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Abstract

DNase X is a DNase l-like endonuclease which is highly expressed in cardiac and

skeletal muscles. The protein is highly similar to DNase I and exhibits the same

enzymatic properties known for DNase I in vítro. A handful of previous studies has

provided information on the cellular localization of the protein, and its biochemical and

functional features as a DNA hydrolyzing enzyme; however, the biological role of DNase

X is not yet known. To address the function of DNase X in vivo, we have generated a

DNase X mutant mouse by targeted disruption of the gene. DNase X(rl mice are viable,

fertile, and develop normally after birth, though are lighter in body weight than their

wild-type littermates. We have shown that DNase X is dispensable for skeletal muscle

development, and macroscopic structure and morphology of muscles of the hindlimb in

DNase X(-/-) mice are comparable with wild-type muscles. DNase X(-/-) mice displayed

reduced fatigue tolerance when tested for their running performance. Histology revealed

that a notable proportion of fibers in soleus of older DNase X(-/-) mice have evidence of

damage/regeneration, which affected both slow and fast fibers equally. This phenotype

was most noticeable in soleus but also appeared in some other leg muscles in DNase X(-/-)

mice after treadmill running whereas no similar changes were observed in any wild-type

muscles studied. We carried out quantitative real time RT-PCR, and found no evidence of

sex- and age-association in the expression of DNase X in skeletal muscle. We examined

the possibility of functional redundancy by evaluating the mRNA expression profile of

other members of DNase I family in DNase X(-/-) mice, and found no significant variation

between the wild-type and mutant muscles. We also found that nuclease activity was

diminished in tissue extracts of DNase X deficient muscles, whereas no similar difference



was observed in other tissues. These findings suggest that DNase X is involved in the

normal physiology of skeletal muscle by preventing age- and stress-related fiber damage

in certain muscle types. This is the first report on DNase X null mice; however,

additional investigations will need to be performed to further charactenze the muscle-

specific phenotype in these mice, and to unravel the mechanisms conhibuting to this

unique phenotype.
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n iterature Review

1) Deoxyribonucleases

Deoxyribonuclases (DNases) are enzpes that cleave the phosphodiester bond in

the DNA backbone and promote the hydrolytic cleavage of the DNA molecule, and play

important roles in many biological processes during cell growth and development (Buttin

and Kornberg,1966; El-shemerly et al., 2005; Lehman, 1967; Neale et al., 2005; yan et

al., 2006). These include DNA synthesis and repair, maintaining chromosome stability

and suppressing tumor development, and regulating intracellular metabolism of nucleic

acids. The involvement of nucleases in programmed cell death indicates the crucial role

of these proteins in tissue remodeling and homeostasis (Enari et a1.,1998; Jacob.on 
"t 

ul.,

1997; Liu et aI., 1998a; Peitsch et al., lgg3). The importance of the DNA-degrading

function of DNases in normal physiology and in the prevention of pathologic conditions

such as progression of autoimmune responses have been addressed by studying mutations

which disrupt DNases function (Kawane et al., 2001;Napirei et al., 2XXl;Nishimoto et

a1., 2003; Shin et al., 2004; Yasutomo et al., 2001). A wide variety of nucleases have

been identified thus far. Effective control of these nucleases in cellular processes in vívo

is ensured by several mechanisms evolved to regulate the expression as well as the

activity of these enzymes. These include but are not limited to the control at the gene

expression level and the existence of alternative transcripts, and regulation of translation

as seen in DNase I (Kominato et al., 2006) and DNase I-likel (Coy et al., 1996), the

specific activation requirement such as pH as seen in DNase II enzymes (Evans and

Aguilera, 2003), the moderating effect of chaperone and/or inhibitor molecules as seen in

the interaction of CAD/ICAD (Enari et al., 1998; Liu et al., 1997), and finally the



sequestration in subcellular organelles such as compartmentalization of EndoG in the

mitochondrial intermembrane space (Ohsato et al., 2002). DNases differ in their

biochemical properties such as substrate specificity, mechanism of action, biological

functions and the expression pattern in different tissues. Based on their similarities either

at the sequence and structure levels or their functional characteristics, these proteins can

be classified into several groups. In one classification, DNases are categorized by their

dependency on metal ions as cofactors for their enzymatic activity. Endonucleases in

these groups may act independently of bivalent cations, or may require the presence of

ly':gz*, or both Ca2* and Mg2* ions for their function (Counis and Torrig\ia,2006). Brief

descriptions of the best known DNases in each group and their features will follow.

I -1) Cation-independent DNøses

DNase II or the "acid DNase" family is a well known example in this group.

DNase II family consists of three enzymes that promote DNA hydrolysis under acidic

conditions. These enzymes reside within the lysosomes and are most active at low pH

range (4.8-5.6), and do not require bivalent cations for their activity (Liao et al., 1989).

Enzymes in this group include DNase II (also called DNase II-a) (Liao, 1985; Yasuda et

a1.,1992; Yasuda et al., 1998), DNase II-B (DLAD/DNase Illike acid DNase) (Krieser et

al., 200r; Tanuma and Shiokawa, 1999), and L-DNase II (LEl-derived DNase II)

(Torriglia et al., 1998). L-DNase II is derived from a precursor molecule, Leukocyte

Elastase lnhibitor, which initially has an anti-protease activity. Proteolytic cleavage of

LEI and a subsequent conformational modification abolishes the anti-protease activity of

the protein and produces L-DNase II which has endonuclease properties. This conversion



can also be induced in vitro in acidic pH (Padron-Barthe et a1.,2007; Torriglia et al.,

1998). DNase II nucleases are encoded by distinct genes and cleave dsDNA

nonspecifically to produce short oligonucleotides with 3'-P/5'-OH termini (Barry and

Eastman, 1993; Harosh et al., 1991). DNase II and LEVL-DNase II are ubiquitously

expressed (Torriglia et al., 1998; Yasuda et al., 1998) while DLAD shows a restricted

tissue dishibution being mostly found in lens, salivary gland followed by lung, prostate,

and lymph node (Counis and Torriglia, 2006; De Maria and Bassnett,2007; Krieser et al.,

2001; Reynolds et a1., 1996). L-DNase II degrades DNA in apoptotic cells while DNase

II functions in phagocytes to clear the engulfed DNA of apoptotic cells (Mcllroy et a1.,

2000; Odaka and Mizuochi, 1999).

1-2) Mg2* -dependent DNases

One of the best described nucleases in this group is CAD (murine), which is also

known as DNA fragmentation factor 40 (DFF40, human) (Mukae et al., 1998; Scholz et

al., 2002). CAD is the main endonuclease that promotes cell-autonomous DNA

fragmentation and plays a major role during apoptosis (Earnshaw, 1995; Enari et al.,

1998). It generates double-stranded breaks in the internucleosomal linker regions across

chromatin to produce blunt ends with 5'-P and 3'-OH free ends. It first creates 50- to

300-kb products which are then further cleaved to oligonucleosomal fragments (Widlak

et a1., 2000). CAD has been shown to have a limited tissue distribution; it was mainly

found in heart, placenta, kidney, pancreas, spleen, prostate, ovary, colon, and peripheral

blood leukocytes while no expression was detected in several tissues including lung,

liver, skeletal muscle and thymus (Mukae et a1., 199S). In living cells, CAD resides in the

nucleus (Liu et al., 1998b; Samejima and Earnshaw, 1998) and its nuclease activity is



suppressed by the formation of a complex with the ICAD/DFF45 (Enari et al., 1998; Liu

et al., 1997) through a shared homologous domain at their N-termini (CAD or CIDE

domain) (Inohara et al., 1998; Mukae et a1.,1998). ICAD inhibits DNase activity of CAD

not by blocking its active site but by impairing its binding to substrate DNA (Enari et al.,

1998; Sakahira et a1., 200I). In the presence of apoptotic stimuli; however, activated

caspases promote the proteolytic cleavage of ICAD that reduces its binding affinity for

cAD (Liu et al., 1997; Sakahira et al., 1998). Two forms of ICAD (ICAD-L/DFF45,

ICAD-S/DFF35) have been identified both of which are cleaved by caspases. This leads

to homo-oligomenzation and activation of CAD and the subsequent initiation of DNA

degradation (Enari et al., 1998; Liu et al., L997; McCarty ú al., 1999; Sakahira et al.,

1998). GAAD (granzyme A-activated DNase) is another DNase in this group which is

activated by a similar mechanism through granzyme A-mediated cleavage of its inhibitor,

IGAAD (Fan et al., 2003). GAADÂ\MZ3-HL was initially identified as a tumor

metastasis suppressor protein (Steeg et al., 1988) which probably mediates its function by

repressing transcriptional activity of PDGF-A (Ma et al., 2002). Upon activation, GAAD

is able to induce single-stranded nicks in DNA molecules and produces multi-kb

fragments which may not be detected by conventional assays to identiff apoptotic DNA

ladders (Lieberman and Fan, 2003).

Endonuclease G (EndoG) is another well known example of Mg2*-dependent

nucleases which is highly conserved in mammals (Huang et al., 2002; Low et al., 1988).

The protein is located in the mitochondrial intermembrane space (Ohsato et al., 2002) but

upon activation of apoptosis it is released into the cytosol from where it translocates into

the nucleus to induce DNA degradation in a caspase-independent manner (Li et a1.,2001;



van Loo et a1.,2001). EndoG nicks ss-DNA and shows a preference to cleave guanine-

rich sequences and produces 5'-P|3'-OH ends (Ruiz-Carrillo and Renaud, 1987). EndoG

is ubiquitously expressed and is most abundant in the adult liver, heart and skeletal

muscle (Apostolov et al., 2007; Prats et al., 1997). The normal biological function of

EndoG is not clearly understood; whereas studies with endonuclease G-/- mice suggest the

function of the enzyme to be unrelated to mtDNA replication (Irvine et a1.,2005), other

studies indicate that it plays a role in cell proliferation (Cote and Ruiz-Carrillo, 1993;

Huang eta1.,2006).

Apoptosis-inducing factor (AIF) is another mitochondrial-confined endonuclease

in this group. tn the presence of Mg2*, AIF can bind to DNA in a non sequence-specific

manner and induce high-molecular weight (- 50kb) DNA fragmentation independent of

caspases (Susin et al.,1999). When cell death is induced, AIF is released and translocates

into the nucleus where it is believed to recruit and activate other endonucleases to

promote DNA fragmentation (Vahsen et al., 2006; Ye et al., 2002). This nuclear

multiprotein complex, called the degradasome, is a repertoire of interacting nucleases and

other proteins such as cyclophilin A which has been shown to be essential for

proapoptotic activity of AIF (Cande et a1.,2004; Parrish et al., 2003). AIF is ubiquitously

expressed and has a dual function in cellular processes. In addition to its proapoptotic

role when translocated into the nucleus (Susin et al., 2000; Yu et al., 2002), AIF is

involved in oxidoreductase activity of the cell through its FAD-binding domain when

located in the mitochondrial intermembrane space (Miramar et al., 200I; Susin et a1.,

1999). The importance of AIF function in physiology of mitochondrial respiration has



been shown in animal studies in which the AlF-mutant mice show a reduced tolerance to

oxidative stress (Klein et al., 2002).

Other nucleases in this group may include AMID, a homolog of AIF, which is

believed to reside primarily in the cytoplasm and triggers apoptosis upon overexpression

(Ohiro et al., 2002; Wu et al., 2002). Apel (Apurinic/Apyrimidinic endonuclease) is

another Mg2*-sensitive DNase, best known for its DNA repair function, which has been

shown to promote apoptotic DNA fragmentation (Demple et al., l99I; Robson and

Hickson, 1991; Yoshida et a1.,2003). Some of these nucleases have been shown to be

indispensable for normal development, yet the biological significance of others remain to

be understood.

1 -3) Mg2* /C ø2* -dep e nde nt D N øs e s

This group comprises diverse nucleases including DNase l-like enzymes, and

many other endonucleases which have been partially identified and are known by their

molecular weights. This latter group includes but is not limited to NUC 18 (an 18 kDa

endonuclease) (Gaido and Cidlowski, 1991; Montague et al., 1997), NUC 58 (Deng and

Podack, 1995), NUC 70 (Urbano et a1., 1998), 21 kDa (Ribeiro and Carson, 1993) and

97 \<Da (Pandey et al., 1997) endonucleases. These DNases have been isolated and

purified from different tissues and promote different biological functions. For instance,

NUC18 activation has been observed in the course of glucocorticoid-induced apoptosis in

thymocytes (Compton and Cidlowski, 1987), while NUC70 is exclusively expressed in

hematopoetic cells and although has not proven to play a key role in apoptosis, this

protein translocates into the nucleus when cell death is induced (Urbano et al., 1998).



1-3-I) DNøse I family of endonucleases

DNase I family consists of four distinct enzyrnes which share extensive

similarities with each other. These include DNase I (Price, 1975), DNase I-likel/DNase

X (Parrish et al., 1995), DNase l-like2 (Rodriguez et a1.,1997) and DNase I-like 3/DNase

y (Baron et al., 1998; Rodrigtez et al., 1997) which share 38-560/o identity at the amino

acid level [Fig. 1]. All the proteins in this family have N-terminal signal peptides, and the

residues at their likely active sites are well-conserved (Liu et a1., 1999; Shiokawa and

Tanuma, 2001). Furthermore, there are conserved regions with no currently assigned

function among these nucleases. These nucleases also exhibit identical enzymatic

properties. They are active in the presence of Ct* and Mg2*/Mn2* ions and are inhibited

by Zn2* ions. They have a preference to cut dsDNA and to cleave it to produce 5'-P and

3'-oH termini (Kishi et ã1., 200r Price, 1975; Shiokawa and Tanuma, 2001).

Endonucleases in this group exhibit optimum activity at neutral pH with an exception

being DNase I-like 2 which is most active at acidic pH range. DNase I nucleases are

encoded by distinct genes which are expressed at various levels in a wide variety of

tissues; however, high levels of expression of these enzymes can be exclusively found in

certain tissues/organs (Parrish et al., 1995; Rodriguez et a1., 1997; Shiokawa and

Tanuma, 200I; Zeng et al., 1997). Given the similarities between the members of this

family, and since DNase I is the only nuclease in this group whose structure is resolved

and whose function has been extensively studied, the key properties of this DNase will be

discussed in more detail.
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Figure 1. Comparison of primary structures of nucleases in human DNase I family. Multiple
alignment was performed using Clustal W program. These proteins share 37-56%o identity at
the amino acids level. Position of structurally and functionally important residues are
indicated by arrowheads and boxes, and are based on the known structure of DNase I. These
residues are well conserved in sequences of other DNases in this family. Blue box, putative
signal sequences predicted by PSORT II program (htþ:/þsort.nibb.acjp/). Intracellular; red
box, residues in two active sites (boxes with asterisks indicate residues in main active site);
green box, residues forming disulfide bridge; arrowheads, positions of residues forming two
structural Ca2*-binding sites. The RefSeq accession numbers for sequences are: DNãse I,
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1-3-1-1) DNase I

DNase I is a secretory glycoprotein and is the major nuclease present in serum,

urine and body secreta (Kishi et al., 1990a; Kishi et al., 1990b). It is one of the best

characteized enzymes with known structural, functional and biochemical properties.

DNASEI is a polymorphic gene that code for a 282-amino acid protein in human with six

known codominant allelic variants (Iida et a1.,1997; Yasuda et al., 1995a; Yasuda et al.,

1995c). It was the first DNase whose 3D structure was crystallographically resolved

(Oefner and Suck, 1986; Suck et aI., 1984). Several DNase I isozSrmes are known that

differ in their primary structures and/or carbohydrate chain contents (Abe and Liao, 1983;

Kishi et al., 1995; Yasuda et al., 1995b); nevertheless, all different isotypes display

similar physiological and catalytic properties in biological conditions (Price et al., I969a;

Salnikow et a1.,1970).

DNase I cleaves DNA in a non base/sequence-specific manner; however, it

shows a preference to cleave dsDNA at the 5' side of pyrimidines, and seems to recognize

sequence-specific structural features such as local variations in the twist angle between

adjacent base pairs in dsDNA (Lomonossoff et al., 1981; suck et al., 1984). The

hydrolytic reaction of DNA cleavage is performed via a chain of proton

acceptation/donation involving Glu, His, and water molecules. DNase I interacts with the

substrate dsDNA through a shallow groove between two p-sheets in its structure, with the

interacting surface covering about six base pairs at one side of the DNA double helix.

This binding results in the widening of the minor groove and bending of the DNA double

helix far from the binding surface (Suck and Oefner, 1986; Weston et al., 1992). The

tight fit of the interacting surfaces is an important factor to determine the feature and

9



frequency of cutting by DNase I. It has been shown that the variations in the minor

groove width as well as the flexibility of dsDNA are recognizedby the enzyme and are

main elements determining the DNase I hypersensitive regions (Lomonossoff et al.,

1981; Nelson et al., 1987). Residues directly involved in catalytic reaction and those

assisting the binding of the enzyme to its substrate are highly conserved among different

species and have been revealed through different experiments including mutation analysis

(Suck and Oefner, 1986).

DNase I has two strong Ca2*-binding sites (Ko: 1.4"10-5) which are essential for both

enzymatic activity and structural integrity of the protein. tn addition to stabilizing the

loop regions in the molecule, Ca2* protects DNase I from proteolytic digestion, and also

prevents the reduction of essential disulfide bond in the molecule and assists the refolding

of the semi-reduced enzyme (Oefner and Suck, 1986; Price et al., T969b). These

structural Ca2* ions, however, are different from the calcium found at the catalytic center

which is essential for enzymatic activity. The Ca2* at the active site seems to be involved

in correct positioning of the phosphodiester bond with respect to the enzyme, and

facilitating the nucleophilic attack by its positive charge (Suck and Oefner, 1986). In

addition to binding to C** and DNA, DNase I binds to both monomeric (G-actin) and

polymeric (F-actin) forms of actin with high affinity (.K¿ about 10 pM). The 1:1 complex

between G-actin and DNase I is able to inhibit both polymerization of actin monomers

and nuclease activity of DNase I, and binding of the enzyme to F-actin is strong enough

to depolymenzeF-actin polymers (Lazarides and Lindberg,1974; Mannherz et a1.,1975).

The biological significance of this interaction is not known yet. It might function either as

an inhibitory mechanism to control the nucleolytic activity of DNase I during celi cycle
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or it may imply a regulatory role for formation and function of actin filaments (Lazandes

and Lindberg,1974).

1-3-l-l-1) Clinical importance of DNase I

DNase I is generally regarded to have major role in the digestion of dietary DNA;

however, the enzyme has been purified from different mammalian tissues suggesting

other functions for the protein in biological processes (Nadano et a7., 1993; Polzar et al.,

lgg4). [n humans, more than 60 SNPs are known for DNase I gene, which are found at

5'-UTR, introns and the coding sequences. These polymorphisms along with mutations in

gene sequence have been shown to be associated with susceptibility to specific diseases

including systemic lupus erythematosus (SLE) (Yasutomo et al., 200I), gastric and

colorectal carcinoma (Tsutsumi et al., 1998; Tsutsumi et al., 2000), and myocardial

infarction (MI) (Kumamoto et al., 2006) in certain populations. DNase I has been

considered as a novel diagnostic tool and therapeutic agent'in.certain clinical conditions.

These applications are mainly based on the analysis of DNase I activity in body fluids

and/or phenotype identification by isoelecteric focusing separation of different isozymes

(Basso et al., 1985; Funakoshi et al., T979a; Tsutsumi et al., 2000). The abrupt increase of

DNase I in the serum of patients with acute MI makes it a potential marker for early-

phase of myocardial ischemia/infarction (Kawai et al., 2004). Additionally, significant

increase in serum DNase I activity was detected during the development of breast cancer

(Ramandanis et al., 1982) whereas cases of pancreatitis and glomerulonephritis have been

correlated with reduced levels of DNase I activity in blood (Chitrabamrung et al., 1981;

Funakoshi et al., 1979b). As a therapeutic agent, aerosolized recombinant-human DNase
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I (rhDNase I) has been widely used to improve symptoms in cystic fibrosis by decreasing

the viscosity of mucosal secretion (Laube et al., 1996; Wilmott et a1., 1996). Moreover,

rhDNase I has shown dramatic effects in the management of both the acute and refractory

forms of asthma (Patel et al., 2000).

1-3-1-2) DNøse X

DNase X is the first human DNase protein identif,red to be homologous to DNase

I (thus called DNase I-likei) (Parrish et a1., 1995). The protein is 38% identical and 58o/o

similar in primary sequence to that of DNase I, and exhibits the same bivalent cation

dependency as DNase I (activated by C** and Mg2* in a synergistic manner and strongly

inhibited by Znz*) (Coy et al., 1996; Parrish et al., 1995; Shiokawa and Tanuma,200l).

Similar to DNase I, the nuclease activity of DNase X is inhibited by G-actin, though the

actin-binding residues in DNase I molecule are not well conserved in the DNase X

sequence. DNase X gene is located at q28 region of the human X chromosome and is

highly expressed in both cardiac and skeletal muscles, where the other DNase I family

members are barely expressed (Los et al., 2000; Parrish et a1., 1995; Pergolizzi et a1.,

1996; Shiokawa and Tanuma, 2001). This muscle-specific DNase is also found at low to

moderate levels in most tissues, with the lowest expression levels in brain and thymus

(Los et al., 2000; Shiokawa et al., 2005). Several alternative transcripts of DNase X have

been identified in different tissues which differ in the 5'-UTR and all code for an

identical protein (Coy et al, 1996; Los et al, 2000; Pergolizzi et al., 1996). Many of the

features of DNase X gene/protein are conserved among mammals (Shiokawa et a1.,

2005). The murine DNase X is > 660/o identical to human DNase X at the amino acid
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sequence level and exhibits the same distribution being highly expressed in cardiac and

skeletal muscles (Los et a1.,2000 Shiokawa et a1.,2005).

Figure 2. Schematic representation of DNase X mature protein. DNase X contains a
predicted N-terminus signal peptide, which is removed from the mature protein. A
hydrophobic sequence at the C-terminus of the protein may serve as a transmembrane
(TM) segment, or GPl-modification site (GMS) to anchor the protein in the membrane.
The presence of a helix-loop-helix (HLH) motif in DNase X structure suggests that the
protein may function in a dimer complex. The hatched box represents region containing
active sites, S-S bridge, and Ca2+-binding sites.

Human DNase X is a 3}2-aaprotein with a predicted N-terminus signal peptide, a

C-terminus hydrophobic stretch which may serve as a membrane-associated segment, and

a helix-loop-helix domain (Parrish et al., 1995) fFig. 21. All mammalian DNase X

proteins have potential sites for N-glycosylation, and the leader peptide and the C-

terminal hydrophobic region seem to be conserved in their sequences (Shiokawa et al.,

2005). DNase X has been shown to be glycosylated, although it is not proven to be

secreted form the cell (Los et al., 2000; Shiokawa and Tanuma,200I). It has been

reported that DNase X is a GPl-anchored membrane protein whose function is to provide

a barner to inhibit endocytosis-mediated transfer of foreign DNAs by hydrolyzing them

13



in endocytic vesicles (Shiokawa et al., 2007). DNase X has been reported to be able to

induce apoptosis upon overexpression and cause internucleosomal DNA-fragmentation in

isolated nuclei (Los et al., 2000); however, involvement of DNase X in apoptosis was not

detected in a separate study using a different cell line (Shiokawa and Tanum a,200I).

1-3-1-3) DNøse l-líke 2

DNase I-like 2 (DNaseIl2) is the only member in the DNase I family and the only

enzpe in divalent cation-dependent nucleases group that has acidic pH optimum (pH 5-

6) (Shiokawa et al., 2004). DNASEII2 codes for a protein which is 560/o identical to

DNase I in amino acid sequence (Rodrigaez et al., 1997). Several splice variants of

DNASEII2 have been identified that code for at least two different proteins (299 and 278

aa) that exhibit identical enzymatic properties (Shiokawa et al., 2004). The proline-rich

domain which is a unique feature of DNaseIl2 is absent in the short form of the protein

(DNaseIl2S). DNaseIlZ was primarily found to be expressed in fetal and adult brain;

however, later studies demonstrated a low level of expression in almost all tissues.

DNaseIl2S seems to be exclusively expressed in myeloid cells (Rodrigtez et al., 1997;

Shiokawa et al., 2004). DNaseIl2 is located in the cytoplasm, and similar to DNase I is

secreted in vitro (Shiokawa and Tanuma, 200I). In cultured cells, DNaseIl2 did not

translocate into the nucleus during apoptosis (Shiokawa and Tanum a, 2001); yet it is

likely that this nuclease becomes activated and plays a role in apoptosis in vivo following

the intracellular pH changes during the cell death process. Shiokawa et ql. showed that

the expression of DNaseIl2 is induced by TNF-o, most likely through the interaction with

apotential NFKB binding site in the 5'flanking sequence of the gene (Shiokawa etaI.,
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2004). Subsequently, the authors have proposed that DNaseIl2 becomes activated via the

NFrB pathway and secreted into the extracellular space to play a role in the clearance of

harmful DNA of damaged cells and pathogens.

1-3-1-4) DNase IJíke 3

DNase I-like 3 (DNaseIl3/DNase y) is a 305-aa protein which is 460/o identical to

DNase I at the amino acid level (Rodriguez et al., 1997). The protein contains two

functional nuclear localization signals which are not found in other members of the

DNase I family (Rodriguez et al., 1997; Shiokawa et al., 2003). DNaseIl3 is

predominantly expressed in lymphoid organs such as the spleen, lymph node, thymus and

bone marrow (Shiokawa and Tanuma, 2001; Zeng et al., 1997).It is primarily localized

in the nucleus and has been shown to become activated and promote DNA fragmentation

during apoptosis (Shiokawa et a1., 2003; Yakovlev et aI., 1999). The biological role of

DNaseIl3 is not known; however, it has been reported to be involved in the generation of

double strand breaks in variable region of immunoglobulin genes contributing to the

rearrangement of immunoglobulin genes through somatic hypermutation (Okamoto et al.,

2005). DNaseIl3 is scarcely expressed in adult muscle cells where DNase X is highty

expressed. Nevertheless, it has been shown that DNaseIl3 is upregulated in C2CI2

cultured myoblasts during myogenic differentiation (Shiokawa et al., 2002). DNaseIl3 is

suggested to be involved in apoptosis associated with myogenesis, and induce DNA

degradation in myoblasts that fail to commit to differentiation.
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1-4) Anímøl models to study DNøses function

1-4-l) DNase II

DNase II has been shown indispensable for erythropoiesis in mouse fetal liver. DNase II-

null mice showed multiple organ defects including the kidney, diaphragm, lungs and

severe anemia (Kawane et al., 2001; Krieser et al., 2002). While heterozygous mutant

mice were healthy, homozygous DNase II deficient mice died either in utero or just after

birth owing to severe anemia and/or asphyxia. Histologic examination of different tissues

in these mice revealed the presence of many, foci with central macrophages containing

inclusions that seemed to be engulfed but undigested pycnotic nuclei. The defect seemed

to be in phagocyte-mediated degradation of DNA expelled from erythroid precursor cells

by macrophages lacking DNase II, and not an autonomous DNA fragmentation defect in

DNase II deficient erythrocyte lineage. This accumulation of undigested DNA seems to

trigger an acute cellular response by upregulating interferon-inducible genes leading to

animal death. This was identified by generating mouse deficient in both DNase II and

interferon type 1 receptor, which was viable despite the presence of undigested DNA in

its tissues (Kawane et al., 2001; Yoshida et al., 2005).

1-4-2) CAD

The physiological importance of engulfed-mediated DNA degradation and the

involvement of DNase II which acts as the main enzyme in this process was further

showed by generating CAp{-/-) mice as well as DNase 11cr-)7ç4p{-/-) double-knockout

mice. CAD deficient mice were viable and developed normally whereas the phenotype of

DNase ¡Gr-|çAn{-/-) embryos was similar to that of DNase II(-/-) mice (Kawane et al.,
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2003). Kawane et al. showed that CAD deficient th5rmocytes did not undergo apoptotic

DNA fragmentation; however, apoptotic cells were phagocytosed by macrophages and

their DNA was successfully degraded. Further analysis showed that the development of

thymus and T cells were significantly impaired in embryos lacking both DNase II and

CAD. It was suggested that CAD in apoptotic thymocytes and DNase II in macrophage

lysosomes act cooperatively to degrade the DNA of apoptotic cells during T cell

development (Kawane et al., 2003). Recently, it was shown that inducible deletion of

DNaseII gene in mice triggered the development of chronic polyarthritis similar to human

rheumatoid arthritis (Kawane et al.,2006).It has been proposed that the initial event in

the pathogenesis of polyartheritis phenotype is the failure of macrophages to degrade

DNA during erythropoiesis. This results in upregulation of TNFo which in turn induces

the generation of various proinflammatory cytokines by synovial cells.

1-4-3) DLAD

DI.ADGT-) mice showed no gross developmental abnormality but developed a

progressive cataract (Nishimoto et al., 2003). The presence of undigested DNA in the

epithelial layer of lens suggested that DLAD is involved in the degradation of DNA

during differentiation of lens cells. In the absence of DLAD, undigested DNA

accumulates in the fiber cells, which subsequently blocks the light path.

1-4-4) EndoG

EndoG mutant mice have been developed separately by three different groups

(David et a1., 2006; Irvine et al., 2005; zhang et al., 2003). Studies by David et al. and
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Irvine et al. demonstrated similar results which differed from those of study by Zhang et

al. The original description of EndoG(/-) mice by Zhang et al. delineated that these mice

were not viable and died at an early stage (E2.5-E3.5) of embryonic life. They showed

that the sensitivity to cell death stimuli was reduced in different cells in EndoG

heterozygote mice, and suggested that EndoG is required for embryogenesis, and is

involved in normal development by regulating the apoptosis at early developmental

stages (Zhang et a1.,2003). On the contrary, the results of the two other studies (David et

al., 2006; Irvine et al., 2005) revealed that EndoG mice were viable and developed

normally after birth. They showed that EndoG(-/-) cells exhibited a similar susceptibility to

pro-death insults as compared to wild-type cells, and concluded that EndoG is dispensible

for early embryogenesis, and that loss of protein function does not affect apoptosis in

EndoG deficient cells. The discrepancy seemed to be a result of different targeting

strategies used by these groups which resulted in the disruption of a neighboring gene

(D2ï4rsu8le) with a partial overlap with Endoc, which was not compatible with life in

mice generated by Zhang et al.

1-4-5) DNase I

DNase l-deficient mice showed an SLE-like phenotype with antibodies against

nuclear antigens, and immune-complex glomerulonephritis Q{apirei et al., 2000). The

expression of DNase I was reduced to half in DNase I heterozygous mice compared with

the wild-type littermates, and the mutant mice developed the phenotype in a DNase I

dose dependent manner with the incidence of the disease being lower in heterozygous

than in homozygous animals. Napirei et al. suggested a protective role for DNase I to
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prevent the stimulation of an autoimmune response by removing the DNA from soluble

or deposited nucleoprotein complexes. This may be of a particular importance at sites

with high cellular turnover such as gasterointestinal and genitourinary tracts, where

DNase I is expressed at high levels (Polzar et al., 1994; Takeshita et al., 1997). The

involvement of DNase I in the pathogenesis of an SLE+ype autoimmune phenotype was

frequently evidenced by identifoing DNase I gene mutations in SLE patients (Bodano et

a1.,2006; Shin et a1.,2004; Yasutomo et al., 200i).

2) Skeletal muscle

Skeletal muscle is a syncytium of highly-arranged myofibers with postmitotic nuclei. It is

rich in connective tissue, and is highly vascularized which provides it effìcient access to

oxygen and other nutrients. Skeletal muscle is a heterogeneous tissue composed of a

vanety of muscle fibers that differ in their metabolic and contractile properties (Brooke

and Kaiser,1970). As they mature, myofibers become innervated by single motor neuron

whose activity is a factor to determine the characteristics of myofibers to form motor

units. Myofibers are classically defined on the basis of the expression of specific myosin

heavy chain (MHC) isoforms, and are divided into two major groups of slow-twitch (type

I) and fast-twitch (type II) fibers. Type II fibers are further divided into several subtypes

including type IIA, type IDIIID and type IIB fibers (Bar and Pette, 1988; Gardiner,

2001; Schiaffino et al., 1989). Alongside the variability in the expression of MHC genes,

muscle fibers differ in their content of other muscle-specific proteins as well. The slow-

and fast-twitch fibers express different isoforms, or various concentrations of most of the

myofiber proteins including tropomyosin, myosin light chain, membrane proteins
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mediating calcium hafficking, and many metabolic enzyrnes (He et a1.,2000; Okumura et

a1.,2005; Pette and Staron, 1997). This diversity enables different muscle groups, which

contain various proportions of these fibers, to exhibit a variety of functional properties.

Slow-twitch fibers have a low velocity of shortening and develop modest power. These

fibers are rich in mitochondria and enzyrnes for oxidative metabolism, which make them

resistant to fatigue and therefore suitable for long-term activities that need endurance.

Fast-twitch fibers provide powerful, rapid and short-lasting contractions and sustain

muscle performance in anaerobic activities. Type II fibers differ in their content of

oxidative and glycol¡ic enzymes and subsequently exhibit various degrees of resistance

to fatigue. Type IIB fibers have a pure glycolytic metabolism and high velocity of

contraction whereas type IIA fibers benefit both oxidative and glycolytic pathways and

possess the slowest speed of contraction among fast fibers (He et a1.,2000 Takekura and

Yoshioka, 1987). The main characteristics of these fiber types are summarized in Table i .

Alongside the fibers that express a single MHC isoform, there is a wide spectrum

of hybrid myofibers in a muscle that coexpress two different MHC isoforms (Billeter et

al., 1980; Bottinelli et al., 1994). During embryonic muscle development, many of these

subtypes can be identified in muscle fibers; however, shortly after birth the majority of

myofibers exhibit an established phenotype (Biressi et al., 2007b; Garry et al., 1996;

Sacks et al., 2003; 'Wigston 
and English,1992).In adult muscle, myofibers can remodel

their phenotype and switch from one type to another in response to physiological

demands such as activity or hormonal alterations. These changes occur as a result of gene

expression reprogramming which alters metabolic and contractile properties of muscle
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fibers and lead to the appearance of innumerable fiber type transients (Mu et al., 2007;

Pette and Staron, 1997; Shi et a1.,2008).

2-1) Skeletal muscle remodeling

2-1-l) Myogenesis

During embryogenesis, skeletal muscle passes through several defined steps that

are tightly regulated. Skeletal muscle development starts with mesoderm-derived

progenitor cells that become committed to the myogenic lineage and form myoblasts.

Subsequently, myoblasts cease proliferation, and differentiate and fuse to form myotubes,

which further develop into highly specialized, multinucleated myofibers (Biressi et al.,

2007a). The myogenic program is initiated by a complex series of spatiotemporal

signaling events in the paraxial mesoderm and the somites, which provides a permissive

and inductive environment to initiate muscle specification and morphogenesis (Linker et

al., 2003). The interplay between promoting and suppressing signals is mainly derived

from neighboring structures such as neural tube, floor plate, surface ectoderm and

notochord coordinates myotome formation (Brent and Tabin, 2002; Munsterberg and

Lassar, 1995). The signaling events involve several pathways including Sonic Hedgehog

(shh) and Wnts that activate downstream molecules to switch on the muscle-specific gene

program (Cossu and Borello , 1999; Fan et al., 1995; Munsterberg et al., 1995; Reshef et

al., 1998). In vertebrates, a number of muscle regulatory factors (MRFs), which belong to

the basic helix-loop-helix (bHLH) family of transcription factors, play a central role in

promoting myogenesis (Braun et al., 1989; Davis et al., 1987; Edmondson and Olson,

1989; Rhodes and Konieczny,l9S9; Tajbakhsh et al., 1998; Wright et al., l98g). MRFs
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consist of 4 transcription factors, MyoD (Myf,l), Myf5, Myogenin and MRF4 (Myf6),

which are exclusively expressed in the skeletal muscle lineage and are capable of

inducing myogenesis in non-myogenic cell lines (Russo et al., 1998; Young et a1.,1998).

These myogenic transcription factors activate the muscle-differentiation gene progïam

via association with ubiquitous E-proteins and binding E-boxes in the regulatory

sequences of target genes (Lassar et al., 1991). Studies of animal models with mutations

in MRF genes have proven the critical role of MRFs during skeletal muscle development,

and revealed a functional redundancy as well as a hierarchy among MRF family members

(Hasty et al., 1993; Nabeshima et al., 1993; olson et al., 1996; Rawls et al., 1995;

Rudnicki et al., 1993; Venuti et a1.,1995). In addition to and in association with bHLH

MRFs, there are many other transcription factors such as MEF (myocytes enhancer

factor) family and Pax proteins which are expressed at different stages of muscle

development during embryonic and postnatal life (Black and Olson, 1998; Joste, 
"t 

ul.,

1990; Naidu et al., 1995; Relaix et al., 2006). It has been shown that the consensus

binding sequences for these transcription factors are present within the regulatory regions

of many muscle specific genes.

2-1-2) Skeletøl muscle adaptøbilìty

Skeletal muscles show a major capacity to modifu their molecular, metabolic and

functional phenotype, and undergo remodeling in response to environmental changes. It

has been known for many years that alteration in innervation pattern of muscles results in

a gradual transformation of the fiber type (Pette and Vrbova, 1985). A similar phenotype

change occurs when muscles are exposed to chronic electrical stimulation or exercise
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training (Pette et al., 1972; Pette and vrbova, 1985; windisch et al., 1998). This

remodeling is mediated by contraction-induced alterations in intracellular calcium or

reactive oxygen species which serve as signals to activate various pathways that induce

carefully orchestrated changes in protein composition of myofibers. These changes are

rapid at the gene expression level, but it takes longer (weeks to months) for muscles to

change the intracellular level of protein isoforms and adapt a new phenotype (Pette and

Staron, 1997). A variety of signaling pathways including Ras/MAPK, IGF/AKT/mTOR,

calcineurin/HDAc and CaMK/NFAT, and multiple transcription factors, coactivators and

corepressors are involved in muscle fiber specification and remodeling. MEF2 is a well

recognized component in this fiber transition process whose function in activating the

muscle gene program is regulated by activation and suppression pathways in response to

intracellular Ca2* fluctuations incurred by physiological signals. The activity of nuclear

MEF2 is inhibited by its binding to class II HDAC proteins. The activity of HDACs is

regulated by their phosphorylation status which in turn can be affected by changes in

cytosolic lct.l (Lu et a1.,2000; McKinsey et a1.,2000a). Elevated Ca2* level activates

CaMK-IV leading to the phosphorylation of HDACs, which subsequently results in

dissociation of these proteins from MEF2 allowing it to initiate fiber-specific gene

program through its associating with other proteins. The inhibitory effect of HDACs can

also be reversed by activation of the calcineurin/NFAT pathway (Chin et al., 1998).

Calcium binding to calmodulin activates Caz*lcalmodulin-activated phosphatase

calcineurin which dephosphorylates NFAT. This results in the translocation of NFAT

from the cytoplasm to the nucleus where it interacts with and recruits coactivators

possessing HAT activity to MEF2 tnggenng its dimerization and association with other
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muscle-specific transcription factors (Dolmetsch et al., 1997; McKinsey et al., 2000b).

The activity of MEF2 is also regulated by p38 MAPK which phosphorylates MEF2 on

various threonine residues in its transcriptional activation domain and enhances its

transcriptional activity (Zhao et a1.,1999).

2-2) Muscle damage

The mechanisms underlying muscle damage are poorly charactenzed. It has been

known for many years that damaged muscles have elevated levels of intracellular

calcium, which has a central role in the development of myofiber damage (Duncan,

1978). The role of calcium and pathways involved in promoting muscle damage, and the

mechanisms contributing to influx of calcium form extracellular matrix have been widely

investigated. Several ion channels including stretch-activated channels as well as

induction of microlesions in myofiber membrane have been speculated to be ports of

calcium entry into the cytosol (Duncan and Jackson,7987; McNeil and Khakee, 1992;

Yeung et al., 2005). Membrane defects appear as a natural consequence of muscle

activity, which is particularly pronounced in stretched/eccentric muscle contractions. It

has been reported that in normal fibers, these breaches are repaired in less than 1 minute,

and the slower rate of repair is associated with fiber damage and dystrophic phenotype in

muscle (Bansal et a1., 2003).In addition to mechanical shear, development of membrane

defects may be induced by increased production of free radicals such as nitric oxide and

oxygen species in muscle cells. Reactive oxygen species (ROS) are generated within the

cell as byproducts of several metabolic and enzymatic pathways; however, the majority

of cellular ROS are generated within the mitochondrial electron transfer chain. ROS
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promotes lipid peroxidation and oxidation of strucfurally important proteins in cellular

membranes. This results in physicochemical changes in lipid bilayer and leads to

increased permeability of these membranes (Mason et al., TggT). Moreover, nitric oxide

is produced by two NOS isoforms (eNOS and nNOS) which are constitutively expressed

in myofibers. Elevated LCt.l induces nitric oxide production through calmodulin

binding-dependent activation of both NOS isoforms. lncreased levels of ROS and nitric

oxide in skeletal muscle, as seen in physical exercise, affect muscle physiology at both

tissue and cellular levels and mediate oxidative injury in muscle (Davies et al., 1982;

Jenkins and Goldfarb,1993; Reid and Durham, 2002). ROS and nitric oxide both induce

calcium channel opening at high concentrations, and interact with each other to form

highly-reactive free radical derivatives which further disturb ion homeostasis and damage

membrane integrity. This leads to the sustained influx of extracellular calcium which

overrides the bufferin g capacity of the cell to maintain physiologic levels of intracellular

calcium. Elevated LCt.l may act as a positive feedback and further exacerbate ROS

generation by dysregulating mitochondrial function (Brookes et al., 2004). This increase

in cytosolic amounts of calcium activates calpains which can degrade cytoskeletal

proteins and drive tissue degeneration (Belcastro, 1993; Carafoli and Molinari, i998).

Additionally, elevated lC*.1 can activate phospholipase A, leading to additional

disruption of membrane structure (Duncan and Jackson, 1987; Howl and Publicover,

1eeO).

Muscle injury is charactenzed by loss of force, release of soluble intracellular

enz)irnes, calcium influx as well as ultrastructural, morphologic and histologic changes

(Friden et al., 1983; Jones et a1., 1983; Wood et a1., 1993). The major histopathologic
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event in muscle degeneration is necrosis of muscle fibers accompanied by the recruitment

of mononucleated cells (Tidball, 1995). Muscle degeneration is followed by the

activation of repair processes which are charactenzed by molecular and morphological

changes such as appearance of fibers with small diameter and centrally located nuclei.

Skeletal muscle shows increased susceptibility to injury, and reduced capacity for

regeneration with age. Age-related decline in physiological function is postulated to be a

result of impaired mitochondrial function due to accumulation of mtDNA mutations, and

increased oxidative stress and free radical production (Esposito et al., 1999; Harman,

1956; Jenkins and Goldfarb, 1993; Marzani et al., 2005; Miquel et al., 1980; Tanaka et

al, 1996). Mitochondria, as the major source of oxidants , are targets for the toxic effects

of free radicals themselves. The increased level of free radicals further compromises

mitochondrial function by depressing its enzpe activity, damaging mtDNA and

mitochondrial membranes. Active metabolic state and high oxygen utilization rate in

skeletal muscle provide the potential for generation of free oxidative radicals in this

tissue. Free radical production varies in fast and slow muscles which may confer fiber

type-specific susceptibility/resistance to oxidative damage (Perez et a1., 2002). The

vulnerability to oxidative damage also depends on the muscle antioxidant properties

which differ between various muscles (Ji et al., 1992).

2-3) Skeletøl muscle regenerøtion

Skeletal muscle has a remarkable capacity for regeneration and maintaining

muscle performance after injury. Upon muscle injury and degeneration, a finely-

orchestrated series of cellular response becomes activated that leads to the repair of
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damaged fibers. In adult skeletal muscle, a class of cells with stem cell characteristics,

termed satellite cells are associated with muscle fibers and are responsible for

regeneration of mature fibers (Mauro, 1961;Seale and Rudnicki,2000). Muscle injuries

have been shown to trigger the release of soluble factors that provide signals to activate

satellite cells. Activated satellite cells proliferate and give rise to new myonuclei which

subsequently differentiate into myoblastic cells. These new myoblastic cells either fuse

with each other to form new myofibers or fuse with an existing damaged fiber to repair

and replace it (Hawke and Garry, 2001). Activation of satellite cells initiates a myogenic

program which is associated with upregulation of muscle transcription factors including

MRFs, and the subsequent expression of muscle*specific genes. Satellite cells which

become activated and form the adult myoblasts can be identified by high expression of

two of MRFs, MyoD and Myf5 (Cornelison and Wold, 1997; Fuchtbauer and Westphal,

1992; Grounds et al., 1992). Terminal differentiation is completed with the activation of

cell cycle-dependent kinase inhibitors that induce myofibers to permanently withdraw

from the cell cycle and enter postmitotic state (Fuchtbauer and Wesþhal,1992; Grounds

et al., 1992; Lassar et al., 1994; Yablonka-Reuveni and Rivera, 1994; Zhang et al, 1999).

Regeneration in skeletal muscle is associated with histologic changes which are

used to identifu the repair process. The regeneration phase is similar in different muscles;

however, the kinetics of the process vary depending on the cause and extent of the

damage as well as the strain in animal models (Irintchev and Wernig,1987; Lefaucheur

and Sebille, 1995; Roberts et al., 1997). Degenerated fibers can be found within few days

after injury followed by the appearance of regenerating fibers which leads to a normal

muscle by few weeks to months (Carlson and Gutmann,I975; Harris and Johnson,1978).
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The main morphologic features include myofibers which are small in size and express

embryonic forms of MHC and the appearance of centrally placed myonuclei that can be

identified on muscle cross-sections (Maier et al., 1986; Winchester and Gonyea, 1992).

Fiber splitting/branching is also seen in regenerative fibers, a phenomenon which occurs

as a result of incomplete fusion of fibers surrounded by the same basal lamina (Blaivas

and Carlson, 1991; Blaveri et al., 1999). After the fusion of myogenic cells is completed,

myofibers grow and increase in size, and their myonuclei move to the periphery of the

fiber where they are located in normal fibers. These mature regenerated myofibers are

indistinguishable from undamaged fibers both morphologically and functionally (Charge

and Rudnicki, 2004; Lancut et al., 2004). The normal muscle architecture is restored by a

variety of trophic factors such as IGF, neural-derived factors and FGF, which are

involved in maintaining the balance between growth and differentiation of satellite cells

(Hawke and Garry, 2001).

3) Apoptosis in skeletal muscle and the involved nucleases

In multicellular organisms, apoptosis plays a crucial role in developmental

processes and tissue homeostasis. [n skeletal muscle, however, the role of programmed

cell death is less understood. Skeletal muscle is a unique tissue in that muscle fibers are

multinucleated cells in which the myofiber cytoplasm is virtually segregated into many

domains each supported by a single nucleus (myonuclear domain). The presence of

hundreds of myonuclei in each muscle fiber, some of which may undergo apoptosis while

the others and the whole fiber are unaffected, displays a unique feature of apoptotic

process in muscle. Apoptosis is induced in skeletal muscle in a variety of physiological
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and pathological conditions including exercise, atrophy, denervation, and

dystrophinopathies (Borisov and Carlson, 2000; Podhorska-Okolow et al., i998; Smith et

aI.,2000; Tews and Goebel, 1997;Tews et al., 1997).In adult skeletal muscle, apoptosis

has been shown to be increased with senescence, and proposed to be associated with age-

related muscle wasting through progressive loss of myocytes and myonuclei (Dirks and

Leeuwenbu r gh, 2002 ; Dupont-Verstee gd en, 20 0 5 ; P o ll ack et al., 20 02) .

Despite the abundance of investigations over the past years to reveal the

mechanism of apoptosis in muscle cell, the intracellular death effectors and the pathways

involved are poorly charactenzed. Several lines of evidence have indicated that both

caspase-dependent and -independent pathways might be involved in muscle fiber

apoptosis (Chung and Ng, 2006; Dirks and Leeuwenburgh, 2002). Mitochondria, whose

dysfunction has also been reported to be associated with aging, may play acentral role in

the progression of apoptosis in muscle cells, and may proceed cell death via activation of

both caspase-dependent and -independent pathways. Mitochondria activate the caspase-

dependent pathway through releasing cytochrome c which forms a complex with ApaÊ1

and dATP, and binds to and activates procaspase-9. Activated caspase-9 subsequently

activates effector caspase-3 to execute the cell death process (Li et al., 1997). The

involvement of mitochondria in caspase-independent cell death is mediated through

EndoG and AIF, which can be released from mitochondria, and induce DNA

fragmentation upon their translocation into the nucleus (Li et a1.,2001; Susin et al., 1999;

van Loo et al., 2001). The latter pathway might be of particular relevance in myonuclei

apoptosis since it allows the elimination of nuclei without devastating the cytoplasmic

proteins and the entire muscle fiber by caspases. Several reports have described the
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increased levels of the mediators of both cell death pathways and the concomitant DNA

fragmentation in muscles of aged animals (chung and Ng, 2006 Dirks and

Leeuwenburgh,2002; Leeuwenburgh et al., 2005; Siu et al., 2005). Furthermore, it has

been shown that the involvement of apoptosis executers and activated pathways vary

during the course of muscle development, and between young and old muscles (Fimia et

al., 7996; Leeuwenburgh et al., 2005; shiokawa et al., 2002; siu et al., 2005). upon

induction of apoptosis, myoblasts exhibit different patterns of DNA fragmentation that is

correlated with the stage of myogenic differentiation, which reflects the involvement of

more than one nuclease in the apoptotic process in muscle cells (Fimi a et al., 1996;

McArdle et al., 1999). Fimia et al., for instance, reported a high level of nuclease activity

in nuclear extracts from both differentiated and undifferentiated myoblasts attributable to

the endonucleolytic activity of NUC 18 (Fimia et al., 1996). Shiokawa et al. showed an

induction in DNaseIl3 during myogenic differentiation and suggested that DNasell3 is

responsible for catalyzing apoptotic DNA fragmentation in differentiating myoblasts

(Shiokawa et al., 2002). They also showed that overexpression of DNaseIl3, but not

DNase X (which is highly expressed in adult myocytes), confers DNA-ladder forming

ability to proliferating myoblasts. These observations could be athibuted to many

possible modifications including the alteration in the level or activity of nucleases, the

availability of their substrate, and adaptive regulatory responses during muscle

development. A more detailed mechanism of apoptosis in skeletal muscle as well as the

pre-proapoptotic signaling and the exact role of this process in muscle cells remain to be

addressed in future studies.
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Table l. Møín charøcteristics of skeletal muscle fiber types.

Fiber type MHC isoform Contraction

I MHCT/I Slow-twitch Oxidative;
Rich in mitochondria,
myoglobin, & blood supply,
SO fibers

U)

IIA MHC2/IIa Fasr-twitch;
faster than type I,
slower than type
IId,& IIb

IIX/IID MHCI/IIx/IIí

Metabolism

IIB

Fast-twitch;
slower than type
IIb

MHC4/II\ Fast-twitch;
fastest type II
hber

Oxidative/glycol¡ic;
Rich in mitochondria &
blood supply, FOG fibers

MHC, myosin heavy chain; SO, slow oxidative; FOG, fast oxidative glycolytic; FG, fast glycolytic.

Function

Highly resistant to
fatigue, suitable for
aerobic activities,
maintaining body
posture

Resistant to fatigue,
sustaining aerobic
activities

Glycol¡ic;
Less dense in mitochondria
& myoglobin, rich in
glycogen & glycolytic
enzymes, FG fibers

Glycolytic;
Rich in glycogen &
glycolytic enz¡rmes, FG
fibe¡s

Reference

(Nemeth et a1.,1979;
Pette and Staron,
2000; Schiafhno and
Reggiani, 1996)

(Bar and Pette, 1988;
Nemeth eI a1.,1979;
Schiaffino et al.,
l 989)

Fatigues rapidly,
suitable for anaerobic
activities

Fatigues rapidly,
suitable for anaerobic
activities, short, strong
& rapid contractions

(Bar and Pette, 1988;
Nemeth et al., 1979;
Schiaffìno et al.,
l 989)

(Bar and Pette, 1988;
Schiaffino et al.,
I 98e)



Study design

Rationale

DNase X is present at a basal levels in many tissues (Los et a1., 2000; Shiokawa

and Tanuma, 2001) which may indicate its involvement in general cellular activities.

However, the protein is highly expressed in cardiac and skeletal muscles (Los et al.,

2000; Parrish et al., 1995;Pergolizzi et a1., 1996; Shiokawa and Tanuma,200I), a feature

that is known to be conserved among mammals (Shiokawa et al.,2005). This conserved

tissue specificity implies an exclusive role for DNase X in these tissues. Human DNase X

shares a good homology with DNase I whose involvement in the development of

autoimmune disorder, SLE, has been previously reported. Considering the structural and

functional similarities between these two proteins, DNase X may also be involved in a

comparable process, specifically in skeletal muscle. Additionall¡ murine DNase X is

more than 66%o identical to the human homologue and exhibits the same expression

pattern as human protein. This latter fact allows us to generate and use an animal model

to study the possible function of DNase X in human tissues. Based on this rationale, a

DNase X mutant mouse was generated to address the physiological role of this protein in

vivo.

Hypothesis

We hypothesized that DNase X is important for skeletal muscle physiology, and

lack of it function may contribute to the development of muscle-related pathologies.
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Objectives

The objectives of this study include:

1) To perform a morphological analysis of DNase X deficient mice with emphasis on

skeletal muscle.

2) To perform a systemic histological examination of major organs as well as different

fast- and slow-twitch muscles of the hindlimb.

3) To test the physical activity performance of DNase X(-/-) mice.

4) To determine the expression profile of the DNASEX gene in normal tissues, as well as

the expression of its DNase I-like homologues in DNase X mutant muscles.

5) To measure the nuclease activity in DNase X deficient muscles.
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Materials and Methods

l) Animøls

Inbred C57BL|6J mice were used for this study. All mice were bred, fed and

housed according to the guidelines of the Canadian Council on Animal Care. The

experimental protocols were approved by the Animal Care Committee of the University

of Manitoba.

l-l) Generøtion of DNase X mutønt mouse

Transgenic animals were generated by standard techniques using a commercial

provider (mice and more/ Hamburg, Germany). The targeting vector was constructed to

contain the neomycin resistant gene (neo) and 4 of the downstream coding exons (exons

5-8). A HSV-TK cassette was inserted downstream of the modified gene for negative

selection [Fig. 3a]. Targeting construct was eletroporated into E14 embryonic stem (ES)

cells, and cells were cultured to obtain G418-positive clones. The homologous

recombination event was verified by PCR (data not shown) and the recombinant clone

was injected into C57BL|6 recipient blastocysts which were transferred into

pseudopregnant females. Genotyping of offspring was carried out by PCR amplification

of genomic DNA using primers that flanked the neo insertion site in intron 1 and 4 as

well as primers in deleted exons and the neo sequence [Fig. 3b,c]. The absence of DNase

X mRNA in mutant mice was verified by a RT-PCR assay [Fig. 3d].
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Figure 3. Deletion of DNase X gene (Parrish et al, 1995; Coy et al., 1996) by gene targeting.
a) Schematic presentation of DNASEX wild-type allele, targeting vector, and the structure of
the targeted gene. Exons are shown by numbers. The transcription initiation and stop codons
are indicated. b) Positions of the primers used for genotyping DNase X wild-type (+/+),
heterozygous (+/-¡, and knockout (J-) mice. F, forward primer; R, reverse primer. Blue and
red boxes represent the untranslated and translated regions, respectively. c) The results of
PCR assay of genomic DNA. c, left panel) Primer set F & Rl amplified a 1400- and 1090-bp
segment in mutant and wild-type alleles, respectively. The heterozygous mice were identified
by the detection of two bands related to the presence of two alleles, whereas only one band
corresponding to each allele was seen in either wild-type or knockout mice. c, middle panel)
Primer pairs F & R2 were able to amplify a 1050-bp sequence in knockout allele, and hence
the band is absent in wild-type samples. c, right panel) Primers F & R3 amplified a 870-bp
sequence on wild-type allele resulting in the detection of a single band in both wild-type and
heterozygote mice. d) Lack of DNase X mRNA was confirmed by RT-PCR. The band in
wild-type sample corresponds to a 191-bp product amplified by DNase X specific primers,
which is absent in mutant as well as mock (no template) samples.
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1-2) Verificatíon of the trønsgene øt the genomic and nRNA level

DNA was extracted form the tail samples of 20 day-old pups using a DNA

extraction kit (DNeasy Tissue Kit, Qiagen, Mississagua, ON). Genotyping was performed

using a forward (F) and several reverse (Rl-R3) PCR primers from different regions on

normal and mutant alleles. Each primer set amplified a desired segment on wild-type and

transgene alleles. The PCR amplification products were detected as variably sized bands

by electrophoresis on 1.8% agarose gel containing Ethidium Bromide [Fig.3c]. Primer

sequences used were as follows: forward (F) in intron i sequence:5'-

CACCTGGGGAAGATGAAAAA -3', reverse-l (Rl) in intron 4 sequence: 5'-

GGGCTCCAGCAATTCATCTA -3', reverse-2 (R2) in neo sequence: 5'-

TATCACGGGTAGCCAACG -3', reverse-3 (R3) in coding sequence of exon 3: 5'-

GCACCATGATATCACATCGG -3'. Ampli.fication condition was as follows: 36 cycles

of: 30 sec 94 oC, 1 min 58 oC,2 min 72oC; and 3 min 72"C.

The absence of DNase X mRNA in DNase X(-/-) mice was demonstrated by RT-

PCR approach, using primers that amplifli a 191-bp region expanding from exon 4 to the

junction of exon 5 and exon 6 in DNase X oDNA. Total RNA was prepared after

homogenization of the tissue using the RNeasy Protect Mini Kit (Qiagen, Mississagua,

ON). To eliminate genomic DNA contamination, samples were treated with RNase-Free

DNase (Qiagen, Mississagua, ON). The experiment was performed using a one-step RT-

PCR kit (BioRad), following the recommendations of the supplier. Magnesium ion was

added to the reaction mixture by a final concentration of l.5mM. The primer sequences

were as follow: 5'-CCAGGAGTTACAGCTTCCTAJqACAGCTC-3' on sense, and 5'-

CACACTTGGAAGAGTTTTGCTAGGGAGAG-3' on antisense. Amplification
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condition was: 50 oC for 10 min; 95 'C for 5 min; 40 cycles of: 95 oC for 10 sec, 59 oC for

15 sec, 72oC forl5 sec; and 95 oC for; 59'C for 1 min. The PCR products were detected

on 1.8% Ethidium Bromide-containing agarose gel [Fig. 3d]. The PCR product was

sequenced by standard procedures at DNA Sequencing Facility of Manitoba Institute of

Cell Biology, University of Manitoba.

2) Body and orgøn wet weight

Al1 animals were housed in a 12-hour light/dark cycle with ambient temperature

and given free access to food and water. For the study of body weight alterations, age-

matched wild-type and DNase X(-/-) mice were used at 6, 13 and.27 weeks of age. For the

study of organ weights, adult mice of 9 month-old were weighed and euthanized, and all

major organs as well as hindlimb muscles of gastrocnemius (GN), quadriceps femoris

(QC), tibialis anterior (TA), extensor digitorum longus (EDL) and soleus were isolated,

cleaned and weighed. The obtained values of organ weights were corrected for the total

body weight and the normalized values were used for the analysis.

3) Fíber enumerøtion

Male mice at the age of 12-13 weeks and 1 year were used for this experiment.

After euthanasia, TA, EDL and soleus of both hindlimbs were isolated, and cleaned from

the surrounding fascia and connective tissue. Fresh muscles were macerated by a

modified method of acid digestion (Timson, 1982) originally described by Gollnick et al.

(Gollnick et a1., 1981). Briefly, the whole muscles were placedinl5%o nitric acid for 4

hours at room temperature (RT), rinsed thoroughly with and placed in double distilled
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water until being analyzed. Before the analysis, dishes containing tissues were coded to

ensure minimizing the examiner bias. Under a dissecting microscope, muscles were

cleaned from undigested connective tissues, and muscle bundles were carefully dissected

and placed in groups of similar length. A minimum of total 170 full-length myofibers

from different groups wete counted in each muscle. The counted fibers and the remaining

part of the muscle were air-dried overnight at RT and weighed. The total number of

myofibers composing the muscle was estimated by a simple math with the weight of

counted fibers and that of all fibers together and the number of the fibers counted. A

minimum of 3 animals were studied in each group and the average values of each muscle

pair (from both legs) were used for comparison between wild-type and DNase X(-/-) mice.

4) Prepørøtion of histologt sections

Animals were euthanized by CO2 asphyxiation and major organs as well as

muscles of the hindlimb were collected. For histology examination, tissue samples were

dehydrated, fixed in l)Yo neutral phosphate-buffered formalin and embedded in paraffin.

Sections were cut at a thickness of 5 pm and stained with standard hematoxylin and eosin

procedure. Sections were visualized using a bright-field microscope (Zeiss Axioskope 2)

attached to a Polaroid DMC2 digital color camera.

5) I mmuno histo c hemistry

Isolated muscles were embedded in OCT and snap frozen in isopentane precooled

in liquid nitrogen. 10 ¡rm{hick sections were prepared from muscle midpoint at 20oC

using a cryostat, mounted on SuperPlus glass slides (Fisher Scientific, Pittsburgh, PA)
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and allowed to air-dry overnight at RT. Samples were stored in -80'C until further

processed. For immunofluorescence staining, sections were fixed in ice-cold acetone and

washed three times with cold PBS followed by blocking in PBS containing 0.lo/o tween2}

and IYo BSA for one hour. Antibodies were diluted in the blocking solution and

incubation was carried out in a humidified chamber either for one hour at RT or at 4oC

overnight. The primary antibodies and the concentrations used were as follow: rabbit

polyclonal anti-dystrophin antibody (Abcam, 1:250), mouse anti-skeletal muscle slow

myosin monoclonal antibody (Sigma, 1:250). Each time before proceeding to the next

immunolabeling, slides were washed 3 times, 3 minutes each time. The secondary

antibodies and the concentrations used were as follow: sheep anti-rabbit IgG (Cy3-

conjugated, Sigma, l:250), goat anti-mouse IgG (Cy5-conjugated, Sigma, 1:200).

Sections were washed and dehydrated by serial changes of 70%o, 95Yo, and I00% ethanol

and cover-slipped with Vectashield mounting medium containing DAPI.

Immunohistochemistry analyses were conducted using a fluorescent microscope (Zeiss

Axioplan II) attached to a Zeiss AxioCam HRm camera, and AxioVision 4.5 software for

image capturing on a Pentium fV computer.

6) Fiber type compositíon ønd area, cytoplasm to nucleus røtio

Male mice, aged 6 weeks and 1 year, \À/ere used to study the morphological

changes in skeletal muscle. Cross sections of EDL, plantaris and soleus were stained

with anti-MHCl antibody, as described under immunohistochemisty section. Fibers were

classified based on the reaction with MHC/ antibody, and the number of type II fibers

was calculated as the difference between the total number of fibers and the number of
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stained/type I fibers. For each section, images were taken from 4-6 randomly-selected

areas at 20x. Fiber type composition was determined by counting all fibers that appeared

in each field of the muscle cross section, and the data were presented as the ratio of each

fiber type to total fibers counted. The area of single fibers was marked and determined

using NIH ImageJ software, and was determined for all the fibers observed in each

separate image field. Data for fiber cross-sectional area (CSA) were plotted as the mean

CSA of each fiber type. Nuclear domain, expressed as the area of CSA, was determined

as the total CSA of fibers divided by the number of nuclei (nuclei confined to

sarcolemma and not those in interstitial area). The proportion of fibers with internal

nuclei was quantified and presented as the percentage of total myofibers with centrally

located nuclei. The proportion of each fiber type with central nuclei was plotted as the

percentage of each fiber type that carried internal nuclei. During the study, slides were

coded to avoid any examiner bias.

7) Voluntøry wheel trøining

A total number of 12I wild-type and 220 DNase X(-/-) mice (17-22 wild-type and

30-54 knockout mice in each group) at 6,13 and 27 weeks were used for this experiment.

Mice were placed in individual cages (45 x 23.5 x 20.5 cm) equipped with running

wheels (I2.7 cm diameter) as described previously (Archer et al., 2006), and were

allowed voluntary access to the wheel for 24 hours. Two small magnets, attached on the

opposite sides of the wheel circumference, triggered (twice per rotation) a magnetic

switch (GuardrM) connected to a counter-recorder (OmronrM Type HTEC-BLM). Total

distance run in 24 hour was calculated using simple mathematics with obtained values of
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the number of rotations and wheel diameter. Distance run was normalized to body weight

to account for variability in wheel loading that could affect running performance among

different-sized mice either within or between groups.

8) Treadmíll running

A total of 64 wild-type and DNase X mutant mice (8 mice in each group), at age

of 6 and 36 weeks were used for this experiment. The whole body weight in wild+ype

mice ranged from 21.8-24.59 in 6 week-old males, 18.4-20.39 in 6 week-old females,

42.3-45.1 in 36 week-old males and 28.8-32.5 in 36 week-old females. The ranges of

body weight in knockout mice were 19.9-22.9 in6 week-old males, 17.6-19.3 in 6 we'ek-

old females, and 38.6-42.6 and 26.6-30.2 in 36 week-old males and females, respectively.

Mice were exercised on a motor-driven rodent treadmill for three bouts of 10 min training

with one day interval in between (1 bout per day) to acclimate to the test condition, and

were allowed 2 days of recovery before the running test was initiated. In the test protocol,

the running speed started at 10 m/min (10'uphill grade), and increased by 2 m/minto 17

m/min, and maintained at this speed. Mice were elicited to run in the dark and by

touching their back with a pencil, and ran until they could no longer maintain the speed

and were unable to run fuither. Each mouse was tested twice, with one day interval

between the tests, and the average distance run in two experiments was used for analysis.

Mice that could not keep pace with the increasing speed or did not maintain running at

the final speed for 2 min were eliminated from the study. Distance was calculated by

multiplying the running speed by the time mice ran on that speed.
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9) Induction ofJiber damage by running exercise

Three bouts of treadmill running exercise were used to induce muscle damage in

both wild-type and DNase X(-/-) mice. 11-13 month-old mice were allowed to run up to 15

min in each trial under the condition described earlier, and muscle tissues were isolated

and prepared for analysis.

10) RNA isolatíon, and quantitatíve real-tíme RT-PCR of DNase Ifømíly

Total RNA was isolated from the fresh tissues using RNA isolation kit (Qiagen,

Mississagua, ON) according to manufacturer's recommendations. Samples were treated

with RNase-Free DNase (Qiagen) to eliminate genomic DNA contamination. The purity

and concentration of RNA was verified by the ratio of optical densities at 260 and 280

nm (OD260IOD280) using GeneQuant Pro spectrophotometer (Biochrome) and equal

amounts of template were used for the experiments. Primer sequences for PCR are shown

in Table 2. Primers were selected from the coding sequences of the corresponding gene

with one of the primers in each pair spanning over the region of exon/exon junction. Real

time quantitative RT-PCR was performed using an iCycler Real-Time PCR instrument

(BioRad, CA) and a one-step RT-PCR kit (BioRad), according to manufacturer's

instructions. A final 25p,1 of RT-PCR reactions were prepared on ice and a final 1.5mM

magnesium ion concentration was implemented to the reaction mixture. Amplification

condition was as follows: 10 min 50 'C; 5 min 95 'C (to activate the hot-start iTaqrM

DNApolymerase);40 cycles of: 10 sec 95 oC, 15 sec 59 oC, 15 sec72 oC; I min 95'C; 1

min 59 oC. Melting curve data was collected at 59oC. The threshold was set automatically

within the logarithmic phase. PCR products were detected on 1.8% agarose gel
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containing ethidium bromide and signals were visualizedby UV inadiation on a GelDoc

20}}lChemiDoc System (Bio-Rad, Mississauga, ON). The authenticity of amplified

products was verified by electrophoresis and detection of a single band of expected size

on agarose gel as well as direct sequencing of the amplicons following the purification of

DNA in the corresponding bands using DNA Gel Extraction Kit (Qiagen).

Table 2. Prímer ínþrmøtíonfor reøl-time PCR.

Gene ,l"iirtär", strand Sequence (5' - 3')
RefSeq

accession
number

DNase I t48

DNase X 191

Sense TCAGATTGGCTTTCAGGATGCGGTAC
anti-sense GAGAGGGTAGCATTGGACATCTTAGTCTCC

SENSE CCAGGAGTTACAGCTTCCT AJAÁC AGCTC
anti-sense CACACTTGGAAGAGTTTTGCTAGGGAGAG

sense CTAGCTGTGCCACCAAGGAGC
anti-sense CAGTCATGCGCCTTCACGTACTTG

sense GG AJAü{TC A"A'GGACAGCAGC AAC AACATC
anti-sense GACACCAGCTTCTCCTTGTAGACGAAG

Sense CAACAGGAGAGAüAAGGCTACGGGTAC
anti-sense GACCCAGCCAATGCCATAGTGC

NM_010061

NM_027109

NM_025718

NM_O07870

NM_008908

DNaseIl2

DNasell3

Cyc C

181

t62

t76

DNaseIl2, DNase I-like2; DNaseIl3, DNase lJike3; Cyc C, cyclophilin C.

Data analysis and relative quantification was performed using the comparative Ct

method (also known as AAC/ method) (Livak and Schmittgen, 2001). The fold changes

of each DNase gene mRNA in wild-type and DNase X knockout samples were

normalized using the Ct values of the cyclophilin C transcripts as internal control, and

were calculated by the formula: fold change : 2 -lLLCtl where LLCI : lct gene of interest

(in sample of interest) - Ct refercnce gene (in sample of interest)l - lct gene of interest (in

reference sample) - Ct reference gene (in reference sample)]. In this study, the gene of
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interest relates to each DNase, the reference gene is cyclophilin C, the sample of interest

is DNase X deficient tissue and the reference sample is wild-type tissue. Samples were

run in duplicate and the mean values were used for the analysis. All experiments included

negative controls with no template to exclude false-positive results. Experiment was

performed in 6 week-old and 1 year-old mice and data was obtained from 3-4 mice in

each group.

11) Nucleøse actívity assøy

A number of 3 or 4 adult male mice aged 8 months were used for the assay.

Fresh tissues were homogenized in a manual ground glass tissue homogenizer, and

incubated with 3ml/g RIPA buffer on ice for 20 min. The composition of RIPA buffer

was: 0.5olo Sodium Deoxycholate, 0.1% SDS, 1% Triton X-100, 1% NP-40, 1 mM

EDTA, 1 mM EGTA, 250 mM NaCl, 20 mM Tris HCI (pH 7.5), 30 mM Sodium

Fluoride (I.{aF), 1 mM Sodium Orthovanadate (lrla¡VO+), 10 mM Tetrasodium

Pyrophosphate, protease inhibitor cocktail (Sigua Co.). The suspensions were

cenhifuged for 15 min at 13000 rpm and the total protein extract in the supernatant was

used to evaluate the nuclease activity of the tissue. Nuclease activity was assayed by

measuring the degradation of BamHl-lineanzed pTRE2pur plasmid DNA (Clontech)

which was determined by agarose gel electrophoresis. A total volume of 20 ¡rl reaction

mixture containing separated buffers for each DNase, as described previously (Shiokawa

and Tanuma,2001), was prepared on ice. I ¡rg of plasmid DNA was incubated with 10 pg

of tissue extract for 15 min at 37"C, and the enzymatic reaction was terminated by

addition of 5 pl EDTA 250mM and chilling on ice. Two reactions containing plasmid
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DNA and either 0.5 unit of DNase I enzyme (Sigma, AMP-Dl) or the lysis buffer were

used as positive and negative controls, respectively. The reaction mixtures were loaded in

ethidium bromide-containing 7%o agarose gel, and signals were visualized by u.v.

irradiation on a GelDoc 2}}0lChemiDoc System (Bio-Rad, Mississauga, ON). Semi-

quantification of DNA degradation was performed by densitometry using the Quantity

One software (version 4.6; Bio-Rad). The difference in band intensity between negative

and positive controls in each gel was assumed as equivalent to the activity of 0.5 unit of

enzyme in the positive control reaction, and was used as a "base value" to quantify the

DNase activity in other reactions. The nuclease activity of each reaction was calculated

with a simple math using the difference in band densities between the corresponding lane

and non-degraded DNA in negative control, and the "base value" in each gel. Values

obtained from three independent experiments were used for the analysis. The sum of

nuclease activities calculated for all four DNases in a tissue sample was used as the total

nuclease activity of the corresponding tissue for comparison.

12) Støtistical analysis

Statistical analysis was performed using the GraphPad Prism statistical program

(version 4.00 for Windows, San Diego CA). The variation of fiber number between apair

of muscles within an animal was assessed by paired f-test. Muscle fiber number between

wild-type and DNase X(-/-) mice was analyzed using an unpaired /-test. Treadmill running

data was analyzed using an unpaired /-test and one-way ANOVA and Tukey-Kramer post

hoc test. Data are expressed as mean + SEM. Statistical significance was set at P S0.05

andisexpressedeitherasPvalueorstars(*: P<0.05,**:P<0.01,***'P<0.001).
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Results

Targeted disruption of DNASEX ín mouse

DNase X(-/-) mice were generated by homologous DNA recombination in

embryonic stem cells. The targeting construct was designed to delete the first 2 of the 6

coding exons of DNASEX gene [Fig. 3a]. An ES clone carrying the desired homologous

recombination was used to generate a chimera which gave rise to DNase X(*^) pups. The

gene targeting in the offspring was verified by genomic DNA PCR [Fig. 3c] and the

absence of DNase X mRNA was identified by RT-PCR [Fig. 3d]. DNase X null mice

were born at the expected Mendelian frequency, were viable and fertile, and did not

exhibit any gross postnatal developmental abnormalities.

lV'hole body and orgøn weight

DNase X(-/-) mice were lighter than their age-matched wild-type counterparts [Fig.

4] . The results of whole body weight analysis are summari zed in Table 3 . The differences

in mean body weight were significant in younger animals (6 and 13 week-old) in both

male and female mice. The differences were more dramatic in male mice as compared to

female mice and represented 9.5% (P <0.001) and7.2Yo (P <0.01) reduction in mean

body weight in 6 and 13 week-old animals, respectively. In the female group, differences

represented 4.I% (P <0.01) and 5.1%o (P <0.05) reduction in mean body weight of

knockout mice compared to that of wild-type mice at age of 6 and 13 weeks, respectively.

The analysis of growth curve showed no significant difference in the weight gain by age

in wild-type and DNase X(/i mice (data not shown). The results showed that mean body

weight increased by 74.1% in knockout and 64.I% in wild-type male mice between 6 and
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27 weeks of age. In female mice, mean body weight increasedby 46.7% in knockouts vs.

50.3% in wild+ypes between these two age points.

Male

Iwild-type
@knockout

13

Age (wlrf

Fernale

nwild-type
Mknockout

4A

Age (wlrl

Figure 4. Comparison of whole body weight. DNase X(-/-) mice (solid
bars) weighed less than wild-type (open bars) counterparts of the
same age. The differences were notable in younger mice, and in male
mice. The numbers inside the bars represent the number of animals
examined. Error bars represent SEM. *The difference is significant
between two groups (*P <0.05; x*P <0.01' ***P <0.001).
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Table 3. Meøn body weíght (g).

6 week-old 13 week-old 27 week-old

Male
WT
KO

Female
WT
KO

23.72+ 0.3... (n:25)
21.46 + 0.2 (n:70)

18.97 + 0.2 (t:22)
18.18 + 0.1** (n:65)

28.78 + 0.3.*(n:22)
26.7 +0.2 (r75)

23.11+ 0.2 (n:18)
21.g2t 0.2. (n:63)

38.94 + 0.6 (r22)
37 36 r 1.1 (n:16)

28.53 + 0.7 (n=19)
26.67 t 0.9 (n:16)

Values are means + SEM; WT, wild-type; KO, DNase X knockout; * The value is significantly
different from the value in wild-type mice (* P <0.05; ** P <0.01; *** P <0.001).

Organ wet weights are plotted as the ratio of organ wet weight to total body

weight. The results showed variability in organ weights in DNase X knockout as

compared to wild-type mice [Fig. 5]. However, none of the differences, were statistically

significant (P >0.05).

r-rwild-type
t.--{KnocKoul
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Figure 5. Organ wet weights. The variations in organ weights normalized to the whole body
weight were not statistically significant between DNase X wild+ype (open bars) and knockout
(solid bars) mice. The muscles of the leg weighed uniformly less in DNase X(-/-) mice. Data are

obtained from a minimum of three mice at 9 months of age. Error bars represent SEM. QC,
quadriceps femoris; GN, gastrocnemius; TA, tibialis anterior; EDL, extensor digitorum longus.
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Fiber enumeration ín muscles of the leg

DNase X is abundantly expressed in skeletal muscle. We examined the muscles of

the hindlimb for any morphological changes in the absence of DNase X. Our data showed

no significant variation in fiber number between wild+ype and knockout mice. Also, the

mean fiber number did not change with age and was only slightly higher in older muscles

(data not shown). ln comparison between wild-type and DNase X deficient muscles, the

mean fiber numbers of examined muscles were not significantly different. The results of

fiber number determination from soleus, EDL and TA muscles are presented in Table 4.

Table 4. Fiber enumeration.

13 week-old I year-old

Soleus
WT
KO

EDL
WT
KO

TA

893.6 + 23.r @:a)
839 + 16.5 (n:a)

838.2 + 23.5 (n:3)
804 + 16.6 (n:3)

910.1 + 29.7 @:a)
843.5 + 22.4 (n:4)

853.3 + 22.4 (r4)
816.8 + 27.7 (rr3)

2653 + 30.9 (n:a)V/T 2635 +76.7 (n:4)
KO 2515 + 36.5 (n:4) 2539 + 65.2 (n:3)

Values are means + SEM; EDL, extensor digitorum longus; TA,
tibialis anterior; WT, wild-type; KO, DNase X knockout.

Fiber type composition ønd CSA

We evaluated the effect of DNase X on fiber type composition and single fiber

CSA in normal and mutant muscles. Fast and slow fibers were identified based on the

reaction of MHCI in type Vslow fibers with its specific antibody [Fig. 6]. The EDL,

plantaris and soleus muscle in wild-type and DNase X(-/-) mice showed no significant

variation in the proportion of fibers expressing fast and slow MHCs. In plantaris of both
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wild-type and knockout mice, less than 2Yo oî fibers showed a slow phenotype whereas in

EDL, no type I fiber was found (data not shown). In soleus, type I fiber composition

showed a similar increase with age in wild-type and knockout mice (24o/o in wild-type

and ISYo in knockout). These data are presented in Table 5.

Figure 6. Immunostaining of skeletal muscle fiber types. Muscle cross sections
were stained with anti MHC type I (slow) mAb. A-D: transverse section of soleus
in 1 year-old mouse. A: nuclei stained with DAPI. B: sarcolemma stained with
Cy3-conjugated antibody against dystrophin. C: type I fibers reacted to Cy5-
conjugated MHCI antibody; type I fibers stained green and type II fibers remained
unstained. D: merged image. Scale bar: 30 ¡rm.
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Table 5. Fiber type composítíon in soleus.

6 week-old 1 year-old

39.74+r.6% (tr3) 49.32t2.7% @:a)
42.40+a.8% (r-4) 50.22+2.2% Q:-5)

60.26 + L6% (n:3) 50.68 + 23% Q=a)KO 57.60+4.8% (v4) 49.78+.2.2% (n:5\
Values are means + SEM (expressed as a percentage of the total
number of fibers); WT, wild-type; KO, DNase X knockout.

Single fiber CSA was examined in EDL, plantaris, TA and soleus muscles of

young (6 week-old) and older (1 year-old mice). In young mice, no significant variation

was found in CSA of fibers between wild-type and mutant muscles. In 1 year-old mice,

mean fiber CSA was comparable in EDL, plantaris and TA of wild-type and DNase X(-/-)

mice [Table 6]. In these muscles, the cytoplasm area per nucleus ratio was also similar in

knockout and wild-type muscles (data not shown). In soleus of older mice; however, the

mean CSA was significantly lower in knockout mice [Fig. 7]. The difference was equally

seen in type I and type II fibers. Frequency distribution analysis revealed a notable

proportion of fibers with CSA smaller than 500 pm2 in soleus of knockout mice fFig. 8al.

This marked increase in the number of fibers with small CSA (< 500 pm2) in knockout

soleus(18.38 +3.60/0 inknockoutsvs. 1.680 +0.5o/o inwild-types;p<0.01)ledtothe

appearance of a bimodal frequency distribution curve in DNase X deficient soleus and a

unimodal pattern in wild-type muscle [Fig. 8b]. To test whether the incidence of small

fibers accounted for the difference observed in mean fiber CSA between wild-type and

knockout soleus, we reevaluated fiber CSA in soleus after excluding the small-diameter

fibers from both samples, and found no difference between CSAs of myofibers in wild-

Type I
WT
KO

Type II
WT
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type and DNase X(-/-) soleus. This indicated that the difference in fiber CSA in soleus of

older animals in wild-type and DNase X(-/-) mice was mainly due to the increase in the

number of small fibers in knockout muscle. The ratio of mean CSA of type I fibers to that

of type II fibers remained unchanged with age in both wild-type and knockout soleus.

Table 6. Meøn CSA of single fibers (p*t) in muscles of 1 yeør-old mice.

KO
Soleus

Total
Type I
Type II

EDL

TA

Plantaris

1325 + 44.43 (n:4)
1337 + 53.28 (n:4)
1313 + 37.23 (n:4)

1105 + 33.59 (n:3)

2015 + 116.8 (n:3)

1123 +31.04..(n:5¡
1157 *38.45. (n:5¡
1090 + 40.62. QrS)
1085 +" 14.89 (n:4)

1915 + 124.7 (n:3)

1492+84.85 (n:3) 1442+80.38 (n:3)
Values are means + SEM; EDL, extensor digitorum longus; TA, tibialis anterior;
WT, wild-type; KO, DNase X knockout; * The value is significantly different
from the value in wild{ype mice (* P <0.05; *+ P <0.01).

I 500
nwild-type
@lknockout

Figure 7. Cross sectional area (CSA) of single fibers in soleus of 1 year-
old mice. Mean CSA was notably lower in DNase X(-/-) mice (solid bar)
as compared with wild-types (open bar). Error bars represent SEM of a

minimum of 4 muscles in each group. tThe difference is mean CSA is
significant between two groups (**P < 0.01).
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Figure 8. Frequency histogram of fiber CSA. a) Frequency dishibution of fiber CSA in
soleus muscle of I year-old mice shows alarge population of fibers with small CSA in
DNase X deficient muscle (solid line) as compared to wild-.type muscle (dashed line).
b) Bimodal distribution of fiber CSA in soleus of DNase X(-/-) mice.

Fibers with central nuclei

Since DNase X is expressed at varying levels in most tissues, we examined the

major organs in DNase X(-/-) mice for any pathological changes in these tissues. Histology

survey was performed at several age points and no remarkable changes in organ

morphology were observed in DNase X(-/-) mice compared with age-matched wild-types

(data not shown). In skeletal muscle, no important changes such as increase in connective

tissue or mononucleated cell infiltration were found. In soleus of aged animals, however,

a notable number of fibers had centrally located nuclei implying a history of damage and

regeneration in these fibers fFig. 9a]. The incidence of these fibers in knockout soleus

was significantly different from that in wild-type muscle. Fibers with internal nuclei

composed 8.93 + 1.6% of fibers in knockout soleus and2.93 +0.2o/o of fibers in wild-

type muscle at the age of I year (P <0.05) lFig. 9b]. [n non- exercised mice, soleus was

the only muscle affected, and none of the other muscles displayed a similar phenotype.

500 1000 1500 2000 2500 3000

Cross sectional area 1¡rm2f
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Also, damaged fibers were found in the soleus of older DNase X(-/-) mice (> 1 year-old)

whereas the muscle in younger mice were unaffected.
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Figure 9. Histological analysis of the skeletal muscle. a) H&E staining of soleus cross
section in 1 year-old non-exercised wild{ype (A) and DNase x(', (B) mice. A notable
proportion of fibers carried central nuclei (two are indicated by arrows) in DNase XC/-)
mice. The fibers with internal nuclei were rarely seen in other muscles in non-exercised
mice. Scale bar : 50 ¡rm. b) lncidence of myofibers with central nuclei in I year-old
mice in wild-type (open bars) and DNase XG^) (solid bars) groups. Values are expressed
as a percentage of the total number of fibers with central nuclei. Data are obtained from
3-5 mice. Error bars represent SEM. xThe difference in the frequency of fibers with
internal nuclei is significant between two groups (* P < 0.05).
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The incidence of fibers with central nuclei was also evaluated in mice after

treadmill running. Mice ran an average of 269.7 +. 17.6m (5.96 + 0.4 mlgbody weight) in

wild-type Broup, and 182.3 +375m (4.38 + 0.8 m/gbodyweight) in knockout group.

The incidence of fibers with central nuclei was substantially increased in soleus of

knockout mice after treadmill exercise (3L44 + 2.3yo), and they also appeared in QC

(38.26 t 33%) and TA (5.8 + 0.9%) in these mice [Fig. 1Oa,b]. The proportion of these

fibers did not change in EDL and plantaris in knockout mice as well as none of the

muscles in wild-type animals after exercise fTable 8]. In soleus of DNase X(-/-) mice, the

proportion of fibers with internal nuclei was higher in slow/type I than in fasltype II

fibers in exercised muscles (P <0.05), whereas the percentage of these fibers was not

different in fast and slow fibers in non-exercised muscle in these mice [Fig. 11].

Table S.Incidence offibers with central nuclei.

Non-exercised Exercised
Soleus

WT
KO

EDL
WT
KO

Plantaris
WT
KO

TA
WT
KO

QC
WT

2.93 +0.2%_ (n:a)
8.93 + 1.6% (n:5)

0.71+ 0.09% (n:3)
0.37 +0.1% (n:4)

033 +0.17% (w3)
0.98 + 0.17% (r3)

N/O (n=3)
N/O (n=3)

1.03 +0.1% (n:3)

6.31+ 159% (n:4)
3l .44 + 2.32o/o*"* (n=4¡

0.66 + 0.06% (n=3)
0.65 t0.l% (n:3)

1.76 +0.36% (n=3)
1.53 + 0.14% (n:3)

N/O (n:3)
5.8 x 0.99% (n:3)

1.77 *.0.36% (n:3)
KO 1.19+ 0.12%(13) 38.26 x. 3.3 I o/o***(n=3¡

Data are from I year-old mice. Values are means t SEM (expressed as a
percentage of the total number of fibers); EDL, extensor digitorum longus; TA,
tibialis anterior; QC, quadriceps; N/O, not observed; WT, wild+ype; KO, DNase
X knockout; * The value is significantly different from the value in wild-type
mice (* P <0.05; ** P <0.01; *** P<0.001).
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Figure 10. Histological analysis in exercised muscles. a) H&E staining of muscles cross
sections in 1 year-old wild-type (A,c) and DNase x(/-) (B,D) mióe after treadmill
running. A large population of fibers with internal nuclei are seen in DNase X deficient
muscles in soleus (A,B) and quadriceps (C,D). Scale bar: 50 pm. b) The incidence of
fibers with internal nuclei in muscles of the leg after treadmill exercise in wild-type
(hatched open bars) and DNase XcL) thatched solid bars) mice. Data are obtained from a
minimum of 3 mice. Values are expressed as a percentage of the total number of fibers
with central nuclei. Errors bars : SEM. *The difference is significant between two
groups (** P < 0.01, *** P< 0.001).
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Figure 11. The incidence of fiber types with central nuclei in soleus of i year-old mice.
Values are expressed as a percentage of the total number of slow (type I, open bars) or fast
(type II, cross hatched bars) fibers with central nuclei. Dataare obtained form 3-5 mice.
Error bars represent SEM. $ln non-exercised soleus, the frequency of fibers with internal
nuclei observed in slow fibers was different between wild-type and knockout muscles.
#ln non-exercised soleus, the frequency of fibers with internal nuclei observed in fast
fibers was different between wild-type and knockout muscles. No difference in the
incidence of these fibers was observed between fast and slow fibers in knockout soleus in
non-exercised mice. fln exercised mice, the frequency of fibers with internal nuclei
observed in slow fibers was different between wild-type and knockout soleus. þ In
exercised mice, the frequency of fibers with internal nuclei observed in fast fibers was
different between wild-type and knockout soleus. xln soleus of the exercised knockout
mice, the frequency of fibers with internal nuclei observed in slow fibers was different
from their frequency in fast fibers. ($ + f þ * P < 0.05).

Evøluatíng physicøl øctivity viø voluntøry wheel trøining ønd treødmíll running

The results of the voluntary wheel exercise showed that the performance of

DNase X(-/-) mice was reduced in comparison with wild-type animals [Fig 12]. Mice were

examined at 6, 73 and 27 weeks of age and the distance run on wheels was analyzed both

prior and after normalization to body mass. Our data showed that the distance run on
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wheels was significantly lower in 13 (P <0.05) and 27 week-old (P <0.001 in males, P

<0.05 in females) mice in both male and female groups whereas the difference was not

significant in 6 week-old animals. Running activity was reduced with age in both wild-

type and knockout mice. The difference was significant for both wild-type and knockout

mice between 13 and 27 weeks of age (63.8% in wild-type males vs. 73.8o/o in knockout

males, 38.4% in wild-type females vs. 58.6%o in knockout females; P <0.001), and was

also significant in knockout mice between 6 and 13 weeks of age (P <0.001 in males, P

<0.05 in females). There was a marked difference (P <0.001) in the voluntary wheel

running activity between male and female mice, which was similar in both wild-type and

knockout groups. Female mice ran an average of 2 and 1.g-fold further than male mice in

wild+ype and DNase X knockout groups, respectively, and the ratio was similar between

wild-type and knockout mice at different ages.

The results for treadmill test are presented in Table 9. Under the same condition

during the test, the average distance run by DNase X(-/-)mice was lower than that by wild-

type mice. This difference was similarly seen in male and female groups at ages of 6 and

36 weeks, and although was not statistically significant (P >0.05), represented a l3Yo,

20o/o, 32yo and 1 1 .8%o decrease in running distance in 6 week-old males and females, and

36 week-old males and females, respectively. The average time knockout mice spent on

treadmill was not different from that spent by wild+ype mice but DNase X(-/-) mice

differed from wild-types with regard to their overall performance on treadmill. During

the test, 5 wild-type mice were excluded from the test (1 male and 1 female aged 6

weeks, andZmales and 1 female aged 36 weeks) whereas a total of 9 mice were removed

from the knockout group during the experiment (2 male and 2 females at 6 weeks of age,
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3 males and 2 female at 36 weeks of age). Besides, among those included in the test, all

mice in the wildtype group ran to perceived exhaustion while 2 mice in the knockout

group (8 week-old males) stopped early (total duration of the test less than 9 min).

Similar to the results of voluntary training, females performed better on treadmill and ran

an average of 26.2% and 32.6Yo farther than male mice in wild-type and knockout

gloups, respectively. However, unlike the voluntary wheel running, the differences in

distance run on treadmill were not statistically significant (P >0.05).
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Figure 12. Voluntary wheel
running. Total distance run on
wheels over a Z4-hour period
was reduced in DNase X(/l
mice (solid bars) as compared to
wild-type mice (open bars) in
both male (a) and female (b)
groups. Distance run is
normalized for body weight.
The numbers inside the bars
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examined. Error bars represent
SEM. *The difference is
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Table 9. Dístønce run on treødmill (m).

6 week-old 36 week-old
Male

WT
KO

Female
WT
KO

418.1 + 25.a @:7)
363.4+36.1 (n=6)

540.0+ 69.6 (n=7)
431.2+ 32.8 (n:6\

298.9 * 29.9 (n=6)
202.9 + 66.5 (n:5)

427.r + 5s.4 (r7)
380.2 + 32.7 (n=6)

Values are means + SEM; WT, wild-type; KO, DNase X knockout.

Gene expression ønølysís by quøntítøtive real-tíme RT-PCR

We looked at the expression profile of DNase X mRNA in several muscles at

different age points in both male and female mice. Each primer set, except for the pair

designed for DNaseIl2, successfully amplified a unique product [Fig.l3a], hence

DNaseIl2 was excluded from the study. Samples were run in duplicates and the average

values of wells were used for the analysis. In all cases, the variations of C/ values

between duplicate samples were less than one cycle. The amount of the endogenous

control transcripts, cyclophilin C, did not show significant changes in different tissues

and between knockout and wild-type samples (P >0.05). Our data showed that DNase X

mRNA was 13-18 times more abundant in skeletal muscle than in liver. Also, DNase X

mRNA expression was -5.5- and -3-fold higher in cardiac muscle and diaphragm,

respectively, compared with liver [Fig. 13b]. There was no difference in the expression of

DNase X transcript between different muscles of the leg examined (TA, QC and soleus;

P >0.05). The results obtained from mice at 6 weeks and I year of age showed no

alterations in the expression of DNase X with age. Similarly, the expression profile of

DNase X mRNA was not different between tissues in male and female mice (data not
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shown). To examine whether DNase X ablation triggers the compensatory upregulation

of homologous genes, we extended the analysis to compare the expression of other

members in DNase I family. Our data showed a moderate and non-significant

upregulation of about 2.2-3.6 fold in the expression of DNase I and DNaseIl3 hanscripts

in myocytes of skeletal muscle in DNase X(-/-) mice. Similarly, the average amounts of

DNase I and DNaseIl3 mRNAs were increased by a magnitude of 1.5-2,7.6-I.9, and 1.2-

1.5 fold in heart, diaphragm and liver of knockout mice [Fig. 13c]. None of the fold

inductions in DNase I and DNaseIl3 expression were statistically significant (P >0.05).
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Figure 13. Real+ime PCR analysis of the expression of DNase I family transcripts. a)
Gel electrophoresis of amplicons. Single bands in lane 1, 3 and 4 indicate the successful
amplification of target mRNAs. The band in lane 2 corresponds to non-specific
amplification and/or formation of primer dimer. Mock reaction contains no template.
The RT-PCR products of internal control, cyclophilin C (CyC), in wild+ype and DNase
X mutant samples are shown in lane 6 and 7, respectively. b) The relative amounts of
DNase X mRNA in different tissues compared to liver in I year old wild-type mice. c)

Quantification of DNase I (left) and DNaseIt3 (right) mRNAs in 1 year-old DNase X(-/-)

mice. The mild to moderate induction in DNase I and DNaseIl3 mRNAs is not specific
to skeletal muscles. Data are obtained form a minimum number of 3 mice. Error bars
represent SEM. QC, quadriceps; TA, tibialis anterior.



Measuring the nuclease activity ín leg muscles

We next examined the nuclease activity of DNase X deficient tissues by semi-

quantiffing the degradation of plasmid DNA in the presence of tissue protein extract. Our

results showed that the DNase activity was significantly lower (P <0.05) in knockout

muscles as compared to wild-type muscles [Fig. 14]. The mean DNase activity in

knockout muscles was decreased by 53.8yo, 29.Iyo, 44.1% and 32.8o/o in TA, soleus, QC

and GN, respectively. In diaphragm, liver, kidney and heart, the differences in nuclease

activity were not different between knockout and wild{ype samples (P >0.05). The

measures of nuclease activity for individual DNases showed a DNA-degrading activity in

the presence of DNase X-specific reaction buffer in knockout tissues which was

attributable to the suboptimal activity of other DNases in this buffer. The activity of each

DNase showed a decrease in knockout muscles whereas in other tissues there were

variations in the activity of these nucleases. Nevertheless, the differences in nuclease

activity were only significant for DNase X in skeletal muscles.
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Figure L4. Nuclease activity of the DNase I family. a) The activity of tissue protein
extract to degrade plasmid DNA was compared in kidney (A), tibialis muscle (B),
liver (C), quadriceps (D), heart (E), and diaphragm (F) in 8 months-old wild-type and
DNase X(-/-) mice. Nuclease activity of DNase I (1), DNaseIl2 (2), DNaseIl3 (3), and

DNase X (4) was assayed in the presence of specific buffers for each DNase, as

reported previously (see the text). Semiquantification was performed based on the
band densities in each lane compared to those of negative (no enzyme in the reaction)
and positive (containing commercial DNase I) controls. Nuclease activity in skeletal
muscle (B,D) was reduced in DNase X deficient samples compared with wild-type
muscles. b) Semiquantification of DNA-degrading activity in wild-type (open bars)
and DNase X deficient (solid bars) tissues. Data are obtained form a minimum of 3

mice. Error bars represent SEM. *The difference in nuclease activity is significant
between two groups (* P < 0.05).
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Discussion

ll/hole body weight is lower ín DNase Í-/-) míce

We have generated DNase X(-/-) mice by the targeted replacement of the first two

coding exons and a preceding non-coding exon in wild-type allele by a neomycin-

resistance cassette. The inactivation was confirmed by RT-PCR showing that no DNase

X mRNA is produced in knockout mice. Survival and fertility was not affected in DNase

X(-/-)mice. However, we weighed these mice over the first 6 months of their postnatal life

and found that DNase X deficient mice weighed less than age-matched wild-types. The

reduction in body mass was significant in younger animals (aged 6 and i3 weeks) and

was more dramatic in male mice [Fig. 4]. The reduction in average body weight does not

seem to be a result of reduced feeding, though the food and water intake was not studied

in the present work. Firstly this difference was larger at early ages and secondly the

analysis of the growth curve was not indicative of any progressive growth retardation in

knockout mice over time. The reduction in body mass in knockout mice cannot be a

result of higher energy expenditure due to increased locomotor activity either. This is

supported by data on voluntary wheel training that showed DNase X(-/-) mice were less

active than their wild-type counterparts when put in cages equipped with training wheels

over a 24-hour period. Increased level of energy expenditure may also occur as a result of

an increased basal metabolic rate (BMR). If elevated, BMR could reflect an increase in

sympathetic nervous system activity which impacts whole body thermogenesis. The

resting metabolic status and autonomic activity could be evaluated in these mice by basic

measurements of heart rate, body temperature and Oz consumptiorlC}z production.

Nevertheless, body mass is influenced by multiple genetic and environmental factors and
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the assessment of metabolic status and involvement of neuroendocrine system in

regulating body mass is known to be complex. Furthermore, it has been argued that in

addition to the targeted deletion of specific genes directly involved in metabolic

properties, the reduction in body weight might be a mere consequence of introducing null

mutations in animal models (Reed et al., 2008).

To determine whether the reduced body weight related to any alteration in muscle

mass, we examined the 5 muscle groups of the leg as well as major organs in adult mice,

and compared the results with those of age- and sex-matched wild-types. Our data

showed no significant difference between the wet weights of major muscles of the

hindlimb corrected to the whole body weight between wild-type and DNase X(-/-) mice.

However, muscles uniformly weighed less in knockout mice. Given that skeletal muscle

comprises 40-50% of body weight in mammals, the reduction of whole-body weight can

be explained, in part, by combined effects of modest loss of muscle mass in each

knockout muscle. Indeed, the lower weight in examined muscles (QC, GN, EDL, TA and

soleus) accounted for 55.6Yo of the difference in mean body weight between wild-type

and DNase X(-/-) mice. This may be further confirmed by the observation that the

difference in body mass was more substantial in male mice in which skeletal muscle

accounts for a higher proportion of body mass. The difference in body mass was not

related to the developmental defects in bone compartment. In fact, our data showed a

nearly identical femoral mass and length in wild-type and knockout mice (data not

shown). These findings suggest that lack of DNase X has no major impact on muscle

gtowth, and the modest reduction in muscle mass in DNase X(-/-) mice might be due to a

rather systemic than a specific effect of DNase X absence in this tissue.
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DNøse X is not essentíølfor muscle development

We examined the morphologic characteristics of muscles by determining the

number of fibers and the cross sectional area of single fibers. We performed fiber

enumeration using a previously described method to estimate the number of fibers based

on the determination of mean fiber dry weight and total muscle dry weight after acid

digestion (Timson and Dudenhoeffer, 1984). This method has been shown to be a fast

and accurate approach to estimate the fiber number in muscles in which fibers run

parallel to the longitudinal axis of the muscle. It has been used with different

modifications to study the fiber numbers in skeletal muscles (Antonio and Gonyea,1994;

Soffler and Hermanson, 2006). Examination of soleus, EDL and TA revealed no

significant variation in the number of fibers between knockout and wild-type muscles.

Our frndings of no difference between the number of fibers between limbs in an animal,

or between animals at different ages were in agreement with the previous reports

(Gollnick et a1., 1981; Matoba and Murakami, 1986; Swatland, 1976). Also, the increase

in mean CSA of both type I and type II f,rbers in soleus between 6 weeks and 1 year of

age, which was similar to wild-type muscle, was consistent with the literature (Matoba

and Murakami, i986; Sakakima et al., 2004). The findings that CSA of fibers was

comparable in wild-type and knockout muscles, did not change by age, and showed a

constant ratio in fast and slow fibers in young and older animals imply that the lack of

DNase X is not associated with atrophic or hypertrophic changes in skeletal muscles.

The marked reduction in fiber CSA in soleus of older DNase X(-/-) mice was

mainly due to an increase in the frequency of small fibers in this muscle (9.5-28.4% in

knockout vs. 2.3o/o in wild-type). The increased frequency of small-sized fibers in soleus
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is not related to any phenotype variation in fiber types as both wild-type and knockout

muscles exhibit similar fiber type composition. The higher number of small fibers in

knockout soleus is most likely a result of increased regeneration of myofibers. This fiber

formation; however, is not associated with hyperplasia in knockout soleus since our

enumeration results showed no increase in the number of fibers in this muscle. The

phenotype of these small fibers could be evaluated by the expression of embryonic MHC

isoforms and other muscle specific genes such as MyoD and Myf5, which are

upregulated in newly-formed myofibers (Maier et al., 1986; Winchester and Gonyea,

1992). The increase in CSA variability in knockout soleus [Fig. 8], and the appearance of

newly formed fibers might have been a result of regeneration process in knockout soleus,

as previously described for mdx mice (De la Porte et al., 1999), and be related to a higher

incidence of degeneration/repair events in this muscle in DNase X(-/-)mice.

In conclusion, these data show that no important morphologic variations exist

between wild-type and knockout muscles. The fact that DNase ¡(-/-) -1." have normal

muscles indicates that DNase X does not play an important role in muscle development

during embryonic and postnatal life.

DNøse X deficiency høs no effect on fiber type compositíon

We examined fiber type composition using a mAb against slow MHC, and found

no significant difference between EDL, plantaris and soleus of wild-type and DNase X(/i

mice. The results of this study are consistent with the previous reports that showed EDL

and plantaris are exclusively composed of fast fibers, and slow fibers are outnumbered by

fast fibers in mouse soleus (Hitomi et al., 2005; Matsuura et a1.,2007; Schuenke et al.,
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2008; Timson et al., 1985; Totsuka et a1.,2003; Wigston and English, 1992). Also, the

proportion of type I and type II fibers, and the changes in fiber type composition during

the first year of postnatal life in soleus is in agreement with the previous studies (Matoba

and Murakami, 1986; Matsuura et al., 2007; Schuenke et a1.,2008; Timson et al., 1985;

Wigston and English ,lgg2).

It has been demonstrated that during the first few weeks after birth, a percentage

(I0-I2%) of fibers in soleus express two MHC isoforms simultaneously (Matsuura et al.,

2007; Wigston and English, 1992). Soon afterwards, the number of these hybrid fibers

decreases and myofibers exclusively express either one of slow or fast MHC isozyrnes

(Wigston and English, 1992). Subsequently, fiber typing based on single staining with

antibody specif,rc to either fiber type provides accurate results in phenotyping fast and

slow fibers. Fast-twitch fibers; however, comprise several subtypes variably expressed in

different muscles. For instance, in addition to type I fibers, mouse soleus contains a high

percentage of type IIA fibers followed by a small percentage of type IIA/IID and type IID

fibers (Stelzer and Widrick,2003; Totsuka et al., 2003). Also, mouse plantaris contains a

similar proportion of type IIA, type IID, type IID/IIB and type IIB whereas EDL is

mainly composed of type IID and type IIB fibers (Schuenke et al., 2008; Zardini and

Parry, 1994). Fiber typing and the relative expression of MHC isoforms could be fuither

investigated by qRT-PCR or immunoblotting. ln the present study, we did not examine

the subtype composition of fast fibers and the hybrid fibers coexpressing two MHC

isoforms in these muscles. Yet, based on our data on two main types of fast and slow

fiber population in these mice, we suggest that DNase X deficiency has no major effect

on fiber type composition in skeletal muscle.

69



DNase X deficiency results in muscle fiber damage

The incidence of fibers with central nuclei which appear when damaged fibers are

regenerated by satellite cells was low in muscles of non-exercised wild-type and

knockout mice at the age of 6 weeks as well as in wild-type animals at 1 year of age.

Among the hindlimb muscles of the older DNase Xc^) mice, the soleus was the only

muscle that exhibited a marked histological change. Soleus in these mice contained a

notable population of fibers with internal nuclei (8.9% in knockout vs. 2.9o/o in wild-

type). Fibers with central nuclei were present, although in varying degrees (4.2-14.2%),

in all soleus muscles examined in older DNase X(-/-) mice, and composed a similar

proportion of type I and type II fibers. The variability in the proportion of fibers affected

implied that interindividual variations might be involved and determine the extent of

damage. To test whether physical activity is a factor contributing to this phenotype, we

examined the muscles of the hindlimb in these mice after uphill treadmill running. Unlike

wild-type muscles which did not show any dramatic changes in the frequency of

damaged fibers after exercise, several muscles of the leg in DNase X(-/-) mice displayed

an increase in the number of fibers with internal nuclei [Fig. 10]. Among these muscles,

QC and soleus had the largest population of regenerated fibers followed by TA, with

38.2yo,31.4% and 5.8Yo of fibers carrying internal nuclei, respectively. Additionally, in

soleus, type I fibers comprised a larger proportion of fibers with internal nuclei.

The difference in the incidence of damaged/regenerated fibers in wild+ype and

knockout mice after exercise could not be related to the difference in the intensity of their

running activity on treadmill. Mice were trained under the same condition and ran similar
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distances corrected to their body weights. The appearance of these fibers in certain

muscles of DNase X(-/-) mice after exercise (QC, soleus, TA) might be explained by the

preferential recruitment of these muscles in running uphill. Similarly, the observation that

muscle pathology in DNase X(-/-) mice was limited to soleus in non-exercised mice can be

attributed, in part, to the continuous activation and major function of this muscle in

weight-bearing and stabilization. Nonetheless, the physical stress and workload cannot

explain all the difference in the rate of fiber damage in wild-type and knockout muscles.

This is because the number of fibers with central nuclei in plantaris which is also

involved in uphill running was low in knockout mice after training. The finding that in

DNase X(-/-) mice the incidence of damaged fibers was low in EDL and plantaris, and

jumped up only to 5.8o/o in TA after exercise raises the possibility that fiber type

composition of these muscles may account for the variability in their exhibition of the

phenotype. These muscles in mouse are mainly composed of type IIB, type IIB/IID and

type IID fibers which are the most glycolytic and the least oxidative/vascularized fibers.

In contrary, soleus which constantly displayed moderate to high degree of fiber damage

in older knockout mice, is rich in oxidative (type I and IIA) fibers. Accordingly, it could

be assumed that the oxidative phenotype is associated with the pathogenesis of muscle

damage in DNase X deficient mice. This is in line with the rate of fiber damage in

exercised QC group which contains a heterogeneous population of fibers from pure

slow/oxidative to fast/glycolytic fibers, and TA which contains a small population of type

IIA fibers with oxidative/glycolytic metabolism. Therefore, it seems possible that the

oxidative metabolism of muscle/fiber in the context of muscle activity and physiological

demands may conhibute to the pathogenesis of muscle injury observed in DNase X(-/-)
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mice. Yet, this hypothesis does not explain the low incidence of fiber damage in plantaris

which also contains a modest population of type IIA fibers. This may relate to other

functional and metabolic properties in these muscles, and indicates the involvement of

other factors in the process, which are specific to different muscles. For instance, the

kinetics of muscle function differ in soleus which crosses one joint and has a major role

in standing and walking, and plantaris which crosses two joints and contributes only

weakly to the function of muscles in the posterior compartment of the leg. The late onset

of fiber damage in DNase X deficient muscles suggests that this phenotype is not a mere

consequence of DNase X ablation in these muscles and there are most likely some

senescence-related factors in muscle cells that also contribute to the pathogenesis of

muscle damage in DNase X(-/-) mice. Nevertheless, evaluating the measures of fibers with

internal nuclei in different subtypes of fast fibers in DNase X deficient muscles would

provide important clues for eliciting the underlying mechanism/s contributing to muscle

damage in these mice.

A proposed role for DNøse X in muscle physiologt

It is unlikely that the fiber damage in DNase X deficient muscles is a result of

systemic hypoxic condition due to a deficiency in blood flow and oxygenation. This is

because no significant morphological changes such as a frequency shift toward type II

fibers and reduction in fiber CSA that are associated with chronic hypoxia (Luedeke et

a1.,2004) were observed in DNase X deficient muscles. The findings that aging, physical

activity, and oxidative phenotype were associated with muscle damage in DNase X(-/-)

mice raises the possibility that metabolic alterations in the absence of DNase X might be
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involved in muscle damage in DNase X deficient mice. In this view, intracellular ionic

disturbances and/or enhanced production of free reactive species may contribute to fiber

damage in these mice. Free reactive species are mainly generated during the electron

transport in mitochondrial respiratory chain, and can cause muscle injury and muscle cell

degeneration by promoting intracellular and membrane protein damage. Mitochondrial

dysfunction and reduced respirato ry capacity has been shown to be associated with

muscle damage (Glesby et al., 1988; Kuznetsov et al., 1998; Timmons et al., 2005). It has

been hypothesized that the alteration in mitochondrial function involves ionic

disturbances and is mainly due to altered intracellular calcium homeostasis (Kuznetsov et

a1.,1998; Yeung et al., 2003). Slow muscles/fibers have a high content of mitochondria,

and consume oxygen to produce energy from different substrates including fatty acids.

This makes slow fibers more vulnerable to oxidative damage as a result of any

compromised mitochondrial function. In DNase X(-/-) mice, the finding that muscle

damage was primarily seen in the soleus which contains a large number of oxidative

fibers supports this idea that susceptibility to damage might be a result of excessive

exposure to reactive species in these muscles. Additionally, in DNase X mutants,

damaged fibers appeared in muscles of aged animals (and not in young mice) in which

the rate of mtDNA damage and oxidant production is higher (Esposito et al., 1999;

Mansouri et al., 20061' Tanaka et al., 1996). Moreover, this idea is consistent with the

observed increase in the rate of fiber damage in soleus and QC by running activity during

which the rate of free radical generation is increased (Ji et al., 1992; Perez et al., 2002).

Both aging and acute exercise induce the generation of free radicals that render muscles

susceptible to oxidative damage. However, the incidence of fiber damage was lower in
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aged wild-type muscles even after exercise. This indicates that the susceptibility to

(oxidative) damage is somehow increased in the absence of DNase X.

DNase X has been reported to be associated with the membrane by a GPI anchor

(Shiokawa et al., 2007). GPl-anchored proteins are preferentially localized in lipid raft

domains (caveola) of the membrane and are involved in various biological functions

including signal transduction across the membrane and endocytosis. Shiokawa et al. have

proposed that DNase X functions as a barrier for the transfer of foreign genes through

endocytosis-mediated destruction of foreign DNA (Shiokawa et al., 2007). However, a

large body of evidence suggests that the presence of GPI anchor affects the

conformational and functional properties of the protein attached to it conferring novel

properties to the modified protein (Hooper, 1997; Sharom et al., 1996). In this view,

DNase X might be involved in pathways mediating intracellular events that regulate

mitochondrial function in response to extracellular signals such as hormones, cytokines

and growth factors. The presence of an HLH motif in the structure of DNase X may

contribute to the formation of homoÆreterodimers, which may induce catalytic/non

catalytic activation of a signaling cascade across the membrane through ion channels or

adaptor molecules. Indeed, the presence of a dimeric form of DNase X has been

previously reported (Los et al., 2000). It has been suggested that signaling via GPI-

anchored proteins proceeds through Src kinases and downstream pathways (Cinek and

Horejsi, 1992;Draberova and Draber, 1993; Wang et al., 2005). AKAPl2l is one of the

downstream mediators that link oAMP and Src to oxidative metabolism and

mitochondrial function. AKAP127 is a member of anchor proteins which tethers Src

tyrosine kinase as well as cAMP-dependent protein kinase-A to mitochondria, and
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enhances mitochondrial metabolism through increasing phosphorylation of mitochondrial

substrates and cytochrome c oxidase activity (Cardone et a1., 2002; Livigni et a1., 2006).

Similarly, it could be assumed that DNase X might be involved in the signaling to

regulate mitochondrial function and hence its absence would affect the oxidative capacity

of myocytes leading to enhanced production of free radicals which subsequently cause

muscle damage in DNase X deficient muscles. Moreover, DNase X may function as part

of the machinery to repair mtDNA damages which are associated with aging and are

important in postmitotic tissues such as skeletal muscle. In this context, lack of DNase X

may result in accelerated accumulation of mtDNA mutation/damage over time leading to

depletion of mitochondrial function.

In relation to and to test this idea, the oxidative capacity of DNase X(-/-) muscles

could be evaluated by measuring various biomarkers of oxidative stress such as lipid

peroxidation, protein oxidation and oxidative DNA damage. Also, the levels of

endogenous antioxidants including glutathione, ubiquinol and cysteine in different DNase

X deficient muscles may provide useful information on the susceptibility of these

muscles to damage as well as the variability in the extent of damage in muscles such as

plantaris in DNase X(-/-) mice. The rate of mtDNA damage and repair capacity can also be

studied by several methods described previously (Ba{'a and Herrero, 2000; Driggers et

al., 1993). Furthermore, the susceptibility to oxidative stress in these mice can be

evaluated by comparing the measures of fiber damage in mice exposed to hypoxic

conditions. Also, the alteration in damage following the administration of antioxidants

can be tested in these mice. Changes in myoplasmic Ca2* concentration can be measured

by several available methods, and the role of calcium as primary or secondary cause of
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damage could be examined ín vitro in the presence of different LCt*1, calcium

antagonists and oxidative stress. Changes in sarcolemmal permeability could be assessed

by measuring the leakage of cytosolic contents or reciprocally by measuring the uptake of

membrane-impermeant dyes such as Evans blue or procion orange as an indicative of

myofiber membrane damage (McNeil and Khakee, 1992). Further assessment could be

performed in vitro either on cells derived form DNase X(rl muscles or by knock down

assays to examine the behavior of DNase X deficient cells in normoxic or hypoxic

conditions. The induction of muscle damage in DNase X(-/-) mice could also be examined

by using various myotoxins or more physiologically-relevant approaches such as

denervaion /reinnervation and ischemia/reperfu sion.

Based on our observations, we propose that DNase X is involved in signaling to

regulate myocyte oxidative capacity and its ablation might primarily affect fibers with

higher oxidative metabolism. Further assessments are required to verify this hypothesis

and to elucidate the mechanism by which lack of DNase X may contribute to this process.

We cannot rule out the possibility of a more systemic effect of DNase X ablation which

affects specific muscles. This could be addressed by a conditional knockout in which the

expression of DNase X is abolished in skeletal muscle. The role of DNase X in muscle

damage can be fuither analyzed by examining the effect of DNase X gene transfer in

rescuing fiber damage in knockout muscles.

DNøse X deftcíency diminishes running perþrmønce

DNase X(-/-) mice showed a markedly reduced running performance on training

wheels over a 24-hour period, and also fatigued faster during treadmill training.
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However, the results of voluntary wheel exercise cannot be used to assess the bio-motor

components of exercise, and should be used with caution to quantifu the parameters of

physical activity. This is, in part, because of the nature of the test which is composed of

intermittent running periods followed by rest intervals. In spite of this, the cumulative

distance run on wheels is commonly used as an indicator of physiological capabilities and

general endurance in tested animals (Chappell et a1., 2004; Golumbek et a1., 2007;

Rezende et a1.,2005). We did not determine the running speed and the number and

duration of running bouts, and subsequently do not know what fraction of the computed

distance relate to the so-called "coasting" run of these wheels (the continuation of

rotation caused by inertia after mice cease running). Coasting has been shown to account

for approximately one third of the total wheel rotations in mice running on identical

wheels (Girard et al., 200I; Koteja et al., 1999). However, in our study the test condition

was identical for both wild-type and knockout groups and therefore "coasting" was

expected to affect the results of both groups in a similar fashion. Additionally, it has been

reported that voluntary running activity varies between individuals and from day to day

in individual laboratory animals (De Bono et a1., 2006; Friedman et al., 1992). The

relatively large number of mice tested on wheels in this study (a total of 220 knockout

and I2I wild+ype mice) can attenuate this variability and provide a good reflection of the

true difference between the two groups. We believe that the differences in distance run on

wheel most likely relate to the physiological differences that affect physical endurance

rather than the behavioral variations in running activity in these mice. Yet, the latter

remains a possibility and cannot be ruled out in this study.
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The finding that female mice performed better on both voluntary wheel training

and forced treadmill running is in agreement with the previous reports that showed a

similar difference between male and female goups (De Bono et a1.,2006; Konhilas et al.,

2004; Swallow et a1., 1998). The difference in distance run by male and female mice was

similar in both wild-type and knockout mice, which indicates that the lack of DNase X

equally affects the running capacity in both males and females. The distances run in

either wheel or treadmill test were reduced in both wild-type and knockout mice by age

but the differences, except for the result of treadmill running in knockout females, were

more substantial for knockout mice. This may relate to age-associated changes in these

mice that may alter fatigue susceptibility in a synergistic manner with the absence of

DNase X. However, the age differences in running performance are less likely to be due

to age-related alterations in DNase X expression as indicated by our data for real-time

PCR results of DNase X mRNA. The exercise capacity of DNase X(-/-)mice was less than

age-matched wild+ypes. This impaired activity was observed in both voluntary training

and forced running tests. There was an exception in 6-week old male group in which the

performance of wild-type mice was slightly and non-significantly more compromised

than knockouts. The only explanation we can offer is that wild-type mice which were

relocated from another facility were not acclimated to the new environment before being

introduced to the running wheels.

The ability to perform endurance exercise, as is tested in treadmill running to

exhaustion, depends on the efficiency of several physiological systems including

cardiovascular, respiratory, musculoskeletal and autonomous neryous system. Also,

impaired physical activity has been shown to be associated with the abnormalities in
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other organs such as immune system (Golumbek et al., 2007), although the underllng

mechanisms remain to be elucidated. Accordingly, the cause for lower fatigue resistance

in DNase X(-/-) mice most likely relates to multiple factors, as DNase X is expressed at

moderate levels in several tissues including lung and diaphragm. The high expression of

DNase X in cardiac muscle raises the possibility that the heart performance may play a

factor in reduced capacity for physical exercise in DNase X deficient mice. We did not

evaluate the functional capacity of heart and major respiratory organs, lung and

diaphragm, in these mice, and therefore have no insight how the impaired running

activity in DNase X(-/-) mice may relate to the alteration in cardiorespiratory capacity in

these mice. In relation to musculoskeletal system, muscle fatigue in DNase X(-/-) mice is

not a result of variations in muscle fiber composition. This is because no changes toward

decreased proportion of fatigue-resistant/type I fibers and the concurrent increase in the

relative number of fatigable/type II f,rbers 'were seen in knockout muscles. In muscles of

the leg examined, the type I and type II fiber content was similar in both wild-type and

DNase X(-/-) mice, and no significant variation was found in fiber type transformation

over time in these muscles. The reduced exercise tolerance may not be a result of muscle

damage in DNase X(-/-) mice either. DNase X(-/-) mice tested for running activity were

younger than 9 months-old by which age these mice did not exhibit pathological changes

in their muscles (soleus). In this context, it is possible to assume that a similar mechanism

may underlie and contribute to both pathological changes and fatigue progression in

these muscles.

Muscle fatigue may be a result of changes in central nervous system to excite

motoneurons (central fatigue), or involve the peripheral components of muscle function
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which are mostly related to alteration in excitation and muscle cell metabolism (Allen et

al., 2008; Fitts, 1994). The etiology of muscle fatigue appears to involve the impaired

release of calcium from the sarcoplasmic reticulum (SR); however, the contributing

factors vary depending on the muscle f,rber type and metabolic contents, and exercise

intensity. In prolonged submaximal exercise, muscle cell energy is primarily derived

from the aerobic metabolism wþich may also serve as a conhibutor to fatigue

development. Free radicals have been proposed to be involved in fatigue process in

skeletal muscle (Barclay and Hansel, l99I; Moopanar and Allen, 2005; Reid et al.,

1992). The exact mechanism by which reactive radicals may contribute to muscle fatigue

is not known though it is proposed that the loss of SR integrity as a result of structural

protein/lipid modifications might be the causative event. ROS may affect Ca2* release

from SR by oxidative modification of residues in SR calcium-release channels (Aracena-

Parks et al., 2006; Favero, 1999). Fatigue progression and impaired SR Ca2* handling

may also occur in the presence of ionic changes such as extracellular [K*] accumulation,

increased intracellular lMg'*], and entrance of inorganic phosphate into SR (Allen et al.,

2008).

Central mechanisms are unlikely to play a factor in fatigue development in DNase

X(-/-) mice. This is because the protein is expressed at a very low level in the central

nervous system (Los et a1.,2000; Shiokawa and Tanuma,200I). However, mice in this

study were subjected to a submaximal workload during headmill running with final

running speed of 17 mlmin (10'incline) which is less than the maximum running speed

previously reported in the C57BL/6 strain (23-40 m/min at 7o-15' incline) or the intensity

used for evaluating the endurance capacity in these mice (Faldt et al., 2004; Lerman et
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a1.,2002; Massett and Berk, 2005; Milner et al., 2000). Given that the main source of

ATP production during this activity would be through mitochondrial respiration,

increased ROS generation might explain muscle fatigue in DNase X(-/-) mice. In this

view, it can be postulated that the proposed involvement of DNase X in mitochondrial

function which is absent in DNase X deficient muscles results in higher rate of ROS

generation in these muscles, leading to development of muscle fatigue and impaired

running performance in DNase X(Ji mice. Similarly, lack of DNase X might initially

impair ion traffic across sarcolemma which is more prominent during physical exercise.

This would subsequently affect excitation-contraction coupling in muscle, leading to less

force generation and fatigue process.

The contribution of muscle fatigue to impaired running performance in DNase X

deficient mice can be tested via both in vitro and in vívo evaluation of contractile

properties of individual muscles. Fatigue progression in these muscles can be examined

by measuring force output during repetitive stimulation of muscle in a fatigue protocol.

The strength and endurance capacity of limb muscles can also be examined using various

tests designed for this assessment in animal models (Kong and Xu, 1998; Smith et al.,

1995). Furthermore, the likely causative association of oxidative damage with increased

fatigability in DNase X deficient muscles can be tested by evaluating contractile

performance of muscles in these mice taking a diet containing antioxidants.

DNase X expression is independent of øge and gender

Vy'e evaluated gene expression by a semiquantitative measurement of the relative

number of transcripts in the real-time PCR assay. To improve the reliability of the results,
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we controlled several factors that may affect the accuracy of real-time QRT-PCR in our

experiments. (a) The primer sets were designed to amplify a single product in the

corresponding sequence; this was confirmed by melting curve analysis and gel

electrophoresis. (b) To eliminate genomic DNA contamination, one of the primers in

each set spanned an exon/exon junction. Additionally, the RNA samples were treated

with DNase. (c) We ran the samples in duplicates and used the average values in at least

three independent experiments for the analysis. (d) We examined the Ct values of the

internal control, cyclophilin c, in our experiments which were not different between

samples (P >0.05). The comparative Ct method used in this study is extensively used to

approximate the mRNA expression level in real-time PCR, and is based on the

assumption that the rate of target copy change is identical for both the gene of interest

and reference gene, and is equal to 2 for all amplicons (doubling to target sequence in

each PCR cycle) (Livak and Schmittgen, 2001). Alternatively, since these assumptions

are rarely met in reactions, there are several methods developed to increase the accuracy

of quantification by calculating the amplification efficiency from each reaction separately

(Meijerink et al., 2001; Peirson et a1.,2003; Schefe et a1.,2006). In this study, we did not

calculate the amplification efficiency of samples and performed the quantification based

on the presumed constant efficiency of 2 for the PCR amplification. Although this may

affect the accuracy of the PCR results, it has been reported that this method is able to

closely estimate the relative gene expression and yields reproducible results even though

the assumptions are not exactly met (Winer et al., 1999).

Real-time PCR results showed that the expression of DNase X mRNA was

approximately 16 and 5.5-fold higher in skeletal muscles and heart, respectively,
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compared with that in liver. This is in agreement with the previous work by Shiokawa et

al. that reported DNase X expression about 27 and 4-fold higher in skeletal and cardiac

muscles, respectively (Shiokawa et a1.,2005). The finding that DNase X mRNA was not

different in fast-twitch (TA) and slow-twitch (soleus) muscles suggests that DNase X

expression is not specific to either type I or type II fibers. This argues against the

possibility that fiber type-specific expression of DNase X might account for the selective

fiber damage in DNase X(/l mice discussed earlier. Yet, examining DNase X expression

in isolated fibers can provide more accurate information on the expression pattern in

adult myocytes. The finding that the expression of DNase X mRNA does not go through

significant alteration during postnatal life also implies that the pathologic changes in

older DNase XGL) animals may relate to the combinatorial effect of several factors rather

than simply the absence of DNase X alone. Similarly, the sex-independent expression of

DNase X mRNA is supported by the fact that the phenotype in DNase X(-/-) mice was

similar in males and females, and indicates that any possible differences between two

gfoups may relate to other gender-related variations.

We examined the expression profile of other members of DNase I family to

investigate the existence of any possible compensation in DNase X(-/-) mice. DNaseIl2

was excluded from our analysis because corresponding mRNA sequence was not

amplified in our experiments. This might be either due to the low expression level of the

gene in most of the organs including skeletal muscle (Rodriguez et a1.,1997; Shiokawa et

al., 2004) and/or the optimization of the PCR reaction in our experiments. The non-

significant fold induction in the expression of DNase I and DNaseIl3 in DNase X

deficient muscles (2-3.6 folds) suggests that there is not functional redundancy within
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DNase I family in skeletal muscle. This may be supported by a similar finding in heart

and diaphragm with a mild increase (1.5-2 folds) in DNase I and DNaseIl3 mRNAs, and

may reflect a partial cooperation within this family only related to their involvement in

general cellular processes. In this view, establishing the double knockout line null for

both DNase X and either one of DNase I or DNaseIl3 (DNase I deficient mice is already

generated and investigated), and charactenzingthe phenotype of these mice will provide

helpful information on the aspects of the functional redundancy among these DNases. At

this time, there is no specific antibody available to recognize murine DNase X; however,

the gene expression results of this study can be reevaluated, in part, by blotting and/or in

situ assays using antibodies that are available against DNase I or have been developed to

react with murine DNaseIl3 (Shiokawa et al., 2000).

Nucleøse activþ ís reduced in DNøse X deftcient muscles

Nuclease activity was assessed by incubating tissue protein extract with plasmid

DNA followed by visualizing on a gel system. Gel electrophoresis-based methods are the

most commonly used assays to evaluate nuclease activity. The nuclease enz¡ime degrades

substrate DNA (usually plasmid), yielding products of various sizes that are separated on

a gel, which is further visualized and examined for quantification analyses. In this study,

we ran positive and negative controls for each experiment, and semi-quantitatively

compared the band densities between wild-type and knockout samples normalized to the

difference observed between bands from two control reactions. We used separate buffers

for each DNase, which were shown in a similar assay to yield the maximal activity of the

corresponding nuclease (Shiokawa and Tanuma, 200I). However, except for DNaseIl2,
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which is most active in acid pH, DNase I-like enzymes appear to be active over a range

of ionic strength and pH. Therefore, the subtle variations in the reaction buffers used in

this experiment could not affect the suboptimal activity of these DNases and

subsequently, the nuclease activity of other members of this family would not be fully

eliminated in the presence of buffers specific for either of them. This may explain the

residual nuclease activity we observed in DNase X specific reactions in DNase X

deficient tissues. Nevertheless, it should be considered that our data are obtained from a

semi-quantitative analysis and have to be interpreted cautiously.

The significant decrease in nuclease activity in muscles of DNase X(-/-) mice,

which was not observed in other tissues such as kidney and liver, suggests that DNase X

is the major nuclease found in skeletal muscle. This is in parallel with DNase X being

abundant in skeletal muscle and its function as an active enzyme with DNA-degrading

activity (coy et al., 1996; Los et a1.,2000; Parrish et a1., 1995; shiokawa and Tanuma,

2001). However, the physiological significance of this finding depends on the biological

function of DNase X as a nuclease in skeletal muscle. Adult skeletal muscle is a stable

tissue with a low rate of nuclear turnover (Decary et al., 1997; Schmalbruch and Lewis,

2000), and hence the endonucleollic activity may not play a critical role in this tissue.

Accordingly, although DNase X seems to be the major nuclease in skeletal muscle and its

knockout reduces DNase activity in this tissue, the causal relationship between the

nuclease capacity of muscle and muscle pathology such as what is seen in DNaseX(-/-)

mice can not be definitely concluded and requires further investigation. The abundance of

DNase X in skeletal muscle and its ability to degrade substrate DNA in vitro may not

necessarily mean that the main function of DNase X in muscle relates to its nuclease
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property. In this context, it could be helpful to investigate the role of DNase X in muscle

cell apoptosis iz vitro in myoblast cell lines as well as in primary culture of skeletal

myocytes. .ilLso, in vivo analysis of apoptotic events can be pursued by in sítu assays in

wild-type and DNase X deficient muscles. Our finding of the similar cytoplasm area peÍ

nucleus ratio in wild-type and DNase X knockout muscles may imply that nuclei turnover

is not affected in the absence of DNase X. Nevertheless, we performed the analysis on

the cross sections of muscle tissues while isolating single fibers, and staining and

measuring nuclei and entire length (size) of myofibers would yield more accurate results.

The reduced activity of DNase I and DNaseIl3 in knockout samples was not in

line with our expectation for a compensatory increase in their activity in muscle but can

be supported by the result of real-time PCR that showed no significant induction in their

expression in DNase X(-/-) muscles. However, it should also be considered that the lower

activity of DNase I and DNaseIl3 in muscle samples of knockout mice might be a relative

effect due to the presence of DNase X activity in wild-type samples (the suboptimal

activity in non-specific buffer condition, as discussed earlier) which is eliminated from

knockout samples.
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Conclusions

The major findings of this study include:

1) The soleus muscle in DNase X(-/-)mice exhibited a high incidence of regenerated fibers

with central nuclei at older ages. Also, these fibers with a small diameter composed a

notable proportion of fibers in this muscle.

2) Muscle pathology was limited to the soleus in non-exercised DNase X(/j mice. Muscle

damage was intensified in soleus after treadmill exercise and was also seen in the

quadriceps and tibialis anterior.

3) Muscle morphology was comparable in wild-type and DNase x(-/-) mice, and no

important variation was found in the number of f,rbers, fiber type composition and mean

cross sectional area ofsingle fibers.

4) DNase X(-/-) mice displayed an impaired running capacity compared with wild-type

counterparts which was prominent in voluntary activity on running wheel.

5) Body mass was reduced in DNase X(-/-) mice and the difference was more dramatic at

younger ages.

6) The nuclease activity was lower in DNase X deficient muscles, whereas no such

difference was found in other tissues examined.

7) Expression of DNase X did not change with age and was similar in both sexes.

8) No significant changes in the expression profile of DNase I family members were

found in DNase X(-/-)mice.

Based on our findings that pathology was prominent in muscles which contain

high proportion of oxidative fibers, either in exercised or non-exercised mice, we propose

that the underlying mechanism of fiber damage may relate to the oxidative damage in
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these muscles, which is exacerbated in the absence of DNase X and surpassing the

buffering capacity of the antioxidant system [Fig. i5]. The subcellular localization of

DNase X in muscle cell membrane and its high expression as a GPl-anchored protein in

muscle make it a good candidate to be involved in signaling in muscle cells. We

suggested that DNase X might be involved in pathways mediating mitochondrial

function, a role that may not directly relate to its nuclease function. Nevertheless, our

data were not sufficient to draw any compelling connection between the absence of

DNase X and the pathogenesis of muscle injury. In conclusion, our results have

demonstrated that DNase X is dispensable for the normal development of skeletal

muscle, but is involved in preventing muscle damage associated with aging and physical

stress. Further investigation, however, is required to unravel the precise function of

DNase X in skeletal muscle.
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Figure 15. Schematic presentation of a proposed role for DNase X in skeletal
muscle. Left: DNase X, as a GPl-anchored protein, might be involved in
regulation of mitochondrial function through transmembrane signaling which
is mediated in association with adaptor molecules (blue ovals) and second
messengers (green blocks). Reactive species (yellow hiangles) are mostly
produced in mitochondria in electron transport chain. These oxidants are
predominantly sequestered in mitochondria and are mainly neutralized by the
antioxidants of the tissue (shown in purple circles) found in mitochondria and
cytosol. Right: in the absence of DNase X and its presumed signaling, the
generation of oxidants surpasses the buffering capacity of the cell resulting in
muscle cell damage as seen in DNase X(-/-) mice.
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Future directions

In addition to the remarks made earlier under the discussion, the major future

directions for this study may include:

1) Investigating the activity-dependent expression of DNase X in skeletal muscle. This

may help to find out whether the activity-associated induction of muscle damage in

mutant muscles is a result of absence of the protein function when it is normally required.

2) Evaluating the measures of apoptosis in mutant muscles via both immunoblotting and

in situ staining GLTNEL assay) as well as in primary cultured myocytes from DNas" ¡(-r-)

mice. This will aid us to see how the nuclease function of DNase X may contribute to the

apoptotic death process in skeletal muscle.

3) Developing mouse DNase X-specific antibody. This will greatly facilitate the study of

protein expression andlocalization during tissue development and cellular processes.

4) Using screening approaches (e.g. Y2H) to find the interacting partners for DNase X.

This may improve our understanding of the involvement of DNase X in the signaling that

results in muscle fiber damage.
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