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The first goal of this study was to understand the role of u-calpain in skeletal muscle
protein degradation in cultured muscle cells. Several strategies were developed to down-

regulate endogenous u-calpain activity and m-calpain activity in rat myotubes. These

included over-expression of antisense u-calpain (AnsL), dominant negative u-calpain
(DN-u-CL), antisense 30K subunit (AnsS) and fused antisense u-calpainl30K (AnsLS,

i.e., 80K130K). The ability to regulate calpain activity was confirmed by fodrin
degradation (an index of calpain activity). Our data supported the contention that u-
calpain contributes significantly to total protein degradation in myotubes. Specifically,

over-expressing DN-u-calpain reduced total protein degradation by 7.9% (P<0.01) at 24

hr time point and by 10.6% (P<0.01) at a 48 hr time point. Similarly, over-expression of

antisense u-CL and the 30K subunit reduced total protein degradation significantly at the

24 hr time point (P<0.05). However, over-expression of the fused antisense (80K130K)

did not affect (P>0.05) the total protein degradation. In addition to this we determined
that desmin was a calpain substrate and that calpain could not degrade tropomyosin.

The second goal of this study was to evaluate the relationships among u- and m-calpain

and the 3OKD subunit. The rationale for this study was that our earlier work indicated

coordinated regulation of the calpain subunits. Our data demonstrated for the first time

that the transcription and translation of u-calpain and 30K, and m-calpain and 30K are
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coordinately regulated, respectively. However, the expression of u-calpain did not affect

the expression of m-calpain

The third goal of this study was to develop a skeletal muscle-specific inducible
expression system that may be used in transgenic animal research. A skeletal muscle a-

actin promoter was used to replace the cytomegalovirus immediate-early promoter
(pCMV) in the ecdysone inducible mammalian expression system. LacZ was used as a

reporter gene. A beta-galactosidase staining assay and high-sensitivity B-gal activity
assay indicated that the skeletal muscle-specific expression system functioned in
myotubes. After 48 hr of administration of ponasterone A (inducer), the treated cells had

15-fold higher B-gal activity than the control cells.
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Regulation of Skeletal Muscle Protein Degradation
By t-CaIpain and Development of a Skeletal Muscle-Specific

Inducible Expression System

Chapter I Introduction

Meat, especially skeletal muscle, is the major product from domestic animals. There are

various ways to improve meat production efficiency from meat animals. Approptiate

amounts of growth hormone (GH) are helpful for enhancing animal growth (1 ,2).
Growth hormone is considered essential for postnatal somatic growth in domestic
animals. OH functions via stimulating synthesis and secretion of insulin-like growth
factors (IGFs). And, the stimulatory myogenic effect of IGFs is mediated by their
abilities to transcriptionally induce myogenin mRNA (3). Despite the success of
exogenous hormones in stimulating growth, a genetic approach might be more efficient

than injecting OH into animals. Myostatin (also called growth and differentiation factor-

8, GDF-8) is a member of the transforming growth factor-3 family (4). Myostatin-null

mice show a dramatic and widespread increase in skeletal muscle mass due to the
increase in number of muscle fibers (hyperplasia) and thickness of fibers

(hypertrophy). Belgian Blue and Piedmontese breeds of cattle, which are characterized

by an increase in muscle mass (double muscling), have mutations in their myostatin
coding sequence (5, 6, 7).

Enhancing muscle growth could also be achieved by reducing skeletal muscle protein
degradation in vivo. Muscle proteins turn over with half-lives ranging from 2 to 10 days

(8) or 5 to 10% per day. And, it has been estimated that 15 to 25% of the food ingested

by animals is used to replace the metabolically turned-over muscle protein (9). According

to the physiological condition of animals, this replacement portion could be even higher

(10, 11). Genetically reducing protein degradationiturnover in skeletal muscle is a means

by which we may enhance animal growth and therefore to improve the ieed efficiency.



Inhibition of calpain II (calcium-dependent papain-like protease) has been shown to
reduce protein degradation in rat skeletal muscle in vitro by 30% (12). A more intriguing

observation is that over-expression of calpastatin inhibitory domain, which inhibits both

u- and m-calpain (13, 14), could reduce the total protein degradation by 63% (12). The

later observation can be equally interpreted as "inhibition of u-calpain could reduce the

total skeletal muscle protein degradation by about 30%". This interpretation, however,

needs to be strictly tested.

In order to challenge the above "interpretation", appropriate experimental systems should

be utilized. In this study, we were interested in the function of u-calpain on total skeletal

muscle protein degradation. A second (long term) goal of this study was to develop an

expression system which could be applied in vivo and which would allow us to
understand u-calpain function in vivo. For this purpose, the ideal expression system
should be inducible and tissue-specific. The commercial expression vectors usually are

either non-inducible or inducible but not tissue-specific. In order to constrain the genetic

change to skeletal muscle; we also planned to modify the expression system to be skeletal

muscle-specific.

Calpain and Skeletal Muscle Protein Degradation

Calpain superfamily: The calpains (EC3.4.22.17) are a super-family of calcium-
dependent cytosolic non-lysosomal cysteine proteinases (15). Because of their diversities

in expression pattern, protein composition and dependency on calcium concentration for

their half-maximal activity, the members of this super-family show extremely broad
physiological and pathological function in various organisms from fungi to human (16-

20). According to their structure, the calpains are classified as conventional calpains and

"atypical" calpains. Recently, due to the efforts from the international calpain-research

community, the physiological and pathological functions of calpains have become much

clear.
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The conventional calpains include u-calpain (micro-) or calpain I, m-calpain (milli-) or
calpain II, and regulatory subunit 30K or calpain 4 (21). m-calpain and u-calpain form
heterodimers with the 30k small subunit. Both m- and u-calpain large subunits could be
divided into four domains: a propeptide domain (I), a cysteine protease domain (II), a
regulatory domain (III), and a calmodulin-like calcium-binding domain (IV). The 30k
subunit can be divided into an N-terminal glycine-rich domain (V) and a calmodulin-like
calcium-binding domain (VI). Some other conventional calpains might not form
heterodimers with 30K and are expressed tissue-specifically. These include skeletal

muscle-specific calpain p94 (22), a lens-specific splicing variant of p94, Lp82 and Lp85

(23, 24), stomach-specific calpains nCL-2 and -2' (25), digestive organ-specific calpain
nCL-4 (26), placenta-specific species CAPN6 (27), sol and Dm-calpain (28, 29) from D.

melanogaster, p71, p72 and p92 from C. elegans (30, 31).

Activating mechanism of calpains: Calpains exist in the cytosol as inactive
proenzymes. In vitro activation of u- and m-calpains requires -10-50 uM and -'300-500
uM, respectively, which is considerably higher than physiological Ca2 concentrations
(generally <1 uM) (32). Therefore in vivo, calpains must be sensitized to Ca2 and be
activated before they achieve their physiological roles. Three factors have been
established as potential regulators of Ca2 sensitivity of calpains: autolysis, phospholipids
and the 30K subunit (33).

The 30K subunit functions as a chaperone to stabilize the large subunits (u- and m-) in
vivo and in vitro (34, 35). Without binding with 30K, the intact or autolyzed large
subunits are quickly degraded. Purification of large subunits as monomers from
biological resources has never been successful. Based on the X-ray structure of rat (36)
and human (37) m-calpain in the absence of Ca2', plus the information from the crystal
structure of Ca2tbinding 30K homodimer (38, 39), the mystery of calpain activation has

been clarified. Without Ca2 binding, m-calpain binds with 30K subunit. However, the
active site in Domain I and the active sites in the Domain II are prevented from forming

an active site cleft. The N-terminal of Domain I is an ct-helix anchor that tethers Domain

I to Domain VI in the regulatory subuint and plays a key role in the activation process.
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Ca2 binding causes conformational changes in Domain IV and Domain VI, which may

allow the transducer (in Domain III) to release constraints on other Domains, and exert

more flexibility to Domain-Il. This might cause the movement of Domain II to Domain

III. Spontaneously, the release of the anchor yields a more flexible Domain I. The relief

of the restraints from Domain-I and -II would allow formation of the active site cleft at

the interface of Domain -I and -II via the rotations to each other. Following the formation

of the active site, intermolecular autolysis of the N-terminal anchor of Domain I activates

calpain by permitting activity at lower Ca2tconcentration. C2-like Domain III may be

responsible for promoting binding of active calpain to membranes in response to Ca2,

thereby relieving inhibition from calpastatin and promoting digestion of calpain
substrates (36).

This activation mechanism might help to resolve seemingly contradictory observations.

One is that the 30K subunit dissociates from the large subuint in the presence of Ca2 for

the activation of large subunits. The other is that calpain remains as a heterodimer during

catalysis (for stabilizing the conformation of large subunits and avoiding from the quick

degradation) (40, 41,42).

Despite progress in understanding calpain activation mechanisms, conflicts still exist
regarding the activation of m- and u-calpain. Some reports found out that proteolysis can

occur without large subunit autolysis of m-calpain (35, 43, 44). In order to compromise
with the low physiological Ca2 concentration, some reports suggested that activated u-

calpain can activate m-calpain (45, 46). Others report that u-calpain cannot activate m-
calpain (47). There are also specific activators for sensitizing m- and u-calpains to Ca2t

UK1 14 modulates sensitivity of u-calpain to Ca2(48) and acyl-CoA-binding protein
modulates m-calpain sensitivity to Ca2 (49).

Physiological and pathological function of calpains: The exact physiological functions

of calpains remain to be clarified. At this time we know that their physiological and
pathological functions are just as diverse as their diverse expression patterns. Many
pathological functions have been identified and are often linked with the deregulation at
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their protein level. Calpain 3, or p94, has drawn broad attention since the discovery that

defects in the p94 gene causing loss of p94 activity lead to the development of limb-
girdle muscular dystrophy type-2A (50). p94 knock-out mice provided a similar
conclusion (51). Two research groups recently independently identified deficiency of

gastric-specific calpain nCL4 is related to carcinogenesis (52, 53). Len-specific calpains

Lp82 and Lp85 participate in cataractogenesis (23, 24). The Caenorhabditis elegans

calpain homologue Tra3 determines female sexual development (70). m- and u-calpain

and 30K subunit are ubiquitously expressed. Hence, their function should be much
broader than their tissue specific counterparts.

The most significant report concerning the function of the 30K calpain subunit is the
lethal phenomenon that occurs at the mid-gestation in 30K knock-out (KIO) mouse
embryos (19,54). Both u- and m-calpain activities are abolished in 30K K/O embryo.
This deletion, however, didn't impact the survival and proliferation of cultured embryonic

stem cells or embryonic fibroblasts, even in early stages of organogenesis. The 30K KIO

embryos, which died at mid-gestation, showed defects in the cardiovascular system,
hemorrhaging, and accumulation of erythroid progenitors (55). The serious

consequences to deletion of the 30 KD subunit are based on the spontaneous deletion of

both activities of u- and m-calpain. Hence, subsequent double deletion of u- and m-
calpain activities accounted for the embryo development defects in 30K K/O, rather than

from a direct effect arising from the deletion of 30K. Aside from its chaperon-like
function in stabilizing u- and m-calpains, at this time there are no direct physiological or

pathological functions assigned to the 30K subunit.

Based on results of the 3OKD knock-out experiments, we can anticipate that calpains
have widespread and essential functions. The substrate specificity for u- and m-calpains

may or may not be similar. Because the activity of calpains is dependent on the
concentration of Ca2, any physiological condition which disturbs Ca2 homeostasis

(increase or decrease) has potential to regulate calpains. Similarly, over-expression of

calpains will change their activity as well. In spinal cord injury and traumatic brain

injury, influx of Ca2 increases calpain activity. Excessive active calpain digests
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cytoskeletal proteins (e.g., spectrin) and neurofilament proteins (NFP) (56, 57, 58).
Oxidative stress in central neuronal cell has a similar effect (59). Calpain inhibitors, e.g.,
E-64-D and AK295, can prevent neural damage by inhibiting calpain activity in spinal
cord injury and traumatic brain injury. There is also an opposite report stating that
behavioral efficacy of post-traumatic calpain inhibition is not accompanied by reduced
spectrin proteolysis, cortical lesion, or apoptosis (55). Calpain might participate in the
pathogenesis of Alzheimer's disease in two ways. In one way, presenilin (PS)-1 and -2
can decrease m-calpain activity, but not u-calpain. Active u-calpain and m-calpain can
degrade presenilin PS-i and -2 and this will reduce the negative effect of PS-I and -2 on
m-calpain activity (60). In the other proposed mechanism, active u- and m-calpains
proteolyze cyclin-dependent kinase 5 (cdk5) activator p35 to p25 (61, 62, 63). p25
causes prolonged activation and mislocalization of cdk5. Consequently, the p25/cdk5
kinase hyperphosphorylates tau, disrupts the cytoskeleton and promotes the death
(apoptosis) of primary neurons. u-calpain may even play a role in learning and memory

by its interrelation with protein kinase Cy (64).

The reported functions of u- and m-calpain in apoptosis are not consistent. Calpain
inhibitors are usually utilized to elucidate calpain's physiological and pathological
function. Calpain can degrade p53. This means that calpain can prevent wild-type p53
cells, but not mutated or null p53 cells, from entering apoptosis (65). E-64-d can prevent
both calpain up-regulation and apoptosis in the lesion and penumbra following spinal
cord injury in rat (66). However, calpain inhibitor II (CPI-2) induces caspase-dependent
apoptosis in acute lymphoblastic leukemia and in non-Hodgkin's lymphoma as well as
some solid tumor cells (67). Calpain inhibitor I (CPI-1) can activate p53-dependent
apoptosis (65). The discrepancy among these reports might be explained by the
differences between experiment systems, (i.e., spinal cord injury and tumor cell lines).
More possibly, this discrepancy may be caused by the side effects of the different calpain
inhibitors. u-calpain might play a more important role than m-calpain in apoptosis
(68,69).
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The physiological functions of u- and m-calpains on the metabolic turnover of
myofibrillar proteins is more interesting for animal scientists. Past research indicates that

calpains may be rate-limiting proteases. Myofibrils in skeletal muscle are too large to be

engulfed by lysosomes and the central cavity of the proteasome is too small for intact

myofibrils to enter (76). Hence, myofibrils must first be detached from the sarcomere,
then be degraded by the proteasome (77). Calpains have very unique and limited
specificity for digesting myofibrillar/cytoskeletal proteins, e.g., desmin (71), troponin I
and T (72), and spectrin (19). Immunolocalization studies detected calpain and
calpastatin on the Z-disk and the I-band of the sarcomere (73, 74). Moreover, incubation

with purified calpain results in the loss of Z-disk and the periodicity along the length of

the thin filament. (75). The myosin-containing A-bands and the thick filaments remained

intact. Therefore, calpains disassemble the myofibrils in skeletal muscle. And, the rate-

limiting relationship between calpains and skeletal muscle growth is further indicated by

studies on the skeletal muscle growth-enhancement caused by 13-adrenergic agonists: it

was reported that skeletal muscle calpastatin (endogenous inhibitor of calpains) activity is

increased significantly by 3-agonist (78, 79,80), but the activities of u- and m-calpain

were not significantly affected (78, 80). Even more direct evidence comes from our lab

(19). Huang et al. reported that over-expression of calpastatin inhibitory domain (CID) in

rat L8 myotube reduced 63% of total skeletal muscle protein degradation. Similarly,
over- expression of active site-mutated m-calpain (dominant negative (DN) calpain II)

reduced total skeletal muscle protein degradation by 30%. In that study, CID was
expected to inhibit both u- and m-calpains, whereas DN-m-calpain was expected to
interfere only with m-calpain avtivity. Hence, the difference between effects of CID and

DN expression may approximate the contribution of u-calpain to turnover.

Based on the previous rationale, we designed several experiments to test the hypothesis

that down-regulation of u-calpain will decrease total skeletal muscle protein degradation

in rat L8 cells. To reduce calpain activity we used several strategies. These included:

a) Over-expression of dominant negative u-calpain. This construct was expected

to express a "dead" protease which would compete for substrate with endogenous u-
calpain and thereby reduce u-calpain-dependent proteolyis;



An&
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Figure 1.1. Schematic diagram of calpain large subunit and 30K small subunit showing
the relevant domain positions. D I to D VI show the Domains from I to IV in the large
subunit and the Domains V and VI in 30K small subunit. Short arrows pointed to the EF-
hand structure in D IV and D VI. The long, large arrow points to the transducer region in
D III and the star shape shows the position of cysteine (115) in D I.
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b) Over-expression of antisense u-calpain. This construct was expected to reduce

u-calpain activity.

c) Over-expression of antisense 30K subunit. This was expected to reduce both u-

and m-calpain activities.

d) Over-expression of a fused antisense u-calpain+30K. similar to "c", this was

expected to reduce both u- and m-calpain activities.

The Inducible Skeletal Muscle-Specific Expression System

The ecdysone-inducible mammalian expression system (Invitrogen, CA) is a regulated

system available for inducible mammalian expression. It has greater than 200-fold
inducibility in mammalian cells and almost no detectable basal expression (81). This

system includes two vectors: one is expression vector pIND in which the gene of
interested is subcloned. The other is regulatory vector pVgRXR, which ubiquitously
expresses ecdysone receptor EcR and RXR. With the help from inducer ecdysone or its

analogue ponasterone A the two receptors EcR and RXR form a heterodimer which binds

to a promoter and initiates transcription of the gene of interest subcloned in pIND.

RXR is ubiquitously expressed in mammalian cells. Hence, only expression of EcR is
adjustable for tissue specific expression. Because we were interested in the down-
regulation of u-calpain in skeletal muscle specifically, the skeletal muscle a-actin
promoter was used to control the expression of EcR. The cytomegalovirus promoter
(pCMV), which controls the expression of EcR, was therefore replaced with the a-actin

promoter. The modified vector pVgRXR was called pAP (a-ctin promoter). Then, the

original ecdysone inducible ubiquitous mammalian expression system became an
ecdysone inducible skeletal muscle-specific expression system. The new system opens a

new avenue for researchers to more precisely control expression of genes specifically in

skeletal muscle.
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Abstract

Ubiquitous calcium-dependent cysteine protease (calpains) play broad physiological and

pathological roles in life. There is considerable evidence showing that ubiquitous calpains

are the rate-limiting factors for animal skeletal muscle growth. Hence, the first goal of

this thesis was to understand the role of u-calpain in skeletal muscle protein degradation

in cultured muscle cells. Several strategies were developed to down-regulate endogenous

u-calpain activity and m-calpain activity in rat myotubes. These included over-expression

of antisense u-calpain (AnsL), dominant negative u-calpain (DN-u-CL), antisense 30K

subunit (AnsS) and fused antisense u-CL/30K (AnsLS, i.e., 80K130K). These constructs

were expressed in stable rat L8 myotubes and their effects on a variety of targets were

examined. The ability to regulate calpain activity was confirmed by fodrin degradation

(an index of calpain activity). Our data supported the contention that u-calpain
contributes significantly to total protein degradation in myotubes. Specifically, over-
expressing DN-u-calpain reduced total protein degradation by 7.9% (P<O.O1) at 24 hr

time point and by 10.6% (P<0.0l) at a 48 hr time point. Similarly, over-expression of
antisense u-calpain and the 30K subunit reduced total protein degradation significantly at

the 24 hr time point (P<0.05). However, over-expression of the fused antisense
(80K130K) did not affect (P>0.05) total protein degradation. In addition to this we
determined that desmin was a calpain substrate and that calpain could not degrade
tropomyosin.

The second goal of this study was to evaluate the relationships among u- and m-calpain

and the 30K subunit. The rationale for this study was that our earlier work indicated
coordinated regulation of the calpain subunits. Our cell lines afforded us the opportunity

to study these relationships in detail. In this study, we evaluated effects of down-
regulating u-calpain and 3OKD subunit on expression of all subunits. Our data
demonstrated for the first time that the transcription and translation of u-calpain and 30K,

and m-calpain and 30K are coordinately regulated, respectively. However, the expression

of u-calpain did not affect the expression of m-calpain. Specifically, a reduction in 30K
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expression increased u- and m-calpain expression at both mRNA and protein levels.
Over-expression of DN-u-CL increased 30K expression at both mRNA and protein
levels.

Keywords: Ecdysone expression system, skeletal muscle, u-calpain, dominant negative,

antisense, desmin, tropomyosin
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Introduction

The calpains (EC3.4.22.17) are a super-family of calcium-dependent cytosolic non-
lysosomal cysteine proteinases first discovered 25 years ago (1). Because of their
diversities in expression pattern, protein composition and dependency on calcium
concentration for their half-maximal activities, the members of this super-family show

extremely broad physiological and pathological functions in various organisms from
fungi to human (2-6). According to their structure, the calpains are classified as
conventional calpains and atypical calpains.

The conventional calpains include u-calpain (micro- or calpain I), m-calpain (milli- or
calpain II), and regulatory subunit 30K or calpain-4 (7). m-Calpain and u-calpain form

heterodimers with the 30k small subunit. Both m- and u-calpain large subunits may be

divided into four domains from the N-terminal: a propeptide domain (I), a protease
domain (II), a regulatory domain (III), and a calmodulin-like calcium-binding domain
(IV). The 30K subunit can be divided into an N-terminal glycine-rich domain (V) and

calmodulin-like calcium binding-domain (VI). Some other conventional calpains might

not form a heterodimer with 30K and are expressed tissue-specifically. These include

skeletal muscle-specific p94 (22), the lens-specific splicing variants of p94 (Lp82 and

Lp85) (23, 24), stomach-specific calpains nCL-2 and -2' (25), digestive organ-specific
calpain nCL-4 (26), placenta-specific species CAPN6 (27), sol and Dm-calpain (28, 29)

from D. melanogaster, p71, p72 and p92 from C. elegans (30, 31).

Calpains exist in the cytosol as inactive proenzymes. In vitro activation of u- and m-
calpains requires --'1 0-50 uM and 300-500 uM, respectively. These concentration of

Ca2 are considerably higher than physiological Ca2 concentrations (generally <1 uM)

(32). Hence, in vivo, calpains must be sensitized to Ca2 and be activated before they

mediate their physiological roles. Three factors have been established as potential
regulators of Ca2 sensitivity of calpains: autolysis, phospholipids and the 30K subunit

(33).
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The 30K subunit functions like a chaperone which stabilizes the large subunits (u- and m)

in vivo and in vitro (34, 35). Without binding with 30K, the intact or autolyzed large
subunits are quickly degraded. Purification of large subunits as monomers from
biological sources has never been successful. Based on the X-ray structure of rat (36) and

human (37) m-calpain in the absence of Ca2, plus information from the crystal structure

of the Ca2tbinding 30K homodimer (38, 39), the mystery of calpain activation has
finally been clarified. Without Ca2 binding, m-calpain binds with 30K subunit.
However, the active site in Domain I and the active sites in the Domain II are kept away

from each other and thereby prevented from forming an active site cleft. The N-terminal

anchor (part of Domain I) is an a-helix that tethers Domain I to Domain VI in the 3OKD

regulatory subunit and plays a key role in the activation process. Ca2tbinding causes
conformational changes in Domain IV and Domain VI, which may allow the transducer

(in Domain III) to release constraints on other domains and exert more flexibility to
Domain II. This might cause the movement of Domain II to Domain III. Spontaneously,

the release of the anchor yields a more flexible Domain I. The relief of the restraints

from Domains-I and -II allows formation of the active site cleft at the interface of
Domain-I and -II via the rotation of these domains toward each other. Following the
formation of the active site, intermolecular autolysis of the N-terminal anchor activates

calpain by permitting activity at lower Ca2-concentration. The C2-like Domain III may

be responsible for promoting binding of active calpain to the membrane in response to
Ca2, thereby relieving inhibition from calpastatin and promoting digestion of calpain
substrates (36). This activation mechanism might help to resolve the following seemingly

contradictory observations: the dissociation of 30K from the large subunit in the presence

of Ca2 (for the activation of large subunits) and that calpain remains as a heterodimer
during catalysis (for stabilizing the conformation of large subunits and avoiding from the

quick degradation) (40, 41,42).

Despite recent knowledge concerning calpain activation conflicts still exist regarding the

activation mechanisms and functions for both m- and u-calpains. Other reports found out

that proteolysis by m-calpain occurred without large subunit autolysis (35, 43, 44). In
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order to achieve activation in the presence of low physiological Ca2 concentrations,

some reports suggested that activated u-calpain can activate m-calpain (45, 46). Not
surprisingly, others have not substantiated these reports (47). In addition, there may be

specific activators which sensitize m- and u-calpains to Ca2. For example, UK1 14
modulates u-calpain (48) and acyl-CoA-binding protein alters Ca2tsensitivity of m-
calpain (49).

The physiological and pathological roles of calpains are not fully established. But recent

studies are providing new insights, particularly for the tissue-specific calpains. Calpain-3,

or p94, has drawn broad attention since the discovery that defects in the p94 gene causing

loss of p94 activity lead to the development of Limb-girdle Muscular Dystrophy Type-2A

(50). Studies with p94 knock-out mice provided similar conclusions (51). Two research

groups recently independently identified deficiency of gastric-specific calpain (nCL4)

and reported that it related to carcinogenesis (52, 53). Len-specific calpains Lp82 and

Lp85 participate in cataractogenesis (23, 24). The Caenorhabditis elegans calpain
homologue (Tra3) determines female sexual development (70).

Compared to the tissue-specific calpains, roles of the house keeping calpains are not fully

known. Most information concerning functions is based on inhibitors but recent genetic

approaches have being developed. m- and u-calpain and 30K subunit are ubiquitously

expressed, so, their function should be much broader than their tissue-specific

counterparts. The most significant report concerning the function of 30K relates to its
lethality at mid-gestation in 30K-knockout (KIO) mice embyros (5,54). The 30K KIO
embryos, which died at mid-gestation, showed defects in the cardiovascular system,
hemorrhaging, and accumulation of erythroid progenitors (5). Even though there is no
way to identify specific functions of 30K in K/O adult mice, the lethal embryos tell us

that the function of 30K is highly significant. Both u- and m-calpain activities are

abolished in 30K K/O embryos (5). This deletion, however, didn't affect survival and

proliferation of cultured embryonic stem cells or embryonic fibroblasts, even in early
stages of organogenesis. The serious consequences to the 30K K/U are likely based on

the spontaneous deletion of both activities of u- and m-calpains. Hence, the subsequent
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double deletion of u- and m-calpains contributed to the embryonic developmental defects

in 30K KIO, rather than from direct effects of the deletion of the 30K subunit. Besides its

chaperon-like function in stabilizing u- and m-calpains, at this stage there is no direct
physiological or pathological function assigned to the 30K subunit.

From knowledge of the 30K KIO defects in embryonic development, we may expect to

see a wide range of functions for u- and m-calpains. The substrate specificity for u- and

m-calpains is variable. Because the activity of calpains is dependent on the concentration

of Ca2, any physiological condition which disturbs Ca2 homeostasis (increase or
decrease) may change calpain activity. Similarly, altered transcription and translation of

calpains will change their activity, too. In spinal cord injury and traumatic brain injury,
influx of Ca2 into the lesion increases calpain activity. Excessive active calpain digests

cytoskeletal proteins (e.g., fodrin) and neurofilament proteins (NFP) (56, 57, 58).
Oxidative stress in central neuronal cells had a similar effect (59). Calpain inhibitors,

(e.g., E-64-D and AK295) can prevent neural damage by inhibiting calpain activity in

spinal cord injury and traumatic brain injury. There is also an opposing report stating
that behavioral efficacy of post-traumatic calpain inhibition is not accompanied by
reduced spectrin proteolysis, cortical lesion, or apoptosis (55). Calpain might initiate

pathogenesis of Alzheimers' disease (60, 61, 62, 63) by its relationship with p35, and it

also might play a role in learning and memory (64).

The possibility that calpain plays a role in apoptosis is very important because apoptosis

is so critical to many cellular events including normal development, cancer and aging.
However, reported functions of u- and m-calpain in apoptosis are not consistent. u-
Calpain might play more important role than m-calpain in apoptosis (68,69). Calpain can

degrade p53. This means that calpain can prevent wild-type p53 cells, but not mutated or

null p53 cells, from entering apoptosis (65). E-64-d can prevent both calpain up-
regulation and apoptosis in the lesion and penumbra following spinal cord injury in rats

(66). However, calpain inhibitor II (CPI-2) induces caspase-dependent apoptosis in acute

lymphoblastic leukemia and non-Hodgkin's lymphoma as well as in some solid tumor

cells (67). Calpain inhibitor I (CPI-1) can activate p53-dependent apoptosis (65). The
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discrepancy among these reports might be explained by the differences between
experimental systems (i.e., spinal cord injury versus tumor cell lines). Alternatively,
discrepancy may be caused by the side effects of different calpain inhibitors.

As indicated, most studies of calpain function have relied on calpain inhibitors. In these

types of studies, the specificity of the inhibitor for calpains should always be a concern.

Reversible calpain inhibitors, (e.g., calpain inhibitors I and II, AK295) (8, 9), form
hemithioacetal or ketal structures with the active-site cysteine to inactivate calpain.
Irreversible calpain inhibitors, (e.g., the E64 family) (10), can irreversibly alkylate the
active-site cysteine thiol to form a sulfide. Recently, more potent reversible inhibitors

(e.g., PD150606), which target the calcium-binding domain of calpain, have been
developed. Many of these have high specificity for calpains (11, 12). However, most of

these inhibitors also inhibit other cysteine proteases and, in some cases, even serine and

threonine proteases. Because present calpain isoform-specific inhibitors have not been

developed, understanding functions of individual calpain depends on genetic approaches.

The physiological functions of u- and m-calpain in the metabolic turnover of
myofibrillar proteins is more interesting for animal scientists. Muscle proteins turn over

with half-lives ranging from 2 to 10 days (15) or 5 to 10% per day. And, it has been
estimated that 15 to 25% of the food ingested by animals is used to replace the
metabolically turned-over muscle protein (16). According to the physiological condition
of animals, this rate could be much higher (17, 18).

Past research results pinpoint calpains to a rate-limiting role in muscle growth.
Myofibrils in skeletal muscle are too big to be engulfed by the lysosome and the central

cavity of the proteasome is too small for intact myofibrils to enter (76). Hence, myofibrils

must first be detached from the sarcomere, then degraded by the proteasome (77).
Calpains have very unique and limited specificity for digesting myofibrillar/cytoskeletal

proteins, (e.g., desmin (71), troponin I and T (72), and spectrin; 19). Immunolocalization

studies of skeletal muscle placed calpain and calpastatin on the Z-disk and the I-band (73,

74). The rate-limiting relationship between calpains and skeletal muscle growth is
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further demonstrated by studies on the skeletal muscle growth-enhancement caused by -

adrenergic agonists: skeletal muscle calpastatin (endogenous inhibitor of the calpains) is

increased significantly (78,79,80), but the activities of u- and m-calpain were not
significantly affected (78, 81). Even more direct evidence for a role of calpains in
myofibrillar protein degradation comes from our lab (19). Over-expression of calpastatin

inhibitory domain (CID) in rat L8 myotubes reduced total skeletal muscle protein
degradation by 63% and over-expression of active site-mutated m-calpain (dominant
negative m-calpain) reduced total skeletal muscle protein degradation by 30%. Because

expression of CID inhibits the activity of u- and m-calpains and because DN-m-calpain is

expected to specifically inhibit m-calpain-dependent digestion, we estimate that, by
difference, u-calpain accounts for reduction of muscle total protein degradation by 30%.

In this study, we developed cell lines in which we could evaluate specific functions of u-

calpain. Two proteins we studied were desmin and tropomyosin and hypothesized that

both were degraded by u-calpain. Desmin intermediate filament was reported to be a
calpain substrate (13). However, it is not known which of the calpains degrades desmin.

Desmin surrounds the Z disc and links adjacent myofibrils at the level of the Z disc. It

also links myofibrils to the sarcolemma at the level of the costamere (14). Desmin is
crucial for maintaining architectural and functional integrity of striated muscle (75). The

desmin cytoskeleton is linked to muscle mitochondrial distribution and respiratory
function (82). Desmin also accumulated in muscle diseases which are called

desminopathies. The mechanism causing for their accumulation is not known. But it is
essential to know this to understand the basic for the disease. Hence, we studied desmin

degradation, in particular, for this purpose. In striated muscle, tropomyosin is a coiled

coil protein that binds head-to-tail along the length of actin filaments. Tropomyosin

plays the central role in regulation by moving its position relative to actin. It is not
known if tropomyosin is a calpain substrate. Some reports indicated that beta-
tropomyosin can be digested by calpain (83, 84), whereas other reports claimed that
tropomyosin could not be degraded by calpains (85, 86). A goal of this work was to

determine whether tropomyosin was a true substrate of u-calpain.
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Based on the above rationale, we designed the following experiments to test the
hypothesis that down-regulation of calpain will decrease skeletal muscle total protein
degradation in rat L8 cell. To reduce calpain activity we used several strategies. These
included:

a) Over-expression of dominant negative u-calpain. (this construct was expected

to express a "dead" protease which would compete for substrate with endogenous

u-calpain and thereby reduce u-calpain-dependent proteolyis),

b) Over-expression of antisense u-calpain. (This construct was expected to reduce

u-calpain activity.)

c) Over-expression of antisense 30K subunit. (This was expected to reduce both
u- and m-calpain activities.)

d) Over-expression of a fused antisense u-calpain+30K. (Similar to "c", this was

expected to reduce both u- and m-calpain activities.)

We report here that our strategies worked very well for down-regulating the activities of

both u- and m-calpain. To our knowledge, this is the first time scientists have been able

to study relationships among u- and m-calpains and 30K subunit in vivo, rather than
utilizing inhibitors. There is dynamic relationship, at least in myotubes, for the
transcription and translation of u-CL, rn-CL and 30K subunits. Under our experimental

conditions, we found out that desmin is a true substrate of u-calpain. Contrary to
previous reports, tropomyosin is not a substrate of calpain.
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Materials and Methods

Plasmid Construction

Development of a skeletal muscle-specific inducible expression system: The ecdysone

Mammalian Expression System (Invitrogen, Carlsbad, CA) is a ubiquitous expression
system. In order to express the gene of interest in this system, specifically in skeletal

muscle, we replaced the constitutivelly active cytomegalovirus promoter (pCMV), which

controls the expression of ecdysone receptor, by skeletal muscle cL-actin promoter (the

new vector was designated pAP). Skeletal a-actin is controlled by mytogenesis factors

and thereby was expected to confer expression in differentiated myotubes. The details

about this construct and the functional testing of this construct are described in the
Chapter II (Development of a Skeletal Muscle-Specific Ecdysone-Inducible Expression

System).

In the process of preparing plasmid constructs, we often used a mixture-screening method

for increasing the chance to pickup the recombinant plasmid. The details of mixture-
screening are described in the Appendix (Mixture-Screening Method for identifying
Bacterial Colonies Containing the recombinant Plasmid DNA).

Site-directed mutagenesis of rat 1u-calpain: Full-length rat u-calpain large subunit
(abbreviated as u-CL) cDNA, subcloned into pUC18 vector in the EcoRI site was a gift
from Dr. Suzuki (University of Tokyo, Japan). Polymerase chain reaction (PCR)-based

site-directed mutagenesis was developed. In brief, u-calpain was divided into two
fragments: one fragment contained a mutated active site (Cysi l5-)Ala) and the second

fragment contained the remaining portion of u-calpain. The first fragment was digested

by BamHI (New England Biolabs, Beverly, MA), the second fragment was digested by

EcoRJ (New England Biolabs), and pIND vector (expression vector in the ecdysone
system, Invitrogen) was double-digested by these two enzymes. After gel purification of

these three fragments, they were ligated together in one ligation reaction (24 hr ligation,

DNA T4 ligase, New England Biolabs). Ten ul of the ligated product were used to

transform self-made 100 ul competent cells of E. coil DH5ct strain. Mutated site and
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orientation of the ligation were verified by sequencing (Central Services Lab, Center for

Gene Research and Biotechnology, Oregon State University). This mutated u-calpain

was designated as DN-u-calpain (i.e., dominant negative u-calpain).

In order to distinguish the endogenous u-calpain and the mutated DN-u-calpain, we
marked the u-calpain-DN by 10 amino acids of Myc-tag at the N-terminal of DN-u-
calpain. The Myc-tagged sequence was synthesized by the Central Services Lab (OSU).

The Myc-tagged DN-u-calpain (see below) was constructed as follows: 5'-restriction site-

---u-calpain native Kozak sequence----start codon----Myc----(5'-sequence of u-calpain)---

-DN-u-calpain----restriction site. The plasmid containing the Myc-tag was first verified

by PCR (the forward primer is 5'--GGATGGAGCAAAAACTAATCAGC--3', the
reverse primer is 5'--GCGCGAATTCAGGAATACATAGTCAGCTG--3'), then the

orientation, Myc-tag sequence and reading frame were verified by sequencing.

The simplified Myc-DN sequence order is as follows:

5'--GG TAC C CCAGG ATG GAG CAA AAA CTA ATC AGC GAG GAG GAC CTA

KpnI site Kozak lE- ------------------ Myc tag --------------------------------I
GCG GAT CC G CAG CAA TCT CCC AAA CTC CCC TTC CCC AGG ATG--

BamHI site

DN-u-calpain---Y

Kozak

Preparation of u-ca/pain Antisense cDNA: Full length u-calpain antisense eDNA was

generated by PCR and subcloned into pIND (expression vector in Ecdysone Inducible
Expression System, Invitrogen). The forward primer AnsL-F was 5'--

GCGCGGATCCCGCTTCATGCAAAC--3' and the reverse primer AnsL-R was 5'--
GCGCGAATTCCCCTTCCCCAGG--3'. The PCR reaction was completed in 100 ul

volume with 2.5 mM MgCl2, 2.5 mM dNTP mix, 10 ul Taq DNA polymerase buffer

(lOX), 50 ng of rat u-calpain cDNA, 2 ul primer mixture of AnsL-F and AnsL-R (25

pmole/ul each), 1 ul Taq DNA polymerase (5 U/ul, Promega, Madison, WI) and water.

The thermocycler conditions were set as follows: 94°C for 4 mm, 30 cycles of 94°C for
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30 sec, 58°C for 30 sec and 72°C for 2 mm, with an extra extension time of 8 mm at

72°C. The 2.1kb fragment was then subcloned into pIND. The AnsL orientation and
sequence were confirmed by sequencing. The vector was designated pIND-AnsL.

Preparation of 30k Antisense eDNA: A 30kD subunit cDNA was generously provided

by Dr. John Elce (Queen's University, Canada). This was provided subcloned into
pACpET. Whole eDNA was used to generate the 30k antisense cDNA by PCR using
primers AnsS-F (5'--GCGCGGATCCACTCAGGAATACATAGTC--3') and AnsS-R (5'-

-GCGCGAATTCTTGGTGAACTCGTTCTTG--3'). The PCR reaction was completed in

100 ul volume with 2.5 mM MgC12, 2.5 mM dNTP mix, 10 ul Taq DNA polymerase

buffer (lOX), 50 ng of rat 30k cDNA, 2 ul primer mixture of AnsS-F and AnsS-R (25
pmole/ul each), lul Taq DNA polymerase (5 U/ui, Promega) and water. The
thermocycler conditions were set as follows: 94°C for 4 mm, 30 cycles of 94°C for 30

sec, 58°C for 30 sec and 72°C for 1 mm, with an extra extension time of 5 mm at 72°C.

The 81 Obp fragment was then subcloned into pIND. The AnsS (S means mall subunit,

i.e., 30k) orientation and sequence were confirmed by sequencing. The vector was
designated pIND-AnsS.

Construct offused u-CL and 30k Antisense cDNA: 30k antisense cDNA was generated

via PCR (the forward primer was 5'--GCGCGAATTCAGGAATACATAGTCAGCTG--

3' and the reverse primer was 5'--GCGCTCTAGATGTTCTTGGTGAACTCGTTC--3')

and subcloned into the 3' end of u-CL antisense cDNA in pIND-AnsL. The region
between the two antisense cDNAs was confirmed by sequencing. This plasmid was
named as pIND-AnsLS (LS means large and mall subunits).
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Cell Culture System

Rat L8 myoblasts, and all other stable transfectants, were cultured in Dulbecco's
Modified Eagle Medium (DMEM, low-glucose, Gibco, Gaithersburg, MD) with addition

of 3.7g/L sodium bicarbonate, 100U/ml penicillin-streptomycin (Gibco) and 10% fetal

bovine serum (FBS, Hyclone, Logan, UT). Final concentrations of G41 8 (Gibco)
400ug/ml and Zeocin (Invitrogen) 200 ug/mi were added to the FBS/DMEM medium for

stable transfectants. When myoblast cells reached about 90% confluence, the

DMEM/FBS medium was switched to DMEM with 2% horse serum (Hyclone) for
inducing differentiation. Every two days the medium was replaced with fresh medium.

Trypsin 2.5 mg/ml was used to detach adherent cells from plates either for subcluture or

long-term storage. FBS 10% medium was added to stop the trypsinization. Suspended
cells were centrifuged at 1000 rpm for 4 mm and the cell pellet was resuspended. For

storage, the cells were placed in vials with a 9:1 ratio of FBS medium and DMSO
(Sigma, St. Louis, MO) and stored at -80°C. For subculture, the cells were diluted into

appropriate volumes of FBS/DMEM medium and evenly distributed into plates.

Stable Cell Line Establishment

LipofectAMlNE Reagent (Gibco) was used for the co-transfection of regulatory vector

pAP (Figure 3.2) and the prospective expression vectors (one of pIND-DN, pIND-AnsS,

pIND-AnsL, or pIND-An5LS) into rat L8 myoblasts. Plasmid DNA was prepared by
using a NucleoBond Plasmid Maxi Kit (Clontech, Palo Alto, CA) and the concentration

was measured by comparing sample DNA with ?JHindIII DNA fragment standard

(Gibco) on a 1% agarose TAE (40 mM Tris-acetate, 1 mM EDTA, and 1.14 mL/L glacial

acetic acid) gel.

The transfection procedure was based on the manufacturer's guidelines with some
modifications according to the character of rat myoblast L8 cell line. Briefly, the day
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before transfection, we trypsinized 80% confluent myoblast cells on 100-mm plates and

redistributed the cells onto three 100-mm plates so that they were more than 50%
confluent the day of transfection. At the time of plating and during transfection, we

avoided antibiotics. Immediately prior to the transfection, four ug (2ug of each of
regulatory vector pAP and expression vector (pIND-DN, or pIND-AnsL, or pIND-AnsS,

or pIND-AnsLS) were added to 300 ul serum-free medium. Similarly, 15 ul of
LipofectAMlNE reagent were diluted into 300u1 serum-free medium. Then the diluted

vector medium and diluted LipofectAMlNE reagent were mixed and left at room
temperature (RT) 15 minutes. While complexes were forming, we replaced medium on

the cells with Sm! serum-free transfection medium. After this, we added the DNA-
LipofectAMlNE reagent complexes to the p!ates and mixed the medium gently. Cells
were incubated at 37°C at 5% CO2 for 3 hr. After 3 hr of incubation, we replaced the

medium containing the complexes with fresh, complete medium and incubated the plates

for one day. After 24 hr incubation, the medium in the plates was replaced by selection

medium containing G418 (400ug/m!, Gibco) and Zeocin (200 ug/ml Gibco). After 24 hr

incubation, cells on the plates were trypsinized and then the cells were redistributed in

selection medium with dilution.

The co-transfected cell lines were named after their expression vector; namely Myc-DN

(dominant negative cell line), AnsL (large subunit antisense cell line), AnsS (small
subunit antisense cell line) and AnsLS (fused !arge and small subunit antisense cell line).

Each cloned line was transferred from the original plate by a cloning ring when the
clones were large enough to be visualized without a microscope. Selected clones were

cultured sequentially in a 12-well plate, a 5-well plate, a 5-cm plate and a 10-cm plate.
Ten to 15 clones of each stable cel! !ine were selected. At least one vial of each clone in

each cell line was stored in a -80°C freezer. Before checking the expression efficiency of

the interested genes, all cell lines were checked for their differentiation capacity. Only

the cell lines (i.e., clones) that showed good differentiation were used in further
experiments.
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Total RNA Extraction

The cell lines DN, AnsL, AnsS and AnsLS were cultured with selection medium until

they reached 85 to 90% confluent. The medium was changed to differentiation medium

(2% HS medium, HyClone). After differentiation, ponasterone A (10 ug/mi, an analogue

of ecdysone, Invitrogen) was added to the treatment plates, or the same volume of 100%
ethanol (vehicle) was added to the control plates. After 24 hr or 48 hr incubation,
TRIzol Reagent (Gibco) was used to extract total RNA from the cells. The

manufacturer's guidelines were followed with some modifications. Briefly, after residual

culture medium was removed, and the monolayer of cells was directly lysed in the culture

dish by adding 1 ml of TRIzol Reagent. The lysed cells were incubated for 5 mm at

room temperature to permit the complete dissociation of nucleoprotein complexes. After

this, 0.2 ml of chloroform per lml of TRIzol Reagent was added and the tubes were
shook vigorously by hand for 15 seconds. The tubes were allowed to stand at RT for 5 to
15 mm then, centrifuged at 1 2,000Xg for 15 mm at 4°C. After centrifugation, we
transferred the upper aqueous phase to a new tube (the organic phase could be saved for

isolation of total DNA and protein). Isopropyl alcohol 0.5 ml was used for the
precipitation of RNA. To accomplish this, we incubated the tubes at RT for 10 mm and

centrifuged samples at 12,000 g for 8 mm at 4°C. The supematant was removed and the

RNA pellet was washed with I ml of 75% ethanol. The sample was mixed by vortexing

and centrifuged at 7,500Xg for 5 mm at 4°C. At the end of the procedure, the RNA pellet

was briefly air-dried, then dissolved in 30 ul of DEPC-treated water. Finally, we
incubated RNA solution in a 57°C water bath for 10 mm. RNA concentration was
measured via spectrophotometer (DU.640B. Beckman, Palo Alto, CA) at A2601280 The

quality of RNA was determined by running 1 ug RNA on 1% TAE agarose gel. DNase

treatment was used to treat RNA samples which were contaminated by genomic DNA.
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Reverse Transcription-PCR (RT-PCR)

The Calypso RT-PCR System (Tetra Link International Inc. NY) is a one-step reaction

system designed for sensitive, fast, reproducible and convenient analysis of RNA. The

Calypsa RT-PCR system was utilized to check the expression of our genes of interest.

The manufacturer's general protocols were followed with some modifications. Briefly, in

multiple reactions, Master Mix I and 2 (from the protocol) were prepared separately.
Twenty-five pmole of each forward and reverse primer were added and 500 ng RNA (in

100 ng/ul concentration) template were used. For all genes of interest, RT was performed

at 50°C for 30 mm and followed by inactivation of reverse transcriptase (94°C, 2 mm).

PCR was performed in 30 (for 30k) or 25 cycles. In the PCR process, the annealing
temperature and the extension time for different templates were varied and detailed in the

following text.

The PCR reaction for Myc-tagged DN-u-calpain PCR reaction was performed for 25

cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 68°C for 1 mm, with an extra
extension period 5 mm of 60°C. The forward primer Myc-seq was 5'--

CTAATCAGCGAGGAGGACCTA--3', and the reverse primer u-CL-B-900 was 5'--
TTGGCATCCGTCACAGAGTAT--3'.

The u-calpain PCR reaction was performed for 25 cycles at 94°C for 30 seconds, 58°C for

30 seconds, and 68°C for 1 mm, with an extra extension period of 5 mm at 68°C. The
forward primer u-CL-F was 5'--ATGGCAGAGGAGTTAATCACA--3', and the reverse

primer u-CL-B-900 was 5'--TTGGCATCCGTCACAGAGTAT--3'.

The small subunit 30K PCR reaction was performed for 30 cycles at 94°C for 30 seconds,

58°C for 30 seconds, and 68°C for 1 mm, with an extra extension period for 5 mm at

68°C. The forward primer 30k-Ans-C was 5'--CTTTGAGGCAGCAGGATTCCA --3',

and the reverse primer u-30k-B was 5'--CAGCTGACTATGTATTCCTGA--3'.
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The m-calpain PCR reaction was performed for 25 cycles at 94°C for 30 seconds, 60°C

for 30 seconds, and 68°C for 1 mm, with an extra extension period of 5 mm at 68°C. The

forward primer was 5'--AGAGAAGAAGGCTGACTACCA--3', and the reverse primer

was 5'--TCTCAGGGTCCAGCTGCTTGA--3'.

The fused antisense AnsLS PCR was performed for 30 cycles at 94°C for 30 seconds,

60°C for 30 seconds, and 68°C for 1 mm, with an extra extension period of 5 mm at 68°C.

The forward primer u-CL-B-900 was 5'--TTGGCATCCGTCACAGAGTAT--3' and the

reverse primer 30k-Ans-C was 5'--CTTTGAGGCAGCAGGATTCCA--3'.

Ten ul of each RT-PCR reaction were used to check size of the RT-PCR products on a

2% agarose gel in TAE buffer.

Measurement of Total Protein Degradation

After two to three days of growth, the myotubes were about 90% confluent. The culture

medium (10% FBS in DMEM) was changed to differentiation medium (2% Horse Serum

in DMEM). Right before the cells began to differentiate, 0.5uCi/ml of 3H-tyrosine
(DuPont NEN, MA) were added to all plates for 24 hr. After differentiation was
complete, all plates were washed twice with DMEM medium containing 2 mM cold
tyrosine and refilled with HS medium (containing 2 mM tyrosine; chase). For the
treatment plates, 1 Oug/ml ponasterone A (inducer) were added, whereas 5 ul/ml 100%

ethanol (vehicle) were added to the control plates. After 20 mm, I ml of the medium was

taken from each plate and the radioactivity was measured by scintillation counter (LS
6000SE, Beckman). This was designated as the residual radioactivity at "time zero",
symbolized as T0c for control plates and Top for ponasterone A-treated plates. The cells

were incubated for further 24 hr or 48 hr. At each time point, I ml of medium was taken

from each plate and the radioactivity was measured and designated as the radioactivity at

each time point, symbolized as T24c, T24, T48 and T48, respectively. Total protein

degradation (designated as D) for each plate was determined as follows: D24= T24c- T0c,



D24= T24- T0, D48c= T48c- To and D48= T48 - Top. The total protein degradation rate
(designated as R) caused by the over-expression of our gene-of-interest was calculated as:
R24(D24 D24)/ D24c* 100%, R48=(D48c- D4g)I D48c* 100%.

Protein Extraction from Cell Culture

M-PER Mammalian Protein Extraction Reagent (Pierce, Rockford, IL) was used to
extract protein from the myotubes. The manufacturer's protocol was followed with some

modifications. Briefly, culture medium was removed and 5m1 PBS (0.1 M phosphate and

0.15 M NaC1, pH7.2) were used to wash the cells twice. Then all plates were put on ice
until all lysate was collected. A solution of pre-dissolved protease inhibitor cocktail
tablet (Roche Diagnostics GmbH, Mannheim, Germany) was added to M-PER reagent.
M-PER reagent (700 ul) was added to each plate and each plate was gently rocked for 5
mm. A rubber policeman was used to help the collection of all lysate. We then
transferred the lysate to a microcentrifuge tube and centrifuged the samples at 13,000 rpm
for 10 mm at 4°C. An aliquot of the supernatant was placed into small tubes and stored at

-80°C. Protein concentration was measured by the Bio-Rad Protein Assay method (Bio-
Rad, Hercules, CA).

SDS-PAGE and Immunoblotting

A total of 20 ug protein extract were loaded in each lane on SDS-PAGE gel (bOy, 2 hr)

in a PROTEAN II Mini-Gel Vertical Electrophoresis unit (Bio-Rad) with a Tris-glycine
running buffer system (25 mM Tris-base, 129 mM glycine, 0.1% (wlv) SDS (pH 8.3)).

Kaleidoscope (Bio-Rad) pre-stained protein standard was used. A Trans-Blot Cell unit

(Bio-Rad) and a Tris-glycine buffer system with addition of 20% methanol without SDS

were used for membrane transfer. The proteins were transferred onto an OPTITRAN

membrane (nitrocellulose, Schleicher & Schuell, Keene, NH) at 20 V for 20 mm and 100
V for 1 hr. A 4% stacking gel and various percent separating gels were used for
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separating different proteins. A 5% separating gel was used for spectrin; while a 7.5%

separating gel was used for m-calpain, u-calpain, 30k small subunit, desmin and
tropomyosin.

Typical Western blotting protocol (103) was followed with some modifications. Briefly,

we removed the membrane blot and blocked the non-specific sites with a blocking buffer

(5% skim milk, TTBS: 50 mM Tris-base, 150 mM NaC1 and 1%Tween-20) for one hour

at RT with shaking. We then incubated the blot with the primary antibody in TTBS plus

5% skim milk for 1 hr with shaking. The primary antibodies were: mouse anti-spectrin

(1:10,000, Chemicon, Temecula, CA), mouse anti-m-CL (1:10,000, BioMol, Plymouth

Meeting, PA), mouse anti-u-CL (1:10,000, BioMol), rabbit anti-30K (1:5,000, generously

provided by Dr. Elce, Queen's University, Canada), and mouse anti-desmin (1:10,000,

Sigma), mouse anti-tropomysin (1:10,000, Sigma). We washed the membrane with
TTBS four times (15 mm each) following antibody probing and incubated the blot in
TTBS plus 5% skim milk with HRP-conjugated secondary antibody (goat-anti-mouse

IgG-HRP conjugated, 1:10,000, or goat-anti-rabbit IgG-HRP conjugate, 1:10,000) for I

hour at RT with shaking. The membrane then was washed with TTBS four times (15 mm

each). The blot was immersed in Super Signal West Femto Substrate Working Solution

(Pierce, Rockford, IL) for 5 mm, after which we removed the blot from the substrate
solution and placed it in a membrane protector. Bubbles between the blot and the surface

of the membrane protector were removed. We then placed the blot against film (Fuji X-
ray film, Stamford, CT) and exposed it for an appropriate time (from 5 seconds to 2 mm).

Blots that have been shown here represent one of at least three similar results. Blots

were quantified by the Kodak ID Image Analysis Software (Rochester, NY).
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Statistical Analysis

A simple paired t-test was utilized to evaluate difference between individual treatment

means (NCSS, Kaysville, Utah). A significant level of 5% was adopted for all
comparisons.
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Selection of Cell Lines
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After tranfection, cells were selected for their resistance to both zeocine and G418.
Following this, their differentiation capacity was tested. Only the transfectants which
displayed capacity for differentiation were used for further experiments. Reverse-

transcription PCR (RT-PCR) was generally used to screen the clones in each cell line to

assess the expression efficiency of each gene construct. Only one clone which displayed

the highest expression of the gene construct was selected in each cell line for functional

assays.

The cell lines which we developed were:

Cell Line Name Gene of Interest
L8/DN Dominant negative u-calpain

L8/AnsL Antisense u-calpain (karge subunit)

L8/AnsS Antisense 3OKD subunit (Small subunit)

L8/AnsLS Antisense 80K130K fused construct.

Validation of the L8IDN Cell Line

In our first study, it was necessary to confirm that genes we were attempting to regulate

were actually expressed and that these brought about changes in the calpain system.
Figure 2.1 depicts the first of these studies where we evaluated the dominant negative

(DN) cell line. Here, we assessed effects of adding ponasterone A (inducer of the
ecdysone system) to cultures of L8 myotubes on expression of myc-labelled DN-u-
calpain (Panel A) and on expression of u-calpain mRNA (Panel B). Confirmation that
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Figure 2.1. Effects of ponasterone A (PA) on Myc-DN mRNA (Panel A) and u-calpain
mRNA (Panel B) in L8/DN cells. After adding PA to treated group or equal amount of
vehicle to the control group for 24 hr or 48 hr. total RNA was extracted from four groups.
Reaction conditions are described in the Materials and Methods section. Western blotting
was performed to detect the protein level of Myc-DN-u-calpain (Panel C) and
endogenous u-calpain (Panel D, band indicated by arrow). Representative blottings are
shown here. Myc-DN-u-calpain was detected as well (Panel D, band indicated by arrow
head). The position is exactly the same as Myc when the anti-Myc antibody was used to
detect Myc-DN-u-calpain (Panel C).
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expression of myc-labelled DN-u-calpain caused expression of myc-u-calpain at the
protein level was evaluated by Western blotting (Panel C). Confirmation that over-
expression of DN-u-calpain brought about an increase in total u-calpain protein
(endogenous + myc-labelled) also was completed (Panel D).

Because there was only one amino acid difference (alanine vs. cysteine) between DN-u-

calpain and endogenous u-calpain, there is not an efficient method to distinguish their
relative expression. To enable us to detect expression of DN-u-calpain, we expressed a

Myc-tagged protein. After Myc-tagging of the DN-u-calpain, it was possible to
distinguish the relative expression (at the mRNA level and the protein level) of Myc-
tagged DN-u-calpain and u-calpain. A unique primer set was used in RT-PCR: one
primer is in the Myc sequence and another is within the u-calpain sequence. Compared

with the controls, expression of Myc-DN-u-calpain was detectable when ponasterone A

was added to culture media (Figure 2.1, Panel A). After 24 and 48 hr induction,
expression of myc-tagged DN-u-calpain was increased by 185% (P<0.05) and 230%
(P<0.01), respectively. The signal in the control lanes (Panel A) represents the "leakage"

of the expression system. Leakage in expression was low. The RT-PCR primers in the u-

calpain sequence could not discriminate between the DN-u-calpain and the endogenous

u-calpain. Hence, both of them were amplified. The RT-PCR product in induced samples

is much higher (150% and 170% after 24 and 48 hr induction) than that in controls
because of the expression of DN-u-calpain is included (Figure 2.1, Panel B). These data

indicated successful expression of myc-tagged DN-u-calpain and u-calpain at the RNA

level.

Mouse anti-Myc antibody was used to detect Myc-DN-u-calpain at the protein level.
After ponasterone A was added for 48 hr, the Myc-DN-u-calpain protein increased about

250% (P<0.05; Figure 2.1, Panel C). Leaky translation in control cells was too low to be

detected. In addition to the use of pre-stained protein as a standard, purified u-calpain

with 30K subunit was also used as standard. This served as a positive control for
monitoring Western blotting. After 48 hr of ponasterone A treatment, total u-calpain

protein (a combination of endogenous u-calpain and DN-u-calpain) was increased by



42

139% and the Myc-DN-u-calapain was increased by 143% (Figure 2.1, Panel D). Again,

these data indicated that the L8/DN cell line expressed the gene of interest appropriately

at both mRNA and protein levels.

Validation of Antisense Expressing Cell Lines (L8/AnsL, L8/AnsS and L8/AnsLS)

Expression of antisense mRNA can significantly impair the expression of an endogenous

gene. Three different forms of antisense mRNA were designed to down-regulate the
endogenous calpain subunits. Antisense u-calpain was designed to reduce u-calpain
8OKD subunit. Antisense 3OKD subunit was designed to reduce the calpain 3OKD
subunit concentration and, possibly, both u-and m-calpain activities. A fused antisense

construct (u-calpain 8OKD and 30K) was also designed to reduce both the 3OKD and u-

calpain subunits. All antisense fragments were expressed at full length. RT-PCR could

not distinguish the difference between sense and antisense mRNAs. Compared with the

controls, however, the endogenous calpain subunit mRNAs (i.e., 30KD and u-calpain) in

induced plates should be lower because the antisense mRNA causes the degradation of

sense mRNA. Therefore, we assessed effects of ponasterone A on mRNA encoding
3OKD and u-calpain mRNA to verify efficacy of our antisense cell lines.

We evaluated effects of the three antisense constructs on concentrations of 3OKD and u-

calpain subunits at mRNA and protein levels. Expression of antisense u-calpain
significantly reduced concentration of the endogenous u-calpain mRNA by 41% (P<0.05)

after 24 hr induction and by 26% (P<0.01) after 48 hr induction (Figure 2.2, Panel A).
Expression of antisense 3OKD subunit in L8/AnsS cells effectively reduced 3OKD
mRNA concentration by 9.4% and 9.6% after 24 and 48 hr indcution (Figure 2.2, Panel

B), respectively. Over-expression of the fused antisense construct in L8/AnsLS for 24 hr

did not significantly affect u-calpain and 3OKD subunit mRNAs. After 48-hr of
induction, however, the endogenous u-CL mRNA level was reduced about 60% (Figure

2.2, Panel C) and the 3OKD about 45.2% (Figure 2.2, Panel D) by expression of the fused

antisense.
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Figure 2.2. Effects of expression of antisense u-calpain and 3OKDa on mRNAs encoding
these two subunits. The treatments are the same as mentioned in the Figure 2.1. On the
left side of each gel, the cell line name and the RT-PCR product name are indicated. On
the right side of each gel, panels A-D are indicated. Ponasterone A was added for 24 or
48 hr to lanes marked with "+". Other treatments were exposed to vehicle only.
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A change in mRNA level doesn't necessary mean the same or even similar changes will

occur at the protein level. In order to address this question, Western blotting was
performed. Mouse anti-u-calpain monoclonal antibody was used to assess u-calpain
protein, and rabbit anti-30K serum (a gift from Dr. John Elce, Queen's University,
Canada) was used to assess concentration of the 3OKD calpain. Purified u-calpain

(Gibco) was used as a positive control. Clearly, expression of antisense u-calpain mRNA

significantly reduced endogenous u-calpain concentration at 24 hr (34.4%) and 48 hr
(33.9%) time-frames (Figure 2.3, Panel A). Similarly, expression of antisense mRNA

against the 30K calpain subunit reduced 30K protein level by 10.3% and 2.4% at 24 and

48 hr time-frames (Figure 2.3, Panel B), respectively. Over-expression of 80K130K

antisense did not reduce u-calpain (Figure 2.4, Panel A) and 3OKD (Figure 2.4, Panel B)

at the protein level. This effect was inconsistent with its effect at the mRNA level.

Does Expression of One Calpain Subunit Affect Expression of Related Subunits?

Most research on calpains has focused on the two house-keeping large subunits (u- and

m-calpain 8OKDa). Relatively few studies have involved the 3OKD subunit, as done in

this study. A goal of our research was to study the interrelationship of all calpain subunits

and to assemble an understanding of calpain regulation. To do this, our preliminary cell

validation studies proved we had the ability to regulate individual calpain subunits and
thereby study their relationships to each other. In the first experiment we tested whether

alterations in u-calpain expression (by over-expressing Myc-DN-u-calpain) brought about

changes in 3OKD calpain subunit concentration. Over-expressing Myc-DN-u-calpain

increased 3OKD calpain subunit concentration at both the mRNA (Figure 2.5, Panel A)

and protein (Figure 2.6, Panel A) levels. Specifically, after 24 and 48 hr induction, u-

calpain mRNA was increased by 81% (P<0.07) and 27.4% (P<0.01), and u-calpain
protein by 116.7% (P<0.01) and 59.3%, respectively. When we reduced u-calpain
expression in cells by over-expressing u-calpain antisense, 3OKD calpain subunit
concentration was reduced at mRNA level (Figure 2.5, Panel B), but was not consistent at

protein level (Figure 2.6, Panel B) levels. After 24 and 48hr induction, 3OKD mRNA
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Figure 2.3. Effects of over-expressing antisense u-calpain and 30K on the endogenous
u-calpain and 30K at the protein level. On left side of the blot, the cell line name and the
target protein for this immunoblotting are indicated. Purified u-calpain was used as
positive control (Panel A). Ponasterone A was added for 24 or 48 hr to lanes marked with
n+H Other treatments were exposed to vehicle only.
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Figure 2.4. Effects of expressing fused 80K130K antisense on u-calpain and 3OKDa
subunit protein concentration. On the left side of the blot, the cell line names and target
protein of the Western blotting are mentioned. Ponasterone A was added for 24 or 48 hr
to lanes marked with "+". Other treatments were exposed to vehicle only.
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Cell RT-PCR 24 Hr 48 Hr
Line Product - + - + <--PA
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. I
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Figure 2.5. Effects of expressing DN-u-calpain, antisense u-calpain and antisense 3OKDa
subunit on 3OKD calpain mRNA concentrations. RT-PCR was utilized to measure
mRNA concentration. On the left side of each gel, the cell line name and the target gene
are mentioned. Ponasterone A was added for 24 or 48 hr to lanes marked with "+". Other
treatments were exposed to vehicle only.
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Figure 2.6. Effects of expressing DN-u-calpain, antisense u-calpain and antisense 30K
calpain subunit on 3OKDa calpain and u-calpain subunit at the protein level. Western
blotting was used to assess protein level. Ponasterone A was added for 24 or 48 hr to
lanes marked with "+". Other treatments were exposed to vehicle only.
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was reduced by 16% and 4%, however, 3OKD protein was increased by 11% after 24

induction and was reduced by 93% (P<0.O1) after 48 hr induction. The data indicated that

when u-calpain mRNA is elevated (by over-expressing DN-u-calpain), 3OKD mRNA is

coordinately increased (or vice versa). This would ensure linkage of the expression of the

two components of the calpain heterodimer. Similarly, when we reduced 3OKD calpain

expression using antisense 3OKD expression, even though u-calpain was not affected at

mRNA (Figure 2.5, Panel C), u-calpain protein was reduced by 7 1.9% (P<0.05) after 48

hr induction (Figure 2.6, Panel C).

We also investigated relationships between the 3OKD and u-calpain subunit with the

highCa2trequiring subunit: m-calpain (m-CL). To accomplish this, we evaluated effects

of our antisense and DN-u-calpain cell lines on m-calpain expression. We found that
expression of the fused antisense (u-CL-3OKD) and DN-u-calpain did not affect m-
calpain expression at mRNA or protein levels (Figure 2.7, Panels B, D and Figure 2.8,

Panels B, D). However, expression of antisense 30K calpain subunit did not affect m-

calpain mRNA level (Figure 2.7, Panel C), m-calpain protein level was significantly
affected (Figure 2.8, Panel C). Namely, after 24 and 48 hr induction, m-calpain protein

increased by 310% (P<0.O1) and 280% (P<O.01), respectively. Over-expression of

antisense u-calpain did not affect m-calpain mRNA (Figure 2.7, Panel A), but m-calpain

was reduced at the protein level by 55% (P<0.01) following 48 hr of induction (Figure
2.8, Panel A). However, expression of fused 801(130K antisense did not affect the
expression of m-calpain (Figure 2.7 and 2.8, Panel D). These data indicate that m-calpain

subunit expression, like u-calpain and the 3OKD calpain subunit, is coordinately
regulated with other calpain subunits. It is not clear whether these changes are mediated

directly or indirectly or via changes in mRNA or protein concentration.
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Figure 2.7. Effects of over-expressing antisense u-calpain, DN-u-calpain, antisense
3OKDa subunit and the fused u-calpain-3OKDa fragment on m-calpain mRNA. lOOng of
total RNA was used in SOul RT-PCR reaction. 1 Oul of the final product was loaded in
each lane. On the left side of each gel, the cell line name is indicated. Ponasterone A was
added for 24 or 48 hr to lanes marked with "+". Other treatments were exposed to vehicle
only.
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Figure 2.8. Effects of over-expressing antisense 8OKD u-calpain (Panel A), DN-u-
calpain (Panel B), antisense 3OKDa subunit (Panel C) and the fused antisense u-calpain-
30K (Panel D) on m-calpain protein level. Mouse anti-rn-calpain monoclonal antibody
was used and purified rn-CL was used as positive control in Panel D. Cell line names are
marked on the left side of blots. Ponasterone A was added for 24 or 48 hr to lanes marked
with "+". Other treatments were exposed to vehicle only.
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Roles of Calpains in Muscle Cells

In addition to establishing the interrelationships between the various calpain subunits, our

cell lines permitted us to investigate potential calpain substrates (i.e., calpain function).

By reducing activities of calpains in living cells, we can ascertain roles of calpains in
vivo.

The first substrate we studied was fodrin. Fodrin (spectrin) is a well-established calpain

substrate (61, 62, 63). Hence, change in fodrin cleavage in our individual cell lines
provides evidence of our ability to regulate calpain activity in muscle cells. In addition,

we also studied roles of calpain in total protein degradation and in degradation of
tropomyosin and desmin.

Fodrin Degradation by u-Calpain in Rat Myotubes.

Fodrin is a well-established substrate for calpains (61, 62, 63). Accumulation of fodrin

breakdown product (BDP, 145/150 KDa) and fodrin concentration itself have been used
as indexes for the activity of calpains. In order to evaluate the efficiencies of our cell
lines, immunoblotting was performed by using mouse anti-fodrin monoclonal antibodies

following ponasterone A induction of the individual cell lines. After 24 and 48 hr
induction, fodrin breakdown products were reduced in ponasterone A-treated cells
compared to the controls (Figure 2.9, Panels A through D). And, fodrin itself
accumulated in some samples. We can conclude that all of our constructs work
efficiently in down-regulating the activity of endogenous calpain.
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Figure 2.9. Effects of over-expressing antisense u-calpain (Panel A), DN-u-calpain
(Panel B), antisense 3OKDa subunit (Panel C) and fused antisense u-calpain-3OKDa
(Panel D) on fodrin degradation. Cell line names were marked on the left side of each
blot. The double arrow head (<<) points to the fodrin band. The bar and arrow (lE-)
points to the 145/15OKDa fodrin degradation products. Ponasterone A was added for 24
or 48 hr to lanes marked with "+". Other treatments were exposed to vehicle only.
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Effects of Calpain Activity on Total Protein Degradation in Rat Myotubes

After proving ability to down-regulate calpain activity, we evaluated the role of u-
calpain in skeletal muscle total protein degradation. Our results showed that u-calpain

plays a significant role in skeletal muscle total protein degradation. Specifically, over-

expressing u-calpain antisense mRNA reduced total protein degradation by 6.4%
(P<0.05) following 24 hr of ponasterone A treatment and by 11.9% (P>0.05) following

48 hr of ponasterone A treatment. Over-expression of DN-u-CL reduced total protein

degradation by 7.9% (P<0.0 1) following 24 hr of ponasterone A treatment and by 10.6%

(P<0.01) following 48 hr of ponasterone A treatment. Over-expression of antisense 3OKD

subunit reduced total muscle protein degradation by 13.4% (P<0.05) following 24 hr of

ponasterone A treatment and by 7.3% (P>0.05) following 48 hr of ponasterone A
treatment. Over-expression of the fused antisense construct reduced total muscle protein

degradation by 3.5% and 3% at 24 hr and 48 hr time points (P>0.05), respectively.

Role of Calpain in Desmin Degradation in Rat Myotubes

Desmin is an intermediate filament which can be degraded by calpains rapidly in vitro

(71). In order to determine whether desmin is a true substrate of calpains, we evaluated

effects of over-expressing antisense u-calpain (Figure 2.10, Panel A), Myc-tagged-DN-u-

calpain (Panel, B), antisense 3OKD subunit (Panel C) and the fused antisense 80K/30K

calpain fragment on desmin concentration following 24 and 48 hr of ponasterone A
administration. Clearly, all cell lines demonstrated increased desmin concentration
(stabilization) when calpain activity was reduced. Specifically, after 48 hr induction,
desmin protein concentration was increased by 170.8% in L8/AnsL cell line, 30% in
L8/DN cell line, 138.7% (P<0.01) in L8/AnsS cell line, and 564% (P<0.01) in L8/AnsLS

cell line, respectively. These data support the contention that desmin is a true calpain

substrate.
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Figure 2.10. Effects of over-expressing antisense u-calpain (Panel A), DN-u-calpain
(Panel B), antisense 3OKDa subunit (Panel C) and fused antisense u-calpain-3OKDa
(Panel D) on desmin concentration. The cell line name is marked on the left side of each
blot. Mouse anti-desmin monoclonal antibodies was used to detect desmin protein.
Ponasterone A was added for 24 or 48 hr to lanes marked with "+". Other treatments
were exposed to vehicle only.
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Role of Calpain in Tropomyosin Degradation in Rat Myotubes

In a strategy identical to that used for desmin, we evaluated the role that calpain has in

degradation of tropomyosin (Figure 2.11, Panels A to D). Others (72) have indicated,
based on in vitro studies, that tropomyosin is a calpain substrate. However, we found that
tropomyosin concentration was unaffected by ponasterone A treatment in any of our cell
lines. These data indicate that tryopomyosin is not a calpain substrate.
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Figure 2.11. Effects of over-expressing antisense u-calpain (Panel A), DN-u-calpain

(Panel B), antisense 3OKDa subunit (Panel C) and fused antisense u-calpain-3OKDa

(Panel D) on tropomyosin concentration. Cell line names are marked on the left side of

each blot. Ponasterone A was added for 24 or 48 hr to lanes marked with "+". Other

treatments were exposed to vehicle only.
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In the first phase of this study, we systematically examined relationships between the

most prevalent forms of the calpain subunits (8OKD u- and m-calpain subunits and the
3OkD small subunit) in skeletal muscle cells. Inter-relationships were assessed at the
transcriptional (mRNA concentration) and translational (protein concentration) levels.
The study was completed without application of any stimuli that might stimulate or
inhibit protein degradation. Hence, the results should reflect the dynamics among the
subunits in normal, non-stimulated muscle cells.

To accomplish this, we developed a variety of cells lines in which the various
components of the calpain system could be regulated via the ecdysone expression system.

This constituted the first effort to apply the ecdysone expression system to muscle cells.
Here, ponasterone A was added as an inducer to culture media. To ascertain the validity

of these approaches, we assessed abilities of the transgenic cell lines to regulate calpain
subunit expression and also assessed fodrin degradation. Fodrin is a well-known calpain
substrate and its protection is interpreted as evidence of a reduction in calpain activity
(61, 62, 63). It's perhaps the best measure, albeit indirect, of calpain activity in living
cells

In this first study, we documented that the DN-u-calpain cell line expressed DN-u-
calpain, as indicated by the increase of specific Myc-DN-u-calpain signal, when
ponasterone A was added to media (Figure 2.1, Panels A and C and D) and that this
resulted in reduction in endogenous u-calpain activity, as demonstrated by the
stabilization of fodrin (Figure 2.9, Panel B). These data demonstrate that the DN-u-
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calpain cell line expresses a protein (a "dead" calpain) which reduces endogenous u-
calpain activity. And, we propose that we may use this line to evaluate the roles of u-
calpain in muscle cells. In other studies (19) we successfully applied a similar approach

(expression of a DN-m-calpain) to elucidate roles of m-calpain in muscle cells (using a

LacSwitch expression system). We propose that the DN-u-calpain exerts its activity by

competing with endogenous active u-calpain for substrate and thereby sequestering
substrate from degradation by active endogenous protease.

After 48 hr induction, Myc-DN-u-calpain expression was much higher than endogenous

u-calpain (Figure 2.1, panel D). In the construction of Myc-DN-u-calpain, the start
codon for DN-u-calpain and the Kozak sequence for u-calpain were not mutated (see

"methods and materials" section). Therefore, the translation for Myc-DN-u-calpain
mRNA could initiate from the start codon in front of Myc and the translated protein was

Myc-DN-u-calpain. Alternatively, the translation of Myc-DN mRNA could start from the

original start codon of DN-u-calpain and the translated protein would be DN-u-calpain.

Despite this, the DN-u-calpain and endogenous u-calpain will have a molecular size
which is very similar and which cannot be resolved on a gel. As a result, an RT-PCR
product generated from u-calpain primers represents contribution of both DN-u-calpain

and u-calpain mRNAs. Accumulation of mRNA is likely to result from the synthesis of

the DN-u-calpain protein.

In a second study, we evaluated effects of over-expressing antisense u-calpain mRNA on

u-calpain mRNA and protein levels. As anticipated, addition of ponasterone A to
cultures of this cell line increased total u-calpain mRNA (a mixture of both native and

antisense u-calpain mRNA, Figure 2.2, Panel A) and brought about a reduction in u-
calpain protein (Figure 2.3, Panel A). Also, over-expressing the u-calpain antisense, like

DN-u-calpain, stabilized fodrin, a calpain substrate. Hence, this cell line enables us, via a

different strategy to DN, to elucidate the roles of u-calpain in skeletal muscle cells.

The 3OkD subunit is needed by both u- and m-calpains as the second component of the

calpain heterodimer. It is an essential cellular protein because 3OKD knock-out mice
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demonstrated embryonic lethality(s). However, knock-out 30 KD subunit is not lethal in
cell culture (5). Because of its importance to both u- and m-calpain, we propose that
reduction of 30 KD subunit would reduce activities of both u- and m-calpains. When we

added ponasterone A to cultures of L8/AnsS cells, 30 KD mRNA was significantly
reduced (Figure 2.2 Panel B) as was 30 KD subunit at the protein level (24 hours, Figure

2.3, Panel B). Finally, over-expression of the antisense 30 KD subunit stabilized fodrin

(Figure 2.9), a well-known calpain substrate. This demonstrates a functional consequence

to the regulation of 30 KD calpain subunit expression in skeletal muscle cells.

The final strategy we used to regulate calpain activity in muscle cells was to over-express

a fused antisense fragment that consisted of the 80 KD u-calpain and 30 KD subunit. This

was a new idea that was proposed by the authors as a means of simultaneously regulatory

both 3OKD and u-calpain subunits. Over-expressing the antisense 80K130K fragment

reduced u-calpain and 30 KD subunit mRNAs (Figure 2.2, Panels C and D) but did not

consistently affect the concentrations of these proteins (Figure 2.4, Panels A and B).
Despite this unexpected result, over-expressing the fused antisense fragment stabilized

fodrin (Figure 2.9) as did the over-expression of the other fragments. Based on this, it
appears that the fused antisense reduces calpain activity. However, the mechanism by
which it brings about this change was not clear.

Interactions Between the Calpain Subunits

An interesting feature of the calpains is that there appears to be coordinated expression of

their subunits. This makes good sense because the u- and m-calpain subunits require the

presence of the 30 KD subunit for heterodimer formation. And, some scientists have
proposed that the calpains work as a cascade (45, 46) thus necessitating their coordinated

expression. In addition, coordinated expression of the calpains has been indicated in

previous studies in our lab where Than and Forsberg (87) determined that fasting caused

coordinated changes (increases) in all calpain subunits (u-, m- and 30 KD subunits and

mRNAs of a variety of other proteases) during fasting in rabbit skeletal muscle. In
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another study (88), phorbel ester increased both m-calpain and 30 KD subunit mRNA in

HeLa cells. Hypoxia in pulmonary endothelial cells (89) and hippocampal neurons (90)

brings about changes in both u- and m-calpains. To date, it is not clear whether calpains

bring about changes in their own expression or, alternatively, whether their expression is

coordinated by similar transcriptional/translational control mechanisms. Availability of

our cell lines enabled us to evaluate the first possibility: that calpains influence
expression of one another.

Our results indicate that the calpain subunits affect expression of each other. When we

expressed DN-u-calpain, the concentration of the corresponding 30 KD subunit was
increased (Figure 2.5, Panel A; Figure 2.6, Panel A). Conversely, when we expressed

antisense u-calpain, the concentration of the corresponding 30 KD subunit was also
reduced (Figure 2.5, Panel B and Figure 2.6, Panel B). The opposite relationship,
however, was revealed when we over-expressed an antisense 30 KD subunit. While we

expected reduced 30 kDa subunit concentration would reduce u- and m-calpain activities,

expression of both u- and m-calpain was increased at both the mRNA and protein levels

(Figure 2.5, Panel C; Figure 2.6 Panel C; and Figure 2.7, Panel C; Figure 2.8, Panel C).

Unfortunately, we do not have a simple model that accommodates all of these
observations.

Finally, our research revealed a relationship between the expression of u- and m-calpains.

Down-regulation of u-calpain with u-calpain antisense expression also reduced m-calpain

concentration at both mRNA and protein levels following 48 hr of ponasterone A
administration (Figure 2.7, Panel A and Figure 2.8, Panel A). These data are consistent

with the view that calpains work together to degrade proteins and that their expressions

are coordinated mutually. The next step in this work is to identify the means by which
calpains alter expression of the subunits.

Some of our results are opposite of those reported in 30 KD knock-out mice.
Specifically, a 30 kD knock-out reduced u- and m-calpain at the protein level (5);
however, in our cell lines, down-regulation of the 30 kDa subunit increased both u- and
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m-calpain concentrations. We cannot explain these different results except to suggest
that the experimental system was quite different and cell lineage studied was different.

But one possible explanation is that muscle is different from other tissues. For example,

we found that protease mRNAs in muscle were all up-regulated in fasting (87) when they

were all reduced in other tissues. Muscle regulation of proteases was opposite all other

tissues which we examined (liver, lung and kidney). We proposed this may serve as a

basis by which muscle may nourish the entire organism during fasting. It's possible the

different response in muscle in this study reflects this possibility.

It is believed that the lethality of the 30 KD knock-out was related to its abolition of
calpain activities. One aspect of interest here is that we might rescue 30 kD knock-out

embryos using the methods outlined in this thesis (i.e., ponasterone A-inducible

expression of 30 KD subunit) and thereby study individual functions of the 30 kD subunit

in living animals (91).

Calpain Substrates: What Is Calpain's Role in Total Protein Degradation?

To ascertain the role that u-calpain plays in total protein degradation, we assessed effects

of ponasterone A addition to culture media on the rate of release of tritium-labeled
tyrosine from myotubular cultures. This study was completed with all of our cell lines.
To prevent recycling of released labeled tritium, unlabeled tyrosine was included in a
chase medium to enable complete recovery of released radioactivity from the cultures.

Induction of antisense u-calpain expression for 24 hours (but not 48 hours) caused a
significant (P<0.05) reduction in total protein degradation. The difference was small

(6.4%) indicating that u-calpain contributes to only a small portion of total protein
degradation in muscle cells. This may be viewed as consistent with u-calpain's reputed

role in limited proteolysis, not in complete digestion of proteins to amino acids.
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Similar to these results, over-expression of DN-u-calpain, a second strategy to reduce u-

calpain activity, reduced total protein degradation by 7.9% (P<0.05) following 24 hours

of ponasterone A administration and by 10.6% (P<0.0022) following 48 hours of
ponasterone A administration. These data support a role for u-calpain in total protein

degradation and are consistent with the effect of antisense u-calpain expression
(preceding paragraph).

We also investigated the effects of over-expression the 30 KDa subunit antisense and the

fused 80K:30K antisense fragment on total protein degradation following 24 and 48
hours of ponasteron A administration. Results for the 30 KD antisense expression were

consistent with antisense u-calpain and DN-u-calpain. Specifically, over-expressing the

antisense 30 KD subunit reduced total protein degradation by 13.4% (P<0.05) and 7.3%

(P>0.05) at 24 and 48 hours, respectively. Over-expression of the fused antisense
construct did not significantly (P>0.05) alter total protein degradation. These data
generally support a proposal that u-calpain contributes to a small, but consistent, aspect

of total protein degradation in muscle cells. We are not certain why the fused construct

did not affect total protein degradation but point out that its effects were, throughout the

study, less spectacular than effects of the individual calpain fragments.

The relatively small effects that down-regulation of the 30 KD subunit had on total
protein degradation are not consistent with some of our earlier studies (19). In these
studies, when we reduced total calpain activity by over-expressing calpastatin inhibitory

domain, we were able to reduce total protein degradation by approximately 60%.
Reducing the 30 KD subunit was expected to exert a similar effect (since it was expected

to reduce activities of both calpains). From this analysis, we can only conclude that over-

expressing the calpain inhibitor (calpastatin) is a much more effective method of
inhibiting calpains than over-expressing of 30 KD subunit antisense. A confounding fact

that needs to be considered, however, is that in previous studies we used a LacSwitch

expression system (19) and, in these studies, we used an ecdysone-based expression
system. We were not able to compare the relative levels of expression of these two
expression systems. Hence, it may be unfair to directly compare these two data sets.
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Does Calpain Degrade Desmin and Tropomyosin?

In the final studies, we evaluated the potential for u-calpain to degrade desmin and
tropomysoin. Desmin is an intermediate filament and has been shown to be degraded by

calpains in vitro (71). However, degradation of a substrate by calpain in a test tube
cannot be taken as unequivocal evidence of its role as a substrate in living cells. To test

the possibility that desmin is a true calpain substrate, we evaluated the effects of
expressing the various calpain fragments on desmin concentration, an index of desmin
stability. Accumulation of desmin was taken as evidence for the stabilization (i.e.,
reduced degradation) of desmin. From our results (Figure 2.10), it is clear that reducing

calpain avtivity, whether by DN expression or antisense expression, stabilized desmin.

These data indicate that desmin is a calpain substrate in living cells.

Typically, when one considers muscle diseases and the dystrophies, one is reminded of

the lack of proteins which manifest themselves as disease. For example, gradual loss of

dystrophin is the basis for the most prevalent cause of muscular dystrophy in humans
(104). However, myopathies also result from accumulations of unwanted (or excess)
proteins such as desmin (desminopathies; 92). The desmin in desmin-containing
inclusions is often mutated (missense mutation or deletion mutation; 93-95). In this study,

we demonstrated that desmin is a substrate for calpain. Therefore, calpain may be
involved in the desminopathy. The potential mechanism might be that mutated desmin
may be less susceptible to calpain's degradation. Or, possibly, calpain activity is reduced

in desminopathy. These conditions could allow for the accumulation of mutated/normal

desmin and formation of filamentous inclusions.

Finally, we evaluated the hypothesis that tropomyosin is a calpain substrate.

Tropomysoin is a component of the thin filament and serves to stiffen this filament and

interacts with the troponin complex (96). Over-expression of any of our constructs that
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interfered with calpain activity did not stabilize tropomyosin (Figure 2.11 Panels A-D).

Because tropomyosin did not accumulate when calpain was inhibited we propose that
tropomyosin is not a calpain substrate.

Conclusions

We have developed several strategies for regulating calpain activities in muscle cells and

have determined that these methods effectively control calpain activities in living cells.

Proof of this includes appropriate changes in calpain subunit mRNA and protein
concentrations and appropriate changes in fodrin degradation. Based on these
encouraging preliminary studies, we then determined that the calpain subunits can
influence expression of one another and that u-calpain plays a minor role in total protein

degradation in muscle cells. Finally, desmin (but not tropomysoin) is a substrate for
calpain. It is possible that defects in calpain-dependent processing of desmin could lead

to desminopathy.

In the past two decades, knowledge of the roles of proteases has accumulated from
studies in which inhibitors of calpains were used in cell cultures and also where
individual proteases were shown to be able to degrade specific purified proteins in test

tubes. These types of studies had two significant drawbacks. First, in many cases, the
inhibitors used were found to exert non-specific actions on other proteases. For example,

neuroprotective effects of calpain inhibitors have been studied in traumatic and ischemic

brain injury (97-99). Calpain inhibitors have also been used to study spectrin breakdown

and inhibition of apoptosis (103, 100, 101). With present knowledge, some of the effects

of the inhibitors used in these studies may have resulted from inhibition of other
proteases such as the proteasome (102). In the early-i 990s, for example, calpain inhibitor

II, a widely used calpain inhibitor, was found to inhibit the chymotrypsin-like activity of

the proteasome (105). And, in the case of calpains, no inhibitor is yet able to
discriminate between u- and m-calpain. Hence, the specific roles of individual calpain

isoforms cannot be ascertained with inhibitors. Finally, proof that a protease degrades a
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protein in a test tube is not a proof that this occurs in vivo because, from such studies, it

cannot be known if the protein and protease are ever physically associated in the living

cell and, if they are, whether the protease is appropriately regulated at that time to
degrade the protein. These results described in this study are significant in that they
represent one of the first attempts to specifically identify roles of proteases in living cells

using specific genetic strategies. Down-regulation of an individual isoform of the
calpains provides us with the first evidence for the role of the protease in a living cell.
These results represent a small step toward the understanding of protein breakdown in
muscle cells.
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Abstract

The goal of this study was to develop a muscle-specific inducible gene expression system

in order to allow us to assess calpain function in skeletal muscle. Others, including
members of our laboratory, have developed muscle lines such as these. However, our
goal was to develop a method which may be applied in vivo. Hence, we chose the
ecdysone inducible system as others have used this system to express exogenous genes in

transgenic animals. The limitation of the ecdysone system was its constitutive expression

in all tissues. Hence, its application in vivo would result in expression of a cloned gene in

all tissues. To target its expression to muscle, we removed the CMV promoter and
replaced it with a skeletal muscle-specific aipha-actin promoter so that the regulatory
features of the system would be expressed in skeletal muscle only. We transfected our

newly-designed expression system into L8 muscle cells and determined that reporter gene

activity was induced by ponasterone A (inducer) in myotubes, a differentiated muscle

phenotype, but not in myoblasts (undifferentiated cells). This proved the validity of the

concept of an inducible muscle-specific expression system. We then determined that

beta-galactosidase expression was dependent upon the duration of ponasterone A dose
and duration of exposure to inducer. This creates potential to regulate both the level of

expression and duration of expression of a cloned gene. In the course of the work, we
discovered an extra 122-bp fragment in the expression plasmid and removed this with the

hope that this manipulation might enhance the inducibility of the ecdysone system in
muscle. However, this fragment was found to not affect the ability of ponasterone A to
regulate beta-galactosidase expression.

Keywords: ecdysone inducible expression system, a-actin promoter, rat, B-gal assay,
reporter gene
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Introduction

In the past decade, several inducible gene expression systems have been developed for

mammalian cells. These include the LacSwitch, ecdysone (1) and Tet-on/Tet-off systems.

The advantage of these systems is that they allow precise control of gene expression at a

specific time. Limitations are leakiness (i.e., expression in the absence of inducer) and
lack of tissue-specificity.

In earlier studies we developed all cell lines in which we could expression calpain in
skeletal muscle (2). These studies were based on the LacSwitch expression system which,

unfortunately, does not allow application in vivo. In this study, we decided to investigate

potential for the ecdysone system in muscle cells as others have demonstrated its
potential in transgenic mice. This study was designed to build on the previous chapter to

allow us to exactally assess calpain function in living muscle.

The ecdysone system (1), available from Invitrogen (Invitrogen, Carlsbad, CA), causes

widespread expression of a cloned gene when animals are treated with inducer. For our

needs, we had hoped to develop an expression system which would function only in
skeletal muscle. To create skeletal muscle-specificity, we replaced the constitutively-

active CMV promoter of the ecdysone regulatory plasmid with the rat skeletal aipha-actin

promoter (3) with a hypothesis that this strategy would result in inducible expression of a
cloned gene in skeletal muscle only.
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Preparation of pAP: Based on the restriction site analysis of pVgRXR (Figure 3.1), two

PstI sites were identified on either side of the CMV promoter. We digested the plasmid

with PstI to excise this fragment. PstI was also chosen since the aipha-actin fragment
which we later subcloned into this site lacked a PstI site.

A BspHI site was inserted as a cohesive end to join the zeocin-resistance gene and
skeletal aipha-actin promoter together. Therefore, the final ligation required ligation of

three fragments to subclone the actin promoter fragment from pJB5 (3) into pVgRXR. To

accomplish this, the zeocin resistance fragment and aipha-actin promoter were amplified
by PCR and were then double-digested with PstI and BspHI. pVgRXR was digested with
PstI as well. After purification of the fragments, they were ligated overnight to create a
new vector which we designated as pAP (actin promoter). In fact, the production of pAP

was not simple. Several intermediate steps were involved as shown in Figure 3.2. First,

the zeocin resistant gene was ligated into pCR2. 1 (Figure 3.1, vector pCR2. 1 Z) and the

aipha-actin promoter was ligated into pCR2.IAP (Figure 3.2). The new vector was
designated as pCR2.1AP (Figure 3.2). Finally, the ligated fragment consisting of the
zeocin: aipha-actin fragment was "cut" from pCR2.IA by PstI and ligated into PstI-
digested pVgRXR to create the pAP vector. Correct orientation and sequence of pAP
were verified by sequencing in OSU's Center for Gene Research.

Plasmid Amplification: Plasmids were used to transform self-made E. Coli DH5a strain

according to standard methods (4). Transfected bacteria were spread on LB/agar plates

containing appropriate antibiotics: (Ampicillin at 100 ug/mi or Zeocin at (100 ug/mi) for

ampicillin- and zeocin-resistant colonies, respectively. Antibiotic-resistant colonies were

gown in large-scale and plasmid DNA was prepared from cultures using the NucleoBond



pC

PstI

PCR a4i Ligation

Ligat

PstI

Pst

CR2.1Z) PstI

81

EcR

Figure 3.1. Schematic diagram showing the positions of PstI restriction sites, zeocin
resistant gene (solid triangle), cytomegalovirus promoter pCMV (rocket shape) and
ecdysone receptor EcR (wide rainbow) in pVgRXR. Zeocin resistant gene (PstI/BspHI
fragment) was subcloned into pCR2.1 to creat a new vector designated as pCR2.1Z. The
restriction site BspHI shows where it was inserted (between zeocin and a-actin promoter).
After PstI digestion, pCMV was removed from the pVgRXR sequence.
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Figure 3.2. Schematic diagram showing the preparation of pAP. The a-actin promoter
(from pJB5) was subcloned into pCR2.l (the new vector is pCR2.1AP). Then the a-actin
promoter was subcloned into pCR2.1Z for fusing with the zeocin resistant gene. The new
vector was designated as pCR2.1A. Finally, the PstI fragment containing the fused
zeocin resistant gene and a-actin promoter was inserted into PstI-digested pVgRXR
sequence to create pAP. This plasmid thereby placed expression of the ecdysone receptor
(EcR) under control of the a-actin promoter. Open arrow: a-actin promoter; solid
triangle:zeocin resistant gene.
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Plasmid Maxi Kit (Clontech, Palo Alto, CA) and the concentration of recovered plasmid

DNA was determined by comparison to lambda/HindIII standards (Gibco) on a 1%
agarose TAE gel.

Cell Culture

Rat L8 myoblasts were obtained from American Type Culture Collection (ATCC:
Manassas, VA) and cultured in DMEM containing either 10% fetal bovine serum (FBS
for proliferation) or 2% horse serum (HS for differentiation). DMEM (low glucose) was

obtained from Gibco (Gaithersburg, MD). Media contained 3.7 g/L of sodium
bicarbonate and 100 U/mi penicillin-streptomycin. FBS were obtained from Hyclone

(Logan, UT). When selection was applied to cells after transfection, G418 (Gibco; 400

ug/mi) and Zeocin (Invitrogen, 200 ug/ml) were added to culture media. Media was

replaced every 48 hours. Myoblasts were induced to differentiate into myotubes when
they reached 90% confluency.

To passage cells, medium was removed and a solution of trypsin (2.5 mg/mI; Gibco) was

added to the culture dish. Cells were placed in a test tube and 1% FBS medium was
added to inactivate trypsin (Gibco). Suspended cells were centrifuged at 1000 rpm for 4
mm and the cell pellet was resuspended in DMEM. For storage, cells were placed in vials
with a 9:1 ratio of FBS medium to DMSO (Sigma, St. Louis, MO) and stored at 80
degrees C. For subculture, the cells were diluted into an appropriate volume of
FBS/DMEM medium and evenly distributed on culture dishes.

Transfection of L8 Cells

Establishment of stable cell lines: LipofectAMlNE reagent (Gibco) was used to co-
transfect the regulatory vectors (pAP and pIND/LacZ) into rat L8 myoblasts. The
transfection procedure was based on the manufacturer's guidelines with some
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modifications as needed by the L8 cell line. Briefly, the day before transfection, we

trypsinized myoblasts (at 80% confluency) and redistributed them onto three 100-mm

plates so that they were more than 50% confluent at the day of transfection. At the time

of plating and during transfection, antibiotics were not added to culture media. At
transfection, we diluted 2 ug of pAP and pIND/LacZ into 300 ul of serum-free DMEM.

Similarly, 10 ul of LipofectAMlNE reagent was diluted into this sample and allowed to

sit at room temperature for 15 minutes. This allowed complex formation between the

plasmids and transfection reagent. During this time, we replaced medium from the cells

with 5 ml serum-free DMEM after which the transfection solution was added to cultures

and mixed gently. The plates of cells were then incubated for 3 hr at 37°C in a 5% CO2

incubator. After 3 hours, we replaced the medium with fresh complete (DMEM
containing 10% FBS) medium and incubated the plates for 1 day. After this, selection

medium was applied which contained both G4 18 and Zeocin. After 24 hours, the cells

were removed from their plates by trypsinizaton and the cells were redistributed and
diluted onto other plates in selection media.

Transient transfection: Transient transfection was finished by using LipofectAmine
(Gibco) reagent according to the producer's protocol. Three ug of high-quality plasmid
(pIND/LacZ and pVgRXR, or pIND/LacZ and pVgD) were used for co-transfecting rat

L8 cells in each 60 mm cell culture dish when cells were 50-70% confluent. After 6 hr

incubation, the transfection medium was withdrawn and normal medium (with 10% FBS)

was applied for further 12 hr-recovery incubation. Then, 5 uM ponasterone A was added

to the medium and the cells were incubated further for 24 hr. The cells are harvested for

3-galactosidase activity assay. For control plates there was no plasmids added to the
transfection reagent and the other procedures were the same.

Beta-galactosidase Assays

Beta-galactosidase staining assay: To test for the efficacy of expression, we assayed

beta-galactosidase (B-Gal) expression following induction by addition of ponasterone A

to culture media. A B-Gal staining kit (Invitrogen) was utilized to visualize the
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expression of the LacZ gene product in stable-transfected myotubes containing pVgAP

and pIND/LacZ. The manufacturer's protocol for assessing B-Gal activity was followed.

Photographs of B-Gal expression were taken 4 hours after addition of staining reagents.

High-sensitivity beta-galactosidase activity assay: In order to quantitatively measure
the inducibility of the skeletal muscle-specific expression system, a high-sensitivity B-
Gal activity assay was utilized. This assay was performed according to the protocol of the

manufacturer (Strategene, La Jolla, CA) with the following modifications. Five to ten ul

of crude cell extract were applied to 900 ul of 1X CPRG substrate. For the assay, an
incubation of 37°C was used but duration varied, depending upon the rate of color
development. And an OD reading at 580 nm was used for all measurements. Protein

concentration was measured using Bio-Rad (Hercules, CA) Protein Assay according to

the manufacturer's protocol and B-Gal activity was expressed as a proportion of cellular
protein.

Statistical Analysis

All experiments for quantitative assays were performed at least three times with three
replicates within each study. The plots of the data were made with NCSS (Kaysville,

Utah). Analysis of variance (ANOVA) was used to determine if differences existed
among treatment means. A Student-Neuman-Keul multiple range test was used to
evaluate individual treatment differences. A significance level of 5% was adopted for all
comparisons.
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Results and Discussion

Rat L8 myoblasts were transfected with pAP and reporter plasmid (pIND/LacZ) and
stable transfectants which were resistant to both zeocin and G4 18 were selected and
expanded. Once stable cell lines were identified, they were stored frozen with DMSO in
liquid nitrogen or at 80°C. As designed, the plasmid expression system should express

-galactosidase in differentiated muscle cells but not in the undifferentiated myoblasts

(undifferentiated muscle progenitor cells).

To test the efficacy of this new expression system, we cultured a stable cell line as
myoblasts (undifferentiated phenotype) and as myotubes (differentiated phenotype).
Ponasterone A was added to culture media and effects of this addition on cell B-
galactosidase expression were assessed. Ponasterone A induced expression of B-Gal in

myotubes but not in myoblasts (Figure 3.3). In stable myoblasts transfected by pAP and

pIND/LacZ, there was a small reporter gene activity in induced myoblasts compared to

the non-induced myoblast control (Figure 3.4). This induction may be due to a small
percent of myoblasts which may be undergoing spontaneous differentiation. Comparing

the absolute -galactosidase activity (ulmg), however, between treated myoblast (Figure

3.4) and treated myotubes (Figure 3.5 and 3.6), we concluded that the differentiation in
the induced myoblast groups was very low. And, the leakiness of skeletal muscle-
specific expression system in myoblasts was also very low.

Ponasterone A's effects on 3-gal expression were also dose-dependent (Figures 3.5 and

3.6). As ponasterone A concentration was increased from 0 to 24uM, B-Gal
concentration in the myotubes was also increased. At 0 uM ponasterone A, virtually no

Gal activity was detectable indicating that the "leakiness" of the modified ecdysone
system in myotubes was very low. After 48 hours of induction (Figure 3.6) with 24 uM

ponasterone A, the activity of the reporter gene (B-Gal) was 15-fold higher than control.

Similarly, the longer the induction, the higher was reporter gene expression (Figures 3.5
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Figure 3.3. Effects of ponasterone A (l2uM; Panel A and 24uM; Panel B) on B-Gal
staining in myoblasts and myotubes. Cells were assessed following 24 hours of
induction.
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Figure 3.4. The inducibility of skeletal muscle-specific expression system in myoblasts.
Stable rat L8 myoblasts transfected by pVgAP and pIND/LacZ was incubated with 16
uM ponasterone A or 16 uL 100% ethanol (control) for 24 hr and B-Gal activity was
assessed.
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Figure 3.5. Effects of ponasterone A concentration on B-galactosidase expression in
transfected L8 myotubes. Cells were exposed to ponasterone A for 24 hr. The bars
represent the means+SE. 100% ethanol (vehicle) was added to control. Ti, T2 and T3
represent 12 uM, 16 uM and 24 uM ponasterone A added to the myotubes. * * designates
that the B-Gal activity in treated cells was significantly higher than that in the control
cells (P<0.0i).
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Figure 3.6. Effects of ponasterone A concentration on B-galactosidase expression in
transfected L8 myotubes. Cells were exposed to ponasterone A for 48hr. The bars
represent SE. 100% ethanol (vehicle) was added to control. Ti, T2 and T3 represent 12
uM, 16 uM and 24 uM ponasterone A added to the myotubes. * * designates that the
treatment differred from the control (P<O.O 1).



and 3.6). For example, with the same concentration of ponasterone A, B-Gal activity was

4.7-fold higher after 48 hours of induction compared to 24 hours of induction.

Inducibility and "leakiness" are important issues in designing transgenic cells and
animals to study functions of individual genes. Without high levels of expression or with

"leakiness", it is difficult to correctly assay protein function. By these two criteria, our

redesigned muscle expression system offers potential to study muscle-specific functions
of proteins.

During conduct of this study, we discovered that the Invitrogen pVgRXR plasmid
contained an extra sequence which was not reported in product literature. This sequence

consisted of an extra 122 bp located between the CMV and ecdysone promoter fragments

and was flanked by two PstI sites. We determined, using a BLAST search (4), that there

was no purpose for the extra nucleotide sequence and that the sequence was not relevant

to pVgRXR function. We hypothesized that the deletion of this fragment might improve
inducibility of the ecdysone system.

After deletion of the PstI sequence (using standard molecular techniques), we prepared a

new expression vector which we designated as pVgD (eleted). We then transiently
transfected L8 myoblasts and assessed B-Gal expression in pAP- and pVgD-transfected

cells (pIND/LacZ was cotransfected). Results are shown in Figure 2.7. In this study, we

found that the deletion of this fragment had no effect (P>.05) on the expression of B-Gal

in myotubes and conclude that the fragment did not influence efficacy of the expression
system.

Transfection of cultured muscle cells with an ecdysone system in which expression of

one component of the ecdysone regulation of expression was placed under control of the

alpha-actin promoter efficiently resulted in a muscle-specific inducible system with a low

level of "leakiness". This was indicated by the expression of B-Gal in myotubes but not

in myoblasts and by the low level of expression in cells which were not treated with
ponasterone A. The limitation of the system is that the level of induction caused by
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Figure 3.7. Comparison of the inducibility of pVgRXR and pVgD. Myoblasts were
transiently transfected with plasmids pVgR)(R or pVgD (in which a 1 22-bp fragment was
deleted) and their responses to ponasterone A were assessed following 24 hours of
exposure. pIND/LacZ was also simutaneously transfected with pVgRXR and pVgD to
complete the transfection system for each experiment.
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ponasterone A was not very high. Depending upon the application, this could present a

problem in application, particularly when high levels of expression of a cloned gene are

necessary. To increase expression, some modifications of this system might be attempted.

For example, RXR ligand may be co-transfected so that it does not become limiting when

ponasterone A is added to culture media (5). In addition, the side effects of over-
expressing RXR in cells must be considered.

In this study, we have successfully developed a method for muscle-specific inducible

gene expression based on the ecdysone expression system. It may be used to study a wide

range of functions of proteins in muscle and could, potentially, be applied in vivo. The

strategy may be used to modulate gene expression in domestic animals to enhance
skeletal muscle growth or in humans to treat the genetic muscle diseases. Other tissue-

specific versions of this system could be designed simply be replaced the muscle alpha-

actin promoter with other tissue-specific promoter sequences. Hence, this approach has
wide applicability.
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Chapter IV

Overall Summary

In order to study the role of calpain on skeletal muscle total protein degradation, we

developed several strategies to down-regulate endogenous calpain activity in skeletal

muscle cells (myotubes). These included over-expression of antisense u-calpain (AnsL),

dominant negative u-calpain (DN-u-CL), antisense 30K subunit (AnsS) and fused
antisense u-calpainl30K. For the purpose of distinguishing the DN-u-calpain and
endogenous u-calpain (there was only one amino acid different between them), Myc-tag

was added to the N-terminal of DN-u-calpain. These constructs were expressed in stable

rat L8 myotubes and their effects on a variety of targets were examined. Down-

regulation of u-calpain activity by the constructs was confirmed by the stabilization of
fodrin (an index of calpain activity). Our data supported the contention that u-calpain

contributes significantly to total protein degradation in myotubes. For instance, over-

expressing DN-u-calpain reduced total protein degradation by 7.9% (P<0.01) at 24 hr
time point and by 10.65% (P<0.0l) following 24 hr of ponasterone A treatment and
following 48 hr. Similarly, over-expression of antisense u-calpain and the 30K subunit

reduced total protein degradation significantly following 24 hr of ponasterone A
treatment (P<0.05). However, over-expression of the fused antisense (80K130K) did not

affect (P>0.05) total protein degradation. Based on the ability to regulate the activity of
calpains, we demonstrated that desmin was a calpain substrate, but tropomyosin was not
a substrate of calpain.

A second goal of this study was to evaluate the expression relationship among u- and m-
calpains and the 30K subunit. The rationale for this study was that our earlier work
indicated coordinated regulation of the calpain subunits and complicated activation

phenomenon of u- and m-calpains. Taking advantages of our cell lines, we demonstrated

for the first time that there was a coordinated expression relationship between m-calpain

and the 30K subunit, and between u-calpain and the 30K subunit. And, we have evidence



97

for a similar coordinated expression between u- and m-calpains. A reduction in 30K
subunit expression increased u- and m-calpain expression at both mRNA and protein
levels. Over-expression of DN-u-calpain increased 30K expression at both mRNA and
protein levels.

The third goal of this study was to develop a skeletal muscle-specific inducible
expression system for later transgenic animal research. A skeletal muscle a-actin
promoter was used to replace the cytomegalovirus immediate-early promoter (pCMV) in

the ecdysone inducible expression system. In order to test the function of the modified
expression, the LacZ gene was used as a reporter gene. A beta-galactosidase staining

assay and high-sensitivity B-gal activity assay indicated that the modified skeletal
muscle-specific expression system functioned in myotubes, but not in myoblasts. After
48 hr of induction, B-Gal activity was 15-fold higher in treated myotubes than in the
control (untreated) myotubes. The next phase of the work will combine this method with

our earlier work to establish roles of calpains in muscle in vivo.
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Appendix

Mixture-Screening Method for Identifying Bacterial Colonies Containing the

Recombinant Plasmid DNA

A challenge encountered by beginning and seasoned molecular biologists is sub-cloning
of a DNA fragment into a plasmid vector. Ligations are often challenging projects and
various strategies haven been employed to enhance ligation efficiency (e.g., cohesive end

ligation, choosing appropriate ratio of inserts to vectors; 1). However, scientists are often
plagued with the problem of low ligation efficiency and, in this case, often expect a
tremendous amount of labor in screening of bacterial colonies for one that contains a
successfully ligated plasmid. Screening large-scale colonies could be done with
polymerase chain reaction (PCR) or by hybridization techinques (1,2); however, these

approaches are also time consuming and expensive. The cracking PCR might be helpful

(6). But its success depends on the success of the first step cracking and the success of
following PCR. In some instances, it is very difficult to achieve success. TA cloning is
another alternation to enhance subcloning efficiency, but this requires recovering the
insert from the TA cloning vector as an intermediate step. This, too, is a laborious step.

In our experiment, we needed to subclone the rat micro-calpain large subunit (u-CL,
2,200bp) (5) from pUC18 (in EcoRI site) into pIND (5.0kb, Invitrogen, Carlsbad, CA)

between BamHI and EcorRI sites. We created extra bases flanking both restriction sites

in the polymerase chain reaction (PCR) product of u-CL. After PCR, we directly used

restriction endonucleases BamHI (New England Biolabs, Beverly, MA), and EcoRI
(Stratagene, La Jolla, CA) to double-digest the PCR product in Buffer H (Promaga,
Madison, WI). Then, the digested product was purified via agarose gel electrophoresis
(1%) and the correct bands were recovered for purifying the digested PCR product ir
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Glassmilk (Geneclean II Kit) (Bio101 Inc., Vista, CA). The pIND was also double-
digested with BamHI and EcoRI, and the product was purified as the digested PCR
product. According to the concentration of digested PCR product and pIND, the ligation

was processed in a molar ratio of insert to vector of 1:1 and 3:1 with a Rapid DNA
Ligation Kit (Boehringer Mannheim GmbH, Germany). After a 5-minute ligation, 1 Oul of

the ligation product was used to transform self-made E. coli DH5a competent cells
(1 OOul). After transformation and one-hour incubation in LB medium, 80 ul of the culture

medium from each ligation were spread on an LB plate containing 50 ug/mi ampicillin.
The plates were incubated overnight at 3 7°C.

Individual colonies were randomly picked up from different ligation plates and
inoculated into 2 ml LB medium (containing ampicillin). After overnight incubation

(3 7°C, 250 RPM shaking), an alkaline lysis procedure was used to make minipreps for

each colony (1). A 5u1 aliquot of plasmid DNA mimiprep was digested by EcoRI and
electrophoresed on a 1% agarose gel. After screening 48 colonies (four groups, 12
colonies per group), we finally recovered one colony containing the recombinant plasmid

DNA (Figure A. 1). Double digestion of the miniprep further verified the insert size and

the correct orientation of the ligation.

Normal Procedure

After ligation, one usually cultures ten or twenty individual transformed colonies (e.g.,

100 colonies) overnight and makes minipreps. Then, restriction endonucleases are used to

digest the minipreps to verify the ligation. If no ligation is verified, another ligation
reaction will be performed. However, lack of detecting a successful ligation does not
conclusively mean that there is no ligation product from these 100 colonies. The desired

ligation product may simply exist at very low abundance, (e.g., 1 out of 100). The key

challenge is how to rapidly identify bacterial colonies that contain the low abundance

recombinant plasmid DNA. The rapid disruption of colonies to test for recombinant
plasmid DNA can be an alternative (3). But this method requires that the colonies are



grown to large size (2-3 mm). Sometimes this requirement cannot be met. Even the
method for rapid preparation of plasmid DNA (4) does not help to resolve the problem of
identifying the successful ligation product in low abundance. We developed a mixture-
screening method to minimize the labor required to screen bacterial colonies resulting
from low-efficient ligation. The method used to accomplish this is outlined in Table A. 1.

Mixture-Screening Procedure

In order to overcome the problem of low ligation efficiency, we developed the mixture
screening method (Table A. I). Again, EcoRl digestion of plasmid DNA was used as a
diagnostic strategy for identification of successful ligation. Clearly, in mixture 12 of the
plasmid DNA minipreps, there was at least one colony that contained the recombinant
plasmid DNA (Figure A.2). The individual colonies in mixture 12 were amplified and
their plasmid DNA was double-digested by EcoRI and BamHI. Clearly, the colony 9
contained the recombinant plasmid DNA (Figure A.3). Because Figure A.2 is not
completely clear, we have to be cautious in claiming that there were more colonies
containing the recombinant plasmid DNA. But according the ligation efficiency of the
individual screening (1 ligation out of 48 colonies), from screening 120 colonies we
should get at least two mixtures which contained the colony which had recombinant
plasmid DNA. Double digestion was performed for the other eleven mixtures.
Obviously, in the mixtures I and 8 there were at least one colony containing the
recombinant plasmid DNA in these two groups, respectively (Figure A.4).

The mixture screening method is very efficient in increasing the opportunity of
recovering bacterial colonies containing recombinant plasmid DNA, especially in the
case of low ligation efficiency. The number of mixed colonies in each mixture and the
total number of screened mixtures can be changed according to the estimation of ligation

efficiency. Even though one recombinant plasmid will only produce one tenth of the total
plasmid DNA, the insert still can produce sufficient signals for distinguishing the
miniprep mixtures. If the insert has compatible ends, the orientation of the ligation is
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another major concern after ligation. Double digestion of the mixture minipreps can be
carefully designed to check orientation of the ligation. So, double digestion can be
performed to check not only the possible ligation in the mixtures, but also the orientation

of the ligation.
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Table A.!. Procedure of Mixture Screening

Step 1. Ten individual colonies are separately picked up by sterile toothpicks or pipet tips
and dispensed into ten 500ul-Eppendorf tubes, each containing 50u1 LB medium. After
dispensing, each tip is used to spread a small area on one LB plate (containing Amp or
other antibiotics). The surface 100mm-plate is divided into 50 parts. The plate is
incubated at 37°C overnight.

Step 2. Collect the medium from the ten 500u1-Eppendorf tubes and inoculate 2 ml LB
medium (containing antibiotics) in a 1 5-ml tube. Incubate the 15-mi tube overnight at
37°C with shaking at 250 RPM.

Step 3. Go through the same procedure for the other eleven groups (10 colonies/group).
The plates and the tubes are marked in order.

Step 4. Make plasmid DNA minipreps (1) and digest the minipreps to identify the
mixture which contains the recombinant plasmid DNA.

Step 5. Ten colonies representing the original ten colonies in their respective plates are
picked-up to separately inoculate into 2 ml LB medium containing antibiotics in a 15 ml
tube. The ten tubes are incubated overnight at 37°C with shaking at 250 RPM.

Step 6. Make minipreps for the ten overnight cultures and digest the minipreps to find out
the miniprep/colony that contains the recombinant plasmid DNA.

Note: In 20 minipreps, 100 colonies are screened.
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Figure A.1. Individual-colony screening for the recombinant plasmid DNA. Lane C
represents the vector positive control. In Lane 1 the large band size is 7.2 Kb (insert 2.2
Kb plus vector 5.0 Kb). The large arrow points to the recombinant plasmid DNA. The
small arrow points to the vector-only band.
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Figure A.2. Electrophoresis for mixture-screening. The recombinant plasmid DNA band
position is indicated by large arrow (vector plus insert 7.2 kb) and the vector alone is
indicated by a small arrow (Lane C). Clearly, in Lane 12 there was a recombinant
plasmid DNA band. In Lanes I and 8 the recombinant bands were not so clear.
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Figure A.3. Confirmation of the recombinant plasmid DNA in Mixture 12. Individual
colonies in Mixture 12 were amplified and their plasmid DNA was double-digested by
BamHI and EcoRI. Clearly, Colony 9 contained the recombinant plasmid DNA. The
insert 2.2 kb was indicated by an arrow.
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Figure A.4. Verifying other mixtures which contain recombinant plasmid DNA by
double-digestion. Clearly, there are at least another two colonies containing the insert
(Mixtures 1 and 8). Lane M was marker X DNAIHinDIII digestion standard and Lane C
was vector alone. The Lane R was a positive control colony 9 from Mixture 12 in Figure
A.3.




