autonomous
insufficiency, consistent with an inability of p707~/- adipose
precursors to differentiate into white adipocytes. However, at
this time we cannot rule out the possibility that white adipo-
cytes from p107~/- mice have a fatty acid storage defect.

To investigate whether p107 deficiency resuits in a preadipo-
cyte differentiation shortfall, cells were isolated from p707-/-

" Figure 2. WAT lacking p707 exhibit brown type adipocytes and poorly differentiated white adipocytes
Hematoxylin and Eosin (H&E) staining of interscapular WAT (IWAT) for p107+/+ and p107-'-, respectively (A and B), and inguinal WAT (IgWAT) for p107+'+ and p107-"-,
respectively (C and D). p107-/- mice have smaller adipocytes and many undifferentiated cells in all their fat depots. Arrows denote areas of multilocular appearance
for p107-/~ inguinal depots. The scale bar represents 50 wm for {A){D). Immunostaining of UCP-1 p707+* (E) and p107-'~ (F) IgWAT: the scale bar represents 25 um.
TEM for p107+/+ (G) and p107-'~ (H) IgWAT. Abbreviations are as follows: M, mitochondria; L, lipid; i, intracellular space; and N, nucleus.
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Figure 5. Adult preadipocytes lacking p107 dispiay an in vivo differentiation deficit

-
©
<

ot

ap1077 %

b4
<

b
o

[
o

% of differentiated cells

o

p107+/+ p107-/-
G D DT3 G D DIT3

‘A) Wild-type white adipocytes transplanted into mutant recipients dramatically increase in size. Dorsal view of p107-'~ recipient mouse with wild-type transplanted

- tissue denoted by arrowhead.
B) H&E staining of wild-type tissue before transplant.

- C)-H&E section of tissue one month after transplant, showing a large amount of lipid deposition.
D) H&E -staining of recipient’s endogenous inguinal tissue. Note the small sized adipocytes suggesting p7107~/~ WAT differentiation deficiency. Magnification was at

*.100x for all tissue sections.

E) Oil Red.O staining of representative views for differentiated Sca-1*CD31-Lin"-sorted cells from wild-type and p707-/- mice.

F).Graphical representation of the differentiation potential of sorted cells between p707~/- and wild-type mice. Asterisk denotes significance (p < 0.004). The Sca-1*
" CD31-Lin~ fraction from p707-/- mice contains many. more undifferentiated adipocyte precursors.

G) RT-PCR evaluation of adipogenic factors of growing (G), 7 days postdifferentiation (D), and 7 days postdifferentiation in the presence of Ros and T, (D/T3) for WAT

preadipocytes from p107+* and p107~'~ mice. Note the expression of PGC-1a and UCP-1 only in the p707-/~ treated samples.

and wild-type adult interscapular BAT and IgWAT, enumerated,
~and their differentiation potential assessed.
= BAT from both p707 mutant and wild-type animals contained
“about the same number of cells per gram of isolated tissue
(Figure 1G and data not shown). However, p107-/~ IgWAT
“contained 61% = 15% more cells (excluding adipocytes), as
compared to wild-type IgWAT. These results suggested that
WAT-derived p107-deficient preadipocytes exhibit a cell-auton-
omous differentiation deficit that results in a high portion of
‘the cells to either remain undifferentiated or undergo default
" differentiation into brown adipose.
This idea was addressed by analyzing the differentiation ca-
. pacity- of p707~/~ adult white primary adipocyte precursors

in vitro. To facilitate isolation of adult preadipocytes, we devel-
oped a novel method for purification of an enriched population
from adult tissues. The cell surface antigen Sca-1, used rou-
tinely in purification protocols for various progenitor cells (Asa-
kura and Rudnicki, 2002), is expressed on primary preadipo-
cytes as assayed by in vitro differentiation studies (unpublished
data). Therefore, fluorescent-activated cell sorting was used to
isolate a population enriched in preadipocytes by positively se-
lecting for Sca-1 and by removing endothelial cells that ex-
press CD31 and mature blood cell lineages (Lin). Interestingly,
mutant fat pads contained 30% more Sca-1*CD31-Lin~ cells
relative to wild-type adipose tissue, supporting the notion that
p107 deficiency impairs preadipocyte differentiation. To investi-
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gate their in vitro differentiation capacity, equal numbers of
Sca-1*CD31-Lin~ cells isolated from IgWAT from wild-type and
_mutant animals were plated, grown to confluence, and allowed
to differentiate in normal differentiation media for 10 days. Sur-
- prisingly, isolated adult p707-/~ precursor cells displayed ro-
. bust adipocyte differentiation potential, as assessed by Oil Red
" O-staining (Figures 5E and 5F). Taken together, this data sug-
gested that undifferentiated WAT precursors account for some
" of the increased cell number observed in isolated mutant tissue
and that the in vivo differentiation deficiency was rescued in
part by cell cuiture conditions in vitro.
~ We also analyzed the in vitro brown adipocyte differentiation
‘potential of p707~/~ preadipocytes using geneé expression
~ analysis for PGC-7« and UCP-1 (Figure 5G). With a pro-brown
adipocyte differentiation regimen, containing the ppary ligand,
" Rosiglitazone (Ros), and the hormone, triiodothyronine (Ta),
. p107-'~ preadipocytes expressed PGC-1« and UCP-1 after 7
days postdifferentiation. Wild-type preadipocytes failed to ex-
-press these thermogenic markers suggesting that under the
appropriate environment p707-/~ preadipocytes from WAT are
prone to differentiate into brown-type adipocytes.

Rb levels are dramatically reduced in p107-/- .

" adult preadipocytes
Rb is essential for adipogenesis to occur yet paradoxically it

“inhibits adipogenesis by binding to ppary with HDAC3. To in-

.. vestigate the potential involvement of Rb in the differentiation

" deficiency, we examined its expression in fat tissues in vivo
and cultured adult primary preadipocytes during differentiation

“in'vitro.

Western blot analysis of wild-type primary aduit adipocyte
precursors from IgWAT revealed that modulation of p107 and
pRb levels occurred during the growth and differentiation pro-
‘gram, p107 along with pRb were upregulated within 72 hr of

- differentiation in serum containing media (Figure 6A). However,

-when differentiating in the presence of serum free media, with-

- out a growth phase, the expression of p107 immediately disap-

peared within 24 hr, yet pRb expression was maintained albeit
at drastically reduced levels. '

- -We also assessed the expression and relevance of pRb in
wild-type and p707-/- WAT differentiation. Importantly, as pre-
cursors for white adipocytes are thought to express pRb (Han-
sen et al.,, 2004a), the level of pRb in isolated primary aduit
preadipocytes from IgWAT was assessed. Interestingly, pRb

. was barely detectable in freshiy isolated mutant preadipocytes

by Western blot analysis (Figure 6B). In addition, lowly ex-

+ pressed pRb in p707-/~ preadipocytes was present in an under

- phosphorylated state. Hence, these results correlated with the

“in vivo reduction in white adipocyte differentiation in the ab-
sence of p107. :

" We hypothesized that the apparent difference between in vivo
and in vitro differentiation of preadipocytes from p707~/~ mice
was a consequence of differential expression of pRb: Whereas
freshly isolated adult preadipocytes from p7107-deficient mice
-displayed markedly reduced under phosphorylated pRb ex-

" pression, cultured p707-/~ preadipocytes displayed a normal

-expression of pRb during growth and differentiation in vitro
(Figure 6C). This suggests that the large proportion of undif-

ferentiated adipocyte precursors observed in vivo (Figures 5E
and 5F), differentiated after isolation and culture in vitro due to

-the upregulation of pRb. Furthermore, our experiments reveal

Preadipocyte differentiation is regulated by p107

an unexpected difference in the regulation of pRb by p107 that
is active in tissue but is obscured under tissue culture condi-
tions.

pPRb is required for adult preadipocyte differentiation
Our experiments suggested that p107-deficient adult preadi-
pocytes were incapable of upregulating Rb in vivo. Therefore,
the role for pRb in adult primary preadipocyte differentiation
was directly assessed in vitro. Previous studies have not eval-
uated the differentiation capacity of pRb-deficient adult pri-
mary preadipocytes due to embryonic lethality (Clarke et al,,
1992; Jacks et al., 1992; Lee et al., 1992). To investigate the
requirement for pRb in adult adipogenesis, we FACS-purified
Sca-1*CD31-Lin-preadipocytes from the inguinal depots of
adult mice carrying homozygously floxed Rb allele (Rb/exP/loxP)
(Marino et al., 2000). Uninfected Rb/o*P/loxP cells express pRb
normally, whereas cells infected with an adenovirus expressing
Cre recombinase (Ad-Cre) (Anton and Graham, 1995) have the
RbloxPlioxP gllele deleted resulting in a null mutation.

Preadipocytes isolated from IgWAT of Rb/o*P/1oxP adult mice
were infected with Ad-Cre or control adenovirus expressing
LacZ (Ad-LacZ). After 14 days of differentiation, the Ad-LacZ-
infected cells exhibited normal kinetics of differentiation (Figure
6D). By contrast, cells infected with Ad-Cre exhibited an almost
complete block in adipogenic differentiation. These data con-
firm that pRb is required for the differentiation of preadipocytes
into white adipose in adult animais.

Rb-deficient preadipocytes exhibited reduced expression of
a key regulator of adipogenic differentiation ppary-2 (Figure
6E). Importantly, addition of Ros and Ts, to the differentia-
tion medium, resuited in a dramatic increase in the levels of
ppary-2 and rescued adipogenic differentiation (Figures 6D
and 6E). However, the consequence of forced differentiation in
the absence of pRb resulted in the formation of brown adipo-
cytes as evidenced by the expression of PGC-1a and UCP-1
(Figure 6E). Therefore, as has been observed for Rb~~ MEFs
(Hansen et al., 2004a), Ros can bypass the need for pRb for
differentiation of adult primary preadipocytes and, under the
correct stimuli, produce brown-type adipocytes as is the case
for p107~/~ preadipocytes.

pRb regulates the expression of PGC-1a

We further tested the relationship between Rb and PGC-1a by
chromatin immunoprecipitation (ChlP) assay on the preadipo-
cyte cell line 3T3-L1 (Figure 7A). pRb binding was assessed on
regions representing 4 Kb upstream of the transcriptional start
site of the PGC-7a gene. pRb was demonstrated to bind at
locations —1. Kb and —4 Kb of the PGC-71a promoter, but not
the -2 Kb (and -3 Kb data not shown) region during differentia-
tion, with or without the addition of Ros (Figure 7A). The in-
teraction was specific to the PGC-7a promoter as pRb did not
bind to the histone H4 promoter and the ability of the pRb anti-
body to recognize itself bound to other promoters was verified
with ChIP on a known target, the p707 locus.

We next tested the ability of pRb to regulate the PGC-1a
promoter. Reporter assays revealed full-length pRb signifi-
cantly inhibited PGC-1«a expression from the 3.1 Kb proximal
promoter of mouse PGC-7« in a dose dependent manner, but
it had no effect on the control promoter consisting of four re-
peats of the right E-box of the muscle creatine kinase enhancer
(Figure 7B). In addition, pRb might direct the activation of PGC-
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-A) pRb and p107 differentiation expression pattern in primary. adipocytes from IgWAT over a 72 hr time period under serum and serum-free conditions. pRb is
. expressed under both conditions, but p107 is not.
B) Western blot for pRb in freshly isolated adult primary preadipocyte lysates. Note the barely detectable levels of and under phosphorylated state of pRb for p107-/-
adipocyte precursors.
C) Western blot for pRb in growing (G) and 5 days differentiated (D) for both wild-type (+/+) and p107~/~ (~/-) aduit primary preadipocytes. pRb levels are upregulated
“once plated as compared to freshly isolated adult preadipocytes.

D) Representative microscopic view of Rb/*P/o*P Sea-1+CD31-Lin~ sorted cells with Cre recombinase untreated (Cre —ve), Cre recombinase treated (Cre +ve), and Cre
recompinase treated and supplemented with rosiglitazone and Tz (Cre +ve/Ros) under serum-differentiation conditions for 7 days. Note the lack of differentiation with
- Cré-treated cells and the robust differentiation of these cells with Ros and Ta.

E) RT-PCR evaluation of adipogenic factors and pRb in Cre recombinase untreated, Cre recombinase treated, and Cre recombinase treated with Ros and T, of
RploxPlioxP Sea.1+CD31-Lin~ sorted cells under differentiation conditions for 7 days. Note that pRb independent differentiation results in activation of PGC1-a and

UcP-1.

1o through interactions with E2F. indeed, the repression by
pRb was significantly augmented in the presence of E2F4,
whereas an pRb deletion mutant deficient in E2F binding
{A663) had no influence on the promoter (Seliers et al., 1998),
“Hence, these experiments unequivocally demonstrate that
pRb functions as a switch to regulate the developmental fate
between white over brown adipocyte differentiation of bona
fide adult preadipocytes by negatively regulating the expres-
-sion of PGC-17« that is involved in promoting UCP-1 expres-
- sion. We thus conclude that the preferential differentiation of
preadipocytes into brown fat in p707~/~ mice is likely due to a
~dysregulation of pRb that is manifested only in vivo.

Discussion

The Rb family of proteins play an important role in regulating
adipocyte differentiation (Altiok et al., 1997; Chen et al., 1996;
Cherington et al., 1988; Fajas et al., 2002b; Hansen et al.,
2004a, 1999, 2004b; Higgins et al., 1996; May et al., 2001;

Porse et al., 2001; Reichert and Eick, 1999; Richon et al., 1997;
Slomiany et al., 2000). Our experiments demonstrate that p107
is required for white adipocyte differentiation in vivo and sug-
gest that this lack of differentiation is a result of an inability to
appropriately regulate pRb.

We show, by multiple lines of evidence, that p107-/~ mice
have a WAT differentiation disorder, exemplified by poorly dif-
ferentiated white adipocytes and undifferentiated adipocyte
precursors. p107~/~ WAT depots appear smaller than their
wild-type counterparts, their size substantially reduced in every
depot that was assessed (Figure 1). Moreover, the histological
appearance of WAT in p707~/~ mice also reveals atypical differ-
entiation with small unilocular and muttilocular cells expressing
UCP-1 (Figure 2). p107~/~ mice never fully develop WAT in their
interscapular depot, as evidenced by the expression of UCP-1
protein, a marker for brown adipocytes (Figure 3A). The im-
paired development of WAT is underscored by the significant
increase of the transcriptional expression of UCP-1 and its ac-
tivator PGC-1a in the p107~/~ inguinal depots (Figures 3B and
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Figure 7. pRb regulates the expression of PGC-1a

A) Chromatin immunoprecipitation revealed pRb binding to the PGC-1« pro-
moter. Distances upstream of the PGC-1« transcription start denoted by —1 Kb,
=2 Kb, and -4 Kb, the histone H4 promoter and the p107 locus. G, D, and D&R
" denote growth, differentiation, and differentiation with Ros, respectively.
B) pRb represses PGC1a-promoter activity following calicium stimulation. 3T3-
L1 cells were transfected with a luciferase reporter driven by four repeats of the
"~ right E-box of the MCK enhancer (4R-Luc) or the 3.1kb region upstream of the
ATG start site of the PGC-7a gene aione and with indicated amounts of pcmvRb
pcmvHAE2F-4, pcmvRB and pcmvHAE2F-4, or RbA863. Transfection efficiency
was normalized to Renilla-luciferase expression. Error bars represent the stan-
dard error of the mean (n = 9). Asterisks correspond to significant difference
“(p < 0.0001). :

~.-8C). The presence of brown adipocytes within WAT depots rep-
“resents a lean phenotype in many different genetic settings
(Cederberg et al., 2001; Tiraby and Langin, 2003; Tsukiyama-
" Kohara et al., 2001).

The histological and cell sorting data discloses a large num-
ber of undifferentiated preadipocytes within the different p707~/~
WAT sections. p107 might simply regulate adipocyte progeni-

‘tor self-renewal, its absence increasing their availability. This
" idea is analogous to a recent finding that demonstrates p107-
- deficient adult brains contain expanded neural stem cell pools
in-vivo that are capable of differentiating in vitro (Vanderluit et
“al., 2004).
- There is a large body of evidence describing the necessity
- ofpRb for proper adipogenesis to occur. This has previously
been. documented with isolated preadipocyte cell lines or im-
mortalized MEFs. For example, the ability of SV40 large T to
block adipocyte differentiation is at the level of sequestering
-pRb. (Cherington et al., 1988; Higgins et al., 1996). To date,
- there has been no in vivo evidence for the requirement of pRb
for adipose development and adult primary cell adipogenesis,
- unlike the evidence available for muscle development (de Bruin
- et al,, 2003; Wu et al., 2003; Zacksenhaus et al., 1996) and
“adult primary myoblast differentiation (Huh et al., 2004). Our
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studies reveal the in vivo prerequisite of pRb for proper white
adipocyte development and adult primary preadipocyte differ-
entiation.

For the p707~/~ mice we observed extremely low levels of
pRb in preadipocytes isolated from WAT that is correlated with
a lack of white adipocyte differentiation (Figure 6B). Previously,
it has been impossible to study a direct role for pRb in primary
adipogenesis. pRb~~ mice die in utero and those that come to
term, by bypassing pRb’s embryonic function, die shortly after
with many skeletal muscle abnormalities (Cobrinik et al., 1996;
Wu et al., 2003). In this study, the Cre/lox-P system provides a
powerful tool to dissect a role for pRb in adult primary preadi-
pocytes. With the Cre inactivation of Rb, we demonstrate that
primary adipocyte precursors isolated from pure white fat de-
pots of adult animals require pRb for differentiation. In vitro,
the requirement for p107 is potentially bypassed by the serum
conditions that contain supra-physiological levels of growth
factors. This results in higher expression and subsequent inac-
tivation of pRb, allowing p107-/~ adult preadipocytes to dif-
ferentiate (Figure 6B and 6C). Taken together, this data un-
derscores the central importance of pRb in white adipocyte
differentiation.

Our results suggest that p107-/~ preadipocytes that are un-
able to differentiate in vivo are abie to differentiate in vitro and
that this difference is due to variable expression of pRb. One
possibility is that in vivo p107 is required for pRb to function
efficiently during differentiation. This might occur at the level of
MCE promoting the expression, and subsequent posttransia-
tional modification of pRb by phosphorylation that is required
to dissociate the ppary-histone deacytalase 3-pRb complex
(Fajas et al., 2002a). Indeed, the expression level of p107 has
been demonstrated to be elevated during MCE in adipocyte
cell lines (Hansen et al., 2004b; May et al., 2001; Reichert and
Eick, 1999; Richon et al., 1997). Our observations indicate that
p107 and pRb protein expression is elevated during adult pri-
mary adipocyte differentiation in serum conditions at a time
when MCE is taking place. However, in serum free conditions
where MCE is absent, p107 is no longer expressed and pRb is
expressed marginally (Figure 6A). Hence, adult preadipocytes
(Figures 2 and 5) and Rb~/~ MEFs (Fajas et al., 2002a) might
differentiate inefficiently into white adipocytes, differentiate into
brown-type adipocytes (Figures 2, 3, 5, 6D, and 6E) or accu-
mulate in G2/M, endoreduplicate and undergo apoptosis (Fajas
et al., 2003). In vitro, the requirement for p107 is potentially
bypassed by the serum conditions inducing the expression and
subsequent posttranslational modification of pRb (Figure 6C).
Future experimentation to examine the capacity of p107~/~ pre-
adipocytes to enter MCE in vivo is required to settle this issue.

Our experiments demonstrate that Rb family members, p107
and pRb, act as a molecular switch to regulate the differentia-
tion of brown versus white adipose from a common progenitor.
Our data suggests that pRb acts as a negative regulator of
PGC-1a expression. Induction of PGC-1 a is capable of trans-
forming WAT cells into brown adipocytes by forcing the expres-
sion of UCP-1 and other prooxidative molecules (Tiraby et al.,
2003). Here we show that Rb~~ primary adult preadipocytes of
WAT origin can differentiate into brown type cells that express
UCP-1 and PGC-1a. Our data also suggests that the fat type
differentiation occurs via the control of PGC-1a expression by
pRb. ChiP revealed that pRb is bound to at least two regions
of the PGC-1« promoter in differentiated preadipocytes (Figure
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~7A). In addition, reporter assays with the 3.1 Kb proximal pro-
- moter of PGC-1« confirm that pRb binding represses promoter
activity (Figure 78). pRb might act with HDACs to silence the
“activity of the PGC-1a promoter (Czubryt et al., 2003). The loss
" .of pRb before differentiation would drive the activity of PGC-
1q, thus promoting a brown-type cell phenotype. On the other
~hand, -posttranslational modification of pRb by phosphoryla-
tion, would also derepress the promoter. This would be re-
quired for cellular remodeling during adaptive thermogenesis,
for example, pRb is inactivated by phosphorylation during sus-
tained cold exposure (Hansen et al., 2004a). The concept for
' pRb interacting with a metabolic gene promoter is not out of
the ordinary. Indeed, a recent report describes the association
-of E2F4 on gene promoters involved with mitochondrial bio-
- genesis, coregulated by nuclear respiratory factor-1 (NRF1)
"(Cam et al., 2004). Interestingly, p107 has also been shown to
be located on adipogenic gene promoters in a complex with
"E2F (Fajas et al., 2002b; Timchenko et al., 1999). Moreover,
recent in vivo findings, where the mice have an upregulation of
E2F transactivation potential because of truncated expression
of c/ebp «, also demonstrate a similar WAT phenotype to our
-p107-/~ mice (Porse et ai., 2001). Future experiments should
“ reveal the precise nature of the molecular mechanisms by
which p107 and pRb act to regulate preadipocyte differenti-
ation. -
~ our findings indicate that adipocyte precursors are bipotent,
capable of differentiating into brown or white adipocytes, and
~that this developmental choice is regulated by an Rb-depen-
dent mechanism. We demonstrate that Rb-null preadipocytes
isolated from strictly WAT depots differentiated into brown adi-
pocytes when differentiation was forced by addition of Ros, a
‘ppary ligand, and T; (Figures 8D and 6E). In addition, p707-/-
- inguinal depots exhibit BAT differentiation and p707~/~ preadi-
-pocytes express markedly reduced levels of pRb (Figures 2
“and 6B). The bipotentiality of adipocyte precursors would ac-
"-count for the low numbers of brown adipocytes found residing
in WAT (Guerra et al., 1998; Koza et al., 2000; Oberkofler et al.,
-1997; Tsukiyama-Kohara et al., 2001). Bipotentiality of precur-
sors would also provide the animal with a ready source of
brown adipocytes within WAT following cold stress or diet in-
duced thermogenesis (Cannon and Nedergaard, 2004; Himms-
Hagen et al., 2000). Simitarly, although BAT contains preadipo-
cytes committed to the brown adipocyte lineage (Boeuf et al.,
-2001; Moulin et al., 2001), a bipotential precursor can explain
for the low numbers of white unilocular cells that do not ex-
~..press UCP-1 that are also resident in BAT (Cancelio et al.,
1998; Cinti et al., 1997). Therefore, our data in combination
“with the above observations suggest that both adult brown and
white adipocytes are derived from a common adult progenitor
in postnatal animals regardless of tissue location. Presumably,
the type of fat produced would be contingent on the stimuli
received (Cannon and Nedergaard, 2004; Rosen and Spiegel-
“‘man, 2000). '
" Intriguingly, p107 acts in the PI3K pathway by modulating
‘the activity of phosphoinositide-dependent kinase-1 (PDK1)

‘ .- {Makris et al., 2002). p107 is shown to inhibit mRNA translation

“by interfering with the recruitment of PDK1 to the plasma mem-
brane. Interestingly, the targeted disruption of genes that can
" block mRNA translation such as 4E-BP1 (Komazawa et al.,
2004; Tsukiyama-Kohara et al., 2001), result in a similar pheno-

type as the targeted disruption of p707 suggesting a common
pathway in WAT development.

Our results contrast with other studies that show loss of
p107 promotes adipocyte differentiation (Classon et al., 2000;
Landsberg et al., 2003). These discrepancies can be attributed
to the difference in the mouse strains and cell types that were
used to analyze p107 deficiency in adipogenesis. Classon and
coworkers derived embryonic cells from a 129/SVxC57BL/6
mixed mouse genetic background that has no observable de-
velopmental anomalies apparent including WAT differentiation
(Cobrinik et al., 1996). Our analysis used an independently gen-
erated p107 mutant allele backcrossed into the Balb/c mouse
strain. Secondly, we employed bona fide adult primary preadi-
pocytes cultured to confluence and differentiated using stan-
dard adipocyte differentiation. protocols. Moreover, our experi-
ments revealed a hitherto unappreciated difference between
the requirement for p107 during the in vivo versus the in vitro
differentiation of preadipocytes.

Understanding the underlying mechanisms of adipocyte dif-
ferentiation and development can lead to effective prevention
and treatment strategies for the escalating obesity crisis in so-
ciety. Indeed, the identification of the role for p107 and pRb in
specifying brown versus white adipose cell differentiation
raises the possibility that this pathway may be amenable for
therapeutic manipulation for the treatment of obesity.

Experimental procedures

Mice, dissections, and tissue culture

Experimental procedures were performed on the Balb/c genetic back-
ground, including those with a targeted deletion of p707 (LeCouter et al.,
1998) and the loxP-targeted Ab locus {Rb/**P#oxF) kindly provided by M.
Vooijs and A. Berns (Marino et al., 2000). Procedures on mice were per-
formed according to the guidelines of the University of Ottawa. Fat pads
were dissected from 6-10 week old mice. Percent adiposity was deter-
mined by dividing the total adipose tissue weight by the weight of the ani-
mal. All primary celis were grown in DMEM supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptamicin.

Isolation of Sca-1*CD31-Lin~ primary adult preadipocytes

Primary preadipocytes from adipose stromal cells were fractionated to in-
crease their homogeneity. IgWAT from five wild-type, p107-/- or RblexPlioxP
aged 4-8 weeks were excised, weighed, minced, and digested with 1 mg/
mi collagenase | (Sigma) in DMEM with 10% FBS and antibiotics at 37°C
for 45 min. After digestion, the slurry was passed through a ceil strainer
(100 wm) and cells pelleted by centrifugation at 250 g for 5 min. Celis were
resuspended and incubated on ice for 20 min with conjugated antibodies
(BD Pharmingen}) recognizing the following cell surface markers: Stem Cell
Antigen-1 conjugated to APC (Caltag), CD31 conjugated to FITC (BD Phar-
mingen) and Lineage antibodies (BD Pharmingen Lineage kit) including the
blood markers Mac-1, Gr-1, Ter119, CD45R/B220, and CD3e conjugated
to biotin (Lin-biotin). Detection of Lin-biotin was accomplished by avidin
conjugated to PE (BD Pharmingen). Immuno-labeled cells were sorted on a
MoFlo facs sorter on the basis of Sca-1*CD31-Lin™. The Sca-1-CD31-Lin~
cells do not adhere to tissue culture plastic and were discarded. The Sca-1*
CD31-Lin" cell sorted fraction was plated at a density of 15,000 celis/cm?.

Primary adult preadipocyte differentiation

Unsorted or sorted cells were differentiated after reaching confluency or 24
hr after adenoviral infection according to the standard protocols employing
the serum-based or serum-free regimens. For the serum-based differentia-
tion method, DMEM 10% FBS supplemented with 5 pwg/ml insulin, 1 uM
dexamethazone and 0.5 uM of 3-isobutyl-1-methylxanthine was added to
cultures. After 48 hr, the media was replaced for 8 days by DMEM contain-
ing 10% FBS supplemented with 5 ug/m! of insulin. 200 pM of triiodothyro-
nine (T3) and 1M of rosiglitazone (Ros) (Cayman Chemical) was added
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- throughout the differentiation protocol where indicated. For the serum-free
" technique, cells were differentiated for 10 days using serum-free DMEM:F12

basal media containing 200 pM Tg, 5 ug/ml of insulin, and 10 ug/mi
- transferin.

Excision of pRb from Rb!oxP1ox adyit primary preadipocytes

Sca-1"CD31-Lin~ fraction from Rb/oP#oxP |gWAT cells were infected with

adenovirus expressing Cre recombinase to excise Ab or LacZ as a control

{both kindly provided by Dr. Robin Parks) according to the method de-
' scribed by Huh et al. (2004).

Cell staining and counting
- Sca-1*CD31-Lin~-sorted cells from wild-type and p107-~ mice were al-
" lowed to differentiate for 10 days. After, cells were fixed and stained with
" Oil Red O for lipid and counterstained with DAPI. The differentiated cell
" percentage was obtained by scoring the number of red cells containing lipid
droplets per number of nuclei within a field. At least five different fields were
enumerated for each of three independent experiments. For tissue sections,
hematoxylin and eosin (H&E) staining was performed on paraffin sections,
and Sudan Black staining, for detection of lipids, was performed on fro-
‘zen sections.

-PCR analyses
RNA was extracted from BAT and WAT from the inguinal depot (IgWAT) of
" p107-- and wild-type mice ranging in age from 6 to 10 weeks, using the
RNeasy Lipid Tissue Kit (QIAGEN) according to the manufacturer’s instruc-
tions..500 ng of RNA was reverse transcribed employing the GéneAmp Kit
" (Applied Biosystems). 25 ng of reverse-transcribed RNA was employed for
PCR analysis. Primer sets and conditions used were described elsewhere
(Hansen et al., 2004a). For Quantitative Real Time PCR (QRT-PCR), assays
were performed on the Stratagene MX 4000 using SYBR green PCR Master
mix (Sigma). All reactions were run at least in triplicate and the results
_graphed by normalizing to B-actin.

“ Western blot analysis
Proteins were extracted from fat tissue by first homogenizing in Ripa buffer
- (0.5% ‘NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCi
{pH-7.5]) containing protease inhibitors, pepstatin, aprotinin, and leupeptin.
The homogenate was centrifuged at 4°C for 30 min at 15,000:g and the
) supernatant portion containing the protein fraction recovered. For the differ-
entiation time-course, primary preadipocytes from IgWAT were grown and
differentiated for the stated times. Cells were lysed with Ripa and the lysate
loaded onto a 7.5% polyacrylamide gel, and Western biotted according to
-standard protocol. Antibodies recognizing UCP-1 (Calbiochem), pRb (BD
. Biosciences), p107 c-20 (Santa Cruz), and o~tubufin {Sigma) were used.

Transplant experiments

.~ Transplant experiments were performed essentially as those already pub-
“lished"(Chao et al., 2000; Gavrilova st al., 2000). Two month of age wild-
type donor and mutant recipient littermates were used. In brief, the inguinal

. fat pad was excised from a wild-type donor mouse, washed in saline, and
cut into pieces representing the graft; a portion was kept for tissue section-
ing. Grafts were implanted subcutaneously on the flank of the recipient
mouse through a small incision. Grafts were implanted for a month after
which their success was assessed by noting revascularization from the re-
_cipient animal’s biood vessels. Tissue from the implant and recipient ingui-

. nal tissue was dissected, paraffin embedded, and sectioned for H&E
staining.

" ‘Indirect calorimetry

- Whole-body oxygen consumption was measured using an open circuit four-
chamber indirect calorimetry system with automatic temperature and light

-controts (Columbus Instruments). Mice had access ad libitum to chow and
water in respiration chambers, and data were recorded for-a 24 hr period
with temperature at 24°C and light between 0700-1900 hr.

Transmission electron microscopy
“Fat pads were fixed with 0.1 M sodium cacodylate buffer containing 2%
" glutaraldehyde, [pH 7.5], at 4°C overnight and postfixed with 1% osmium
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tetroxide. After dehydration, the samples were embedded in Spurr and ob-
served on a Joel 1230 EM.

Immunohistochemistry analysis

Paraffin sections of wild-type and mutant inguinal fat pads were dewaxed,
endogenous peroxidase activity quenched with 3% hydrogen peroxide in
methanol, and incubated with the M.O.M. blocking kit (Vector Labs}). Anti-
body directed against UCP-1 (1:500; Calbiochem) was visualized by using
a streptavidin-biotin method (Vector Labs) with diaminobenzidine (Sigma).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChiP) was performed on growing, and 7
day-differentiated (with and without Ros) 3T3-L1 preadipocytes with an as-
say kit (Upstate) according to the manufacturers instructions. ChIP primer
sequences are available upon request.

Reporter assays

3T3-L1 celis were transfected using the caicium phosphate protocoi (Perry
et al., 2001). 40 hr posttransfection, cells were treated with 5mM caffeine
for 4.5 hr prior to harvest. The 3.1 Kb proximal PGC1ca-promoter-luciferase
construct and RbA663 were kindly provided by Drs. Michael Czubryt and
William Kaelin Jr., respectively (Czubryt et al., 2003) (Sellers et al., 1998).
Luciferase assays were performed using the Dual-Luciferase Reporter As-
say System (Promega).
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Preface and Discussion of Figure S1

Satellite cells provide the majority of the regenrative capacity in adult muscle.
Pax7" mice are completely devoid of satellite cells in the limb musculature. Cardiotoxin
damage to Pax7" muscle results in a very poor regeneration of the muscle. However,
some residual regeneration is observed in Pax7” rﬁice. During fetal myogenesis,
Pax3/Pax7 expressing myoblasts contribute to the initial starting pool of post-natal
satellite cells. It is believed, that some Pax3 dependent myogenic cells contribute to the
residual regenerative response in Pax7” muscle. Evidence of this population of Pax3
myogenic cells is needed to support this hypothesié. Therefore, the expression of Pax3
was assessed in primary myoblasts cultures by RNase protection assay (Figure S1).

The results of the RNase protection assay reveal the low expression of Pax3
mRNA in a proliferating primary myoblast culture (Figure S1). This is indicative of the
possibility that a minority population of Pax3 dependent myogenic cells reside in adult
skeletal muscle. Further investigation into this possibility indeed validated this notion.
Pax3 dependent myogenic cells were positioned outside of the classical satellite cell

niche and resided in the interstitial region of muscle fiber.
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Pax1
Pax2

Pax3

Pax4
Pax5
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L32
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Figure S1. Pax3 is expressed in primary myoblasts. RNase protection assay of
different tissues and cell types for Pax 1-9 mRNAs. 132 and GAPDH levels are used
as loading controls.
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Distinct roles for Pax7 and Pax3 in adult

rregenerative myogenesis
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e assessed viable Pax7~/~ mice in 1295v/)
background and observed reduced growth
and marked muscle wasting together with a
complefe absence of functional satellite cells. Acute injury
resulted in an exireme deficit in muscle regeneration.
However, a small number of regenerated myofibers were

detected, suggesting the presence of residual myogenic

cells in Pax7-deficient muscle. Rare Pax3*/MyoD* myo-

“blasts were recovered from Pax7~/~ muscle homogenates

and cultures of myofiber bundles but not from single myo-

Introduction

Muscle satellite cells are thought to represent the only popula-

" tion of committed myogenic progenitors in adult skeletal mus-
.¢cle. The activation of muscle satellite cells generates prolifera-

tive myogenic precursor cells that differentiate to repair and
replace damaged fibers (Charge and Rudnicki, 2004). The tran-

- scription factors regulating the specification and differentiation

of satellite cell-derived myogenic progenitors is analogous to
the molecular mechanisms regulating embryonic myogenesis
(Parker et al., 2003). Pax7, a paired-box transcription factor, is
specifically expressed in quiescent and newly “activated satel-

. lite cells. Importantly, the absence of myogenic cells in young

Pax7~'~ skeletal muscle demonstrates a requirement for Pax7

" 1in the function of the satellite cell lineage (Seale et al., 2000).

Pax7~"" mice appear normal at birth but fail to thrive and sub-

sequently die at 2-3 wk from unknown causes (Mansouri et al.,

1996; Seale et al., 2000). The decreased caliber of Pax7 '~ myo-
fibers is attributable to the lack of satellite cell fusion during
the postnatal growth of muscle (Seale et al., 2000). However,
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fibers free of interstitial fissues. Finally, we identified
Pax3* cells in the muscle interstitial environment and
demonsirated that they coexpressed MyoD during regen-
eration. Sublaminar satellite cells in hind limb muscle did
not express defectable levels of Pax3 protein or messen-
ger RNA. Therefore, we conclude that intferstitial Pax3*
cells represent a novel myogenic populafion that is dis-
finct from the sublaminar satellite cell lineage and that
Pax7 is essential for the formation of functional myogenic
progenitors from sublaminar satellite cells.

the normal appearance of newborn Pax7 '~ muscle suggests
that embryonic and fetal myogenesis is unaffected and identi-
fies a unique requirement for Pax7 in the satellite cell lineage.

Recent work has identified stem cell populations capable
of giving rise to satellite cells during regeneration. Muscle-
derived side-population cells separated on the basis of Hoechst
dye exclusion give rise to satellite cells after intramuscular or in-
travenous injection (Gussoni et al., 1999; Asakura et al., 2002).
In addition, bone marrow—derived cells similarly have the ca-
pacity to engraft skeletal muscle and form myogenic satellite
cells after whole-body irradiation and transplantation (Ferrari et
al., 1998; Bittner et al., 1999; Gussoni et al., 1999; LaBarge and
Blau, 2002). More recently, we demonstrated that endogenous
CD45* muscle-derived cells give rise to Pax7* myogenic cells
in response to Wnt proteins during regeneration (Polesskaya et
al., 2003). Furthermore, ectopic expression of Pax7 in CD45"/
Scal* cells is sufficient for their myogenic specification (Seale
et al., 2004). Together, these data support the notion that a devel-
opmental relationship exists between adult stem cells and Pax7-
dependent satellite cell myogenic lineages.

Pax3, a paralogue of Pax7, is critical for the delamination
and migration of the somitic muscle progenitor cells to the limb
buds, as Pax3 mutant mice lack limb muscles (Bober et al.,
1994; Goulding et al., 1994; Tajbakhsh et al., 1997). Despite
these distinct functions of Pax3 and -7 in muscle development
(Relaix et al., 2004), recent studies have begun to elucidate a

Supplemental Material can be found at:
http://www.jcb.org/cgi/content/full/jch.200508001/DC1
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common playground for these paralogues. Specifically, a novel

population of Pax3/Pax7 double-positive (Pax3"/Pax7") stem
cells were identified in the dermomyotome of the embryonic

‘somites (Ben-Yair and Kalcheim, 2005; Gros et al., 2005; Kas-

sar-Duchossoy et al., 2005; Relaix et al., 2005). Proliferating
Pax3*/Pax7" cells were observed to persist throughout embry-
onic and fetal development and later to give rise to a subset of
muscle satellite cells. In the absence of muscle environment or
Pax3/Pax7 expression, these somitic stem cells apoptose or adopt
alternative nonmuscle lineages. Interestingly, Pax3 expression in

- satellite cells is mostly down-regulated before birth, although a

subset of satellite cells appears to express Pax3 (Kassar-Duchos-
soy et al., 2005; Montarras et al., 2005; Relaix et al., 2005).

In this study, we set out to determine the relative role of
Pax7 and -3 in postnatal muscle growth and regeneration. The
original Pax7 "~ mice in C57/B6 background appear normal at
birth but fail to thrive and subsequently die at 2-3 wk of age
(Mansouri et al., 1996; Seale et al., 2000), preventing them
from further postnatal analysis. Therefore, Pax7 carrying a
knockin of a B-galactosidase (B-gal) cassette (Pax7'*Z"Z)
were backcrossed nine generations into the 129Sv/J genetic
background, where some mutant mice were viable. These

-Pax 72" 129Sv/J mice allow us to examine not only muscle

growth and regeneration in the absence of Pax7 expression but
also the function of Pax3 independent of Pax7 in postnatal
muscles. We found that the growth and regeneration of
Pax7%?"Z muscle was greatly compromised, suggesting an

‘essential role for Pax7 in these processes. Furthermore, we

identified a novel population of Pax3-expressing myogenic
progenitors in the interstitial space of adult skeletal muscles.
Together, these results demonstrate an essential role for Pax7

in the productive formation of myogenic progenitors during

postnatal growth and regeneration of skeletal muscle.

Results

Decreased fiber size but not:xfiber

. number characterizes the decreased

muscle growth in Bax7/7°%"2°Z mjece
To investigate the role of Pax7 in postnatal muscle development,

. we examined the growth of Pax7%Z*<Z muscles during the post-
natal period in the 129Sv/J genetic background. Growth of

Pax7?“Z mice appeared normal during embryonic develop-
ment until birth, as demonstrated by the normal body weight as

compared with control littermates at postnatal day (P) O (Table I).
However, after birth, Pax7*%*Z mice failed to maintain normal
postnatal growth. At P3, Pax7%?"*Z mice were only two thirds
of the weight of wild-type littermates, and at P10, they were less
than half the weight of wild-type littermates. No significant
weight difference was detected between Pax7 %% and wild-type
littermates (Table I). The decreased body mass of Pax7%Z%Z
mice was at least partially attributable to decreased skeletal
muscle growth as revealed by the significant size/weight de-
creases in tibialis anterior (TA) and other skeletal muscles
(Table I; unpublished data). To further determine whether the
decreased muscle mass in Pax7*Z"Z mice resulted from re-
duced myofiber size or number or both, we enumerated the total
number of myofibers at muscle mid-belly and determined the
myofiber cross-sectional area. The total fiber number in both
extensor digitorum longus (EDL) and soleus muscles was not
different between Pax7%Z%Z and wild-type littermates at P10
(Table I). In contrast, myofiber size, regardless of their myosin
heavy chain (MyHC) phenotypes, was found to be significantly
decreased in Pax7°%Z mice. More precisely, the cross-sec-
tional areas of Types II and I myofibers (253 = 16 and 289 *+ 15
um?, n = 4, respectively) in the mutant soleus were ~1.5- and
1.8-fold smaller than those of wild-type fibers (374 = 25 and
512 = 29 um?, n = 4, respectively) at P10, whereas no signifi-
cant difference in the cross-sectional area of Type I myofiber
was detected at PO (Pax7“%Z; 205 = 37 um?, n = 2; Pax7"":
192 + 29 um? n = 2). Together, these results suggest that the
smaller fiber size found in Pax7*?"?Z mice directly resulted
from defects in postnatal growth. Furthermore, the myonuclei
number per myofiber was significantly reduced to ~50% of the
normal amount in adult Pax7%#*“* mice in both soleus and EDL
muscles (Table I), suggesting a deficiency in (or lack of) satellite
cell function to supply myonuclei to the growing myofibers.
Altogether, these data demonstrate that postnatal growth of
Pax7*“4Z skeletal muscles is severely retarded because of inad-
equate myonuclei increase and myofiber growth.

Muscle atrophy and fiber loss in aged
Pax 7'°°Z12°Z mjce

To investigate the maintenance of Pax muscle during ag-
ing, we analyzed the muscle phenotype of aging mice. By 6 mo
of age, Pax7*?*Z mice displayed prominent kyphosis (curva-
ture of the spinal column), which is typical of extensive muscle
wasting and a hallmark of aging (Fig. 1, A and B; Megeney et

7lacZ/lacZ

Table |. Decreases in muscle mass but normal fiber number in Pax79%/=Z myscle

EDL fiber Soleus fiber EDL nuclei/ Soleus nudlei/
Body mass (g} TA mass (mg) number number fiber fiber
PO P3 P10 P10 P10 P10 P100 P100
-Pax7+/* 1.3 £ 0.05 3.1x0.1 7.1 +0.3 5606 Q47 + 40 897 = 107 ND ND
(n=9) {fn=11) (n=11) {n=8) {n=25) (n=3)
Pax7+/lacZ 1.2 = 0.04 3.0x0.1 6803 54+03 ND ND 227 + 5 402 + 8
{(n=10) {n=15) (n=13) {n=10} (n=20) {n =20)
Pax7e?/=Z 1.3 + 0.05 1.9 £0.1° 3.0 £0.3° 1.6 £0.3° 1,028 * 61 865 = 250 142 = ¢° 170 £ 8°
{n=5) (h=9) {n=8) (n=6) {n=15) {n=23) (n = 20} (n=10)

aSignificant atP < 0.01.
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al., 1996). Evidence for muscle wasting was strikingly depicted

... by a progressive decline in the number of TA myofibers from

2-3 mo of age (Fig. 1 C). At 67 mo, the number of TA fibers in
Pax7"“Z mice was decreased to one third of that in Pax7*/*
muscle (Fig. 1 C). The decreased myofiber number was attribut-
- able to a specific loss of fast IIb fibers as demonstrated by TA
. fiber-type analysis (not depicted) and by the normal fiber num-
ber found in the slow soleus muscle of adult Pax7“Z"Z mice
- (Fig. 1 D). Despite the massive fiber loss in adult Pax7“%Z
TA, the number of newly regenerated myofibers, as indicated
by the centrally located nuclei (5 = 1 per cross section, n = 8),
" temained comparable to that of wild-type littermates (4 = 1,
n = 7). Therefore, these observations suggest that an impaired
regeneration process is failing to replace the rapid loss of fast
myofibers associated with aging in Pax7“#*Z mice. The pres-
" ence of calcium deposits in adult Pax7"*%*Z TA muscles fur-
* ther demonstrated the defective regenerative response during
_aging (Fig. 1, E and F). Finally, Pax7““** muscle fibers did
not display signs of extensive damage, suggesting that the loss
of muscle did not result in a reduction in fiber integrity. Specifi-
. cally, Pax7“#*Z fibers were resistant to Evans blue dye incor-
poration (unpublished data), and serum creatine kinase levels
were normal at all ages studied (216 = 92 Ulliter [n = 2] and
579 = 179 Ulliter [n = 6] in Pax7"#"%%, 328 + 206 Ulliter
[n = 2] and 1148 = 500 Ulliter [n = 6] in Pax7""* at P3 and in
. adults, respectively). Together, these results demonstrate that
muscle wasting accompanied by a specific loss of fast fibers in
- Pax7"?%Z mice is accelerated as a function of age, and the
accelerated fiber loss is not adequately compensated because of
an impairment in muscle regenerative ability. '

Severely deficient regeneration of
Pax7'#°Z12°Z muscle after acute injury
To assess the regenerative capacity of Pax7“?%Z muscle, we
. injected cardiotoxin (CTX) into TA muscles to chemically in-
* duce injury. At 10 d and 1 mo after CTX injection, Pax7"* TA
regained the overall normal appearance of regenerated muscle
© characterized by numerous centrally nucleated regenerating
myofibers (Fig. 2, A and B). There were >700 regenerating fi-
- bers per TA cross section at both 10d (n = 2) and 1. mo (n = 3)
after injury, without appreciable deposition of calcium, adi-
pose, or fibrotic tissues (Fig. 2, A-D). In sharp contrast,
Pax7"#=Z TA displayed a severe regeneration deficit, with
only rare centrally nucleated myofibers observed at 10d (9 = 6
- fibers/TA cross section, n = 3) and 1 mo (61 * 50 fibers/TA
" cross section, n = 4) after injection (Fig. 2, E and F). The cen-
~ - trally nucleated myofibers in Pax7*%* TA failed to mature
and remained significantly smaller than those in Pax7** con-
trols even 1 mo after injury (compare Fig. 2 B with Fig. 2 F
farrows]). Furthermore, by 1 mo after injury, Pax7#"*Z TA
had been replaced by extensive adipose tissue (Fig. 2 F, arrow-
heads), fibrotic tissue (Fig. 2 G, arrowhead), and deposition of
calcium (Fig. 2 H). Similar results were obtained after CTX in-
jection in gastrocnemius muscles (unpublished data). This al-
- most complete absence of muscle repair in adult Pax7"«?%Z
mice appears to be the most striking regeneration deficit reported
" in any mouse model.
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Figure 1. Accelerated muscle wasting in adult Pax7%%/4Z mice, (A and B)
By 6 mo of age, Pax7/'=Z (A} mice develop a curvature of the spine
characteristic of extensive muscle wasting compared with wild-type litter-
mates (B). (C) Total fiber number per TA is significantly reduced in
Pax7'c2/e<Z mice compared with wildtype littermates (n = 4 and 5 for 2-4
mo and n = 2 and 2 for 6-7 mo for Pax7'/! and Pax79Z/%Z, respec-
tively). *, P < 0.05. (D) Total fiber number per soleus is not affected in
Pax7'<2/eZ mice compared with wild-ype littermates (n = 2 for each ge-
notype). {E and F) Small calcium deposits {arrows) stained with Alizarin
red {E) are present in between Pax7°%"*Z myofibers, which otherwise
appear normal, albeit smaller, on a spaced serial cross section stained
with hematoxylin—eosin {F).

Muscle regeneration was also analyzed in Pax7"?cz

mice after physically (crush) induced injuries. Similar to CTX-
induced muscle regeneration, Pax7““"Z TA and gastrocnemius
muscles (Fig. 2 K, arrows, and not depicted) contained only
rare centrally nucleated myofibers with extensive calcium
deposition (Fig. 2 L) and fibrosis (not depicted) 10 d after
crush. In contrast, muscles from Pax7** littermates were fully
regenerated with large centrally nucleated fibers (Fig. 2 I and
not depicted) and without calcium deposits (Fig. 2 J). Together,
these experiments indicate that Pax7 is necessary for efficient
muscle regeneration.

The presence of small numbers of centrally nucleated
myofibers in Pax7*%“ muscle at 10 d and 1 mo after injury
did, however, suggest a limited capacity for muscle differentia-
tion. As in wild-type mice, the centrally nucleated fibers in
Pax7"?"*Z mutant expressed embryonic MyHC and high lev-
els of Desmin (Fig. 2, O and P), confirming their newly regen-
erated state. In addition, regenerated fibers in both Pax7*/* and
Pax7%#%Z muscles contained BrdU-labeled nuclei at 10 d after
injury, indicating that proliferating cells had differentiated and
fused into these myofibers (Fig. 2, M and N). Consistent with
the regenerative deficit of Pax7"““"%Z muscle, only 3.5% of
BrdU-labeled nuclei were found within muscle fibers, com-
pared with 45% of BrdU-positive nuclei within myofibers in
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‘regeneration in the Pax7* %= (P} is contrasted

Figure 2. Profound regeneration deficit in
Pax7°%=Z myscle ofter acute injury. Lower
hind limb sections from Pax7*/* (A-D) or
Pax7'2¢/oZ (E_H) mice 1 mo after CTX stained
with hematoxylin—eosin (A, B, E, and F}, Van
Gieson's [C and G; pink stain), and Alizarin
red (D and H; red stain). (B and F} Higher mag-
nifications of A and E, respectively. Note the ef-
ficient muscle regeneration in Pax7'/' TA char:
acterized by numerous large centrally nucleated
regenerating myofibers (B, arrows}, with no ex-
tensive calcium deposition, adipogenesis, or fi-
brogenesis {A-D). In contrast, injured Pax7o%e?
TA (E-H) displays only rare and small centrally
nucleated myofibers {F, arrows); instead, the
muscle was replaced by calcium deposits {H,
arrowhead), adipocytes {F, arrowheads), or
fibrosis (G, arrowhead). Sections from Pax7*/*
(I and J} and Pax7°?/%Z littermates (K and L}
10.d after crush injury reveal an efficient mus-
cle regeneration process in Pax7*/* TA {I),
whereas only rare centrally nucleated myofibers
are observed in Pax7</=<Z TA (K, arrows). In-
stead, muscle is infiltrated by inflammatory cells
and replaced by fibrosis and large calcium de-
posits {L}. The arrowheads in J indicate normal
regenerative fibers in wild type. Central myonu-
clei in regenerated TA myofibers from Pax7'/"
(M) and Pax7%«Z (N} muscle 10 d after CTX
injection are BrdU' {DAB, brown; N, arrow-
heads) after multiple BrdU injections during the
period of regeneration. Low efficiency of muscle

with the robust regeneration in Pax7*/* {O), as
demonstrated by the expression of Desmin
{FITC, green). P, plantarus; T, tendon.

- regenerated Pax7*’* muscles. Finally, analysis of spaced serial

cross sections demonstrated that regenerated Pax7“#“Z myo-

fibers were multinucleated and extended over several hundred
micrometers (unpublished data). Thus, by these criteria, the
centrally nucleated Pax7““"Z myofibers observed after muscle
injury were regenerated rather than surviving myofibers.

Absence of functional satellite cells in
Pax7'#%12°Z gdult muscle

It has been reported that satellite cells are formed in the absence

of Pax7 and that these cells have some capacity for myogenic

function (Oustanina et al., 2004). Therefore, we examined

whether we could similarly detect Pax7"#%Z gatellite cells and
whether these cells were capable of following the myogenic
developmental program. First, we asked whether cells derived
from Pax7 lineage, as marked by the expression of B-gal (see
Materials and methods), were present on single muscle fibers
in Pax7'*#%“Z mice. In Pax7*"Z mice, all B-gal* cells also
coexpressed Pax7 (Fig. 3 A) and vice versa, validating the

‘absolute specificity of B-gal labeling. Rare B-gal cells were

detected on EDL fibers isolated from younger (P25) Pax7"“% 2
mice (Fig. 3 B). Although the Pax7"/B-gal* cells on Pax7"**
myofibers typically displayed a small round shape indicative
of activation by the single fiber isolation procedure, most

Pax7"%Z B_gal* cells displayed a morphology characterized

by a large cell body with long filopodium-like processes (Fig. 3,
A and B). Furthermore, the frequency of B-gal* cells on
Pax7*?%Z mutant fibers (1.1 = 0.2/fiber, n = 28) was ~7%

JCB = VAOLUME 172 » NUMBER 1 » 2006

of that of the Pax7*"*Z control (15.9 = 2.2/fiber, n = 25) at
P25. Even at birth (P0), the frequency of B-gal® cells in the
Pax7"#%Z mutant muscle (6.9 = 1.3/microscopic field un-
der 20X, n = 7) was less than half that of the Pax7*% con-
trol (16.0 = 3.8/field, n = 5; Fig. S1, available at http://
www.jcb.org/cgi/content/full/jcb.200508001/DC1). To exam-
ine whether the Pax7"%<Z 3_gal™* cells were capable of prolif-
eration upon activation, single fibers were isolated and cultured
in horse serum—coated Petri dishes to prevent attachment of
fibers. After 6 d of suspension culture, floating Pax7*"** myo-
fibers displayed characteristic large aggregates of proliferative
satellite cell-derived myoblasts that expressed MyoD and/or
Pax7 (Fig. 3, C and E). Under similar culture conditions, no ag-
gregates of cells were found on Pax7"“?%Z fibers (n = 29).
Occasionally, pairs of nuclei that expressed low levels of
MyoD were found within arrested single-blobbing cell bodies
(Fig. 3, D and F). We did not detect Caspase3 expression in
these cells (unpublished data), suggesting that Pax7 mutant sat-
ellite cells underwent an abortive mitosis and failed to com-
plete cell division.

We next examined whether the Pax7-remnant cells on
isolated single myofibers still retained typical satellite cell fea-
tures. All satellite cells associated with freshly isolated Pax7**
or Pax7"" fibers coexpressed Pax7 and Syndecand (Fig. 4, A
and B) or CD34 (Fig. 4 H), suggesting that Syndecan4 (Cornel-
ison et al., 2001) and CD34 (Beauchamp et al., 2000) are
reliable markers of satellite cells. Specifically, 8.7 = 1.9
Syndecan4* cells/fiber and 3.9 = 1.8 CD34" cells/fiber were
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Figure 3. Remnant nonfunctional B-gal* cells associated with muscle fibers
in Pax7 mutant mice. Expression of B-gal, knocked into the first coding
. exon of Pax7 gene to generate the Pax” knockouts, in Pax7*/*Z (A} and
Pax72/a<Z (B myscle fibers isolated from 1-mo-old mice. In Pax7+/eZ
muscle fibers, expression of B-gal is always colocalized with Pax7 expres-
sion. In Pax70Z/5Z fibers, the Bgal' cells display large cell bodies and
extensive filopodia-like processes ({B), which are in contrast to the smaller,
round morphologies of the B-gal’ cells in the Pax7'7Z fibers (A}, {C-F)
After 6 d of suspended culture of single muscle fibers from Pax7*/< mice,

"+ the Pax7"' cells proliferate and differentiate to form aggregates of cells

that express Pax7, MyoD, or both {C and E). Under identical culture condi-

. . tions, the B-gal* cells associated with muscle fibers of Pax7%"Z mice

are unable to proliferate or differentiate {D and F). Bar, 15 pm.

detected in 6-8-wk-old adult Pax7"" fibers (n = 16 fibers/3
mice for Syndecand; n = 35 fibers/2 mice for CD34). In con-
trast, syndecand or CD34-expressing cells were never found on
clean capillary-free Pax7“#" fibers (n = 56 fibers/3 mice for
Syndecan4; n = 65 fibers/2 mice for CD34). Importantly, all
B-gal-expressing cells on Pax7°“"“ fibers were negative for
- syndecand (Fig. 4 C) and CD34 (Fig. 4, K-M). However, occa-
sionally syndecan4™ or CD34™ cells were found on Pax7"%Z
- fibers when care was deliberately not taken during single fiber
" preparation. These cells were uniformly negative for B-gal im-
munostaining (Fig. 4, C-E and N). Notably, these syndecan4?,
B-gal™ cells were also positive for the endothelial marker
CD31 (Fig. 4, D-G). Together, these data demonstrate that al-
though rare B-gal™ cells are localized to the satellite cell niche
" in. young Pax7“Z“Z musculature, these cells have lost the
characteristics and function of wild-type satellite cells.
In support of these findings, only 9% of Pax7"“#=Z fiber
(n = 76 fibers/3 mice) yielded any mononuclear cells (mean of
1.85 £ 0.34 cells/fiber) after several days of attached culture in
growth medium. Importantly, the mononuclear cells associated
with Pax7%“%Z fibers were uniformly negative for the myo-
blast-specific markers MyoD, Myf5, and Desmin (unpublished
data). In contrast, all Pax7** fibers (n = 60. fibers/3 mice)

- gave rise to an average of 11.8 * 0.97 cells/fiber. Furthermore,

numerous proliferative bursts of MyoD ™" myoblasts were gener-
~ated by all Pax7*'" fibers (unpublished data). Together, these

DAPI/Phase

Pax7--Gal

Figure 4. Absence of satellite cell marker expression associated with adult
Pax7o/*Z myscle fibers. (A and B) Pax? and Syndecan4 are coexpressed in
satellite cells on freshly isolated Pax7*/* EDL fibers. Arrowheads show satellite
cells and corresponding nuclei stained with DAPL {C) In the Pax7*%* < myofi-
bers, few B-gal* cells {red) were identified, but they did not express the safel-
lite cell marker Syndecan4 [green). {C-G) Conversely, the low frequencies of
Syndecan4* cells associated with Pax72?/<Z myofibers were negative for
B-gal but positive for the endothelial cells marker CD3 1. {H-J) Similarly, Pax7*
and Bgal* cells on the Pax7*/*<Z myofibers are also positive for another satel-
lite cell marker, CD34. (K-Nj} In the Pax7e/°<Z myofibers, however, rare
Bgal® and CD34* cells were never colocalized: the B-gal* cells were nega-
tive for CD34, and the CD34" cells were negative for f-gal. Bars, 25 wm.

data indicate that the defects in postnatal muscle growth and
regeneration are attributable to an absence of functional satellite
cells in Pax7"?Z mutant mice.
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‘immunostaining for Pax3 (red) and MyoD (green} of cell

intensified to help visualize myotubes. Bars, 12.5 pm.

Figure 5. Identificatian of Pax7-independent myogenic
cells expressing Pax3. {A, top and middle) Cell suspen-
sions from Pax7*/* hind limb muscles grown in growth
media for 15 h yielded large numbers of MyoD* cells
{FITC) compared with rare MyoD* cells {arrowheads) ob-
served in Pax7Z/*cZ preparations. {bottom) Myogenic
cells obtained from both Pax7*/* and Pax7%°?/<Z hind
limb muscles were capable of terminal differentiation as
shown by MyHC expression {green; arrowheads} and
fusion following 3 d in differentiation media. (B) Double

suspensions from Pax7*/%Z or Pax74/Z limb muscle
revealed that Pax3 and MyoD were coexpressed in cer-
tain myogenic cells {arrowheads). Cells expressing MyoD
but not Pax3 were also detected in Pax7*/* and
Pax7c2/keZ cyliures (arrows; not depicted). Insets*show
enlargements of the cells to the left. (C and D) Myogenic
cells derived from cultures myofiber bundles of Pax7*/*
{C) and Pax7'%2/aZ (D) mice. Myofiber bundle {20-30
fibers) were plated in @ Matrigel-coated dish and culture
in growth medium for 3 d followed by 1 d in differentia-
tion medium. The green signals in the merged panels are

Isolation of myogenic cells from
Pax7'ee2/125Z pausculature
To identify the myogenic cells responsible for the small regen-

‘erative capacity in Pax7"*#“Z hind limb muscle, single-cell

suspensions were prepared from hind limb muscles and ana-
lyzed after 15 h in growth conditions or after an additional 3 d
in differentiation medium. Interestingly, freshly isolated cell
preparations from hind limb and diaphragm Pax7"*#“* mus-

‘cles yielded some myogenic cells expressing MyoD (Fig. 5, A

and B) or Myf5 (Fig. 5 D). Although present, Pax7**Z myo-
genic cells were recovered at an extremely low frequency
(~1/150; Fig. 5) compared with wild-type muscle (363,012 =
34,247 [n = 2] and 2,961 = 1,096 [n = 4] MyoD" cells and
242,132 = 5,843 [n = 2] and 1,277 = 578 [n = 3] Myf5"
cells/g of hind limb muscle for Pax7"'* and Pax7““* respec-

- tively). The frequency of MyoD" cells was not increased in

108

cultures prepared from regenerating Pax7%**Z TA 3—4 d after

_CTX injection (unpublished data).

At clonal density, Pax7“#Z cells isolated from limb
muscle formed small colonies of 6-20 MyoD™ and Desmin®*
myoblasts after 10-20 d compared with proliferative bursts of
>500 myoblasts in Pax7** cultures (unpublished data). The
inability for Pax7“**~ cells to expand in culture suggested a
profound proliferative deficit under standard myoblast growth
conditions as compared with myoblasts isolated from wild-type

" littermates. Even when cultured in the presence of high concen-

trations of growth factors (5% chick embryo extract; 50 ng/ml
of stem cell growth factor; 1 pg/ml of insulin; Methocult
M3434 [StemCell Technologies, Inc.] or in Matrigel-coated

JCB » VOLUME 172 « NUMBER 1 » 2006
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dishes), Pax7"“?“Z myogenic cells did not proliferate. Never-
theless, Pax7“#*Z myogenic cells underwent myogenic dif-
ferentiation and expressed MyHC after culture in low-mitogen
medium after 3-5 d (Fig. 5 A). In myoblast preparations from
Pax7*" or Pax7 " muscles, an average of 311.3 + 49.3 (n = 6)
nuclei/20X field were found within MyHC™ cell bodies. In
myoblast preparations from Pax7“#* muscle, an average of
3.0 = 1.5 (n = 11) nuclei were found within MyHC" cell bod-
ies. In myoblast preparations from Pax7““%Z muscle, all
MyoD™ cells expressed MyHC after 6 d of culture in differenti-
ation conditions. In contrast, in the Pax7 **Z control, ~10% of
MyoD™ cells did not express MyHC.

Lastly, EDL fiber bundles containing interstitial connec-
tive and-other tissues from P30 Pax7*"*% and Pax7"“““Z mice
were plated on Matrigel and cultured for 3 d in growth media
followed by 1 d in differentiation media. Pax7*"? EDL
muscle yielded large numbers of MyoD-, Myf5-, and MyHC-
expressing cells together with formation of large myotubes
(Fig. 5 C). Notably, Pax7*Z#%“Z EDL, myofiber bundles gave
rise to low numbers of MyoD- and Myf5-expressing cells that
were capable of forming myotubes (Fig. 5 D). However, under
identical conditions, Pax7 %z single fibers free of interstitial
tissues did not yield any Myf5-, MyoD-, or MyHC-expressing
cells (see Absence of functional satellite cells...). Together,
these results indicate that a low number of Pax7%%Z myo-
genic cells resides in an alternate anatomical location and sup-
port the contention that Pax7°%"Z myogenic cells represent
an interstitial myogenic-progenitor population distinct from
the satellite cell compartment.
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Coexpression of Pax3 and myogenic

" “markers in Pax7@cZecZ gallg

To investigate the possibility that the Pax7-independent myo-
genic cells in adult muscle represent a Pax3-dependent lineage,
" cell cultures from limb and diaphragm were analyzed for Pax3
expression by immunohistochemistry. Cultures from both wild-
type and Pax7*%*Z diaphragm (unpublished data) and limb
(Fig. 5 B) muscles yielded similar numbers of MyoD"/Pax3”*
cells (Fig. 5 B). The majority of wild-type MyoD* cells did not
" express Pax3 (Fig. 5 B, arrows) but expressed Pax7 (not de-
picted). However, in cultures derived from Pax7“#Z muscle,
virtually all MyoD™ cells coexpressed Pax3 (Fig. 5 B, arrow-
heads), with very few MyoD*/Pax3~ cells detected, Altogether,
. these results suggest that Pax3 is expressed in a population of
myogenic progenitors in adult Pax7°Z*Z muscle.

Pax3*' myvogenic cells in adult
skeletal muscle -
. To demonstrate the presence of the Pax3™ myogenic cell popula-
" tion in wild-type animals, we performed RNase protection assay,
* in situ hybridization, and immunostaining on wild-type muscles.
By RNase protection assay, primary myoblasts isolated from
adult limb muscles and expanded over several weeks expressed
- éxt'remely low levels of Pax3 mRNA, and we were unable to de-
tect Pax3 protein by Western blot analysis (unpublished data). In
addition, Pax3 mRNA was below the limit of detection in
C2C12 myoblasts and myotubes. Furthermore, immunolabeling
. for Pax3 confirmed the presence of Pax3-expressing cells in wild
" type and Pax7"*?%Z Jimb musculature outside the basal lamina
_(Fig. 6, A-E and G-K). In contrast, Pax7™ cells in Pax7*"**
muscle were uniformly observed in a sublaminar position
(Fig. 6, B and E). Limb muscle of wild-type mice at P1 was also
. examined and we found a similar interstitial localization of
Pax3* cells and sublaminar positioning of Pax7™ cells (Fig. S2,
available at http://www.jcb.org/cgi/content/full/jcb.200508001/
DC1). In situ hybridization also detected the presence of Pax3-
expressing cells within the musculature of both wild type and
- Pax7"#Z diaphragm (Fig. 6, F and L). Immunolabeling of the
basal lamina confirmed the location of the Pax3™ cells outside
- the satellite cell location in the diaphragm (unpublished data). In
agreement with the in vitro data, Pax3* cells were found at a
similar abundance in both Pax7“%4Z and Pax7*'* muscle (1.6 *
* 0.5and 1.1 + 0.5 Pax3" cells/section in Pax7** and Pax7" %"
by in situ hybridization, respectively). These analyses reveal the
presence of myogenic Pax3" cells in the interstitial environment
in a niche distinct from the satellite cell compartment in both
mutant and wild-type musculature. ’

Caoexpressian af Pax3 and MyaD during
muscle regeneration in vivo

Fi_nally, we tested for whether the rare Pax3* myogenic cells
- have any biological function in vivo. TA and gastrocnemius
muscles were examined for expression of Pax3 and MyoD
2 d after CTX-induced regeneration. In resting muscles, none
of the Pax3™ cells expressed MyoD in either Pax7*"Z or
Pax7'#5°Z mice (Fig. 7 and not depicted). Within 2 d after
- CTX injection in Pax7"* mice, ~84% Pax3" cells expressed

Lamunn e Poax7

merge

L i' e

Figure 6. Pax3 expression in Pax7*?/%Z and Pax7*/%Z musculature.
{A-E and G—K Triple staining of adult EDL muscle sections with laminin,
Pax7, and Pax3 antibodies plus DAPI labeling of nuclei. Pax3* cells
{arrows), located in the interstitial space outside the basal lamina of myo-
fibers, exist in similar frequency in both Pax7*/°¢ (C) and Pax7*/%e<Z D)
muscles. Note that the Pax7* cell {arrowheads) in the Pax7*/“Z is located
in a sublaminar position. Bar, 10 um. {F and L} Pax3 in situ hybridization
on Pax7 "/ (F) and Pax7*#" (1) diaphragm also revealed the presence
of Pax3* cells in both genotypes. Bar, 25 pm.

MyoD (n = 74 cells from four 20X microscopic images taken
from regenerative regions); ~11% of the MyoD™ cells were
also Pax3™ (n = 569 cells from four regenerative regions; Fig. 7).
In the regenerating muscles of Pax7“Z"Z mice, ~29% Pax3*
cells coexpressed MyoD (Fig. 7; n = 80 cells from five regen-
erating regions). Whereas the number of Pax3" cells was com-
parable in Pax7*"*Z and Pax7“Z"“ muscles, the total number
of MyoD" cells in regenerating Pax7"*?"**Z muscle was only
5% of that in Pax7**Z muscles, a result consistent with the
impaired muscle regeneration in mutant mice. Among the

PAX7 REQUIRED FOR MUSCLE GROWTH AND REGENERATION » KUANG ET AL,
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Figure 7. Myogenic specification of Pax3* cells. during muscle regeneration. In resting muscle, Pax3* cells did not coexpress MyoD. In regenerating
Pax702/kZ and Pax7+/%Z muscles 48 h after CTX injection, many Pax3* cells coexpressed MyoD, indicating that these cells had acquired a myogenic
fate. Note that in Pax7+/%Z, the majority of MyoD* cells did not express Pax3 and are likely expressing Pax7. Bar, 20 um.

MyoD" cells in Pax7“#4Z regenerating muscles (n = 38 cells

from five regenerative regions), ~61% coexpressed Pax3, sug-
gesting that the majority of MyoD" cells were derived from the
Pax3 myogenic cells. In addition, the frequency of Pax3™ cells

‘in the regenerating region (>10 cells/field) was higher than in

the resting tissue (1-2 cells/section; see the previous paragraph),
suggesting that Pax3" myogenic cells are preferentially re-
cruited to the regenerating region and/or Pax3 expression is up-
regulated during regeneration. Together, these results indicate

‘that these interstitial Pax3* cells found in limb musculature

likely represent a novel lineage of myogenic progenitors that is
distinct from the Pax7™ satellite cell lineage of myogenic cells.

Discussion

Our analysis of Pax7"“Z"* mice clearly establishes an essential
requirement for Pax7 during postnatal muscle growth and re-
generation. Importantly, these experiments demonstrate that
Pax7 is required for presatellite cells to express genes normally
associated with functional satellite cells located in the sublami-
nar niche. Moreover, Pax7 is also required for the productive
formation of committed myogenic precursor cells from sub-
laminar satellite cells. Furthermore, our experiments have

-identified a novel population of interstitial Pax3-expressing

myogenic progenitors in adult limb musculature.

Using three different models of muscle injury in three
different muscle groups, our results demonstrate a severe re-
generation deficit in adult Pax7"?"*Z mice. Profound deficits

in Pax7"#** muscle regeneration have also been reported in a

mixed C57/BL/Sv129 genetic background (Oustanina et al.,
2004). Surprisingly, Oustanina et al. (2004) observed that post-
natal muscle growth appeared “essentially normal” despite the
extremely low number of satellite cells, the obviously smaller
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body size, and the increased number of smaller sized myofibers
in Pax7"?4Z mice in the mixed background. Our experiments
do not support these findings. We observed significant deficits
in muscle growth and regeneration capacity in Pax7"*%% mice
with loss of fast myofibers, calcium deposition, and chronic de-
generation associated with aging. The specific loss of fast mus-
cle fibers can be attributed to the deficient fiber growth, as
manifested by the reduced fiber size and myonuclei number per
fiber, susceptibility of fast fibers to damages, and inefficient
regeneration mechanisms to replace damaged fibers. In re-
sponse to acute damage, such as CTX- or crush-induced injury,
Pax7"?Z muscle was rapidly replaced by an inflammatory
infiltration, together with large calcium deposits and extensive
adipose infiltration. Only rare regenerated myofibers were
formed. Lastly, our results demonstrate that Pax7 is required
for the normal function of satellite cells and the productive for-
mation of myogenic precursor cells. Therefore, our study un-
equivocally demonstrates that Pax7-dependent myogenic cells,
which comprise the satellite cell compartment, are required for
the efficient regeneration of skeletal muscle.

The identification of rare regenerated Pax7““? myofi-
bers suggested the presence of Pax7-independent myogenic
progenitors within the muscle. In our experiments, myogenic
(MyoD™) cells were cultured from Pax7'*%“Z muscle at a
frequency of ~1/150 as compared with wild-type muscle.
However, our in vivo data suggests that Pax3* myogenic pro-
genitors may give rise to as much as 5% of MyoD"™ cells during
regeneration. Importantly, sufficient numbers of Pax7'#<%
myofibers were analyzed to conclusively demonstrate that
these Pax7"?* myogenic cells were not associated with myo-
fibers and therefore were not satellite cells. Specifically, con-
trol EDL myofibers contained ~9-10 Syndecand” satellite
cells per fiber. Therefore, if satellite cells were present on
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' Pax7"=Z fibers at a frequency of 1/150, one satellite cell
“would be observed for every 16 fibers. From our experiments,
- no Syndecand” cells were detected on a total of 197 fibers ex-
amined either by direct immunohistochemistry or following in
vitro culture. Although few B-gal™ cells (7% of control) were

. found on Pax7"“?"Z fibers, these cells did not express the sat-

ellite cell markers CD34 and Syndecan4 and were incapable of

on-fiber proliferation in culture, suggesting that they were inca-

pable of productively forming myogenic precursor cells. In ad-

dition, single fiber versus myofiber bundle culture experiments

- strongly support the notion that the myogenic progenitors
found in Pax7?Z mice were not associated with myofibers,

" arguing against a possible contribution from any residual Pax7-
deficient satellite cells.

- Recent findings have demonstrated the presence of resi-
dent or circulating stem cells in the muscle (Ferrari et al., 1998;
Bittner et al., 1999; Gussoni et al., 1999; Blau et al., 2001; Tor-
rente et al., 2001; Asakura et al., 2002; LaBarge and Blau,
2002; Qu-Petersen et al., 2002; Polesskaya et al., 2003; Drey-

- fus.etal., 2004). Our results suggest that these stem cells are in-
sufficient to compensate for the loss of satellite cell function in
- the absence of Pax7 or suggest that Pax7 is a key player in the
myogenic specification of most, if not all, adult stem cells. This
idea is further supported by our finding that the myogenic dif-
- ferentiation of Pax3" cells is reduced in the Pax7*%%Z mice,
by our previous studies showing that Pax7 expression is neces-
sary for the myogenic differentiation of CD45" muscle-derived
stem cells (Seale et al., 2004), and by recent studies showing
that embryonic stem cells giving rise to satellite cells apoptose
- or undergo nonmyogenic differentiation in the absence of Pax7
and -3 (Relaix et al., 2005).
The molecular function of Pax3 and -7 in myogenic speci-
fication remains to be fully defined. Genetically, Pax3 and -7
function upstream of Myf5 and MyoD, and Pax3-FKHD is capa-
" ble of activating MyoD transcription in fibroblasts (Khan et al.,
1999). In addition, several recent studies have reported that
newly activated satellite cells and proliferating myoblasts coex-
press Pax7 and MyoD in vitro (Halevy et al., 2004; Olguin and
Olwin, 2004; Zammit et al., 2004). Together, these findings
~ $upport the notion that Pax3/Pax7 directly or indirectly activates
the transcription of the myogenic regulatory factors. Moreover,
ectopic expression of Pax7 leads to enhanced proliferative and
survival potential of myoblasts (Seale et al., 2004). Likewise,
- transient activation of Pax3 expression in response to Notch sig-
naling has been reported in cultures of primary myoblast (Con-
boy and Rando, 2002), resulting in enhanced proliferation of
these cells. Interestingly, overexpression of Pax7 also seems to
down-regulate MyoD and promote cell-cycle withdrawal from
. the proliferating state, therefore playing a critical role in the
maintenances of the satellite cell pool (Olguin and Olwin, 2004;
~ Zammit et al., 2004). Our present data demonstrate that satellite
cells lacking Pax7 undergo arrest when forming myogenic cells.
Pax7 appears to function at multiple levels, including activation
" of the myogenic program, stimulating the proliferation and sur-
vival of myogenic progenitors, and the self-renewal of satellite
cells. Our experiments unequivocally demonstrate that Pax7-
deficient satellite cells that survive are incapable of giving rise

to functional myogenic progenitors. Therefore, we conclude
that Pax7 is required for sublaminar satellite cells to either form
functional myogenic daughter cells or maintain a renewable sat-
ellite cell pool. Importantly, these data imply that myogenic
commitment or specification occurs when satellite cells undergo
an asymmetric cell division to form a myogenic factor—expressing
daughter cell.

The rare MyoD" cells recovered from whole muscle
homogenates from Pax7*?" mice uniformly expressed Pax3.
Immunolabeling and in situ hybridization revealed the presence
of Pax3* cells in interstitial locations outside the basal lamina of
muscle fibers and not in the sublaminar satellite cell niche. The
interstitial Pax3" cells did not express MyoD in undamaged
muscle. However, after injury, the Pax3* cells rapidly increased
in number and were found to express MyoD. Expression of
Pax3-GFP or Pax3-nLacZ knockins has recently been reported
in postnatal diaphragm in a subset of Pax7-expressing satellite
cells, but expression was not detected in satellite cells in most
hind limb musculature (Buckingham et al., 2003; Montarras et
al., 2005; Relaix et al., 2005), as opposed to our observation that
they are located outside muscle fibers. In our experiments, we
only detected Pax3 protein in rare cells located outside of the
basal lamina and not in satellite cells. This discrepancy may be
the result of the different labeling techniques used and the
different thresholds of detection between immunostaining of en-
dogenous Pax3 versus bacterial enzymes or GFP with long half-
lives. It is also possible that the extralaminar Pax3-expressing
cells represent presatellite cells that require Pax7 to become
functional sublaminar satellite cells. However, the presence of
these cells in both wild type and mutant muscle, and the absence
of detectable Pax3 protein in Pax7-deficient LacZ" cells, sup-
ports the notion that the Pax3* cells represent a novel myogenic
lineage. Future studies applying immunolabeling to the knockin
mice may help clarify the discrepancy.

Together, our experiments suggest that the interstitial
Pax3" cells represent a novel myogenic lineage that is distinct
from the sublaminar Pax7™ satellite cell compartment. The nor-
mal role of these Pax3-expressing myogenic progenitors in
adult muscle remains to be established. It is interesting to spec-
ulate that Pax3-expressing myogenic cells have a specialized
role in adult muscle. For example, it is possible that these cells
have a role in the formation of muscle spindles, neuromuscular
junctions, myotendinous attachments, or other muscle special-
izations. Future studies characterizing the expression, differen-
tial activity, and developmental role of Pax3 and -7 in postnatal
myogenesis are thus required.

Materials and methods

Mice and injury protocols

Mice carrying a targeted reporter allele of Pax7 provided by P. Gruss
{Max Plank Institute for Biophysical Chemistry, Géttingen, Germany; Man-
souri et al., 1996} were backcrossed into the 129Sv/J genefic back-
ground for nine generations to generate 129Sv/}inbred mice carrying the
Pax7-lacZ allele. In these mice, the Pax7 gene was knocked out by in-
sertion of a B-gal gene and a neomycin cassefte into the first exon of
Pax7. The muscle phenotype was indistinguishable between C57BL/6- or
129Sv/Jinbred backgrounds and a C57BL/6 X 129Sv/}-outbred back-
ground. Mouse serum was prepared by coagulation and centrifugation of
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blood samples and assayed by the Department of Biochemistry at the
Children Hospital of Eastern Ontario. To investigate whether regeneration
is age dependent, 1-7-mo-old Pax7%"Z and Pax7'/" litermates were
used for dll regeneration experiments. However, no difference was found
in the regeneration efficiency of age groups tested. We therefore pooled
all data together in the results. For CTX-induced muscle regeneration, mice
were killed at 10 d or 1 mo after injection of 25 ul CTX (10 pM; Latoxan)
into the TA or the gastrocnemius muscles. For cell proliferation assays, 30

‘mg/kg BrdU {Sigma-Aldrich) was injected i.p. on days 4, 6, 7, and 8 after

CTX injection. For crush injury, TA or gastrocnemius muscles were crushed
using large forceps. Experiments were performed under University of
Ottawa regulations for animal care and handlings.

Cell and tissue culture

Single myofibers were isolated by collagenase digestion as previously de-

scribed (Charge et al., 2002] and subsequently plated in Matrigel-coated
chamber slides for attached culture or suspended in 60-mm Petri dishes
coated with horse serum to prevent fiber attachment. Myofiber bundles,
which contained ~10-50 myofibers and surrounding tissue, were pre-
pared and plated in chamber slides as per single myofiber culture but
without extensive trituratian. Primary myablasts were isolated from hind

limb ar diaphragm muscles and cultured as previously described (Meg-

eney et al., 1996).

Histology ]

For all injury and regeneration experiments, TA muscle was isolated, cut
at mid-belly, embedded in optimal cutting temperature compound (Tissue-
Tek},/20% sucrose, and frozen in liquid nitrogen for cryosections or fixed
in 4% PFA and processed for paraffin sections. Cryosections were used
for immunohistochemistry staining, and paraffin sections were used for he-
matoxylin—eosin, Alizarin red S {calcification), or Van Gieson’s {fibrosis)
staining. For postnatal fiber size analysis, lower hind legs were cryosec-
tioned and total fiber number and fiber size were analyzed on transverse

sections {10 pm) of the midbelly soleus and EDL muscles, using NIH Image

software. Fiber types were identified immunohistochemically with antibodies
specific for MyHC subtypes {see next section} as described previously
(Hughes et al., 1993).

'  Immunochemistry

In brief, cryosections, single myofibers, or cultured cells were fixed in 2-4%
PFA, quenched with glycine (100 mM glycine, 0.2% Triton X-100, and
0.1% sodium azide in PBS}, and blocked in PBS containing 2% BSA, 5%
goat serum, and 0.2% Triton X-100. Tissves or cells were then incubated
with the primary antibodies diluted in the same blocking solution and fi-
nally with biotinylated secondary antibodies or fluorophore-conjugated
secondary antibodies. The primary anfibodies used were. as follows:
mouse monoclonal anti-Pax3 (IgG2a; a gift from C. Ordhal, University of
California, San Francisco, San Francisco, CA; available from the Develop-
mental Studies Hybridoma Bank), rabbit anti-Pax3 (Active Motif and

Zymed Laboratories), Pax7 (Developmental Studies Hybridoma Bank}, rat

antilaminin (Qbiogene), laminin {DakoCytomation), Desmin {DakoCyto-
mation), CD34 (BD Biosciences), MyoD {5.8A; BD Biosciences), rabbit
anti-MyoD (C-20; Santa Cruz Biotechnology, Inc.), Myf5 {Santa-Cruz Bio-
technology, Inc.], MyHC [MF-20; Developmental Studies Hybridoma
Bank), embryonic fast MyHC [F1.652; Developmental Studies Hybridoma
Bank); MyHC lib (BF-F3; Deutsche Sammlung von Mikroorganismen und
Zellkulturen), MyHC | (A4.840) and lla {Ad.74; Developmental Studies
Hybridoma Bank), anti-B-gal {Invitrogen}, and chicken anti-Syndecan4
(gift of B. Olwin, University of Colorado, Boulder, CO; Cornelison et al.,
2001). BrdU detection was performed using the BrdU in situ detection kit
{BD Biosciences) following the manufacturer’s protocol. The secondary an-
tibodies used were Alexa488 anti-mouse IgG2a; Alexa568 anti-mouse
IgG1 (invitrogen}; and Fluorescein-, Rhodamine-, or Cy5-conjugated anti-
bodies {Chemicon}. Nuclei were counter-stained with DAPL.

In situ hybridization

Pax7*/* and Pax7'92/<Z adult diaphragms were processed for in situ hy-
bridization as previously described (Wallace and Raff, 1999). A Pax3
cDNA template was used for synthesis of sense and antisense digoxigenin-
labeled riboprobes {Goulding et al., 1993). After in situ hybridization,
sections were reacted with an antibody to laminin {DakoCytomation) and

a Rhodamine~onjugated secondary layer {Chemicon).

Statistical analysis and microscopy
Errors quoted are SEM throughout. Data were analyzed using unpaired
tests. Asterisks indicate significance at P < 0.05 and P < 0.01 throughout.
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Samples were visualized with a microscope {Axioplan2; Carl Zeiss Micro-
imaging, Inc.), and images were acquired using a camera (AxioCam;
Carl Zeiss Microlmaging, Inc.) and the Axioview 3.1 software (Carl Zeiss
Microlmaging, Inc.). Digital fluorescent images were captured at room
temperature with a 20X (plan-apochromat, air, NA 0.75) or 63% {plan-
apochromat, cil, NA 1.40) objective using the least possible exposure to
minimize bleaching. The final displaying levels were subsequently adjusted
similarly for all figures using Axioview or Photoshap {Adobe] software.

Online supplemental material

Fig. S1 shows the expression of B-gal in Pax7+/Z and Pax7'%%a<Z mys-
cles at PO. Fig. 52 shows Pax7" and Pax3"* cells in the limb muscle of a
wild-type mouse at P1. Online supplemental material is available at
http:/ /www.jcb.org/cgi/content/full /jcb.200508001/DC1.
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