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Summary

A protein-mobilising factor of estimated molecular weight 24 KDa (p24) was purified both
from the cachexia-inducing MAC 16 tumour and the urine of cachectic cancer patients by a
combination of ammonium sulphate precipitation and affinity chromatography using a
monoclonal antibody developed against the murine material. Administration of p24 to non
tumour-bearing mice caused a decrease in body weight 24 h after the first injection, which
was attenuated by prior treatment with the monoclonal antibody. Loss of body weight was
accompanied by an accelerated loss of skeletal muscle protein, as determined by the release
of tyrosine from this tissue. This was associated with an increased release of PGE, and
both protein degradation and PGE; release were attenuated by the monoclonal antibody.
Loss of protein mass arose from both a decrease in the rate of protein synthesis and an
elevation of protein breakdown; the latter due to an activation of the ubiquitin-proteasome
proteolytic system.

In isolated muscle, p24 was capable of promoting protein breakdown and this was also
associated with increased PGE, levels. Both tyrosine and PGE; release, were inhibited by
PGE; inhibitors and a specific inhibitor of cPLA;. When added to muscle cells in culture,
p24 caused an elevation in the rates of total and myofibrillar protein breakdown and a
depression in the rate of protein synthesis which was inhibitable by short-term incubation
with insulin, suggesting that p24 may inhibit protein synthesis by causing an arrest in the
translational process.

KEY WORDS: PROTEIN-MOBILISING FACTOR, PROTEIN SYNTHESIS, PROTEIN
BREAKDOWN, PGE,, UBIQUITIN-PROTEASOME PROTEOLYTICPATHWAY.
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Chapter 1
Introduction

1.1. Cancer cachexia.

Cachexia is a syndrome of severe wasting whose most obvious clinical manifestation is the
progressive weight loss which is often accompanied by anorexia. This condition occurs in
some diseases such as congestive heart failure (Anker et al, 1997), rheumatoid arthritis
(Taylor et al, 1996), acquired immunodeficiency syndrome (AIDS) (Von Roenn et al,
1992) and cancer amongst others, and it has been proposed as one of the major single

causes of death (Warren, 1932 and Harnet, 1952).

In cancer, weight loss appears as one of the major prognostic factors together with the type
of tumour, stage of the disease and performance status (DeWys, 1980). The frequency of
weight loss ranges from 30-40% in patients with favourable non-Hodgkin's lymphoma,
breast cancer, acute nonlymphocytic leukaemia and sarcomas, to 50-60% in patients with
unfavourable non-Hodgkin's lymphoma, colon, prostate and lung cancer, and 85% of
patients with pancreatic or gastric cancer. In the latter group, the extent and severity of
cachexia are most dramatic, with patients having lost 15% of their pre-illness stable weight

by the time of diagnosis and up to 25% by the time of death (Wigmore etal, 1997).

Loss of weight correlates with decreasing performance status and a lower quality of life
(DeWys, 1980 and Ovesen etal, 1993) and those cancers associated with greater degrees of
weight loss appear to have poorer prognosis and shorter survival rates. Furthermore,
within a group of patients with the same type of malignancy, those with the greater weight
loss show a lower response rate to chemotherapy and a shorter median survival (DeWys,
1986 and Costa 1977). In addition, a study carried out by Holter and Fisher (1977)
showed that in a group of surgically-treated patients with gastrointestinal cancers, those

who had not lost any weight had the lowest incidence of major complications.
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Despite its elevated rate of occurrence, the mechanisms underlying the cachexia syndrome
are still in debate since the 'apparent malnutrition' of these patients cannot simply be
explained by one single cause. It is widely accepted that cachexia arises from a negative
energy balance, but controversy exists as to whether this results from an insufficient
nutrient intake or an elevated resting energy expenditure (REE) or a combination of both

(section 1.2).

Anorexia is undoubtedly one of the clinical features of cachexia which can occur as an early
manifestation of the disease or may appear as the malignant neoplasm grows and spreads.
Cancer patients exhibit symptoms of early satiety and prolonged sense of fullness as a
result of atrophied mucosal membranes and chemoreceptors associated with the ingestive
apparatus (responsible for generating signals which control the appetite centres in the
hypothalamus), and delayed stomach emptiness. Production of anorectic substances by the
tumour, changes in the sense of smell and taste and learned food aversions are also
important contributing factors to the development of anorexia (Theologides, 1974; DeWys,
1979 and Bernstein 1986). In addition, the psychological and emotional reactions to the
disease and the side effects of radiotherapy and/or chemotherapy in some cases, also

potentiates an already depressed appetite (Theologides, 1979).

However, the decreased food intake alone does not account for the progression of cachexia
since hyperalimentation of the cancer patient can neither be sustained for long periods
(Brennan and Burt, 1981) nor does it reverse the condition (Fearon and Carter, 1988), and
in some instances it has been shown to be detrimental due to an enhancement of tumour
growth. This has also been confirmed by the use of experimental models where forced
feeding, paired feeding and caloric restriction experiments have shown that a decreased

nutrient intake is not entirely responsible for such weight loss.

There are very few studies in which a beneficial effect of total parenteral nutrition (TPN)

has been reported. No success has been achieved with regard to an increased response to
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chemotherapy or survival rate. Only in patients undergoing surgical treatment has TPN
support been shown to reduce the risk of operative and post-operative complications and, in
those who succeeded in eating within 8-9 days post-operatively, the mortality rate has been
found to be greatly reduced (Hyltander et al, 1994). Amelioration of anorexia, however,
has been reported following administration of branched-chain amino acids (BCAAs) which,
by providing a low tryptophan:BCA As ratio, reduce the amount of tryptophan directed to
the brain and consequently the precursor pool for the synthesis of the anorexia-inducing

neurotransmitter, serotonin (Cangiano etal, 1996).

The induction of metabolic derangements in order to provide nutrients for tumour growth
has been hypothesised as the cause for an increased caloric expenditure which, together
with a decreased caloric intake, may result in a state of caloric deficit (Theologides, 1974
and Costa, 1977). Indeed, cancer patients present important aberrations with regard to the
metabolism of carbohydrates, lipids and proteins, which are also frequently accompanied
by changes in the content of intracellular and extracellular water, vitamins and enzymes,
electrolyte and acid-base disturbances and changes in hormonal patterns (Theologides,
1979_). However, there are some discrepancies as to whether there is a direct cause-effect
between such metabolic alterations and an elevated REE and thus, while many investigators
have found increases in REE in cancer patients, others have failed to do so (section 1.2).
Also, although tumours show special nutrient requirements which are usually derived from
the diet and the host, the notion of tumours acting as nitrogen traps - one of the hypotheses
which might explain the existent negative nitrogen balance (Theologides, 1974 and Brennan
and Burt, 1981) - is debatable since the tumour mass very rarely exceeds 10% of the weight
of the cancer patient (Costa, 1977).

1.2. Body composition, energy expenditure and host metabolism.
1.2.1. Body composition and energy expenditure.
One of the hallmarks of cachexia is the loss of lean body mass, which unlike in starvation,

contributes to the loss of body weight as much as the fat compartment and thus, there is
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more wasting of muscle in a cancer patient than in a normal person for a given degree of
weight loss (DeWys, 1985). This is one of the key points to consider in the management
of this disease since preservation of total body protein is essential for maintaining vital
functions in the cancer patient, including their immunological competence and respiratory
homeostasis. Protein depletion contributes significantly to an overall morbidity and a
shorter survival and renders patients less capable of withstanding surgery and/or treatment

(Costa, 1977).

Indeed, nitrogen balance and whole body protein flux studies have shown that cancer
patients are in a state of nitrogen deficit which correlates with the loss of body weight.
Attempts to reverse this nitrogen-deficient state by means of TPN have shown a partial
restoration of the rates of protein synthesis and degradation (Brennan and Burt, 1981),
although the majority of the total weight gain has been shown to be consequence of the
accumulation of fat and water (Cohn, 1986). In a group of post-operative patients, a better
nitrogen balance was achieved following infusion of BCA As, which was accompanied by

an improvement in weight loss and even weight gain in some cases (Freund etal, 1979).

Under conditions of acute starvation, the organism undergoes a mechanism of adaptation in
which energy consuming processes are shut down. This response includes the
preservation of muscle mass and total body nitrogen by inhibiting gl uconeogenésis and loss
of urinary urea, and this is accompanied by an increased utilisation of ketone bodies as the
source of energy (Brennan, 1977). This conversion to a 'fat fuel economy' by peripheral
tissues, including the brain, consequently leads to a decrease in oxidative metabolism and to
a much lower metabolic rate, which contrasts with the elevated REE found in cancer
patients where this adaptive response appears to be impaired (Waterhouse, 1974 and

Warnold etal, 1978).

In a group of 200 patients with a variety of tumour types, 26% were shown to be

hypermetabolic, 41% normometabolic and 33% hypometabolic (Knox etal, 1982) and, in a
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separate study, it was found that the tumour type was a major determinant for the elevation
in energy expenditure (Fredrix etal, 1991). This research group found that in 104 patients
with gastric and colorectal cancer, the REE was not different from control values, in
contrast with the 47 patients with non-small cell lung cancer were it was significantly
elevated. Furthermore, one year after tumour resection, lung cancer patients with no
recurrence of the disease had significantly lower REE than those with unsuccessful
treatment. One and a half years after tumour resection, patients with gastric and colorectal
cancer -on the other hand- had unaltered REE regardless or not of recurrence. Some
authors have also proposed that the presence of secondary metastases, and not the primary

tumour, are responsible for the elevation in REE (Macfie etal, 1982).

In a study which included 202 subjects Hyltander etal (1991), also by means of indirect
calorimetry, found that cancer patients had a much higher REE when compared to either
weight losing or weight stable controls. It was also observed that such elevation in REE
was independent of malnutrition (in agreement with Warnold et al, 1978), and irrespective
of weight loss since some cancer patients who had not lost any weight also had an elevated
rate of fat oxidation. The authors therefore concluded that an elevated adrenergic state was
responsible for the elevated energy expenditure in the cancer patient and the fact that it
preceded the weight loss points towards the cause rather than the consequence of cachexia.
This assumption was supported by the elevated adrenaline levels found in these cancer

patients and by the reduction of the REE by 10% following treatment with the f-adrenergic

antagonist propranolol (Hyltander etal, 1993).

In contrast, others have suggested that despite the appearance of metabolic disturbances, it
is the inadequate food intake what determines the progression of cachexia and that the
metabolic state of the cancer patient neither determines the stage of the disease nor it is
much different from that of a healthy individual (Mullen, 1994). These differences,

however, may be accounted for by the sensitivity of the methods employed or by the lack
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of a homogeneous group of patients and/or the choice of proper age-, sex- and weight-

matched controls.

1.2.2. Carbohydrate metabolism.

Cori cycle activity and gluconeogenesis -two very highly energy demanding processes-
have both been shown to be significantly enhanced as demonstrated by the incorporation of
their respective 14C-labelled precursors, lactate and alanine, into glucose which is then
directed to the tumour (Waterhouse, 1974; Holroyde et al, 1975 and Waterhouse et al,
1979). It has been estimated that the increased Cori cycle activity could account for up to
10% of the energy expenditure (Young, 1977) which, together with an elevated oxygen
consumption have both been shown to correlate with the upregulation of this pathway
(Wesdorp, 1986). In addition, administration of exogenous glucose has been shown to be
used for fatty acid synthesis rather than for Krebs cycle oxidation, a metabolic pathway
which also has a considerable ATP requirement (Waterhouse, 1981). Increased
gluconeogenesis has also been demonstrated in experimental models (Shapot and Blinov,

1974; Roh etal, 1984 and Argiles and Lopez-Soriano, 1991).

In addition to increased Cori cycle activity, cancer patients have also been found to have
increased rates of glucose production, oxidation and turnover, accompanied by elevated
levels of blood lactate and energy expenditure (Holroyde et al, 1975). Both overnight
fasting glucose and basal insulin levels were normal, but when these patients were
challenged by a glucose load, an impaired glucose tolerance was observed on the basis of
its delayed clearance from the blood (Holroyde etal, 1984). The authors proposed that this
was due to a reduced insulin secretion, although insulin resistance (as determined by the
observed decreased uptake by peripheral tissues) could also be responsible for this situation

of glucose intolerance.

In skeletal muscle, one of the most important organs for the disposal of glucose, a lowered

capacity for its metabolism originates with the presence of malignancy (Lundholm et al,
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1981). Insulin resistance in humans has been shown to be associated with a relative
increase in percentage of insulin-insensitive fibres (type 2b or fast-twitch glycolytic) with
respect to insulin-sensitive fibres (type 1 or slow-twitch oxidative and type 2a or fast-twitch
oxidative/glycolytic) (Storlien etal, 1996). This is in agreement with the observed decrease
in type 2a fibres reported in musculus semitendinosus of cancer patients by Lundholm et al

(1981).

In an experimental model of cancer anorexia and cachexia, the effects of spontaneous
physical exercise appeared to be beneficial at the early stages of the discase despite an
elevated food intake (Daneryd etal, 1990), a finding that further supports the importance of

the muscle fibre composition in the improvement of insulin action.

Besides exercise, and may be more importantly, peripheral insulin sensitivity is also
influenced by the composition of dietary fat. A high proportion of n-3 polyunsaturated
fatty acids (PUFAs) in plasma and membrane lipids has been shown to correlate with a
better insulin sensitivity in humans (Vessby et al, 1994) and animals (Behme, 1996 and
Luo etal, 1996). With regard to skeletal muscle, slow-twitch oxidative muscles such as
soleus have been shown to have a greater ability than EDL (fast-twitch glycolytic muscle) to
alter the content of n-3 fatty acids in their membrane phospholipids in response to a n-3
PUFA-rich diet (Ayre and Hulbert, 1996). Thus, the atrophy of oxidative fibres seen in
cancer patients (which in addition have a higher content of both glucose transporters,
GLUT-1 and GLUT-4, Johannsson etal, 1996) and the development of insulin resistance,
clearly suggests a role for the composition of membrane phospholipids in the development

of this disease and its contribution to cachexia.

1.2.3. Lipid metabolism.
Increased free fatty acid (FFA) and glycerol turnover rates were found in close association
with the elevated REE levels of hypermetabolic patients with cancer, indicating a

predominant state of hydrolysis with little re-esterification (Legaspi etal, 1987).
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On the other hand, others have suggested that loss of body fat in cancer cachexia is due to a
reduced rate of lipogenesis rather than augmented lipolysis, since no difference was found
in the glycerol turnover rate of cancer patients in comparison with controls (Jeevanandam ef
al, 1986). In fact, glycerol turnover was slightly diminished due to its reduced clearance
rate from circulation, a factor which would influence the rate of lipid synthesis. The rates
of glucose and FFA oxidation, although slightly higher than in controls, were not
substantially increased in a group of cancer patients under basal conditions (Waterhouse,
1974). However, in the presence of an exogenous load of glucose, cancer patients failed to
suppress the elevated rate of fatty acid oxidation, unlike starved individuals whose rate of

FFA oxidation is normalised following glucose administration.

In addition, insulin resistance has also been suggested to play a role in the suppression of
lipogenesis due to an abnormal glucose regulation (Young, 1977). Incorporation of n-3
PUFAs into membrane phospholipids -as for skeletal muscle- has also been shown to
improve the action of insulin in rat epididymal adipocytes, which was reflected in the higher

glucose transport, oxidation and incorporation into total lipids (Luo etal, 1996).

Whereas glycerol can enter the gluconeogenic pathway in order to generate glucose for the
tumour, it has been estimated that only 1% of FFAs is taken up by the tumour and the rest
may be incorporated into hepatic glycerophospholipids and excreted as lipoproteins
(Lundholm et al, 1981) or be directly oxidised. Therefore, the degree of hyperlipidemia

may also be influenced by the capacity of muscles to oxidise fatty acids (depends in turn on

muscle fibre type distribution).

Hypertriglyceridaemia is also a common alteration of lipid metabolism, which generally
arises from an inhibition of lipoprotein lipase (LPL) activity in host body tissues. This is
the key enzyme for the hydrolysis and plasma elimination of exogenous and endogenous

triglycerides, which is considered the first step in dietary fat utilisation.
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A significant reduction in LPL activity has been found in adipose tissue of tumour-bearing
mice, which was associated with a decline in lipid synthesis and an elevated rate of lipolysis
(Thompson etal, 1981). Hypertriglyceridaemia, and decreased adipose LPL and liver fatty
acid synthase activities have been found in tumour-bearing rats (Lanza-Jacoby et al, 1984).
Furthermore, changes in LPL activity have been shown to correlate negatively with tumour
growth and positively with decrease of body fat mass of tumour-bearing rats following
body composition analysis (Lanza-Jacoby et al, 1984). Depletion of carcass lipid in mice
has been shown to be dependent on the type of tumour rather than the tumour burden and,
indeed, small tumours have proved to have major cachectic effects on their hosts (Hollander
etal, 1986). This further rules out the idea of nutrient sequestration by the tumour and
supports a role for the production of lipolytic factors responsible for the increased lipolytic

activity (section 1.3).

Fatty acid oxidation in experimental models of cachexia, has been shown to be suppressible
by ketone bodies incorporated in the diet (Sidiqui and Williams, 1989) and, in humans,
hyperketonaemia is known to play an important role in protein conservation, by replacing
glucose as fuel for the brain and in reducing the availability of alanine for gluconeogenesis
under conditions of negative caloric intake (Sherwin et al, 1975). Tumours are thought to
be incapable of using ketone bodies as a source of energy (section 1.4), but a recent report
has suggested that some types of tumours may be able to use these for lipid synthesis

(Hildebrandt etal, 1995).

1.2.4. Protein metabolism.

Itis generally accepted that one of the causative factors of cachexia is the inability to meet
the very high metabolic demands imposed on the host by the presence of the tumour. The
diminished, or even unaltered nutrient intake in some cases, becomes insufficient to provide
energy for such processes but, unlike in starvation, cancer patients fail to adapt to an energy
conservation state. Whole-body protein turnover (WBPT) and hepatic protein synthesis,

some of the more energy-demanding processes in the organism, are not only allowed to
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continue at their normal rates but, in fact, they are both considerably increased (Emery et al,

1984).

Increased rates of protein synthesis and degradation were found in a group of patients with
leukaemia, as measured by the rate of excretion of urinary nitrogen (ammonia and urea)
following a single dose of 15N-glycine (Kien and Camita, 1983). Using the same method,
WBPT was reported to be elevated by 35% in a group of patients with benign disease
(Jeevanandam etal, 1984). An elevated rate of whole body protein turnover has also been
found in cachectic patients with several types of carcinoma of the bronchus and
hypernephroma by means of the 13C-leucine enrichment method, which showed a
depressed rate of protein synthesis for skeletal muscle despite a whole body elevated rate
(Emery etal, 1984). The elevation in the rate of whole body protein synthesis is clearly an
indication of an impaired adaptive response which, under a situation of undernutrition,

would normally repress any cost effective metabolic process.

In a group of patients with lung carcinoma, the rate of WBPT as determined by 13C-leucine
flux studies was shown to be significantly higher than in the control group. Interestingly,
the elevated rates of protein turnover did not significantly correlate with the weight loss
and, even more, the REE (expressed per kilogram of lean body mass, LBM) was not
different from the controls (Melville ezal, 1990). Despite the enhancement of the WBPT
rate, a contribution of only 3% to the total REE was estimated by the authors, which would

not have been detected by means of any indirect calorimetry method.

In agreement with the above, another study has also shown that in a group of patients with
lung or colon cancer, irrespective of weight loss, WBPT was significantly elevated and that
this did not correlate with an increased REE. In fact, there was no significant difference
between the REE in cancer patients and the weight stable non-cancer controls (Fearon etal,
1988b), indicating that the idea of cancer patients losing weight through an elevation of

REE or WBPT is an oversimplification. As for the study carried out by Melville et d

31



(1990), the contribution of an elevated protein synthesis towards the REE was estimated to

be around 8%, which again would have been undetectable.

These two studies are therefore in disagreement with that carried out by Hyltander et al
(1991) (section 1.2.1). However, even if a normal rate of energy expenditure is considered
in the cachectic patients, this would be inappropriate in the semistarving cancer host since
the normal adaptive response to reduction in energy intake is a decrease in energy

expenditure.

One of the theories which have been put forward as the cause of cachexia, is the
competition for nutrients between the tumour and the host (Stein, 1978). Tumour cells
display a preferential uptake for some amino acids (Wiseman and Ghadially, 1955; Lazo,
1981 and Kallinowski etal, 1987) and, indeed, tumours have been shown to be in positive
nitrogen balance (Carrascosa et al, 1984) unlike their tumour-bearer hosts. Whether this
avidity for certain amino acids is responsible for the negative nitrogen balance, seems quite
unlikely since the tumour only represents a very small proportion of the total body weight.
However, it may be possible that the removal of some amino acids from the circulation
could influence the rate of protein synthesis in tissues such as skeletal muscle (Stein,
1978). This would potentiate an already existent catabolic state, due to an elevated demand
for alanine in order to serve gluconeogenic purposes and, together with an uncontrolled
oxidation of BCAAs (Williams and Matthaei, 1981), would largely account for the muscle

wasting and negative nitrogen balance.

Ketone bodies are known to inhibit both thc oxidation of BCAAs in muscle and the release
of alanine from this tissue (Buse etal, 1972) and, during starvation, they replace glucose as
the energy source. Since vasopressin suppresses the oxidation of long chain fatty acids and
ketone production (Williamson etal, 1980), and its increased secretion appears to be related
to the metabolic stress induced by the tumour (Williams and Matthaei, 1981), this has also

been proposed as one of the mechanisms involved in the development of cachexia.
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A ketogenic diet containing 70% medium-chain triglycerides supplemented with 3-
hydroxybutyrate, was shown to be beneficial in patients with malignant disease who had
lost 32% of their body weight (Fearon et al, 1988a). The induction of ketosis reduced
blood glucose, lactate and pyruvate levels and there was a tendency for sparing alanine.
Even more, the patients entered a state of positive nitrogen balance which was accompanied
by a significant weight gain. However, despite the reduction of gluconeogenesis, the
ketotic state was not responsible for the improved nitrogen status, since patients receiving a
normal diet exhibited similar rates of protein synthesis and degradation, suggesting that the

positive nitrogen balance might have been the consequence of a better nutritional status.

1.3. Mediators of cachexia.

1.3.1. Tumour-mediated host inflammatory response.

1.3.1.1. The acute protein phase response.

The presence of a tumour, as it happens under situations of trauma or sepsis, induces the
development of an inflammatory response which involves the production of cytokines and
acute phase proteins. The latter, at least in part, may account with the elevated rate of
hepatic protein synthesis and the excessive depletion of skeletal muscle which serves as a
source of amino acids for the synthesis of these proteins. This is supported by body
composition experiments which have shown the dramatic loss of the lean body mass

compartment in response to inflammation (Watson and Sammon, 1980).

In the study by Fearon etal (1988b) it was shown that the rate of protein turnover was
20% greater in patients with a positfve acute protein phase response (APPR) than in those
without. However, a correlation between APPR and REE does not seem straightforward,
since the development of this response has been associated with increases in REE in some
cases, but not in others. Thus, whilst Fearon etal (1988) reported no changes in the REE
in a group of patients with lung or colon malignancies, a group of 87 patients with primary
non-small cell lung cancer not only showed an elevated REE, but also this correlated with

weight loss (Staal-van den Brekel ezal, 1995). Increased REE has been reported in patients
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with pancreatic cancer regardless of the presence of APPR, although it was much higher in
those with a positive response (Falconer etal, 1994). Furthermore, the weight loss and the
reduction of lean body mass were both greater in those patients with a positive APPR,

although the difference was not statistically significant.

The pro-inflammatory cytokines tumour necrosis alpha (TNF-a) and interleukin-6 (IL-6)
have each been implicated as potential mediators of the inflammatory response associated
with cachexia. Support to this idea comes from a study by Wigmore et al (1995), where a
group of patients with pancreatic cancer and elevated REE were treated with ibuprofen.
The results showed that, following treatment with the anti-inflammatory drug, REE
decreased significantly and, in 9 out of 10 patients, C-reactive protein (CRP) levels were

decreased.

In the study carried out by Staal-van den Brekel etal (1995), the plasma levels of soluble
TNF-receptor (STNFr) 55, sTNFr 75, soluble intercellular adhesion molecule (sICAM)-1
and the acute phase proteins, lipopolysaccharide (LPS)-binding protein and CRP, were all
significantly increased suggesting that TNF-a could be one of the mediators of the
inflammatory response. However, TNF-a levels were undetectable in both cancer and
control subjects in contrast with interleukin-6 (IL-6) which was detected in 41 of the 87
cancer patients. Similarly, Falconer et al (1994) were unable to detect TNF-a in the
plasma of patients with either a positive or a negative APPR, although the former group
exhibited higher -but not significant- IL-6 levels. However, the production of TNF-a and
IL-6 was significantly greater in the isolated peripheral blood mononuclear cells from
patients with a positive APPR, indicating that the local rather than the systemic cytokine

production may be important in regulating the APPR.

A significant positive correlation between APPR and IL-6 was also shown in 6 patients

with hepatic metastasis secondary to colon cancer (3 of them also had detectable serum

levels of TNF-a) (Fearon etal, 1991) and, in vitro, hepatocyte CRP production has been
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shown to be stimulated in response to IL-6, interleukin-8 (IL-8) and the supernatants of
several pancreatic cell lines (Wigmore et al, 1994). Furthermore, the stimulation of CRP
by the different pancreatic cell lines was inhibited to various degrees with anti-IL-8 or anti-

IL-6 antibodies.

Nevertheless, administration of ibuprofen to a group of patients with colonic
adenocarcinoma and multiple hepatic metastases, while being effective with regard to the
attenuation of the APPR and WBPT, did not significantly alter the levels of IL-6 or TNF-a
(Preston etal, 1995). Although in apparent disagreement, this finding may just emphasise

that the production of acute phase proteins is regulated locally by these cytokines.

Despite the elevated production of acute phase proteins, the hepatic fractional synthetic rate
in patients with a positive APPR has been shown to be decreased, suggesting that the
synthesis of structural hepatic proteins is depressed and that the WBPT is prioritised
towards the export of secretory proteins. Furthermore, it also suggests that increases in
hepatic mass associated with malignancy may be the outcome of a decreased protein

breakdown rather than and increased rate of protein synthesis (Fearon etal, 1991).

Dietary fish oil supplementation for 3 months (18% eicosapentaenoic acid, EPA, and 12%
docosahexaenoic acid, DHA) has been shown to produce an important change in body
weight (from -2.9 kg/month to +0.3 kg/month) in cachectic patients with pancreatic cancer
undergoing clinical trials in Edinburgh (Wigmore et al, 1996). Body weight gain, which
was due to an increase in fat and protein content, was accompanied by a reduction in acute
phase protein production and the stabilisation of REE. It appears that part of the
anticachectic effect of fish oil, resides in the ability of EPA to inhibit the APPR via
suppression of IL-6 (Wigmore etal, 1997) and, in addition, EPA has also been found to

have an antitumour effect against pancreatic cancer cells in vitro (Lai etal, 1996).
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1.3.1.2. The role of cytokines.

1.3.1.2.1. Tumour necrosis factor-a (INF-a).

In addition to their association with the production of acute phase proteins (APPs) and
inflammatory response, the ability of cytokines to inhibit LPL activity and induce some of
the cachectic parameters, has prompted the investigation into their role as possible causative
agents of this disease. The first indication of a cytokine being involved in cachexia comes

from experiments involving Trypanosoma cruzi, where infected rabbits developed a severe

weight loss. The high levels of ‘cachectin’ (later identified as TNF-a, Beutler et al, 1985)

found in the blood of these animals was postulated to be responsible for the disease. Even

more, anti-TNF-a antibody, but not anti-IL-6 or anti-interferon (IFN)-y antibodies, has

been shown to attenuate the weight loss induced by this infectious agent (Truyens et al,

1995).

The role of this cytokine has been further supported by in vitro experiments which have
shown recombinant TNF-a to be able to inhibit both LPL activity and mRNA in adipocytes

(Zechner et al, 1988). In addition, Hauner etal (1995) reported a 400% increase in

lipolysis in fat cells, which may be partly due to a reduced glucose transport, as measured
by the decrease in GLUT 4 protein and mRNA levels. TNF-a has also been shown to

induce insulin resistance in vitro by inhibiting the insulin-induced receptor

autophosphorylation, possibly through the activation of a tyrosine phosphatase (Kroder et
a, 1996).

However, a direct role for TNF-a in the development of cachexia in vivo is not so clear.
In human studies, elevated circulating levels of the cytokine have been found in some cases
(Balkwill, 1985 and Knapp etal, 1991), but not in others (Scuderi etal, 1987 and Socher
etal, 1987) and in animals, despite the elevated levels of TNF-a. associated with some
tumour models, the induction of weight loss appears to be associated with the development

of anorexia.
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Chinese hamster ovary (CHO) cells which had been transfected with human TNF-a ,
produced an extensive degree of anorexia and weight loss in nude mice, the latter owing to
the depletion of fat and muscle tissue (Oliff etal, 1987). Elevated TNF-a levels have been
found in rats bearing the Yoshida AH-130 hepatoma, which were decreased after
administration of anti-TNF-a antibody. However, no attenuation of either weight loss or
anorexia was achieved (Costelli et al, 1993). Similarly, only partial reversal of the
condition was observed following administration of the antibody to rats bearing the MCG
101 sarcoma or the Lewis lung carcinoma, where hypoalbuminaemia, anaemia and signs of

an ongoing APPR were still evident (Sherry etal, 1989).

In addition, despite the induction of loss of muscle protein in vivo, this situation has not

been reproduced in vitro (Moldawer etal, 1987).

Some investigators have suggested the possibility that part of the effects of TNF-a may be
mediated through the release of adrenocortical hormones since, for instance, elevated
corticosterone levels have been found together with an overproduction of TNF-a in
tumour-bearing rats.  However, adrenalectomy, despite correcting for
hypertriglyceridacmia and reducing corticosterone levels, did not improve cachexia
(Tessitore etal, 1994) and muscle hypercatabolism has been shown not to be inhibited by a
glucocorticoid antagonist (Llovera et al, 1996). Others have proposed prostaglandin E,
(PGE,) as the mediator, but indomethacin was found not to have an effect on the reversal

of cachexia (Costelli et al, 1993) or in the prevention of weight loss (Mahony and Tisdale,
1989).

1.3.1.2.2. Interleukin-6 (IL-6).

As discussed in section 1.3.1.1, elevated levels of this cytokine have been found in patients
with lﬂnetastatic disease who had elevated WBPT rates and a positive APPR (Fearon etal,
1991). Increased production of IL-6 has also been reported in patients with ovarian

(Scambia etal, 1995), lung (Scott etal, 1996) and pancreatic cancer (Falconer et al, 1994).
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However, in the latter group, no correlation between IL-6 and REE or APPR was found.
Furthermore, ibuprofen decreased both APPR and WBPT, while having no effect on the
levels of IL-6 (Preston etal, 1995).

In the colon 26 cachexia model, higher levels of serum IL-6 have been found to correlate
with increasing weight loss, which mainly arises from a massive depletion of fat (85%)
(Tanaka etal, 1990). Furthermore, both IL-6 and weight loss have both been reversed

following tumour resection (Strassman et al, 1992a) and anti-IL-6 antibody treatment

(Strassman etal, 1993b).

An elevated production of IL-6 has also been found in the colon 26 cell line, where this
process has been shown to be stimulated by IL-1 (Strassman etal, 1992b). This is also
confirmed by the fact that high affinity receptors for IL-1 have been found in the tumour
and that intratumoral injection of a receptor antagonist reduces both the serum concentration

of IL-6 and the loss of fat and muscle (Strassman etal, 1993a).

However, doubts about the role of IL-6 in cachexia arose from the development of two
clones from colon 26, namely clone 20 and clone 5. The former has been shown to
produce anorexia when inoculated in the host (Soda etal, 1994), although administration of
an anti-IL-6 antibody did not completely reverse the weight loss (Yasumoto et al, 1995 and
Fujimoto-Ouchi et al, 1995). In clone 5, no IL-6 was detected at the tumour site
(Yasumoto etal, 1995) and injection of recombinant IL-6 to mice inoculated with this clone

failed to induce cachexia but elevated serum levels remained high(Soda etal, 1995).

Finally, IL-6 has also been shown to be incapable of promoting muscle protein breakdown

invitro (Garcia-Martinez etal, 1994).
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1.3.1.2.3. Interferon-y (IFN-y).

Neopterin (NPT) is produced by activated macrophages in response to IFN-y from
activated T cells, so NPT elevation demonstrates activation of the cellular immune system
or increased endogenous IFN-y production. Increased NPT has been reported in cancer

patients where the levels of this factor have been shown to correlate with severe
malnutrition and decreased serum tryptophan (IFN-y induces the activation of the
tryptophan degrading enzym.e, indoleamine 2, 3-dioxygenase) (Iwagaki et al, 1995a).
Even more, a high plasma NTP:CRP ratio was found in a group of cachectic patients, in

contrast with patients with infectious diseases where both parameters were elevated

(Iwagaki et al, 1995b), suggesting that IFN-y may be the determinant of cachexia.

In animals, the weight loss and cachexia induced by the Lewis lung tumour has been
shown to be antagonised by anti-IFN-y antibody treatment (Matthys efal, 1991a). When

nude mice were inoculated with CHO cells previously transfected with IFN-y, they

developed severe cachexia, although part of the weight loss was due to an anorectic effect.

Pretreatment with anti-IFN-y antibody prevented this effect, but proved ineffective when

administered after transplantation (Matthys etal, 1991b).

Anti-IFN-y antibody treatment has been shown to partially block the MCG 101-induced

cachexia but this effect was only short-lived (Lanstein etal, 1991). The same group was

also ablc\ to induce cachexia in rats following chronic administration of IFN-y , but this was

only achieved at sub-lethal doses.

1.3.1.2.4. Interleukin-1 (IL-1).
Administration of recombinant IL-1 into mice has been shown to induce weight loss and

anorexia (Moldawer et al, 1988). In MCG 101 sarcoma-bearing rats, high levels of IL-1
and TNF-a have been detected at the tumour site but these appeared to be no different to

those found in other body tissues (Lonnroth etal, 1990). Furthermore, neither neutralising

antibodies against the IL-1 receptor (Gelin et al, 1991) nor an IL-1 receptor antagonist
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(Costelli et al, 1995b) have been shown to have an effect on the attenuation of cachexia.
Additionally, IL-1, as for the other cytokines, is also incapable of inducing muscle

catabolism in vitro (Moldawer etal, 1987).

In conclusion, there is compelling evidence to suggest a role for cytokines in the
development of cachexia, however, the results show that the action of one single cytokine
is unlikely to account for all the cachectic parameters. A more complex system appears
operative, since not only does the production of cytokines seem to be regulated by one
another (Strassman etal, 1992a and b), but additionally, the cytokine network might act in
conjunction with the endocrine system as judged by the abnormal levels of some hormones
(Knapp et al, 1991 and Tessitore et al, 1993b). In any case, the results suggest that
cytokines may act as the mediators or may be together with as yet unidentified factors,

perhaps of tumour origin.

1.3.2. Tumour-derived catabolic factors.

Although the malignant state induces a state of high metabolic stress, the nutrient demand of
the tumour alone does not account for the complete wasting of the bearer host. In some
cases, the loss of body weight appears prior to the detection of the disease and, even when
the presence of the tumour is clearly evident, the tumour mass only represents a small

fraction of the total body weight, suggesting that additional factors are also involved.

In 1962, Costa and Holland suggested the presence of an unidentified lipolytic factor
associated with Krebs-2 carcinoma. Transplantation of this tumour into mice, caused an
extensive loss of fat mass which, in the first stage of the disease, was reduced by 50%
when the tumour was still barely detectable and food intake was normal. Furthermore, this

was shown to be reproducible by using non-viable preparations of the tumour.

Kitada etal (1980) found that, following injection of serum from AKR mice with thymic

lymphoma into normal mice, a massive fat mobilisation was induced comparable to that
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seen in the tumour-bearing mice. A lipid mobilising factor of apparent molecular weight 5
KDa produced by the tumour appeared to be responsible for this effect (Kitada et al, 1981),
although aggregation into higher molecular fragments was shown to be essential for its

biological activity (Kitada etal, 1982).

A lipolytic factor of 75 KDa (toxohormone-L) was purified from the ascites fluid of mice
with Sarcoma 180 f ollowing ammonium sulphate precipitation and a combination of anion-
exchange and gel exclusion chromatography (Masuno et al, 1981). This substance was

also found in the ascitic fluid of patients with hepatoma and Grawitz's tumour.

A melanoma-derived lipoprotein lipase inhibitor (MLPLI), which has been found to be
identical to leukaemia-inducing factor (LIF), has been isolated from two human melanoma
cell lines (SEKI and G361) which have the ability to induce severe cachexia in nude mice
The 40 KDa protein has been shown to inhibit LPL in adipocytes, for which it is thought to
play a role in the development of the disease (Mori et al, 1989 and Mori et al, 1991) and it
appears to be distinct from TNF-a (Kawakami etal, 1991). A lipid-mobilising factor of
apparent molecular weight 6 KDa, which also appears to be immunochemically and
biochemically distinct from TNF-a, has been purified from the human melanoma cell line

A375 (Taylor etal, 1992).

Anelevated lipolytic activity was found to be associated with the serum and urine of both
cancer cachectic patients (Groundwater et al, 1990) and mice bearing the cachexia-inducing
murine adenocarcinoma (MAC) 16 tumour (Beck etal, 1990 and Beck and Tisdale, 1991).
The human material, which appears to be identical to that obtained from the tumour-bearing
mice (40 KDa), has been found capable of inducing weight loss and extensive fat depletion

when injected into obese mice (Hirai etal, 1997).

A proteolysis-inducing factor, closely associated with the material mentioned above, has

also been purified from both murine and human sources and appears to have an apparent
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molecular weight of 24 KDa (Todorov et al, 1996a). The ability of this material to induce
skeletal muscle protein breakdown both in vitro and in vivo , will be the subject of

discussion of this thesis.

Up to this date, there are no other reports in the literature concerning the identification of
tumour-derived proteolytic factors capable of initiating muscle protein breakdown in vitro.
There is, however, one study which has suggested the presence of an unidentified
proteolytic factor in the serum of cancer patients with weight loss, capable of eliciting

protein mobilisation from isolated rat diaphragm muscle (Belizario etal, 1991).

1.4. The MAC 16 cachexia model.

The choice of the MAC 16 as a model to study cachexia has the advantage of resembling the
human condition in that it is a slow growing tumour capable of inducing extensive weight
loss at very low tumour burdens, unlike many experimental models where the symptoms of
cachexia appear once the tumour mass accounts for a considerable proportion of the total
body weight. In addition, it provides an excellent model for studying the effects of lipid
and protein mobilising factors since the development of cachexia takes place without an
alteration in food or water intake and, therefore, the effects elicited in the host can

exclusively be ascribed to the presence of the tumour.

1.4.1. Weight loss.

The MAC 16 tumour was originally developed by Double et al (1975), by injecting NMRI
mice repeatedly with 1,2-dimethylhydrazine. Following this treatment, multiple colon
tumours were induced and transplanted subcutaneously in the flank of recipient animals,
which after serial transplantations, yielded 5 relatively stable, well-differentiated tumour
lines. At less than 1% of the host weight, this tumour induces a considerable degree of
weight loss (without a reduction in food or water intake) and, as the tumour mass grows,

weight loss can increase up to 33% in females and 20% in males. The proportion of
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carcass lipid varies inversely with the tumour size and, on a percentage basis, the decrease

of carcass fat is greater than that of lean body mass (Bibby etal, 1987).

TNF-a appears not to be responsible (at least directly) for the induction of this syndrome in
mice bearing the MAC 16 tumour. The development of weight loss following
administration of this material into NMRI mice, seems to correlate with a reduction in the
food and water intake, indicating the anorectic effect of the cytokine (Mahony et al, 1988).
Furthermore, body composition experiments have shown the effect of TNF-a to be due to
a dehydration effect since the water compartment was the only one affected (Mahony and

Tisdale, 1989).

A high fat ketogenic diet in which up to 80% of the energy was supplied as medium chain
triglycerides (MCT), was shown to have a profound effect in the reduction of weight loss
induced by the MAC 16 tumour and was accompanied by an increase in the carcass fat and
non-fat compartments (Tisdale et al, 1987). The attenuation of weight loss was the
consequence of both an improved nitrogen balance (Beck and Tisdale, 1989) and an
antitumour effect of the diet due to the inability of the MAC 16 tumour to metabolise ketone
bodies (Tisdale and Brennan, 1986). Dietary supplementation of fish oil (19% EPA and
13% DHA) has also been shown to have an antitumour as well as an anticachectic effect

(Tisdale and Dhesi, 1990), which will be further discussed in next section.

1.4.2. Metabolic alterations.

In vitro, MAC 16 cells displayed an increased rate of glucose consumption, lactate
production and CO; production from both glucose and palmitate (Tisdale and Brennan,
1986). Tumour growth in vivo, has been shown to be accompanied by progressive
hypoglycaemia (McDevitt and Tisdale, 1992) and a reduction in the plasma insulin levels
(Bibby etal, 1987).
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Plasma levels of FFA have been shown to be low, though transiently increased when
animals have lost approximately 2 g of body weight (Bridon etal, 1991), probably as the
consequence of an increased tumour utilisation (Hudson and Tisdale, 1994). Adipose LPL
activity remains high up to a weight loss of 2.5 g and could account for the increased
plasma levels of FFA at this point, which coincides with the period of maximum production
of lipid-mobilising activity by the tumour (Groundwater et al, 1990). Although LPL
activity appears to be depressed in adipose tissue at greater degrees of weight loss (5-6 g),

no hypertriglyceridaemia is observed, which could be explained by the elevated LPL

activity of other organs such as heart (Bridon etal, 1991).

Increased fatty acid oxidation has been ascribed to this model (Mulligan etal, 1992) and,
indeed, the loss of body fat in mice bearing the MAC 16 tumour appears to arise solely
from an increased lipolysis rather than a reduced rate of lipogenesis. There is no indication
of lipogenesis being inhibited (Mulligan and Tisdale, 1991) and the activity of host liver
fatty acid synthase has been shown to be increased (Tisdale and Leung, 1988).
Furthermore, lipogenesis has been shown to be increased at the expense of glucose
utilisation, rendering the host with a reduced amount of utilisable energy from a given
dietary intake. This, however, does not appear to be specific to the cachectic state but is
more related to the presence of the tumour since increased lipogenesis was also found in the
MAC 13 model. Animals bearing the MAC 13 tumour also have a higher daily energy
intake, which may be used to compensate for this extra energy requirement. MAC 16 mice,
on the other hand, do not change their food intake and therefore part of their weight loss

may be the result of their inability to make up for this wasting of energy.

An increase REE has been reported for these animals after the third and fourth weeks of
tumour transplantation (Plumb et al, 1991), although the elevated REE was not the cause

for the loss of body weight since this happened prior to the elevation of REE.



With regard to protein metabolism, little is known about the mechanisms behind the
wasting of skeletal muscle. It appears that a combination of a depressed synthesis rate and
increased proteolysis are responsible for the loss nitrogen and body weight (Beck and
Tisdale, 1989 and Smith and Tisdale, 1993a). As for the elevated protein breakdown,

PGE; has been proposed as one of the factors mediating this process (Smith and Tisdale,
1993b).

Administration of EPA to mice bearing the MAC 16 tumour has been found to have both an
antitumour and an anticachectic effect (Beck etal, 1991). Part of the anticachectic effect of
EPA arises from its ability to inhibit the rate of protein degradation in skeletal muscle,
presumably by interfering with the synthesis of PGE;. In addition, EPA has also been
shown to inhibit lipolysis (Tisdale and Beck, 1991), an effect which resides in the ability of
this PUFA to inhibit cAMP production by adenylyl cyclase via upregulation of G; and
downregulation of G; protein isoforms (Price, 1997). In contrast with this model, EPA
has failed to prevent cachexia and inhibit tumour growth in cachectic rats bearing the rapidly

growing Y oshida-130 tumour (Costelli etal, 1995a).

1.5. Aims and objectives.

The aim of this work is to contribute towards the elucidation of the mechanisms controlling
the process of skeletal muscle protein loss in cachexia. For such purpose, the MAC 16
tumour will be used as the source for isolation of a putative cancer cachectic factor the
ability of which to induce protein breakdown will be studied using in vivo as well as in
vitro muscle preparations. A detailed examination of the main proteolytic systems present
in skeletal muscle will be reviewed, as well as their contribution towards the abnormally
elevated rate of proteolysis elicited by this protein-mobilising factor (p24). Finally, the use
of an in vitro cell system is suggested as a new model for studying the mechanisms of

muscle protein turnover as determined by the reproducible effects of p24 in this cell line.
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Chapter 2
Materials and Methods

2.1. Animals.

Pure strain NMRI mice (18-20 g) were obtained from our own breeding colony and were

fed a rat and mouse diet (Special Diet Services, Witham, Essex) and water ad libitum.

Fragments of the MAC 16 tumour excised from donor animals with established weight loss
were implanted into the flanks of NMRI mice (20-25 g) by means of a trocar as described
(Beck and Tisdale, 1987). Tumours were excised from mice with weight loss between 20

and 25% and used to purify the proteolytic factor.

Blood was obtained by cardiac puncture under total anaesthesia, and the animals were

killed immediately by cervical dislocation.

2.2. Cell culture.

The C,C; 2 mouse myoblast cell line was chosen as one of the models for studying protein
synthesis and degradation rates in vitro. Cells were grown in 60 X 15 mm petri dishes in 3
ml of DMEM supplemented with 12% FCS, 1% non-essential amino acids and 1%
penicillin-streptomycin in a humidified atmosphere of O,: CO, (95: 5) at 37 0C. All the

experiments carried out on myoblasts were performed in the subconfluent state.
Myotubes were grown when confluent myoblasts were fused by changing the medium to

DMEM supplemented with 10% horse serum, 1% non-essential amino acids and 1%

penicillin-streptomycin.
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2.3. Chemicals.

Amersham Intl. Bucks., UK.

[a-32P]dCTP

ECL Western blotting analysis system

Megaprime DNA labelling system
L-[4-3H]-Phenylalanine

L-[2, 6-3H]-Phenylalanine

[S, 6, 8, 11, 12, 14, 15-3H (N)]-Prostaglandin E;

Protein rainbow markers

Amicon LTD Gloucs., UK.
Filtration cells: 50 ml, 200 ml, 400 ml capacities
YM membranes: 10,000 cut-off

Microcon concentrators

Appligene-Oncor, Durham, UK.

Phenol (water saturated)

Bio-Rad Laboratories Ltd, Herts., UK.
Acrylamide

Ammonium persulphate

Bio-Rad protein reagent

N,N’-Methylene-Bis acrylamide (Bis-acrylamide)
N,N,N’ N’ -Tetramethylethylenediamine (TEMED)

Calbiochem-Novabiochem Ltd., Beeston, Nottingham, UK.

Arachidonyltrifluoromethyl ketone (AACOCF3)
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Costar, Cambridge, MA, USA.
Polyvinylchloride ELISA plates

Fisons laboratory supplies, Loughborough, UK.
Chloroform

1,2-Dichloroethane

Ethanol

Glacial aceticacid

Hydrochloric acid

Isopropanol

Magnesium chloride

NitricAcid

Optiphase Hisafe 3

Perchloricacid

Sodium carbonate

di-Sodium hydrogen orthophosphate dihydrate
Sodium dihydrogen orthophosphate

Gelman Sciences, Northampton, UK.

Acrodisc 0.2 ym syringe filters

Gibco BRL Life Technologies, Paisley, Scotland, UK.
Agarose

Bovine foetal calf serum (FCS)

Dulbecco’s Modified Eagles Medium (DMEM) with glutamax-I
Horse serum

Nunclon 60 x 15 mm petri dishes

Penicillin-Streptomycin

Phosphate buffered saline (without calcium and magnesium)
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RPMI 1640 Tissue culture medium
Trypsin/EDTA

Hoefer Scientific Instruments, San Francisco, CA., USA.

Nitrocellulose membrane

Pharmacia Biotech, Herts., UK.

Ficoll (type 400)

Premier Beverages, Stafford, UK.
Marvel (fat-free dried milk)

Sigma Chemical, Dorset, UK.
Ammonium chloride
Ammonium sulphate
Aprotinin

ATP bioluminescentkit
Bovine Serum Albumin (BSA)
Bromophenol blue

Calcium chloride
Cycloheximide

Charcoal activated
Chloroquine

Dextran (D-70)

Dextran sulphate
Diethylpyrocarbonate (DEPC)
Dimethyl sulphoxide (DMSO)
Dithiothrietol (DTT)

D-Glucose

49



Eicosapentaenoic acid (EPA)
trans-Epoxysuccinyl-L-leucylamido-3-methylbutane (E-64)
Ethidium bromide

Ethylmaleimide

Ethylene Glycol-bis(f-aminocthyl ether) N,N,N’ ,N’-Tetraacetic Acid (EGTA)
Ethylenediaminetetraaceticacid (EDTA)

Formaldehyde

Formamide

Guanidinium thiocyanate

Glycerol

Glycine

Hydrogen peroxide

Ibuprofen

Indomethacin

Isoamyl alcohol

Kodak Processing Chemicals: GBX Developer and Replenisher
Kodak Processing Chemicals: GBX Fixer and Replenisher
Kodak X-Omat A Rfilm35cm x43 cm

Kodak X-ray exposure holder 35.6 cm x 43.2 cm

Leupeptin

Magnesium sulphate

p-Mercaptoethanol

Methylamine

3-[N-Morpholino]propanesulphonic acid, (free acid) (MOPS)
1-Nitroso-2-naphthol

Non-essential amino acids

Pepstatin

o-Phenylenediamine

Phenol/chloroform/isoamyl alcohol (25:24:1)
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Polyoxyethylenesorbitan
Phenylalanine
Phenylmethylsulfonylfluoride (PMSF)
Polyoxyethylene-sorbitan (Tween 20)
Potassium chloride

Potassium dihydrogen phosphate
Prostaglandin E; antiserum

Protein A peroxidase

Proteinase K (from Tritirachium album)
Polyvinylpyrolidone (PVP)

Sarcosyl (N-Lauroylsarcosine sodium salt)
Sodium acetate

Sodium azide

Sodium chloride

Sodium bicarbonate

Sodium citrate

Sodium dodecyl sulphate (SDS)
Sodium hydroxide

Sodium nitrite

Sodium pyrophosphate

Sucrose

Trichloroaceticacid

Tripotassium citrate

Trizma base (Tris)

Xylene cyanol FF

OXOID, Basingstoke, Hamps., UK.
Phosphate buffered saline (PBS) tablets
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Takeda Chemicals Ltd., Japan.
2.3,5-Trimethyl-6-(3-pyridylmethyl)-1,4-benzoquinone (CV-6504)

Whatman Intl., Maidstone, Kent, UK.
Cellulose nitrate filters (0.2 ym, 25 mm)

3MM Whatman paper

Gifts.

Monoclonal anti-proteolytic factor Antibody (mAb), developed by Dr P Todorov and Dr P
Cariuk. C,C;7 mouse skeletal muscle cell line, probes for ubiquitin, ubiquitin-conjugating
enzyme E;, GAPDH and Ubiquitin Antibody, by Dr M Thompson, Rowett Research

Institute, Aberdeen, Scotland. C9 proteasome subunit probe was supplied by Boehringer.

2.4. Buffers and solutions.
2.4.1. Affinity purification.
2.4.1.1. Anion-exchange buffer (QS 1)

Tris-HCI pH 8.0 10mM
DTT 1.0mM
PMSF 0.5mM
EGTA 0.5mM
2.4.1.2. PBS

1 tablet/100 ml distilled water

2.4.1.3. Elution buffer
Glycine-HCI pH 2.5 100 mM

2.4.14. Collecting buffer
Tris-HCI pH 8.0 IM
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2.4.2. Enzyme-Linked Immuno-Sorbent Assay (ELISA).
2.4.2.1. Sodium carbonatel/bicarbonate buffer pH 9.5.

Sodium carbonate 0.1M

Sodium bicarbonate 0.1 M

2.4.2.2. Sodium citrate/phosphate buffer pH 5.0.
di-Sodium hydrogen orthophosphate 02M
Citric acid (sodium salt) 0.1M

2.4.2.3. Wash buffer.

PBS + 0.15% Tween 20

2.4.2.4. Antibody dilution buffer.
PBS + 3% BSA

2.4.2.5. Substrate buffer.

Phosphate/citrate buffer pH 5.0

o-Phenylenediamine (OPD) 0.04%
Hydrogen peroxide 0.012%

2.4.3. Tyrosine release assay.

2.4.3.1. Krebs-Ringer bicarbonate buffer.

Sodium chloride 118 mM
Calcium chloride 2.0 mM
Potassium chloride 5.0 mM
Potassium dihydrogen orthophosphate 1.0 mM
Sodium bicarbonate 25mM
Magnesium sulphate 1.0 mM

53



2.4.3.2. Cyclo-oxygenase and lipoxygenase inhibitors.

Ibuprofen 10 uM
Indomethacin 50 uM
CV-6504 10 M

2.4.3.3. cPLA2 inhibitors.
AACOCF; 50 uM

2.4.3.4. Cathepsin inhibitors.

Ammonium chloride 10mM
Chloroquine 250 uyM
Methylamine 10mM
Leupeptin 30 uM

2.4.3.5. Calpain inhibitors.
E-64 100 uM

2.4.3.6. ATP-depleting agents.
Deoxyglucose S5mM
Sodium azide 0.2 mM

2.4.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE).

24.4.1. Stock 1.

Acrylamide 44%

N,N’-Bis-methylene acrylamide 0.8%
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2.4.4.2. Stock 2.
Acrylamide

N,N’-Bis-methylene acrylamide

2.4.4.3. Running buffer (10x).
Trizma base

Glycine

SDS

2.4.4.4. Sample buffer.
Tris-HCI pH 6.8

SDS

B-Mercaptoethanol
Glycerol

Bromophenol blue

2.4.5. Western blotting.
2.4.5.1. Running buffer.

Trizma base

Glycine

SDS

For use: 10x Blotting buffer
Methanol

2.4.5.2. Wash buffer.
PBS + 0.15% Tween 20

30%

0.8%

025M
19M
35mM

62.5 mM
0.35mM
5%

10%
0.01%

0.25M
1.9M
50 mM

10%
20%
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2.4.5.3. Antibody diluent.
PBS + 0.15% Tween 20
Marvel 1.5%

2.4.5.4. Blocking solution.
PBS + 0.15% Tween 20
Marvel 5%

2.4.6. Phenylalanine stock solution.
Phenylalanine 75mM
L-2,6-3H-Phenylalanine 50 uCi/ml

2.4.7. Extraction of chromosomal DNA and gel electrophoresis.
2.4.7.1. Lysis buffer.

Tris-HCI pH 9.0 05M
EDTA 2mM
Sodium chloride 10mM
SDS 1%
Proteinase K 0.03%

2.4.7.2. 50x TAE buffer.
Tris-acetate 40 mM
EDTA pH8.0 1mM

Foruse: 1xTAE

2.4.7.3. Ethidium bromide dye.
Ethidium bromide 1%
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2.4.7.4. Agarose gel

Agarose 1.2%

Agarose was melted in water by microwaving for 1 minute. Then the following were
added:

S0xTAE 2.2%

Ethidium bromide 3 pl of 1% solution

2.4.7.5. TE buffer
Tris-HCI pH 8.0 10mM
EDTA 1 mM

2.4.8. RNA extraction, gel electrophoresis and Northern blotting.
24.8.1. DEPC water.
0.1% DEPC water was allowed to stir for 30 minutes before autoclaving.

Eppendorfs and corex tubes were treated with DEPC water.
2.4.8.2. Sodium citrate buffer pH 7.0.
Sodium citrate (citric acid trisodium salt) 0.75M

DEPC 0.5%

2.4.8.3. Solution D (incomplete, stored for 3 months).

Guanidinium thiocyanate 63 M
Sodium citrate 0.04 M
Sarcosyl (N-Lauroylsarcosine sodium salt) 0.03 M

2.4.8.4. Solution D (complete, stored for 1 month).
Incomplete solution D

-Mercaptoethanol 0.7%
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2.4.8.5. Sodium acetate pH 4.0.

Sodium acetate 2M

DEPC 0.05%

2.4.8.6. Sodium acetate pH 5.2.
Sodium acetate 3M

DEPC 0.05%
2.4.8.7. Ethanol.
0.1% DEPC water

Ethanol 70%

2.4.8.8. 5x MOPS

MOPS pH 7.0 02M
Sodium acetate 0.03 M
EDTA (pH 8.0) 0.5M

2.4.8.9. Agarose gel.
Agarose 1.2%

Agarose was melted in water by microwaving for 1 minute. Then the following were

added:
5x MOPS buffer 20%

Formaldehyde 0.67%

2.4.8.10. Running buffer.
1x MOPS

Formaldehyde 0.67%
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2.4.8.11. Blotting buffer.
di-Sodium hydrogen orthophosphate dihydrate
Sodium dihydrogen orthophosphate

2.4.8.12. FFM buffer.
Formaldehyde
Formamide

5x MOPS

2.4.8.13. RNA loading dye (6x dye)
Bromophenol blue

Xylene cyanol FF
Ficoll

2.4.8.14. Ethidium bromide dye.
Ethidium bromide

Distilled water

2.4.8.15. 5x P.

BSA

PVP

Ficoll

Tris-HCI pH 7.5
Sodium pyrophosphate
SDS

2.4.8.16. 20x SSC.
tri-Sodium citrate

Sodium chloride
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0.25mM

0.25mM

22.6%
64.5%
12.9%

0.25%
0.25%
15%

10 pl of 1% solution
150 ml

1%

1%

1%
250 mM
0.5%
5%

03 M
3M



2.4.9. Isolation and determination of ubiquitin conjugates.

2.4.9.1. Homogenising buffer

Tris-HCl pH 7.4 50 mM
Supplemented with:

Sucrose 0.25mM
EDTA S5mM
PMSF 1mM
Ethylmaleimide 5mM
Pepstatin o 1uM
Leupeptin 1uM
Aprotinin 0.1 TIU/ml
SDS 1%

2.4.9.2. SDS-PAGE and Western blotting.
As described in 2.4.4 and 2.4.5

2.5. Methods.

2.5.1 Determination of protein concentration.

Protein concentrations were measured by using Bio-Rad reagent (200 ul). The samples
(diluted to 800 pl with water), were read at 595 nm and the protein concentration calculated
according to the formula shown below which was derived from a BSA standard calibration

curve.,

Protein (ug/ul) = absorbance (595 nm)/ 0.053 *

* where 0.053 represents the gradient of the BSA standard curve.
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2.5.2. Determination of RNA concentration.
RNA was measured by the method originally described by Munro & Fleck (1969) and
calculated using the modified formula of Asford & Pain (1986):

RNA (ug)= [Abs (260 nm) x 32.9] - [Abs (232 nm) x 6.11] x vol (ml)

2.5.3. Immunoaffinity purification of the protein-mobilising factor from
MAC 16 tumours.

Tumours were weighed, homogenised thoroughly in Q-Sepharose buffer (QS1 buffer),
and centrifuged at 4000 g in a Heraeus Megafuge 1.0 for 20 minutes. The pellet and the
top fat layer from the supernatant fraction were both discarded, and the supernatant was

then analysed for protein content and the total volume recorded.

Ammonium sulphate (38% w/v) was gradually added to the homogenate whilst stirring in
the cold room. Once all the ammonium sulphate had been added, it was covered with foil

and allowed to stir overnight to equilibrate.

After centrifugation at 4000 g for 20 minutes, the supernatant was dialysed against the
same volume of PBS in an amicon filtration cell using a 10,000 cut-off membrane, and the
total volume was reduced to 20-25 ml. The sample was centrifuged at 4000 g for 20
minutes, and after measuring the volume and protein content it was loaded onto an affinity
column which was prepared by coupling the monoclonal antibody isolated from the
splenocytes of MAC 16 tumour-bearing mice to an Affi-Gel Hz matrix. The sample was
circulated through the affinity column at a flow rate of 0.1 ml/min overnight in the cold

room.

To remove the unbound material, the column was washed with PBS for 3 hours at a rate of

0.1 ml/min and the sample finally eluted with 0.1 M Glycine-HCI buffer pH 2.5 at a flow
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rate of 1.0 ml/min into tubes containing 0.5 ml 1 M Tris-HCI buffer pH 8.0, and 3 ml

fractions were collected.

2.5.4. Immunoaffinity purification of the protein-mobilising factor from
human urine.

Urine from cachectic patients with pancreatic cancer was centrifuged at 16,000 g at4 0C for
15 minutes in a MSE Hi-Spin 21 centrifuge and the volume reduced to 500 ml using an

amicon filtration cell with a 10,000 cutoff membrane.

Ammonium sulphate precipitation (80% w/v) and equilibration of the sample was carried
out in the same way as for the tumour homogenate. After centrifugation at 16,000 g at 4
OC for 25 minutes the pellet was resuspended in distilled water and washed with the same
volume of PBS three times using an amicon filtration cell until the volume was finally
reduced to 20-25 ml. The sample was circulated through the affinity column and eluted as

previously described.

2.5.5. Detection of immunoreactive affinity material by ELISA.

An aliquot (50 pl) from each fraction (10) was mixed with 0.1 M carbonate-bicarbonate
buffer pH 9.5 (50 ul) and incubated at 37 OC for 2 hours in a covered polyvinylchloride
multiwell plate in order to immobilise the samples. The contents were then removed and
the wells washed three times with PBS-Tween 20 (200 ul1). In order to block non-specific
sites, PBS-Tween-3% BSA (200 ul) was added to each well and incubated at 37 °C for 30
minutes. The blocking solution was removed and the wells washed three times with PBS-

Tween 20 (200 ul).

Samples were incubated at 37 °C for 1 hour in the presence of the monoclonal Antibody
(100 pl of a 10 pg/ml solution) and PBS-Tween-3% BSA (100 ul) was added to the
negative control samples. The contents of the wells were removed and another three

washes carried out with PBS-Tween 20 (200 pl).
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After incubation with protein A peroxidase (100 yl of a 0.25 pg/ml solution) at 37 0C for
30 minutes and three washes with PBS-Tween 20 (200 ul), the substrate (0.04% o-
phenylenediamine in sodium phosphate-citrate buffer pH 5.0- 0.012% hydrogen peroxide)
was added to each well (100 pl). Immunoreactive affinity material was detected when the
yellow coloured product of the reaction developed after 15-30 minutes. The reaction was
stopped by adding 0.2 M sulphuric acid (50 ul) and the samples read at 492 nm in a |

microtitre plate reader (Anthos Labtec Instruments).

2.5.6. Detection of immunoreactive affinity material by Western blotting.

2.5.6.1. SDS-PAGE.
Affinity purified material was electrophoresed by SDS-PAGE using a 15% denaturing
polyacrylamide gel which was prepared as follows:

Running gel Stacking gel

1.5 M Tris-HCI pH 8.8 3.70 ml

0.5 M Tris-HCI pH 6.8 1.50 ml
Stock 1 (2.4.4.1) 3.75 ml

Stock 2 (2.4.4.2) 1.00 ml
Deionised water 3.95 ml 3.20 ml
10% SDS 0.30 ml 0.06 ml
TEMED 0.03 ml 0.016 ml
10% APS 0.04 ml 0.02 ml

The samples were corrected for protein (20 yg) and mixed 1:1 with sample buffer in a final
volume of 40 ul. After boiling for 5 minutes, samples were loaded on the gel and

electrophoresed at 180 V until the dye had reached the bottom of the gel.
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2.5.6.2. Western blot.

Proteins were transferred onto a nitrocellulose membrane (180 V for 1 h) and left in a 5%
marvel solution overnight. After washing (3 x 5 min) in blocking-washing solution, the
membrane was incubated with the biotinylated mAb (10 yg/ml) for 1 h in a shaker at room
temperature. The antibody was removed and the membrane washed (1 X 1S minand 2 x 5
min). The membrane was incubated with streptavidin-HRP (500-fold dilution of the
original stock) for 1 h, washed (3 x 10 min) and developed by the ECL. Western Blotting

detection System according to the manufacturer's instructions.

2.5.7. Measurement of total protein breakdown in skeletal muscle.

2.5.7.1. Invitro tyrosine release assay.

Soleus muscles from normal NMRI mice were ligated by the tendons, dissected out
virtually intact, and placed in ice-cold isotonic saline. These were then quickly ligated to
stainless steel supports under slight tension which resembled that observed at resting
length in vivo inorder to prevent contraction and thus improve protein balance and energy

status.

The muscles were pre incubated in a shaking water bath at 37 °C in RPMI 1640 medium
without phenol red and in the presence of the proteolytic factor and normal mouse serum
(7% in the incubation medium, final volume 3 ml) for 30 min. After this time they were
rinsed three times, the medium replaced by Krebs-Henseleit buffer (3 ml) supplemented
with glucose (6 mM), BSA (0.12%), and cycloheximide (0.5 mM), and an incubation was
carried on for a further 1.5 h. At all times, the muscles were gassed with a mixture of O,

and CO; (19:1).

Muscles were blotted and weighed, and the incubation medium removed (2 ml) and
deproteinised with 30% TCA (200 ul). The samples were centrifuged in a Heracus
benchtop Megafuge 1.0 at 2800 g for 10 min and the supernatant (2 ml) analysed for
tyrosine content (Waalkes and Udenfriend, 1957).

64



To the deproteinised fractions, 1-nitroso-2-naphthol reagent (1ml), and nitric acid (1ml)
were added, mixed, and incubated at 55 °C for 30 min. After this time, samples were
allowed to cool for 10 min and dichloroethane (5 ml) was added. The tubes were shaken
and centrifuged at 2800 g for 10 min, and the fluorescence in the supernatants measured in

a Perkin Elmer Luminiscence Spectrometer LS50 (460 nm excitation and 570 nm

emission).

2.5.7.2. Ex vivo tyrosine release assay.

NMRI female mice were injected intravenously with the affinity purified proteolytic
material (30-40 g, 4 x 100 ul). Injections were given at 10.00 am, 12.30 pm, 3.00 pm,
and 5.30 pm and the soleus muscles were removed 24 h after the first injection. The
muscles were incubated for 2 h in Krebs-Henseleit buffer and the amount of tyrosine

released into the medium was determined as described in 2.5.7.1.

For the determination of the proteolytic systems involved in muscle proteolysis, soleus
muscles were quickly and gently removed with intact tendons from either p24-treated mice
24 h after the first injection or tumour-bearing mice, and incubated under conditions that

either block or activate different proteolytic systems (Tiao etal, 1994).

To study the role of lysosomal proteolysis, muscles were incubated in medium with and
without the lysosomal inhibitors ammonium chloride (NH4Cl), chloroquine, methylamine
and leupeptin. The three former agents inhibit lysosomal protein breakdown by raising the
intralysosomal pH (chloroquine also inhibits cathepsin B) whereas the latter is a microbial
peptide aldehyde that inhibits cathepsins B, H and L directly. They are all irreversible
inhibitors except for NH4Cl (Seglen etal , 1979).

The role of calcium-dependent proteolysis was tested by incubating muscles in calcium-
containing and calcium-free medium in the presence of trans-epoxysuccinyl-L-leucylamido-

3-methylbutane (E-64). This agent is a microbial peptide inhibitor which, in the presence
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of calcium, inhibits calpain irreversibly by alkylating the sulphydryl group of the catalytic
site cysteine to form thioesters. The inhibitory effect of E-64 is therefore exclusive to
calpain since the other serine proteases lack an active site cysteine. All muscles were also
incubated with methylamine in order to inhibit basal lysosomal proteolysis so that any

difference between muscles incubated with or without E-64 reflected calcium-dependent

proteolysis.

The role of energy-dependent proteolysis was investigated by incubating muscles in
medium depleted of ATP for which glucose was omitted and replaced by 2-deoxyglucose
(2-DG) and sodium azide (an inhibitor of oxidative phosphorylation) in order to block ATP
production. All muscles were incubated in calcium-free medium containing methylamine,
insulin and the branched-chain amino acids Leu, Ile and Val, to inhibit protein breakdown

through the other two pathways.

Muscles were removed from the incubation medium, frozen in liquid nitrogen and stored at
-70 OC until analysis. ATP levels were determined by means of an ATP-bioluminescent

assay following the manufacturer’s instructions.

2.5.8. Prostaglandin E2 Radioimmunoassay (RIA).

From the incubation medium described above (2.5.7.1. & 2.5.7.2.), a small aliquot (100
pl) was used for analysis of PGE; by means of radioimmunoassay (RIA). The samples
were mixed with 3H- PGE; (100 pl, 0.1 uCi) and PGE, antiserum (100 yul; a dilution,
which gave 40-50% binding was used) in Eppendorf tubes, vortexed and incubated in a
water bath at 37 0C for 1 h. After this time, the samples were kept at 4 °C for 5 minutes
and a mixture of ice cold dextran-charcoal was added (500ul) and allowed to stand for 15
minat4 0C. The tubes were centrifuged in a refrigerated microfuge at high speed for 10
min. The supernatants were transferred into scintillation vials and counted in Hi-Safe II

scintillation fluid (3 ml).
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The PGE; content of the samples was determined from a PGE; calibration curve which was

prepared on the same day of the experiment.

2.5.9. Measurement of the in vivo protein synthesis and degradation rates
in skeletal muscle.

Mice were given one intraperitoneal injection of 0.25 ml physiological saline containing 0.4
mM L-[4-3H]-phenylalanine (1.5 Ci/mmol), and intravenous injections of affinity purified
material (30-40 pg, 4 x 100 pl as described in 2.5.7.2, controls were injected with PBS),
24 hours before the beginning of the experiment. In those experiments carried out in the
presence of the monoclonal antibody, the animals were injected ip (0.8 mg, 2 x 100 ul/

mouse) 24 hours beforehand.

The muscles were removed and incubated in RPMI 1640 medium (3 ml) for 2 hours under
the conditions previously described in 2.3.6. At the end of this incubation the muscles

were blotted and weighed before being homogenised in 2% HCIO4 (4 ml).

The samples were centrifuged in a Heraeus Megafuge 1.0 at 2800 g for 15 minutes and the
supernatants were converted to a pH close to 6 by the addition of saturated potassium
citrate (1 to 5 ml). Insoluble potassium perchlorate was removed by centrifugation at 2800
g for 25 minutes and 1 ml of the supernatants were diluted (1:1) and added to scintillation

fluid (10 ml) for the measurement of the intracellular free pool of 3H-phenylalanine.

The precipitates from the original incubation were washed three times with 2% HCIO4 (4
ml), and hydrolysed in 6M HCI (5 ml) at 110 OC in sealed glass tubes for 24 h. The
hydrolysates were evaporated to dryness and the respective residues were dissolved in 10

ml of distilled water. Aliquots (1 ml) were mixed with scintillation fluid and counted for

protein-bound radioactivity.
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Rates of protein synthesis were calculated by dividing the specific radioactivity of protein-
bound 3H-phenylalanine by the radioactivity present in the supernatant fraction, and rates
of protein degradation were calculated by dividing the amount of radioactivity released into

the incubation medium by the specific radioactivity of protein-bound 3H-phenylalanine.

2.5.10. Measurement of synthesis rates in other tissues.
After the mice were injected in the same way as described in 2.5.8, heart, liver, spleen, and
kidneys were removed, weighed and homogenised in 2% HCIO4 (4 ml). The same

procedure as for skeletal muscle (2.5.9) was followed for determining the synthesis rates.

2.5.11. Plasma amino acid composition.
Blood samples obtained by cardiac puncture were centrifuged at 13,000 g in a microfuge
for 5 min at room temperature in order to isolate the plasma, which was sent to Alta

Bioscience, University of Birmingham, for amino acid analysis.

2.5.12. Measurement of the rate of protein synthesis in C2Cj2 myoblasts
and myotubes.

Protein synthesis was measured as previously described by Southorn & Palmer (1990), by
adding 10 ul per ml of medium of a stock solution of phenylalanine (75 gmoles, containing
50 uCi of L-[2,6-3H]-phenylalanine) during the last 60 min of the incubation with the

proteolytic factor.

The incubation was terminated by washing the cells three times with ice-cold PBS (1 ml)
which were then incubated at 4 °C with 0.2M perchloric acid (PCA) (1ml) for 20 min.
After this time it was replaced by 0.3 M NaOH (1 ml) for 30 min, and the dishes were

transferred to an incubator at 37 °C for 20 min.

The samples were transferred to test tubes and a further 1ml of 0.3M NaOH was used to

rinse the dishes. In order to precipitate cellular protein, 2M PCA (0.5 ml) was added to the
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samples and left on ice for 20 min. After this time, the samples were centrifuged at 3,000 g
for 10 min in a bench top Heraeus centrifuge. The supernatant was used for measuring

RNA content (2.5.2).

The pellet was dried with a tissue and resuspended in 0.3M NaOH (1 ml). One aliquot (20
ul) was used to measure protein concentration and another aliquot (0.5 ml) was placed in a
scintillation vial and mixed with scintillation fluid (8 ml) to measure protein-bound
radioactivity. The specific radioactivity was then calculated in dpm/ug of protein and this

value was used to estimate the protein synthesis rates (Morrison, 1995).

2.5.13. Measurement of total protein breakdown in C2C12 myoblasts.

C,C;2 myoblasts were labelled for 24 hours with phenylalanine (10 ul per ml of medium
of a stock solution, 75 pmoles, containing 50 uCi of L-[2,6-3H]-phenylalanine). After
labelling, the cells were washed and incubated in fresh medium (3 ml) in the presence of
the proteolytic factor and cycloheximide (1 yM) for the required time and the amount of
radiocactivity released into the medium was measured. Protein-bound phenylalanine was
determined as described before (2.5.12) and the rate of proteolysis calculated by dividing

the radioactivity released into the incubation medium by the protein-bound radioactivity.

2.5.14. Measurement of myofibrillar protein breakdown in C2Cj2
myotubes.

When myotubes were fully differentiated the dishes were washed in serum-free DMEM
and incubated in the same medium (2.5 ml) in the presence of the proteolytic factor for 48

h. Media were collected and analysed for 3-MH by GC-MS analysis (Thompson et al,
1996)
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2.5.15. Isolation and analysis of chromosomal DNA from C2Cj2
myoblasts.

A standard DNA isolation procedure was followed in order to extract DNA from C,C;;
myoblasts. After incubation of the cells with the proteolytic factor, the medium was
removed and the cells washed with PBS. They were then trypsinised and centrifuged at

1,000 g for 5 min. The pellet was washed with PBS (10 ml), centrifuged, and incubated in
lysis buffer (300 ul) at 50 °C overnight.

Nucleic acids were extracted twice with phenol/chloroform (1:1 v/v) and once with

chloroform, and finally incubated with RNAase A (300 yg/ml) at 37 0C for 30 minutes.

In order to precipitate the DNA, 3M sodium acetate (0.1 x volume) and 100% ethanol (2 x
volume) were added to the samples which were incubated either at 4 °C overnight or at -20
OC for 30 minutes. After a high speed spin (13,000 g) in a Heraeus microfuge for 10 min,
the ethanol was removed and replaced by 70% ethanol (300 ul). The samples were
centrifuged once more and the ethanol removed. The pellets were left to dry at room
temperature for 10 min and resuspended in TE buffer (20-40 ul). The samples were

electrophoresed using a 1.2% agarose gel for 1 hat 100 V.

2.5.16. Isolation of RNA from tissue for Northern blot analysis.

Tissues were rapidly dissected and frozen in liquid nitrogen until required. They were then
homogenised (100 mg approx) in corex tubes containing solution D (3 ml), and 2 M
sodium acetate pH 4.0 (0.3 ml), water saturated phenol (3 ml), and chloroform-isoamyl
alcohol 49:1 (0.6 ml) were added. The tubes were vortexed for 10 s and left on ice for 15-

30 min.

Samples were centrifuged at 10,000 g for 20 min at 4 °C in a Jouan MR 1822 centrifuge
and the upper aqueous phase containing the RNA was transferred into fresh corex tubes to

which isopropanol (3 ml) was added and carefully mixed. The samples were kept at -20
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OC for 1 h and after this time centrifuged again. The RNA pellets were transferred into
eppendorf tubes and isopropanol (0.6 ml) was added and gently mixed. At this point, the

samples could be left at -20 OC for either 1 h or overnight.

After RNA precipitated, the samples were centrifuged at 14,000 g for 15 min at 4 °C. The
pellets were resuspended in 70% ethanol (300 ul), centrifuged at 14,000 g for 2 minutes
and the ethanol removed. After 20-30 min at room temperature, the pellets were dried.

DEPC water (30 ul) was added to the samples which were frozen at -20 °C overnight.

Samples were defrosted and heated at 65 °C for 10 min to solubilise the pellet. To a small
aliquot (2 ul), DEPC water was added (498 ul) in order to estimate the RNA which was
read 260 nm. A 280 nm reading was also taken to determine the purity of the sample and

the volume of RNA required for loading on the gel (10 g RNA) was calculated according

to the formula:

Vol (ul) = 10/ Abs (260 nm) x 10

FFM buffer (15.5 ul) was added to the samples which were heated at 65 °C for 15 min.

The dye was added (2 pl) and the samples electrophoresed on a 1.2% agarose gel at 70 V
for about 2 h.

To visualise the RNA bands, the gel was removed, washed with distilled water and then
leftin ethidium bromide for 30 min. After his time, the gel was washed again in distilled

water for another 30 min and finally photographed.

2.5.17. Northern blot and hybridisation.

Northern blot experiments were carried out in collaboration with Dr M Thompson.
mRNAs from gastrocnemius and soleus muscles, heart and liver were analysed for the

expression of ubiquitin (Ub), E2 (ubiquitin-conjugating) enzyme which is thought to be the
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rate limiting step in the pathway, and the C9 proteasome subunit. All membranes were
hybridised for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which was used as

an internal standard.

2.5.17.1. Northern blot.
The RNA was transferred onto a Genescreen membrane overnight by capillary action as

depicted below:

glass plate

paper towels

filter paper
‘ ‘ ‘ Cienescreen
membrane
plPe=—aetie s s ) gel

wick
glass plate

buffer reservoir

Figure 2.1. RNA transfer by Northern blotting.

The RNA was cross-linked using a Spectrolinker XL-1000 UV crosslinker (120,000

mJ/cm?) and the membrane allowed to dry.

2.5.17.2. Pre-hybridisation.

A pre-hybridisation mix was prepared with 50% dextran sulphate (2 ml), 5x P bulfer (2
ml), formamide (5 ml) and sodium chloride (0.58 g), which were vortexed, warmed at 42
OC for 15 min and vortexed again for further 10 min. This solution was combined with 1
ml of salmon sperm DNA (1 mg/ml), which had previously been boiled and placed on ice
for 10 and 5 min, respectively. The membrane was then pre-hybridised at 42 °C

overnight.
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2.5.17.3. Probe labelling and hybridisation.

The probes for Ub (Wing & Goldberg, 1993), E; (Wing & Banville, 1994) and C9
(supplied by Boehringer) were labelled using the Amersham Megaprime DNA labelling
system, according to the manufacturer’s instructions. Briefly, the probe (made up to a
volume of 30 ul) was boiled for 5 min and allowed to cool at room temperature for about
10 min. Multiprime reaction buffer (10 ul), 32P dCTP (1 uCi, 3000 Ci/mmol) and Klenow
enzyme (2 ul) were added, gently mixed and incubated at 37 °C for 10 min. The probe
was then boiled for 3-4 min, left on ice for 5 min and added (50 ul) to the hybridisation

bottle containing the pre-hybridised membrane which was hybridised at 42 °C overnight.

On the following day, the DNA probe and dextran sulphate mixture were removed from the
hybridisation bottle and the membrane was washed twice with 2x SSC buffer (100 ml).
The membrane was then incubated twice at 65 °C with either 100 ml 2x SSC buffer-0.5%
SDS (2 x 30 min for Ub and 2 x 45 min for C9) or 1x SSC-1% SDS (2 x 1 h for E; or
GAPDH).

A final wash with 0.1x SSC (100 ml) was carried out at room temperature for 5 minutes to
remove the SDS and the membranes were sealed in a plastic bag. They were then scanned

with a Packard Instant Imager system and finally subjected to autoradiography.

2.5.18. Isolation and determination of ubiquitin conjugates by Western
blotting.

The gastrocnemius muscles were removed 24 h after the first injection of affinity purified
material (2.5.7.2) and homogenised in 2 ml of ice-cold 50 mM Tris-HCI buffer. The
homogenates were then centrifuged at 4 9C for 20 min at 15,000 g and the supernatants

analysed for protein content. Samples were electrophoresed using a 15% denaturing

polyacrylamide gel as described in 2.5.6.1.
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Proteins were transferred onto a nitrocellulose membrane (180 V for 1 h) and leftin a 5%
marvel solution overnight. After washing (3 x 5 min) in blocking-washing solution, the
membrane was incubated with the ubiquitin antibody (10 yg/ml) for 1 h in a shaker at room
temperature. The antibody was removed and the membrane washed (1 x 15 minand 2 x 5
min). The membrane was incubated with protein A peroxidase (1000-fold dilution of the
original stock) for 1 h and washed (3 x 10 min). Streptavidin-horseradish peroxidase
conjugate (1000-fold dilution) was added and the membrane developed by the ECL
Western Blotting detection System according to the manufacturer's instructions.

Densitometric analysis was carried out by using an UVP White/UV transilluminator.
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Chapter 3
Induction of a cachexia state by p24.
Effect on weight loss and muscle protein
catabolism.

3.1. Introduction.

3.1.1. Isolation of p24.

The presence of circulatory catabolic factors associated with the MAC 16 model was first
suggested by Beck and Tisdale (1987). A lipid/protein-mobilising activity was found to be
associated with the MAC 16 tumour extracts as measured by the release of free fatty acids
(FFA) and amino acids from fat and muscle tissues, respectively. Such activity was not
found in the non-cachexigenic MAC 13 and MAC 15 tumours, indicating that such effect
on fat and muscle catabolism was specific for the cachexia-inducing tumour. Evidence was
provided not only for the production, but also for the secretion of this factor(s) into the
circulatory system since lipolysis and proteolysis were both enhanced following treatment
with serum from tumour-bearing animals. As for the tumour extracts, no evidence of

activity was found to be associated with the serum from either MAC 13 or MAC 15 mice .

The lipid-mobilising factor associated with the MAC 16 tumour homogenates was
identified by McDevitt ezal (1995) by means of several chromatographic methods which
included ion exchange (Mono Q), exclusion (Superose) and hydrophobic (Cg)
chromatography. By using this approach, a negatively charged molecule of apparent
molecular weight 24 KDa was isolated, which was immunoreactive to the MAC 16
monoclonal antibody (mAb). The mAb was isolated by fusing myeloma cells with the
splenocytes from tumour-bearing mice which had developed a suspected immunological
resistance to the tumour as judged by the delay in the onset of weight loss (Todorov etal,

1996b). Aliquots of this cell suspension were grown in 96-well plates and used to detect
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those hybridomas which reacted positively to the antigen (obtained from Superose fractions

of lipid-mobilising activity) by ELISA.

Surprisingly, preincubation of the lipid-mobilising factor with the mAb, did not prevent the
induction of lipolysis in isolated murine adipocytes. In contrast, the proteolytic activity

associated with the serum of MAC 16 mice (Smith and Tisdale, 1993a) was completely
abolished by this treatment.

The mAb was used to purify the antigen by means of affinity chromatography and,
following elution with glycine buffer, ELISA-positive fractions were identified and
Western blotted. Two immunoreactive bands of estimated molecular weight 69 and 24
KDa were found, which were the main protein bands detected by silver stain after affinity
chromatography (Todorov etal, 1996b). When added in the presence of serum from non
tumour-bearing mice, this material was capable of initiating muscle protein breakdown in
isolated gastrocnemius muscle, an effect which could be blocked by the MAC 16 mAb but
not by a nonspecific IgG2a mAb (same subclass as the MAC 16 mAb) (Todorov et al,
1996b). Further fractionation of the affinity purified material was achieved using reverse
phase hydrophobic chromatography with a Cg column. Two peaks at 31.5-33.5 min
(57.5-62% acetonitrile) and 42 min (90% acetonitrile) retention times were obtained, which
yielded the same 24 KDa and 69 KDa immunoreactive bands by SDS-PAGE (McDevitt,
1996). When given intravenously to recipient animals, this material caused a significant
weight loss as well as an increased release of tyrosine from an in vitro preparation of

gastrocnemius muscle (Todorov etal, 1996b).

Subsequent fractionation of the remaining affinity-circulated material by the method
described by McDevitt ef al (1995) resulted in the isolation of a peptidic factor which
appeared to be different to the immunoreactive material. Such factor retained lipolytic

activity after Q-Sepharose anion exchange, Superdex gel exclusion and anion exchange
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HPLC chromatography and displayed an estimated molecular weight of 40-43 KDa as
determined by SDS-PAGE and gel exclusion chromatography (Khan, 1996).

Therefore, two separate factors appear to be responsible for the different lipolytic and
proteolytic activities displayed by the MAC 16 tumour homogenates (Beck and Tisdale,

1987), which originally were thought to be the same since they co-purified (McDevitt et al,
1995).

The same or a very similar immunoreactive material was also isolated from the MAC 13
tumour and the serum from tumour-bearing animals, which showed a very similar protein
profile, although these were four- and 2.6-fold less immunoreactive than the corresponding
MAC 16 tumours and sera (McDevitt, 1996). In addition, metabolic labelling studies
during which MAC 16 and MAC 13 cells were labelled with [35S]-sulphate and [6-3H]-
glucosamine (GlcN), showed the affinity purified material to be present in the medium of
MAC 16 cultures but not in the MAC 13 nor in the cells (Todorov et al, 1997). It has
therefore been suggested that such antigen might also be produced by the MAC 13 tumour,
but unlike the cachexia-inducing MAC 16 model, it is either not secreted into the circulatory

system for unknown reasons or may be rapidly destroyed (McDevitt, 1996). This model

awaits further characterisation.

3.1.2. Structural elucidation of p24.

N-terminal amino acid analysis of the 24 KDa protein after HPLC revealed the following
sequence: N-YDPEAAS7APGS!IGN13PS1SHEA(S)(H), which did not match any of the
proteins in the Swissprot and Genbank databases. However, it showed a high degree of
similarity with a Streptococcal preabsorbing antigen (PA-Ag) found in the Pir 3 data base
for uncloned proteins and in the absence of any microbiological contamination in the
tumours (McDevitt, 1996). Such PA-Ag has an estimated molecular weight of 43 KDa and

is involved in the pathogenesis of acute post-streptococcal glomerulonephritis (Y oshizawa
etal, 1992).



N-terminal amino acid analysis of the 69 KDa protein showed the 24 KDa to be associated
with mouse albumin. Interestingly, whether in the serum or on the surface of cells,
albumin has been shown to bind heparin and other heparinoids and of particular interest is
its ability to bind bacterial liposaccharide (LPS) and peptidoglycan (PGN) (Dzrarski,
1994).

Further attempts to obtain additional information on the sequence of this protein failed in
response to proteolytic digestion by trypsin, pronase, chymotrypsin or V8 protease,
indicating that such portion could be the proteolytic core of the molecule. The N-terminal
amino acid sequence indicated four possible sites for glycosylation, ie, Asn 13 (potential
site for N-glycosylation, as for the consensus sequence Asn-X-Ser/Thr) and Ser 7, Ser 11
and Ser 15 (potential sites for O-glycosylation, in particular the presence of Ser 11 within a
Gly rich region is suggestive of a glycosaminoglycan [GAG] binding site). Indeed, the
presence of carbohydrate moieties in the affinity purified material was confirmed by the use
of a digoxigenin glycan detection kit (Todorov etal, 1996b) and treatment of the affinity
purified material with PNGase F, O-glycosidase, and sulphatase destroyed its biological
activity, which seemed to be unaffected by treatment with neuraminidase or trypsin.
Similarly, treatment with these enzymes inhibited antibody binding activity and
immunological activity was completely abolished by periodate (Todorov et d, 1997).
These results demonstrate the presence of N- and O-linked carbohydrate chains, which
appear as the biological and antigenic determinants of the molecule. Furthermore, antigen
reactivity was reduced by treatment with chondroitinase ABC, but was unaffected by
treatment with endo-8-galactosidase, indicating that the immunological determinants reside
in sulphated oligosaccharide chains and that the material is either a glycoprotein or a

proteoglycan.

Simultaneous labelling of the MAC 16 cells 24 KDa antigen with 35S and 3H resulted in the
retention of both radiolabels after affinity purification and recirculation of the same material

on the affinity column following treatment with PNGase F gave two bands of 14 KDa and
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10 KDa both of which also contained 35S and 3H. Digestion of the doubly labelled 24
KDa material with O-glycosidase and fractionation on a Sephadex column gave three bands
of radioactivity corresponding to 14 KDa, 6 KDa and 4 KDa. The former two bands
contained both labels whilst the latter only contained 3H. Treatment of the material of 14
KDa produced from PNGase F digestion with O-glycosidase converted it into two fractions
corresponding to 6 KDa and 4 KDa. Despite the absence of sulphated residues, the 4 KDa
material was found to be more acidic than the sulphated chains of 6 KDa and 10 KDa as
determined by elution with sodium chloride from a DEAE-cellulose column. Treatment
with phosphatase revealed not only that phosphate residues were responsible for the
negative charge in this part of the molecule, but also that these may be important antigenic
determinants since such treatment reduced the antibody binding activity by 53%.
Additional evidence on the presence of phosphate residues was provided by labelling the 24
KDa material with [32P]-orthophosphate which showed the radiolabel to be confined to the
same 4 KDa fragment. Extensive chemical deglycosylation was achieved with anhydrous

trifluoromethanesulphonic acid which yielded a fragment of approximately 4 KDa.

Overall, these studies suggest a model for the 24 KDa material (which will be referred to as
p24) consisting of a central polypeptide core of 4 KDa and a short oligosaccharide chain
containing GIcN and with phosphate residues (4 KDa fragment), one O-linked sulphated
oligosaccharide chain containing GIcN (6 KDa fragment), and one N-linked sulphated
oligosaccharide chain also containing GlcN (10 KDa fragment) (Todorov etal, 1997). The
apparent discrepancy between the estimated molecular weight of the whole molecule and
those of the individual fragments, could be due to the microheterogeneicity provided by the
carbohydrate moieties, which might affect the electrophoretic mobility of the molecule and
therefore provide wrong estimations of molecular weights. The fact that neither the O- nor
the N-linked chain were cleaved into disaccharides by chondroitinase ABC, suggests that

the material is a sulphated glycoprotein rather than a proteoglycan as previously suggested.

79



3.1.3. Biological functions of GAGs.

GAGs constitute the most important feature in the structure of many proteoglycans (PGNs)
and glycoproteins which are very diverse in structure and function. Proteoglycans are
major components in connective tissues, extracellular matrices (ECMs) and are present on
the surface of many cells. Aggrecan appears to be the predominant proteoglycan in
cartilage, to which it confers its unique gel-like properties and its resistance to deformation,
essential for distributing the load in weight-bearing joints (Lodish etal, 1995). Hyaluronan
(HA), is the only extracellular oligosaccharide that is not covalently linked to a protein,
although it is also a major structural component of proteoglycans which are found in many
ECMs, particularly cartilage. The HA molecule binds a large amount of water forming a
viscous hydrated gel which forms ECMs and surrounds migrating and proliferating cells.
Such is the case of myoblasts, which bear an HA-rich coat that prevents them from fusing

while in the undifferentiated state (Lodish etal, 1995).

Cell surface PGNs are thought to anchor cells to matrix fibres (heparan sulphate chains
bind to type I, IIT and V collagen and to fibronectin). They are also found attached to the
surface of epithelial cells, eg. syndecan and fibroglycan, whose GAG chains are bound to

serine residues in the core protein as they are in the extracellular proteoglycans (Lodish ez

d, 1995).

GAGs have also been implicated in the modulation of cell growth for their ability to bind
growth factors. In human cultured fibroblasts, heparin, heparan sulphate and dermatan
sulphate inhibited the degradation of insulin-like growth factor-binding protein-5
(IGFBPS). Heparin increased the amount of intact IGFBP5 in the medium and,
consequently, enhanced the cellular growth in response to IGF-1 by two different
mechanisms. First, by binding directly to IGFBP5 and therefore inducing a
conformational change which made the molecule less susceptible to degradation and,
secondly, by inactivating the protease which is responsible for its proteolytic cleavage. For

the latter, the presence of the O-sulphated groups in the 2 or 3 carbon position was essential
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since neither desulphated heparin nor N-resulphation had any effect in the inhibition of
IGFBPS degradation. In addition, other GAGs which do not contain O-sulphated groups
linked to iduronic acid, such as hyaluronic acid, keratan sulphate and chondroitin sulphate-
A and -C, showed no inhibitory activity (Takami et al, 1994). Similarly, heparin also
potentiates aFGF-induced neurite outgrowth in rat pheochromocytoma (PC12) cells by

prolonging the biological half-life of aFGF (Damon etal, 1989).

In cultured bovine capillary endothelial (BCE) cells, bFGF has been shown to bind heparan
sulphate which protected it from proteolytic degradation by plasmin, therefore rendering the
cells capable of inducing plasminogen activator (PA) and collagenase production. Addition

of heparinase before addition of plasmid abolished such effect (Saksela etal, 1988).

Alterations in the content and composition of the various types of GAG have been found to
occur in a variety of neoplasms where, generally, the content of chondroitin sulphate and
hyaluronic acid is increased and that of heparan sulphate decreased in comparison with
normal tissue. In normal rectum, heparan sulphate is the predominant GAG while the other
types of GAG (hyaluronic acid, dermatan sulphate and keratan sulphate) occur in smaller
amounts. In contrast, in human rectum carcinoma this situation appears to be reversed and,
additionally, the GAG content was seen to be increased 2 fold compared to non-neoplastic

tissue (T'sara etal, 1995).

In metastatic mouse melanoma cells, a cell surface heparan sulphate PGN has been shown
to initiate cell adhesion to the synthetic peptide FN-C/HII (a heparan-binding domain of
fibronectin), which is inhibited following treatment with heparitinase. The PGN, which
contains a core protein of 63 KDa and a less prevalent 32 KDa peptide, is an integral
plasma membrane protein that is attached by linkage to phosphatidylinositol (PI),
suggesting a role for Pl-associated signal transduction pathways in mediating melanoma
cell adhesion to this defined heparin binding ligand (Drake et al, 1992). Another PI-

anchored protein is Thy-1, a 25 KDa glycoprotein present in neurons, thymocytes and
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peripheral T cells. In murine thymocytes as well as in other transfected cell lines, the
concentration of intracellular calcium increased rapidly after cross-linking of Thy-1 to two

mAbs (Kroczek etal, 1986).

Finally, the major transplantation antigens are also cell-surface glycoproteins composed of
a single polypeptide chain non-covalently associated with a molecule of $2-microglobulin
(Kress etal, 1983). The surface presentation of these antigens is essential both for their
role in inducing allograft rejection and for their involvement in the associative recognition

of viral and tumour antigens.

3.1.4. Aims of the study.

The following experiments aim to establish a role for p24 in the development of cachexia in
the MAC 16 model, since this is the material that appears to be responsible for this wasting
syndrome in the tumour-bearing mice. Its effect on body weight and muscle protein
metabolism will be studied, and also the influence that the monoclonal antibody raised
against p24 exerts on both. The ability of this material to stimulate protein breakdown in

vitro will also be investigated, as well as the potential role for PGE; in the mechanism of

action of p24.
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3.2. Results.

An immunoreactive material was isolated from the MAC 16 tumour extracts by means of
affinity chromatography using the monoclonal antibody which had been isolated from the
splenocytes of cachectic animals with delayed weight loss (figure 3.1). This material,
which was found in the albumin-bound and unbound forms (24 and 69 KDa bands) (figure
3.2), was capable of eliciting weight loss in recipient animals 24 h after the first
intravenous injection. p24 also induced a reduction in the concentration of many plasma
amino acids such as threonine, serine, proline, glycine, methionine, leucine, lysine
tryptophan, histidine and particularly alanine which was decreased by 40% (table 3.1).
The same effect was obtained with a similar immunoreactive material which was isolated
from the urine of weight losing cancer cachectic patients. The weight loss caused by the
mouse or human material, which reached between 5-8% of total body weight at 24 h, were
both attenuated when animals were pre-treated with the monoclonal antibody (mAb)

developed against the mouse material (table 3.2).

Skeletal muscle from p24-weight losing animals exhibited an elevated release of tyrosine,
which was used as a marker for total protein breakdown. In addition, the amount of PGE,
released into the incubation medium was also increased. Tyrosine and PGE; levels were
both reduced in muscles from animals which had been pre-treated with the mAb previous to
p24 administration (figures 3.3 and 3.4).

Loss of skeletal muscle protein was due to both a depression in the rate of protein synthesis
and an elevated proteolysis rate both of which were found to be close to control values in
mAb-treated mice which were injected with the mouse material (figures 3.5 and 3.6).
Human p24 caused a significant reduction in the rate of protein synthesis in muscle and

heart while it increased the hepatic rate (table 3.3).

Administration of p24 to non tumour-bearing animals did not cause significant changes in

the protein and RNA contents of soleus muscle or in any of the other tissues examined,
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with the exception of spleen. In spleen there was a considerable reduction in the amount of
protein and RNA, the latter being significantly reduced, P< 0.05 (figures 3.7 and 3.8).
MAC 16 mice, however, had a significantly lower RNA content for all of the tissues
examined despite the absence of any significant changes in protein, although there was a

non-significantly lowering of the mean values in spleen and soleus (figures 3.7 and 3.8).

[n addition to its effects in vivo, p24 was also capable of initiating protein catabolism in
isolated soleus muscle which again was found to be associated with increased tyrosine
levels and both were blocked by the use of NSAIDs such as indomethacin and ibuprofen,

and a cPL A inhibitor, the arachidonic acid analogue AACOCF; (table 3.4).

3.2.1. Purification of p24.

Elution profile of p24 from the affinity column
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Figure 3.1. Representative elution profile of p24. p24 was circulated
overnight on the affinity column at a flow rate of 0.1 ml/min, washed with
PBS for 3 h at a flow rate of 0.1 ml/min and eluted with 0.1 M Gly-HCl
buffer pH 2.5 at a flow rate of 1.0 ml/min. Samples were neutralised in 1
M Tris-HCI buffer pH 8.0 and ten 3 ml-fractions were collected.
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Detection of p24 by immunoblotting

1 2 3 4 5

974KD — .

69 KD ] 3 " P

46 KD —

24 KD —

21.5 KD —{| «il

Figure 3.2. Immunoblot of affinity-purified material. Lane 1 represents
the markers, lanes 2 and 3 are ELISA-positive fractions and lanes 4 and 5

are ELISA-negative fractions (15 pg loadings).
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3.2.2. Effect of p24 on body weight and amino acid plasma composition.

Effect of p24 on plasma amino acid composition (nmol/ml )

Control p24
Aspartate 17.7 £ 43 13.0+25
Threonine 200+ 10 1577
Serine 160 + 0.0 1277
Glutamic &
Asparagine 170 + 98 117 +3
Glutamine 413 2 40 313 £12
Proline 130+ 6 66 + 0.8**
Glycine 263 + 13 200 £10*
Alanine 630 +45 370 + 10*
Valine 220 30 183 +7
Cysteine 25+03 15209
Methionine ST £15 41 £ 0.9**
Isoleucine 9545 69 + 5°
Leucine 147+ 6 107 = 3*
Tyrosine 58 + 0.7 53+4
Phenylalanine 8 +6 T2+£2
Lysine 320+ 12 247 = 15°
Tryptophan 110+0 95 + 2.5
Histidine 69+2 48 +2**
Arginine 21.6 =18 106 +29

Table 3.1. Effect of p24 on the plasma amino acid concentration of
NMRI mice 24 h after treatment with p24. Results expressed as mean +
sem, where n = 4 mice. Statistical analysis was performed by Student’s
unpaired t-test, where (*) P<0.05 and (**) P< 0.01.
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Total body weight change(g)

Control -0.240 £ 0.143
Mouse p24 -1.551 £ 0.118
Ab-treated -0.060 + 0.239
(mouse p24)

Human p24 -1.632 + 0.381
Ab-treated p24 0.017 £ 0.162

(human p24)

Number of mice

50

40

12

11

4

<0.001

<0.001

<0.001

<0.01

Table 3.2. Effects of mouse and human p24 (30-50 ug) on body weight
loss 24 h after the first injection. These were injected into the tail vein of
female NMRI mice respectively at 1.5-h intervals (total of 4 injections).
Control animals received PBS (iv), while the antibody-treated groups
received the monoclonal antibody (ip) 24 h before the first injection of the
affinity-purified material. Results expressed as mean + sem. Statistical
analysis was performed by Student’s unpaired t-test (p24 vs control and

Ab-treated vs p24).




3.2.3. Effect of p24 on muscle protein metabolism.

Induction of tyrosine and PGE; release by mouse p24

10
750 o tyrosine
%% T
|2 & P
| B o |
= F
o
50 =
k- - 6 O
g i
= =]
2 <
.:é: - 4 &
sk - 2
T
=i
control p24 Ab + p24

Figure 3.3. Induction of tyrosine and PGE,; release from soleus muscle
ex vivo 24 h after the first injection (iv) with mouse p24. Control mice
were injected with PBS (iv) and the Ab-treated group received the mAb (ip)
24 h before the first injection of p24. Results are expressed as mean + sem,
where n =3 mice. Statistical analysis was performed by Student’s unpaired
t-test (p24 vs control and Ab-treated vs p24), where (*) P< 0.05, (**) P<
0.01 and (***) P< 0.001.
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Induction of tyrosine and PGE; release by human p24
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Figure 3.4. Induction of tyrosine and PGE; release from soleus muscle
ex vivo 24 h after the first injection (iv) with human p24. Control mice
were injected with PBS (iv) and the Ab-treated group received the mAb (ip)
24 h before the first injection of p24. Results are expressed as mean +
sem, where n = 3 mice. Statistical analysis was performed by Student’s
unpaired t-test (p24 vs control and Ab-treated vs p24), where (*) P< 0.05,
(**) P<0.01 and (***) P< 0.001.
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Effect of mouse p24 on skeletal muscle protein metabolism
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Figure 3.5. The effect of mouse p24 and the mAb on the rates of protein
synthesis and degradation of gastrocnemius muscle. Mice were treated as
previously described and pre-injected with 0.4 mM L-[4-3H]|phenylalanine
(1.5 Ci/mmol) (ip) 24 h before treatment with p24. Results are expressed
as mean + sem, where n = 4 mice for each treatment, except for controls
where n =3 mice. Statistical analysis was performed by Student’s unpaired
t-test (p24 vs control and Ab-treated vs p24), where (*) P< 0.05 and (**)
P< 0.01.
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Figure 3.6. The effect of human p24 and the mAb on the rates of protein
synthesis and degradation of gastrocnemius muscle. Mice were treated as
previously described and pre-injected with 0.4 mM L-[4-3H]phenylalanine
(1.5 Ci/mmol) (ip) 24 h before treatment with p24. Results are expressed
as mean + sem, where n = 4 mice for each treatment, except for controls
where n =3 mice. Statistical analysis was performed by Student’s unpaired
t-test (p24 vs control and Ab-treated vs p24), where (**) P< 0.01.
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3.2.4. Effect of p24 on protein metabolism of other host tissues.

Effect of p24 on the rate of protein synthesis (mg/g)

mousec p24

heart liver spleen kidney
Control 2.54 £ 0.65 0.16 £ 0.02 417 £131 2.06+0.54
p24 2.54+0.70 0.14 £ 0.02 4.16 £0.96 1.52 £0.56
Ab + p24 3.67+0.63 0.15+0.02 38 x1.42 2.19+0.50

human p24

Control 8.89+ 1.82 0.38 £0.03 7.59 £2.07 1.49 + 0.57
p24 3.90+0.38* 049+ 0.01** 796+ 1.18 3.72 £ 0.61
Ab + p24 532+1.58 0.45+0.07 797094  260x0.16

Table 3.3. Effects of mouse and human p24 on the protein synthesis
rates of host tissues. Mice received same treatment as in figures 3.5 and
3.6, respectively. Results are expressed as mean + sem, where n = 4 mice
for each treatment, except for controls where n =3 mice. Statistical analysis
was performed by Student’s unpaired t-test (p24 vs control and Ab-treated
vs p24), where (*) P<0.05 and (**) P< 0.01.
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Effect of p24 and the MAC 16 tumour on the protein content of
host tissues
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Figure 3.7. Total tissue protein content. Mice treated with p24 lost 1.4 g
over 24 h and tumour-bearing animals lost 5 g over 17 days. Tissues were
homogenised in 0.2 M PCA, centrifuged and redissolved in 0.6 M NaOH.
Results are expressed as mean + sem, where n = 5 mice.
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mg RNA/g tissue

Effect of p24 and the MAC 16 tumour on the RNA content of
host tissues
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Figure 3.8. Total tissue RNA content. Mice received the same treatment
as in figure 3.7. Protein extracts were deproteinised with 2M PCA,
centrifuged and the RNA measured. Results are expressed as mean + sem,
where n = 5 mice. Statistical analysis was performed by Student’s unpaired
t-test (p24 and MAC 16 vs control, respectively), where (*) P< 0.05, (**)
P< 0.01 and (***) P< 0.001.




3.2.5. Effect of p24 on protein mobilisation in vitro.

Skeletal muscle protein breakdown in vitro
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Figure 3.9. Induction of skeletal muscle protein breakdown in vitro as
measured by tyrosine release from soleus muscle. Muscles were pre-
incubated for 30 min in the presence of serum with or without p24 (basal
values subtracted from total amounts). Media were then replaced and a
further 1.5 h-incubation was carried out. Results are expressed as mean +
sem, where n = 3 muscles and each experiment was carried out at least
twice. Statistical analysis was performed by Student’s unpaired t-test,
where (**) P<0.01 vs zero control.
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Inhibition of protein breakdown in vitro

Treatment Inhibition of tyrosine release
AACOCEF; (50 uM) below basal *
Indomethacin (50 yM) below basal *
Ibuprofen (10 yM) 78%

CV6504 (10 uM) below basal *

EPA (1.25 g/Kg) 79%

mADb (10pg/ml) below basal *

* (> 100 % inhibition)

Inhibition of PGE2 release

99%
below basal *
below basal *
below basal *
below basal *

Table 3.4. Inhibition of tyrosine and PGE; release induced by p24 in
vitro. Muscles were incubated as previously described in figure 3.2. All
inhibitors were present in pre-incubation and incubation media, except for
EPA which was administered in vivo 24 h before the start of the experiment
and the mAb which was only present in the pre-incubation medium. The
results are representative of at least 2 experiments, where n =3 muscles.




3.3. Discussion.

3.3.1. Effect on body weight.

p24 was purified both from animal and human sources by immunoaffinity purification
using a mouse monoclonal antibody (mAb). Mouse p24 was isolated from the MAC 16
tumours of cachectic animals, whereas the human material was extracted from the urine of
cachectic patients with pancreatic cancer and established weight loss. Such immunoreactive
material was not present in the urine of 12 normal subjects tested and, in addition, patients
losing weight through conditions other than cancer showed no evidence for the presence of
this factor (Cariuk etal, 1997). The N-terminal amino acid sequence was identical for both

and showed no homology with any of the reported cytokines (Todorov et al, 1996a and
Cariuk etal, 1997).

After fractionation on the affinity column (figure 3.1), immunoreactivity of this affinity-
purified material was tested by ELISA and Western blotting. ELISA-positive fractions
were pooled and concentrated by Amicon filtration against PBS before bein gl subjected to
SDS-PAGE. Immunoblots revealed 2 bands of relative molecular mass 69 and 24 KDa,

respectively, which corresponded to the albumin-bound and free forms of p24 (Todorov et
al, 1996a) (figure 3.2).

Administration of the affinity purified material into non-tumour bearing mice caused a rapid
and significant weight loss 24 h after the first injection, in contrast with PBS-injected
controls (table 3.1). p24 was given in four intravenous injections since the
pharmacokinetics of the 125[-labelled material indicated a rapid disappearance from the
blood of these animals (Lorite etal, 1997). Neither the peptide portion of the molecule nor
the non-immunogenic fractions from the reverse-phase column had been shown to produce

a change in body weight (Todorov etal, 1996a).

The p24-induced weight loss was mainly due to loss of lean body mass as determined by

body composition analysis, and both appeared to be specific for this material since it was
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suppressed in animals treated with the mAb previous to p24 administration. In addition, no
changes in water or food intake were associated with the weight loss, excluding the

possibility of a toxic effect (Cariuk etal, 1997 and Lorite etal, 1997).

There was a significant decrease in blood glucose levels as well as the plasma levels of
some amino acids, which was particularly pronounced for Thr, Ser, Pro, Gly, Met, Ile,
Leu, Lys, Trp, His and Ala (table 3.2). Of particular importance is the reduction by 40%
in the concentration of Ala, which is the main entry point for liver gluconeogenesis, and the
decrease in the concentration of Trp which has been proposed as a tumour-marker in the
progression of cachexia in humans (Iwagaki et al, 1995) and has also been found at low
concentrations in the Walker 256 carcinosarcoma-bearing rats (Kraus et al, 1979). Gly, as

opposed to starvation was not increased, in fact, its concentration was also significantly

reduced.

Todorov etal (1996a) found no alteration in plasma triglyceride levels, unlike the effect
observed with cytokines (where they are elevated, Beutler and Cerami, 1986 and Norton et
al, 1987), although these appeared to be decreased in animals injected with human p24
(Cariuk et dl, 1997). Similar changes in amino acid plasma composition and glucose had
been found in cachectic mice bearing the MAC 16 tumour (Beck and Tisdale, 1989 and
McDevitt and Tisdale, 1992). Human studies have shown that the concentrations of most
plasma amino acids, in particular the concentrations of gluconeogenic amino acids, are

decreased and that this is particularly true for tumours that induce cachexia in the host

(Clarke etal, 1978).

Overall, injection of p24 elicited a cachectic-like state which resembled that produced by the

tumour (Beck and Tisdale, 1987) which was largely due to loss of lean body mass.




3.3.2. Effect on muscle protein metabolism.

The weight loss induced by p24 was found to be associated with increased total protein
breakdown as determined by the release of tyrosine from soleus muscle 24 h after p24
administration (figures 3.3 and 3.4). Tyrosine has been extensively used as a marker of
net protein breakdown (ie, the balance between protein synthesis and protein degradation)
because it is present in all proteins, it rapidly equilibrates between intracellular pools and
the medium, it can easily be measured fluorometrically and in skeletal muscle is neither
synthesised nor degraded. However, it does not distinguish between the breakdown of
total and myofibrillar proteins. It is widely accepted that insulin, amino acids and agents
that inhibit lysosomal protein breakdown can attenuate the degradation of soluble but not

that of myofibrillar proteins.

3-Methylhistidine (3-MH) is a post-translationally modified amino acid which is only
present in actin and myosin. The use of 3-MH as an indication of muscle protein
breakdown over the tyrosine method has the advantage that this modified amino acid cannot
be reutilised after its release and therefore, there is no need to block protein synthesis by
means of cycloheximide. However, in whole-body experiments, and even in muscle
preparations, the contribution of 3-MH from cytoskeletal actin of cells other than muscle
makes measurement from muscle complicated. In addition, its determination in in vitro
muscle preparations is even more difficult because of the interference from other amino
acids which are present at much higher concentrations. A recent approach has recently
been developed by Thompson et al (1996b), which allows the measurement of 3-MH
released from cells in culture, grown under normal conditions without the manipulation of
the incubation medium or any of its components. This method will be further discussed in

chapter 5.

Goodman (1987) found that treatment of muscles with agents that specifically blocked the
release of 3-MH from myofibrillar proteins by 21-35%, did not affect the release of

tyrosine, indicating that changes in myofibrillar protein turnover were not reflected in total
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cell proteolysis. Soluble and myofibrillar proteins are independently regulated and this will

be further discussed in chapter 4.

The weight loss and the increased tyrosine levels associated with it after treatment with p24
were both attenuated with the mAb raised against the mouse material (figures 3.3 and 3.4),
which shows that these effects are not only specific to such material, but also that both
mouse and human p24 might be operating through similar mechanisms in the wasting
process. Therefore, the elucidation of the mechanism of action of p24 in the MAC 16

model might shed some light in the understanding of this wasting condition in humans.

Increased protein loss occurred through a depression in protein synthesis and an increase in
degradation in gastrocnemius muscle which, in the case of mouse p24, were both
prevented in mice which had been pretreated with the mAb (figure 3.5). Human p24
caused a similar effect on the protein synthesis and degradation rates, although the antibody
did not prevent the increased catabolic state of muscle despite its effect in the attenuation of

weight loss (figure 3.6).

Protein synthesis and degradation were simultaneously measured in the same animals by
the 3H-phenylalanine flooding dose technique. However, other available methods could
have provided more reliable estimates of both protein synthesis and degradation rates. The
choice of this method might have resulted in an underestimation of both synthesis and
degradation rates, since the long period of time between the single injection of the label and
the termination of the experiment (50 h, ie, 24 h labelling, 24 h treatment with p24 and 2 h

incubation), might have led to the measurement of only a residual fraction of the labelled

precursor.

The choice of the flooding dose over the continuous injection technique for measuring
protein degradation has the advantage of overcoming the dilution of the specific activity

resulting from the degradation of unlabelled protein which, by using this method, is
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minimised. Additionally, all of the possible precursor pools become similarly labelled,
since the contribution from the intracellular and the extracellular amino acid pools to tRNA
varies (Hider et al, 1971 and Li et al, 1973). However, the rapid equilibration of
phenylalanine with the intracellular pool should have been taken into account in the design
of the experiment and the administration of this amino acid should have been carried out at
the same time as the injection of p24 in order to shorten the duration of the experiment. But
even this length of time could have proved too long, since some studies in which protein
synthesis was measured indicate that injection of phenylalanine (iv) 10 or 20 minutes just
before the termination of the experiment was suitable in order to get equilibration of this
amino acid (Emery etal, 1984 and Reeds et al, 1985). Therefore, since the effect of p24
was studied over a 24 h period, it may be that the continuous injection technique would
have been more suitable, although it should also be taken into account that p24 is
administered intravenously and therefore, the combination of the two would have

undoubtedly caused to much stress for the animals.

Finally, due to the effect of p24 on protein degradation, subsequent amino acid release
might have led to the reincorporation of these into protein synthesis. Therefore, separate
experiments should have been carried out for measuring these rates individually. For
synthesis, the above method employed by Garlick ez @l (1983) and Reeds et al (1985)
could have been used or, alternatively, the rate of protein synthesis in muscle should have

been measured in vitro in the presence of labelled phenylalanine following the in vivo

treatment (Palmer, 1987).

Development of protein metabolic perturbations in skeletal muscle in response to p24 have
previously been reported (Todorov et al, 1996a) and indeed, changes in protein muscle
metabolism in tumour-bearing animals are well documented. Whether due to a decrease in
the rate of protein synthesis or an increased rate of protein degradation or both, the

imbalance between the two consequently leads to loss of nitrogen and increased muscle

wasting.

101



In the MAC 16 model, protein depletion appears to be associated with depressed synthesis
and increased proteolysis rates (Smith and Tisdale, 1993a), both of which were evident
with a 5% weight loss and reached statistical significance when weight loss was 16-20%
and above. In the Ehrlich ascites tumour model, protein synthesis was significantly
suppressed even when the tumour mass was barely detectable (days 2-4) and it continued
until day 9, whilst an elevation in protein degradation occurred after day 6 (Lopes et al,
1989). Pain etal (1984) also reported a depression in protein synthesis in the same murine
model. Tessitore etal (1987) reported an elevated muscle protein degradation rate and no
changes in the synthesis rate for rats bearing the Yoshida AH-130 hepatoma, whilst
Strelkov et al (1989) reported a depressed rate of protein synthesis in addition to the
enhanced proteolysis. Tayek et al (1988) also found a reduction in the rate of protein
synthesis in rats bearing this tumour. Lack of evidence for elevated protein breakdown in
skeletal muscle was found in mice bearing the MCG 101 sarcoma (Svaninger et al, 1983),
and in rats bearing the Morris hepatoma 7777 the tumour significantly decreased muscle
protein synthesis as well as protein degradation, which were reversed following tumour
excision (Le Bricon et al, 1996). In contrast, enhanced proteolysis has been reported for
the same tumour model by Strelkov etal (1989). Emery etal (1982) showed that the
muscle wasting seen in cachectic mice bearing the XK1 tumour was due to both an
increased in myofibrillar degradation and decreased protein synthesis. However, it was
later reported that the decrease in protein synthesis was more important, since the observed
increase in 3-MH concentration did not take into account the contribution made by other
organs such as gut, particularly under circumstances of reduced food intake (Emery et al,
1984 and Rennie and Millward, 1983). Muscle protein synthesis and whole-body growth
have both been reported to be significantly reduced in rats bearing the Walker 256
carcinosarcoma (Tayek etal, 1986) and the Novikoff hepatoma (Tayek etal, 1988).

The heterogeneity of these reports may be due to differences in tumour types or may simply
reflect differences in methodology. In any case, the cause of enhanced proteolysis in

skeletal muscle has only started to be understood recently with the discovery of the
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ubiquitin-dependent proteolytic system, and the better understanding of how the different
proteolytic systems work and how they get activated under different nutritional and
hormonal conditions (this will be analysed in more detail in chapter 4). In contrast,

alterations in protein synthesis have long been known to be largely caused by defects in

ribosome activity.

In rats bearing the Walker 256 Carcinoma, a comparison of the incorporation of 3H-lysine
into protein by gastrocnemius polysomes isolated from control and tumour-bearing rats
showed that such incorporation was reduced in the weight losing tumour-bearing rats
(Goodlad and Clark, 1972). Further studies showed that such reduction was due to a
defect in translation, as demonstrated by the formation of peptidyl-puromycin complexes,
which indicated some kind of defect in either translocation or peptidyl transferase activity in
the preparation from the tumour-bearing rats. However, the latter was ruled out since
interchangeability between the 60S subunits (where the peptidyl transferase activity resides)
did not alter their ability to synthesise polyphenylalanine, indicating that it was due to a
defect in the 40S ribosomal subunit (Clark and Goodlad, 1975). In cachectic mice bearing
the XK1 tumour the depression of protein synthesis in muscle was due to a reduction in

both RNA content and RNA activity (Emery etal, 1984).

Changes in ribosome activity have also been reported in rat muscle in response to fasting
(Henshaw etal, 1971). The protein synthesis rate of fasted animals was inhibited due to a
decrease in ribosome content and polyribosome activity, as well as a reduction in the

amount of ribosomes incorporated in polyribosomes (synthetically active units).

Administration of glucocorticoids caused a decline in the protein synthesis rate of rat
skeletal muscle, where an accumulation of the 60S and the 40S ribosomal subunits was
observed, suggesting a defect in peptide-chain initiation (Rannels etal, 1978b). It has been
proposed that defects in the initiation of protein synthesis are due to phosphorylation of the

initiation factor, elF-2, and of peptides of the 40S ribosomal subunit which causes the
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disruption of the ternary complex formed by GTP and Met-tRNA;. A haemin-controlled
repressor (HCR) with cAMP-independent protein kinase activity was isolated from rabbit
reticulocytes and their cell-free lysates, which was responsible for the inhibition of protein
synthesis in the absence of haemin (Kramer et al, 1976 and Ranu etal, 1976). HCR was
shown to be capable of phosphorylating elF-2 and other proteins associated with the 40S
ribosomal subunit and an antibody raised against it neutralised the kinase activity as well as

its inhibitory effect on haemin synthesis (Kramer etal, 1976).

In skeletal muscle from starved rats, depressed protein synthesis was associated with loss
of elF-2 activity, possibly due to the action of a cAMP-independent protein kinase (Rannels
etal, 1978a). The reduction in protein synthesis induced by sepsis has also been shown to
be due to an inhibition of peptide chain initiation at the level of elF-2, whose restoration to
control values was achieved following treatment with the interleukin-1 receptor antagonist

IL-1ra (Vary etal, 1996).

Finally, the accelerated muscle catabolism seen in rats after endotoxin treatment appeared to
be the consequence of both increased muscle protein breakdown and reduced synthesis, the

latter due to a decrease in the translational activity (Jepson etal, 1986).

3.3.3. Effect on the protein synthesis rates of host tissues.

There was no significant depression in protein synthesis in other host organs at dose levels
that produced a depression of protein synthesis in skeletal muscle with mouse p24 (table
3.3) and, in a separate experiment, p24 did not cause significant reductions in either protein
or RNA content of host tissues except for the RNA content of spleen (figures 3.7 and 3.8).
In mice bearing the MAC 16 tumour, however, the RNA content of all tissues examined

was significantly lower than in non tumour-bearing animals.

In contrast, human p24 caused a significant depression in the rate of protein synthesis in

heart (table 3.3) suggesting that, although the action of p24 appears to be specific to
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skeletal muscle, it might also affect cardiac muscle to some extent. In fact, despite the
absence of any significant changes in the rate of protein synthesis in heart, mouse p24 was
shown to be capable of activating the expression of one of the components of the ubiquitin

pathway in vivo (this will be further discussed in chapter 4).

No significant changes were found in protein synthesis for liver in the case of mouse p24
(this also correlates with the lack of activation of the ubiquitin system which will be
discussed in chapter 4), although it was significantly increased in response to human p24.
As for skeletal muscle, the liver response to tumour growth appears to be dependent upon
the type of tumour. Thus, protein synthesis rates have been reported to be increased
(Tayek etal, 1988; Lopes etal, 1989 and Pain et al, 1984), unchanged (Tayek et al, 1988)
or depressed (Emery et al, 1984). Tessitore et al (1987) found no changes in protein
synthesis in the early stages of tumour growth which was elevated at later stages, following
a similar pattern to protein degradation, although it was not sufficient to balance the
enhanced proteolysis. In contrast, LeBricon et al (1996) found an increased protein

deposition in the liver of cachectic tumour-bearing rats.

3.3.4. Muscle protein breakdown in vitro.

The choice of soleus as a model to study muscle protein degradation was made because, in
contrast with gastrocnemius, this muscle can be dissected end to end and is thin enough to
permit oxygenation by diffusion and substances introduced in the surrounding medium

gain ready access to the muscle cells.

p24 was capable of direct induction of protein breakdown in isolated soleus muscle (figure
3.9). There was a linear increase in the release of tyrosine in response to increasing
concentrations of this material, which reached a maximum at a concentration of 0.5 ug (per
3 ml of medium) and then decreased with higher concentrations. Interestingly, the same
effect was found when isolated gastrocnemius from normal animals was incubated with the

serum of MAC 16 mice with increasing weight loss (Smith and Tisdale, 1993b). Induction
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of muscle protein degradation in vitro by p24 had previously been reported (Todorov et al,
1996 and Todorov etal, 1997). Further evidence indicating that the systemic effect of the
tumour on the host is mediated by circulatory factors is provided by a study carried out by
Belizario etal (1991), where the plasma from cachectic cancer patients elicited an increased

protein catabolism in rat diaphragm and soleus muscle, which was not seen with serum

from healthy subjects.

Since control muscles were also incubated in the presence of serum, all increases in protein
breakdown above basal values in treated muscles are exclusively due to the action of p24.
The extent to which protein degradation was stimulated, however, does not probably reflect
a true in vivo situation because of the inherent catabolic state of the isolated muscle.
Isolation of muscle itself leads to a significant reduction in the rate of protein synthesis
(Palmer etal, 1981) and additional factors such as the lack of oxygen and nutrients might
cause net protein balance to become more negative. In addition, the inclusion of

cycloheximide in the incubation medium may also potentiate this effect.

Indeed, in vitro muscle preparations have been shown to be largely influenced by the
presence of anabolic agents in the incubation medium. In a study carried out by Fulks ez al
(1975) insulin was found not only to stimulate protein synthesis, but also to inhibit protein
degradation. Glucose potentiated both effects but in the absence of insulin it only inhibited
proteolysis. The branched-chain amino acids Leu, Ile and Val have also been shown to
produce similar effects to those of insulin. Others have found similar results on the
influence of branched-chain amino acids, but have failed to establish a role for insulin on
the degradation rate of muscle proteins (Lundholm etal, 1981). Mitch and Clark (1984)
reported the ability of Leu to stimulate muscle protein synthesis and inhibit degradation, but
no effects were ascribed to Ile and Val. Tischler etal (1982) found both stimulation of
protein synthesis and inhibition of proteolysis in diaphragm muscles from fed and fasted
rats by exogenous Leu. Glutamine has also been reported to inhibit protein degradation,

with no additive effects in the presence of insulin also an inhibitor of protein degradation
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(McLennan et al, 1988). A recent study carried out in humans has also pointed out the
importance of plasma amino acids as anabolic agents in addition to insulin and IGF-1

(Svanberg et al, 1996).

It also appears that muscles incubated under slight tension are able to maintain a better
protein balance. It has been shown that by incubating muscles at resting length, overall
protein balance is improved largely by the reduction in proteolysis. Enhanced proteolysis
in unrestrained muscles appears to be due to the activation of calcium-dependent proteases
and, in addition, these muscles have also been shown to keep lower ATP and

phosphocreatine levels (Baracos and Goldberg, 1986).

3.3.5. Increased tyrosine and prostaglandin E2 (PGE3) levels.

Increased tyrosine release from soleus muscles ex vivo (figures 3.5 and 3.6) and in vitro
(figure 3.9) following treatment with p24 were found to be associated with elevated PGE,
production. The PGE; content in gastrocnemius muscle was shown to be significantly
increased after incubation with serum from cachectic mice bearing the MAC 16 tumour
(Smith and Tisdale 1993b). Both indomethacin and the polyunsaturated fatty acid
eicosapentaenoic acid (EPA) inhibited the rise in PGE; and tyrosine, suggesting a role for
PGE; in the degradation of muscle protein in cachectic animals. In contrast, EPA had no
effect on protein synthesis in vivo (Beck etal, 1991) and in a study carried out by Palmer
and Wahle (1987) neither EPA nor docosahexaenoic acid (DHA) were shown to have any
effect on protein synthesis in the skeletal muscles of fasted rabbits. In addition, PGF,,
levels were reduced, indicating some type of competition between the w3 fatty acids and the

PG synthesising enzymes of the ‘2 series’.

Elevated tyrosine and PGE; release in response to p24 were both inhibited in ex vivo
experiments using muscles from mice which had been pretreated with the mAb and whose
weight loss had been prevented by this treatment. In vitro, the inclusion of

cyclooxygenase inhibitors such as ibuprofen, indomethacin, CV6504 and the cPLA,
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inhibitor AACOCEF;, also prevented these effects. In addition, muscles from mice which
had previously been dosed with EPA, showed no elevation in either tyrosine or PGE;
release (table 3.4). Altogether, the results suggest a role for PGE; in the degradation of

skeletal muscle protein by p24.

The role of arachidonic acid and its metabolites in protein muscle metabolism has been
studied extensively. The ability of human skeletal muscle to synthesise prostaglandins
from an exogenous 14C-labelled arachidonic acid (14C-AA) was first reported by Berlin et
a (1979). Rodemann and Goldberg (1982) showed a dramatic increase in protein
breakdown in rat skeletal muscle following treatment with AA and that such response could
be blocked by using cyclooxygenase inhibitors. In addition, AA caused a sharp rise in the
production of PGE, and PGF,,, which was also inhibited by anti-inflammatory drugs. Of
all the AA metabolites tested, which included several prostaglandins, thromboxanes and
leukotrienes, only PGE; and PGF;, showed an effect on protein degradation and synthesis
respectively. These findings are in contrast with those found by Hasselgren etal (1990),
who failed to show any effect of either AA or PGE; on the rate of total or myofibrillar
protein breakdown. Furthermore, indomethacin -while inhibiting plasma PGE; levels in
vivo and PGE; production in isolated muscle- had no effect on the proteolytic rates of

either total or myofibrillar proteolysis.

The role of PGF;, in promoting protein synthesis has also been reported by Reeds and
Palmer (1983) who showed that the reduced rate of protein synthesis in muscles from
fasted rabbits was also accompanied by a reduction in the levels of this prostaglandin.
Addition of AA to the medium lead to an increase of both protein synthesis and PGF,q

production.

In the study carried out by Rodemann and Goldberg (1982), PGE; caused an increase in
the rate of protein degradation for EDL, diaphragm and soleus between 20 and 40% (a 50%

increase in protein synthesis was seen in soleus, although the net effect remained
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catabolic). Furthermore, AA-stimulated proteolysis was inhibited by the lysosomal
inhibitors, leupeptin and Ep-475, indicating that AA and PGE; stimulate muscle protein

degradation by activating the lysosomal proteases.

In rats infected with Streptococcus pneumoniae, cathepsin B activity -which rose early in
the course of infection- was prevented by administration of leupeptin. This lysosomal
inhibitor also inhibited muscle atrophy and the reduction in tension associated with the
disease, but it failed to prevent fever. Indomethacin was not only capable of preventing
fever, but also the changes in muscle mass, force generating capacity and cathepsin B
activity, suggesting that muscle wasting due to sepsis is at least in part due to the action of

prostaglandins (Ruff and Secrist, 1984).

Several lines of evidence indicate that calcium is the trigger for the PGE,-mediated
lysosomal proteolysis. Not only isolated rat skeletal muscles responded to treatment with
the calcium ionophores A23187 or ionomycin, but also removal of extracellular calcium
reduced overall proteolysis as well as most of the activation by A23187 (Rodemann et al,
1982). Furthermore, an inhibitor of calpain activity completely inhibited the Ca2+-activated
protease without altering the ability of calcium to stimulate proteolysis. Additionally,

leupeptin and Ep-475 blocked the stimulation of protein breakdown by calcium and even

more, the increased production of PGE; and PGF;,, elicited by the muscle after treatment

with A23187 was inhibited by indomethacin (Rodemann et al, 1982 and Baracos et al,
1986).

In addition to calcium, and maybe more importantly, the synthesis of PGE; is regulated
first, by the release of AA from the plasma membrane phospholipids and secondly, by its
conversion through the cyclooxygenase pathway. These two appear to be the rate-limiting
steps of the reactions which are catalysed by phospholipase A, (PLA3) and cyclooxygenase
(COX), respectively. Although some arachidonate used for prostanoid formation may be

derived from the sequential hydrolysis of phosphoinositides by phospholipase C (PLC)
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and diacylglycerol (DAG) lipase (Neufeld and Majerus, 1983), the major sources,
however, are probably the most abundant glycerophospholipids, phosphatidylcholine and
phosphatidylethanolamine. PLA, mobilises AA from the sn-2 position of
glycerophospholipids and is sensitive to inhibition by arachidonic acid (Lister ez al, 1988).
The enzyme exists in two forms, the low molecular weight (14 KDa) secretory PLA;
(sPLA>) and the high molecular weight (85 KDa) cytosolic PLA, (cPLA3), and it is the
latter that seems to be involved in inflammatory responses (Hulkower etal, 1992 and Angel
etal, 1994). cPLA, has been shown to be more selective than sPLA; in releasing AA from

mammalian membranes (Diez etal, 1994).

Following its release from membrane phospholipids, arachidonic acid is converted to the
prostaglandin endoperoxide PGHj. This step is mediated by PGG/H synthase, an integral
membrane protein which exhibits two distinct catalytic activities, a COX involved in PGG;
formation and a hydroperoxidase mediating a net two-electron reduction of the 15-
hydroperoxy group of PGG; to yield PGH;. Both active sites are positioned on opposite
sides of the haem prosthetic group, which explains why the cyclooxygenase, but not the
hydroxyperoxidase activity, is specifically inhibited by aspirin (irreversible inhibitor)
(Smith and Lands, 1971) and related non-steroidal anti-inflammatory drugs (NSAIDs)
(ibuprofen, indomethacin and others which are reversible inhibitors) (Rome and Lands,
1975). There are two pharmacologically distinct cyclooxygenases on the basis of their
sensitivity to inhibition by NSAIDs (Kalgutkar etal, 1996), COX-1 which is constitutively
expressed in most tissues and is unaffected by steroids and the more recently discovered
COX-2 (Kujubu etal, 1991), which is inducible by a variety of stimuli in the context of

inflammation and is inhibited by glucocorticoids (Masferrer etal, 1992).

The anti-inflammatory activity of glucocorticoids has been shown to be due to their ability
to inhibit prostaglandin production and they do so by inducing the synthesis of a group of
proteins called lipocortins. These lipocortins have been shown to inhibit PLA activity in

various cell types by blocking the enzyme calcium-binding sites (Hirata et al, 1980 and
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Rothhut et al, 1983). The insulin-antagonising action of glucocorticoids has also been
shown to result from their ability to interact with prostaglandin production (Southorn, 1989
and Southorn and Palmer, 1990) and indeed, stimulation of muscle protein synthesis by
PGF,, has been shown to be inhibited following treatment with dexamethasone (Reeds and

Palmer, 1984).

Stimulation of PLA; by a receptor-coupled G protein has been proposed as the mechanism
of AA release from various cell types stimulated in various ways. Recent evidence
suggests that protein kinase C (PKC) might be the link which, by phosphorylating the
enzyme and in the absence of extracellular calcium, would allow translocation of cPLA; to
the membrane, therefore enabling the hydrolysis of AA (Lloret etal, 1995 and Buhl et al,
1995). These experiments showed that intracellular calcium concentrations (micromolar
levels) were enough to activate cPLA; and induce AA mobilisation and these were in

agreement with the range required for PKC activation.

Whether this is one of the pathways involved in the mechanism of action of p24 is not
known at the moment, although the inhibition of increased p24-induced proteolysis and
PGE, production in vitro by the PLAj; inhibitor, arachidonyltrifluoromethyl ketone
(AACOCF3), supports this idea. PLA; activity and PGE; production in muscle have both
been found to be elevated in patients with muscular dystrophy where massive degeneration
and loss of muscle activity takes place (Lindahl et al, 1995). The signal transduction
pathways associated with PGE; and proteolysis in response to p24 deserves further
investigation. Also, additional work is required in order to elucidate whether the recently

isolated p24 receptor (Todorov, unpublished results) is a G-protein-coupled receptor.

In addition to their role in muscle protein degradation, prostaglandins have been reported as
potential markers for tumour progression. The mouse fibrosarcoma, HSDM, was shown
to produce large amounts of PGE; in cell culture as well as in the host animal, where it also

induced a hypercalcemic effect and both were eliminated by indomethacin (Tashjian et al,
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1974). The progression of cachexia in rats bearing the Yoshida ascites hepatoma AH130
seemed to correlate with the increased production of PGE; both by muscle and tumour and
administration of naproxene inhibited weight loss by 64%, protein loss by 40% and tumour
mass by 20% (Strelkov et al, 1989). In humans, increased levels of PGE; have been
found in body fluids and tumour tissues from patients with malignant tumours. However,
the biological significance of these findings has not yet been clearly established since its
production does not always correlate with malignancy and aggressiveness. For instance,
PGE; seems to play an important role in the growth of head and neck carcinomas (Klapan
etal, 1992), whereés controversy exists as to whether it is a determinant factor in breast
cancer (Bennett etal, 1977, Bishop et al, 1980, Rolland et al, 1980, Hendrick etal, 1988,
Karmali etal, 1983 and Malachi etal, 1981). Invitro, 13762 rat mammary carcinoma cells
have been shown to produce high levels of PGE; (as well as leukotriene LTB,4), which
were reduced by the addition of indomethacin which also had an antiproliferative effect

(Tripathi etal, 1996).

3.3.6. Role of cytokines in muscle breakdown.

Despite extensive research in this field, the role of cytokines on protein turnover is not

completely clear. Most of this work has involved the use of TNF-a for which a role in

vivo has emerged. However, in vitro attempts to reproduce its effects in vivo have

generally failed. In vivo, acute treatment with TNF-a decreased the rate of protein
synthesis in rat soleus muscle (22%) and caused an enhanced proteolytic rate in soleus
(34%) and EDL (26%) as measured by tyrosine release (Garcia-Martinez et al, 1993).
Similarly, Charters and Grimble (1989) found protein synthesis to be inhibited in rat
skeletal muscle after treatment with recombinant TNF-a. In contrast, Tayek (1996) has
reported that the acute administration of a subcutaneous dose of TNF-a had no effect on
protein synthesis despite the significant drop in the total skeletal amino acid concentration.
Muscle proteolysis was also enhanced by TNF-a which was synergistically augmented by
the addition of interleukin-1 (IL-1) and both treatments correlated with an increased urinary

nitrogen excretion (Flores etal, 1989). Goodman (1991) also reported an increased protein
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breakdown as well as 3-MH following in vivo administration of TNF-a. In vitro, TNF-a
has failed to affect skeletal muscle protein synthesis (Moldawer et al, 1987 and Oliff et al,
1987), although a recent report indicates that it is capable of activating the expression of

some components of the ubiquitin system (Llovera etal, 1997).

Leukocytic pyrogen or IL-1, is responsible for signalling the hypothalamus to induce fever
as well as for promoting protein catabolism during sepsis in order to provide amino acids
for gluconeogenesis and synthesis of acute-phase proteins and immunoglobulins. IL-1
purified from human monocytes was shown to stimulate muscle protein degradation by
increasing the production of PGE; in muscle tissue (Baracos etal, 1983). These changes
resembled those obtained after infection with E. Coli or endotoxin (Goldberg etal, 1984).
IL-1-induced proteolysis and PGE, production were both inhibited by indomethacin and
Ep-475 (Goldberg etal, 1984). Increased tyrosine release from soleus and EDL were also
seen after partially purified human monocyte preparations from septic patients were
incubated with skeletal muscle in vitro or when administered in vivo. However, murine
and human IL 1-a, human IL 1-f and human TNF-a failed to reproduce such effect
(Moldawer etal, 1987). It has also been shown that IL-6 is not capable of promoting

muscle protein breakdown in vitro (Garcia-Martinez etal, 1994).

These observations reflect that cytokines play an important role in the control of muscle
protein metabolism, although the discrepancies found between in vivo and in vitro
experiments suggest that cytokines may act as mediators rather than being the direct cause

for the increased protein breakdown seen in skeletal muscle under different disease states.
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Chapter 4
Mechanisms of intracellular protein breakdown in
skeletal muscle. Effect of p24 on the activation of
the different proteolytic pathways.

Skeletal muscle contains several proteolytic systems. The most extensively studied is the
lysosomal pathway, which involves the cysteine proteases cathepsins B, H and L, and the
aspartic protease cathepsin D. Lysosomes constitute major sites for the degradation of
soluble and extracellular proteins whereas evidence suggests that myofibrillar proteins are
degraded by a non-lysosomal ATP-ubiquitin-dependent pathway, which is also involved in

the selective breakdown of abnormal and short-lived proteins.

A third and less studied proteolytic system is the Ca2+-dependent cysteine proteases calpain
I and II which are thought to play a role in the degradation of cytoskeletal but not
myofibrillar proteins, although a clear physiological role for these enzymes has not yet been

established.

4.1. Introduction.

4.1.1. The lysosomal system.

4.1.1.1. Link between intracellular proteolysis and lysosomal alterations. Effect of
nutritional and hormonal factors in the autophagic response elicited by lysosomes.

The role of lysosomes in protein turnover has been extensively studied by Mortimore and
co-workers, who first reported in 1970 the inhibition of proteolysis by insulin on perfused
livers from fasted rats. Proteolysis measurements were obtained from the turnover of free
valine after single pulse additions of L-1-14C-valine to the perfusate, and from the release
of label from livers previously labelled in vivo and then perfused with 15 mM unlabelled

valine to minimise reincorporation. The amount of valine released was determined by
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means of a chromatographic method which gave an increased proteolysis rate in the

perfused livers 15-30 minutes after the start of the perfusion over the unperfused livers.

Insulin was shown to inhibit this response both in vivo and in vitro. In a separate study,
the administration of glucagon during perfusion was shown to exert the opposite effect as
insulin, whilst the addition of a complete mixture of amino acids mimicked the action of

insulin in that it virtually abolished increased proteolysis upon perfusion (Mortimore et al,

1973).

These results are in agreement with those reported by Mortimore et a (1977), who showed
that deprivation of amino acids induced a striking increase in autophagy which could be
detected as early as 5 minutes and reached maximal intensity by 20 minutes. The
magnitude of this response suggested that it could account for the increase in protein

degradation that occurs in the absence of amino acids.

In a later study, Schworer et al (1981) examined the effect of a wide range of plasma
amino acid concentrations (0-10 times (10X)) on liver perfusions. Both proteolysis and
vacuole formation exhibited the same responses over the whole amino acid range, 1X

concentrations were sufficient to suppress both, and at 4X and above maximal suppression

was achieved,

Osmotic sensitivity as measured by the increase in lysosomal enzyme markers (free acid

phosphatase and N-acetyl--D-glucosaminidase) has been shown to be spontaneously
increased during perfusion of livers from normal fed rats to a degree comparable to that
observed after large doses of glucagon in vivo but, unlike the mechanism of action of this
hormone, no changes in the tissue levels of cCAMP were observed in these experiments
(Neely etal, 1974). This alteration was also prevented and reversed by insulin and amino

acid mixtures during perfusion, whose inhibitory effect appeared to be additive.
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Further evidence supporting the role of lysosomes as the site of endogenous proteolysis
was provided by Neely etal (1974) who found that, in prelabelled rat liver perfusates,
most of the radioactivity was associated with the lysosomal fraction which also coincided
with the lysosomal marker enzyme peak and was separate from the mitochondria. In
addition, a pool of acid soluble radioactivity (TCA radioactivity) was found in close
relationship with the lysosomal fraction and the peak was distinct from that of the
radioactive protein pool. Moreover, experiments where unlabelled lysosomal fractions
were combined with the supernatants from prelabelled livers, no TCA radioactivity was
found to be associated with the lysosomal fraction after subsequent density gradient
centrifugation, whereas the opposite mixture revealed a radioactive peak associated with
this fraction, thus indicating that the labelled protein substrate was contained within the

lysosomes prior to homogenisation.

As well as increased sensitivity to osmolarity, lysosomes have been shown to undergo
changes in density and size. Thus, using a different approach (Neely et al, 1977),
lysosomal density was determined by the distribution of lysosomal marker enzymes after
centrifugation in linear sucrose gradients, which revealed lysosomes of control perfused
livers to be associated with the higher density sucrose fractions . This heavier lysosomal
fraction disappeared following the addition of insulin and amino acids, respectively,
resulting in a single enzyme peak similar to that found in unperfused livers. Enlarged
lysosomes from perfused livers were also detectable by electron microscopy. Ward et al
(1977) found the presence of higher density lysosomal fractions upon perfusion which
correlated with the lysosomal marker enzyme activity peak, both of which could be
inhibited by including insulin and amino acids during the treatment. In perfused livers
which had been previously labelled in vivo , the specific radioactivities of proteins in the
dense lysosomal peak were 2-fold higher than those found for the mitochondrial and
supernatant fractions. Although the respective additions of insulin and amino acids
lowered the specific radioactivity associated with the heavier lysosomal fraction, the

radioactivities measured after suppression were found to be higher than one would expect
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from the labelling of endogenous lysosomal proteins, indicating that full suppression was
not achieved despite the absence of any clearly detectable morphological changes.
Increased lysosomal density has also been shown in liver perfusates in their autophagic

response to glycogen (Schworer etal, 1979).

In contrast with the above studies, others have failed to report any uptake of proteins by

lysosomes (Huisman etal, 1974).

Finally, inhibitor studies have shown that deprivation-enhanced proteolysis in perfused rat
livers can also be inhibited by agents which specifically block lysosomal protein
breakdown. This is the case of pepstatin, a specific inhibitor of lysosomal cathepsin D,
which was shown to inhibit the degradation of intracellular proteins by 50% upon
perfusion (Dean, 1975). Other agents that inhibit lysosomal activity, such as leupeptin (an
inhibitor of cathepsin B) and antipain (an inhibitor of cathepsins A and B) have been
reported to inhibit the degradation of normal proteins but not abnormal proteins (Knowles
and Ballard, 1976). Chemical compounds such as ammonium chloride, methylamine and
chloroquine have also been shown to inhibit the lysosomal pathway by raising the

lysosomal pH (Seglen etal, 1979).

Extensive work on this field therefore provides enough evidence on the role of lysosomes
onintracellular protein degradation and outlines the importance of the nutritional status on

the activation and regulation of this proteolytic system.

Despite the widely accepted role of lysosomes in the degradation of cytoplasmic
constituents and deprivation-induced proteolysis, the proposal of the lysosomal pathway as
a general mechanism for the turnover of long-lived proteins is not so clear. Mortimore and
Ward (1981) reported the use of a common intralysosomal proteolytic pathway for both
basal and deprivation-induced proteolysis. However, the existence of an alternative

pathway was suggested earlier by Knowles and Ballard (1976) who found that, in contrast
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with the degradation of normal (arginine-containing) proteins, abnormal (canavanine-

containing) proteins were not subject to regulation by insulin and lysosomal inhibitors.

4.1.1.2. Role of lysosomes in myofibrillar protein breakdown.
Although recent evidence points towards an active role of the ATP-ubiquitin-dependent
system in the degradation of myofibrils, lysosomes - or at least their proteolytic enzymes-

have been shown to be able to degrade these in vitro.

Cathepsins B and D purified from muscle degraded isolated myofibrillar proteins, as
determined by SDS-PAGE, although insoluble native myosin was not degraded to the same
extent as the soluble denatured form (Bird et al, 1980). The proteolytic activity displayed

by both enzymes was inhibited by leupeptin and pepstatin, respectively.

In monkey skeletal muscle, a cathepsin B activity was purified which was capable of
breaking skeletal and cardiac muscle myofibrils (Hirao et al, 1984), and cathepsin B
purified from rat liver has been shown to degrade myosin, actin, tropomyosin and troponin

T, but not actin (Noda etal, 1981).

Rabbit skeletal muscle cathepsins have been found to have different affinities for different
myofibrillar proteins. Thus, cathepsin B is different from cathepsin L in that it does not
degrade a-actinin, and from cathepsin D in that it degrades actin but not a-actinin or
tropomyosin. They also differ in their optimum pHs for the hydrolysis of myosin, actin
and troponin, which were around 3 for cathepsin D, and around 4 for cathepsin L, while it
was around 5 for cathepsin B. The ability of cathepsin B to cause myofibrillar breakdown
was greater than that of cathepsin D, but lower than that of cathepsin L (Matsukura et d,
1981; Matsumoto et al, 1983). In addition, cathepsin L caused a greater change in the

ultrastructure of the Z- and M-lines than cathepsin B (Matsukura etal, 1984).
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The kinetics of the degradation of myofibrils and isolated myofibrillar proteins by rabbit
skeletal muscle cathepsin B has been investigated by Matsuishi ezal (1992). In myofibrils,
after 2 h of incubation at 37 °C, two degradation products (180 and 150 KDa)
corresponding to the myosin heavy chain were identified by SDS-PAGE the intensity of
which increased up to 8 h and decreased after 24 h incubation. Maximal activity was
achieved at pH 5.1. Microscopy studies revealed considerable damage made to the Z-line,

the H-zone and the I-band. Rabbit skeletal muscle cathepsin B also degraded isolated

heavy myosin heavy chain, actin and troponin, but not a-actinin or tropomyosin.

However, despite the ability of purified lysosomal enzymes to break myofibrils in vitro, the
results from these studies cannot be interpreted within a physiological context. Lowell etal
(1986) studied the role of lysosomes in the degradation of skeletal muscle myofibrils by
measuring the release of 3-methylhistidine (3-MH) from perfused muscles of starved and
fed rats. After brief starvation, a considerable increase in myofibrillar proteolysis was
observed with respect to total protein breakdown as measured from both tyrosine and 3-
MH release. The addition of lysosomal inhibitors to the perfusion medium (ammonium
chloride, chloroquine and leupeptin), only inhibited the release of tyrosine whilst that of 3-
MH remained unaffected. These experiments provide good evidence about the existence of
two independently regulated pathways that operate in the breakdown of myofibrillar and

non-myofibrillar proteins in skeletal muscle.

Despite their independent regulation, evidence has been provided for the association of
these two systems under certain conditions. For instance, the stress-induced accelerated
degradation of cellular proteins in autophagic vacuoles has been shown to be dependent on
functional El, the ubiquitin activating enzyme. The degradation of protein substrates by
the ubiquitin system involves a cascade of reactions which start with the activation of
ubiquitin by this enzyme (this will analysed in section 4.1.2). Increased proteolysis rates
have been reported for both short- and long-lived proteins (Ciechanover et al, 1984 and

Gropper etal, 1991) which were inhibited in the E1 thermolabile mutant cells at restrictive
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temperatures. Heat-induced degradation of long-lived proteins was inhibited completely by
ammonium chloride and chloroquine and, furthermore, exposure of the cells to starvation
had no effect after inactivation of E1. In contrast, under the same conditions the
degradation rate in the wild-type cells increased four fold. These results suggest that heat-
induced enhanced degradation of cellular proteins in autophagic vacuoles and the formation

of these vacuoles are dependent on the activity of E1 (Gropper etal, 1991).

The lysosomal and ubiquitin proteolytic systems have also been shown to be
simultaneously involved in the endocytosis of cell surface receptors. Ste2 is an a-factor
pheromone receptor present on the surface of Saccharomyces cerevisiae, whose
endocytosis and degradation by the lysosomal system appear to be dependent upon
ubiquitination of one lysine residue within the internalisation signal, SINNDAKSS
(Hochstrasser, 1996). Furthermore, this modification depends on phosphorylation of the

flanking sequences. This phosphorylation-dependent ubiquitination has also been shown

for other proteins such as IxkBk (Hochstrasser, 1996).

4.1.2. The ATP-ubiquitin-proteasome-dependent system.

4.1.2.1. Isolation and ATP-dependence.

This system was first identified by Ciechanover and colleagues in 1978 who reported a
factor isolated from reticulocyte lysate which degraded denatured globin in the presence of
ATP. The system was resolved into 2 components: fractions I and II, according to their

order of elution from DEAE-cellulose. Fraction II was found to have a neutral protease
activity which was stimulated only slightly by ATP, whilst fraction I had no proteolytic

activity but was capable of restoring ATP-dependent proteolysis when combined with

fraction II.

This "active factor" from fraction I was found to be remarkably stable at high temperatures
as it retained its proteolytic activity even following heating at 96 °C for 60 min. However,

the fact that it was non-dialysable, precipitated by ammonium sulphate and its activity could

120



be destroyed completely by treatment with proteolytic enzymes, indicated a polypeptide

structure.

The same group (Hershko et al, 1980) found that this heat-stable polypeptide (APF-I) of
the reticulocyte proteolytic system was capable of forming covalent modifications with
proteins in an ATP-requiring reaction. APF-I formed multiple conjugates with lysozyme,
globin and a-lactalbumin, respectively, as shown by comigration of label from each upon
gel electrophoresis. Analysis of the ratio of APF-I to lysozyme radioactivities and of the
molecular weights of the bands demonstrated that these corresponded to conjugates of

APF-I with the substrate protein.

The results also suggested the possible involvement of an amidase as part of this system, as

removal of ATP after formation of the 125]-labelled APF-I caused regeneration of APF-I.

4.1.2.2. The ubiquitin cycle.

Ubiquitin has been identified as a 76-amino acid residue protein which is highly conserved
in eukaryotes. Degradation of intracellular proteins via the ubiquitin system involves a
multistep process in which ubiquitin is covalently linked to the protein substrate in an ATP-
dependent reaction by means of an isopeptide bond between the carboxy-terminal group of
ubiquitin and the e-amino group of lysine side chains in the target protein. Following

ubiquitin conjugation, the protein is selectively degraded by the 26S proteasome and

ubiquitin is released for further use.

The ubiquitin-conjugating system is made up of 3 separate enzymatic components which
come into play in an ordered and sequential manner. First, ubiquitin is adenylated by the
ubiquitin-activating enzyme (E1) and then transferred to a thiol group for covalent linkage
as an enzyme-ubiquitin thioester. This is followed by a trans-esterification to the ubiquitin-
conjugating enzyme (E2) which can either transfer ubiquitin directly in vitro (Hilt and

Wolf, 1992 and Hochstrasser, 1996) to a target protein or together with a companion
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protein termed ubiquitin-ligase (E3), which appears to be the general rule in vivo.
Following several rounds of this cycle, the multiubiquitinated protein is then degraded by
the 26S proteasome and an isopeptidase, which releases intact ubiquitin from the

proteolysed protein and closes the cycle (figure 4.1).

Aston University

lustration removed for copyright restrictions

Figure 4.1. The ubiquitin cycle (from Argiles and Lopez-Soriano, 1996).
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A structural motif (UBA domain) has recently been reported by Hofmann and Bucher
(1996) which appears to be commonly shared by all known E2 proteins, several E3
proteins and most ubiquitin carboxy-terminal hydrolases (UBPs), suggesting a role for the

UBA domain in binding to ubiquitin domains.

The ability of ubiquitin to activate a substrate protein appears to be independent of its
interaction with the proteasome, since the use of synthetic peptides has no effect on the
proteolytic activity of the proteasome. Therefore, it has been suggested that ubiquitin may
act as a chaotropic polypeptide inducing the unfolding of proteins and exposing certain

residues which act as recognition signals for the proteasome (Wenzel & Baumeister, 1993).

In fact, recent evidence has been provided for the assistance of the molecular chaperone
Hsc 70 in the conjugation and subsequent degradation of certain protein substrates by the
ubiquitin system (Bercovich etal, 1997). Hsc 70, whose activity was dependent upon K+
concentration, appeared to be indispensable in the conjugation and degradation of actin, a-
crystallin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a-lactalbumin and
histone 2A, although it did not substitute for E3. Additionally, immunodepletion of the
protein from the reticulocyte lysate by using a monoclonal antibody, resulted in the
inhibition of both conjugation and degradation. Furthermore, the chaperone was found to
be necessary for the formation of high molecular mass ubiquitin conjugates, but not for the
formation of low molecular adducts of Hsc 70-dependent proteins. Likewise, the

formation of low molecular mass conjugates is also E3-independent and only requires E1

and E2.

It has been proposed that Hsc 70 acts by unfolding the substrate protein in order to expose
the E3 recognition domain. Interestingly, all three Hsc 70-independent substrates
(lysozyme, BSA and oxidised RNase A) are primary ‘N-end rule’ proteins that are

recognised and targeted via direct binding of their free N-terminal and ‘destabilising’ amino
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acid residue (the N-end rule mechanism will be further discussed in section 4.1.2.4), and

whose recognition domain is possibly exposed and directly recognised by E3a.

4.1.2.3. The role of the a-amino group in multiubiquitination of substrate proteins.

The presence of a free exposed terminal amino group in the substrate protein appears to be

an absolute requirement for proteolysis by the ubiquitin system.

Studies where selective chemical modifications were made to the a-NHj-terminal group of
globin and lysozyme showed that these prevented their conjugation to ubiquitin and

subsequent degradation by the reticulocyte system (Hershko et al, 1984). Furthermore,

addition of a-NH; groups to a-NH,-blocked proteins through the introduction of

polyalanine side chains increased their activity as substrates for degradation.

Conjugation by ubiquitin of e-NHj; groups of lysine residues was also inhibited in a-NH;-
blocked proteins and, on the other hand, when e-NH; groups were blocked but the a-
NH,-terminal group was free, degradation could still take place but at a reduce rate. Chau
etal (1988) also showed that for degradation to take place, multiubiquitination of the
substrate protein was required since the use of mutant ubiquitin (Lys 48 to Arg
substitution) prevented both the formation of ubiquitin-ubiquitin isopeptide bonds and

subsequent degradation of the protein.

Inhibition of multiubiquitination of proteins has also been studied by Hershko and Heller
(1985), who examined the effect of pluriubiquitination of lysozyme on the ability of the
26S proteasome to degrade ubiquitin conjugates. Elimination of multiubiquitination by

means of chemical methods produced a 50% reduction in proteolysis.

Taken together, these data provide important information about how the ubiquitin
proteolytic system works. First, they show that the formation of high molecular weight

ubiquitin-protein conjugates (containing multiple molecules of ubiquitin) is prevented when
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the a-NH; group is blocked. Second, that the conjugation of ubiquitin to the NH; terminus
precedes e-NH; conjugation in the formation of high molecular weight ubiquitin-protein
conjugates and, third, that only high molecular weight ubiquitin-protein conjugates are

susceptible to degradation by the 26S proteasome.

4.1.2.4. The N-end rule and the role of arginine-tRNA.

In ATP-ubiquitin-dependent proteolysis, ubiquitination of the substrate protein is decisive
for subsequent breakdown. The enzyme involved in this step is ubiquitin protein ligase E3,
which contains the protein-substrate binding site and has specificity for proteins with free
a-amino groups. The nature of this free a-amino group is what determines the half-life of

proteins.

Gonda etal (1989) proposed that a single-residue code, the so-called N-end rule, operates
in an in vitro system derived from mammalian reticulocytes in a hierarchical manner.
Amino-terminal Glu and Asp (and also Cys in reticulocytes) are secondary destabilizing
residues in that they are destabilizing through their ability to be conjugated to primary
destabilizing residues such as Arg (Ferber and Ciechanover, 1986 and Ciechanover et al,
1985). Amino-terminal Gln and Asn are tertiary destabilizing residues in that they are
destabilizing through their ability to be converted, via selective deamidation, into secondary

destabilizing residues Glu and Asp.

Indeed, proteins with acidic amino termini have been shown to require tRNA for their
degradation through the ubiquitin system. The conjugation of Asn/Gln and Asp/Glu (and
also of Cys in reticulocytes) to Arg is carried out by a specific class of enzymes,

aminoacyl-tRNA-protein transferases.

Ferber & Ciechanover (1987) showed that ubiquitin-dependent degradation of bovine a-
lactalbumin (bovine a-LA) was inhibited in the presence of ribonuclease (RNase) and that

addition of tRNA to the system restored the proteolytic activity after inhibition of the
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enzyme. Furthermore, degradation of human a-LA, which contains lysine at the amino

terminus instead of glutamic acid, was found not to be affected by RNase treatment.

The same group reported the presence of this substrate-specific amino-terminal modifying
activity in crude reticulocyte fraction II, where they showed that about 90% of the

arginylation of the exogenous substrate occurred at the amino-terminal position.

Elias and Ciechanover (1990), by using a chemical cross-linking technique, have
demonstrated that proteins with acidic amino terminal positions do not bind (E3) without
prior modification of this residue by the addition of Arg, whilst proteins which contain a
basic residue in this position are able to bind the ligase without any modifications.
Neutralisation of the carboxyl group of N-terminal acidic groups generated substrates able

to bind E3 without modification, suggesting the presence of a negatively charged binding

site in E3.

4.1.2.5. Isopeptidases.

The importance of a free a-amino terminal group in the conjugation of ubiquitin to a
substrate protein has been outlined above. However, high molecular weight ubiquitin-
protein conjugates are still subject to regulation before the substrate protein is targeted to the

26S proteasome for degradation, and it appears that a group of enzymes called

isopeptidases are responsible for the reversal of ubiquitination.

Jonnalagadda et al (1989) identified and partially purified 2 different classes of enzymes
from reticulocytes by dye-ligand-sepharose chromatography, those that specifically split
NE-ubiquitin-ubiquitin, ie. multiubiquitin chains (Ub-Ubase) or N€-ubiquitin-protein bonds
(Ub-Xase).

Agell etal (1991) reported a 160 KDa isopeptidase from yeast that breaks the isopeptide
bond from polyubiquitin peptides translated from mRNA, and Matsui etal (1982) isolated
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a 38 KDa isopeptidase both from a hamster cell line (DON) and a mouse cell line (L929)
that was capable of cleaving protein A24 into histone 2A and ubiquitin in vitro
stoichiometrically as identified by 2-dimensional gel electrophoresis and 3H-residue
labelling. This enzyme had previously been reported by Andersen etal (1981) who found

this enzyme to be present in rat liver nuclei and to be responsible for the disappearance of

A24 during mitosis.

A different type of isopeptidase activity has recently been shown to be present in the 26S
proteasome complex (Lam et al, 1997). This enzyme has been found to be tightly
associated with PA700 (a 19S complex) and its function appears to be the removal of one
ubiquitin at a time from the distal end of the targeted polypeptide chain. It is therefore
suggested that, by processing only from the distal end of a polyubiquitin chain, this
enzyme may edit all or most of the polyubiquitin degradation signal from a poorly
ubiquitinated conjugate, thereby precluding its degradation. Thus, this isopeptidase could
be responsible for directing protein degradation towards highly ubiquitinated substrates and
therefore preventing the destruction of poorly ubiquitinated or erroneously 'tagged'

proteins.

4.1.2.6. The 268 proteasome.
The 26S proteasome is a large proteolytic complex of about 1700 KDa. Electron
microscopy images reveal a central proteolytic core, the 20S proteasome, and 2 additional

substructures, the 19S cap complexes, which are attached at both ends of the 20S

proteasome.

The 19S cap complexes, which have ATPase activity, are composed of at least 15 different
subunits with molecular masses ranging from 25 KDa to 110 KDa that associate with the
20S proteasome in an ATP-dependent manner. They are thought to be responsible for the

recognition of ubiquitinated proteins as well as for the unfolding and transport of substrate

proteins to the proteolytically active 20S core.
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The 20S proteasome has been found in the cytoplasm and nucleus of all eukaryotes
investigated so far, and also in some Archaebacteria. The 20S proteasome of
Thermoplasma acidophilum has been shown to have a great degree of similarity with its

eukaryotic counterpart in that they share the same quaternary structure (Hilt & Wolf, 1996).

X-ray crystallography studies have revealed a large cylindrical particle (700 KDa) made of
a stack of 4 rings each of which contain 7 subunits. There are 2 types of subunits, o and
B, which form the 2 outer and the 2 inner rings, respectively, leaving a central cavity
which is exclusively formed by f$-subunits. The a-subunits in the outer rings, which are
thought to be enzymatically inactive, leave a very narrow opening therefore providing
restricted access to the central cavity and preventing the cleavage of native proteins. A
combination of immunoelectron microscopy and chemical crosslink experiments have

demonstrated an identical arrangement for the human 20S proteasome (Kopp etal, 1997).

Only denatured or partially unfolded proteins have access to the proteolytic core of the 20S
proteasome, which appears to be a threonine protease where the enzymatic activity is
provided by a catalytic tetrad consisting of the hydroxyl group of Thrl, e-amino group end
of Lys33, and the carboxyl group of Glul7, as well as the a-amino group of Thr. The
nucleophilic nature of Thr1 is enhanced by the interaction with the basic amino group of
Lys33, which is in tumn oriented by the carboxyl group of Glul7. This resembles the
classic catalytic triad of serine proteases (Thr is used instead of a Ser, Lys replaces a His,
and a Glu substitutes for an Asp), where the amino group of Thr1 plays the role of proton
acceptor (Lys is unlikely to be directly involved in proton shuttle), thus converting the

classical triad into a tetrad (Wlodawer, 1995).

The central cavity of the 20S proteasome is believed to contain 14 independent active sites
with the closest distance between them of about 28 A, which corresponds to the length of a
extended peptide chain of 7-8 amino acids. Therefore, providing that the lifetime of the

acyl-intermediate is sufficiently long, the bound substrate might find another active site
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before being released from the first one, leading to a second cut 7-8 amino acids from the

first cut (Wlodawer, 1995).

4.1.2.7. Cellular functions of the 268 proteasome.
Beside degradation of multiubiquitinated proteins, the 26S proteasome is also involved in

degradative processes which are ubiquitin-independent and ATP-independent.

Ornithine carboxylase (ODC), a key enzyme in polyamine biosynthesis, is the most rapidly
turned over mammalian enzyme. Its degradation occurs through an ATP and antizyme-
dependent pathway which is totally independent of ubiquitin (Murakami etal, 1992). It has
been suggested that the presence of structural domains (including PEST sequences), might
get exposed upon binding to the antizyme and that these regions might ultimately be
recognised by the 26S proteasome. In a study by Rogers et al (1986), PEST regions
(proline, glutamic acid, serine and threonine) were found in the amino acid sequences of
ten proteins whose intracellular half-lives were less than 2 h. In 35 proteins with
intracellular half-lives between 20 and 200 h, only three contained a PEST region. An
inverse correlation between the presence of these regions and protein stability was found,

suggesting that PEST sequences may result in the rapid degradation of the proteins

containing them.

Another case of ubiquitin-independent proteolysis has been reported by Pacifici et al
(1993). They induced partial unfolding of haemoglobin (Hb) by exposure of the protein to
hydroxyl radicals (-OH). This oxidatively modified Hb exhibited increased proteolytic
susceptibility during incubation with red blood cell lysates, cell-free extracts, fraction II, a
40-80% ammonium sulphate-precipitated fraction, and a purified proteasome preparation
(670 KDa). Partial denaturation is thought to cause exposure of hydrophobic amino acid
groups which may interact in an ATP-independent manner with the 26S proteasome. In
addition, highly denatured and covalently linked Hb molecules (produced at high - OH/Hb

ratios), were poorly degraded at all stages of purification, possibly due to the larger size of
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these cross-linked tetramers which are unable to fit the proteasome active sites. Therefore,
it appears that the 26S proteasome may have a more general function by recognising

degradation signals other than ubiquitination.

A role for the proteasome in the control of cellular events such as cell progression, cell
cycle and transcription has also been proposed. Evidence has been provided for the
ubiquitination and subsequent proteasome destruction of the tumour-suppressor protein
pS3, whose intracellular levels (as well as the presence of ubiquitin-p53 conjugates) were

shown to rise upon inhibition of the proteasome (Huibregtse and Howley, 1996).

Proteasome-mediated degradation of certain transcription factors such as c-Fos, c-Jun,

NFxB and IxB have been reported (Ishida et al, 1995 and Jariel-Encontre et al, 1995) and

it also seems to be required for degrading cyclins in order for cells to exit from mitosis

(Ganoth etal, 1995 and Seufert etal, 1995).

Finally, the proteasome has recently been implicated in the degradation of misfolded or
unassembled proteins from the endoplasmic reticulum, whose degradation has been shown

to be blocked by proteasome inhibitors (Wemer etal, 1996 and Wiertz etal, 1996).

4.1.2.8. Role of the ATP-ubiquitin-proteasome system in myofibrillar protein

breakdown.

The existence of at least two independent proteolytic pathways in muscle was suggested by
Lowell etal (1986a) who, in a study using perfused muscle from starved rats, showed that
the increased 3-MH levels associated with food deprivation were not regulated by agents
that inhibit lysosomal proteolysis. Thus, whereas the addition of these inhibitors to the
perfusion medium decreased tyrosine release by 25-35%, no effect was found on the

release of 3-MH from myofibrillar proteins, indicating that the two pathways are regulated

by different mechanisms.
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This independent regulation for both types of proteins has also been studied by Goodman
(1987), who found that treatment of muscles with agents that inhibit 3-MH release had no
effect on the attenuation of total proteolysis. Others have proposed that the ubiquitin
system is the main proteolytic system in muscle responsible for both the degradation of

myofibrillar as well as soluble proteins (Solomon and Goldberg, 1996).

There are many reports in the literature that link the increased proteolysis rates seen under
different muscle wasting conditions to the activation of the ATP-ubiquitin system (sce
section 4.1.4). However, only a few have related such a response to the specific
breakdown of myofibrillar proteins. Tiao etal (1994) were able to show that, in response
to sepsis, the breakdown of myofibrillar proteins was the major contributor to total
proteolysis (myofibrillar protein breakdown increased 438%, whilst non-myofibrillar
protein breakdown only increased 9%), and that this response was associated with the
increased expression of the 2.4 Kb ubiquitin transcript. More recently, the same group
(Tiao et al, 1997) have provided conclusive evidence for the link between increased
myofibrillar protein breakdown, the energy-dependent pathway and the activation of the

ubiquitin degradative system.

Further support for the hypothesis that the ATP-ubiquitin system may be involved in the
degradation of myofibrillar proteins comes from experiments which have shown the
presence of ubiquitin-protein conjugates to be confined to the Z-discs of myofibrils (Riley
etal, 1988; Laub and Jennissen, 1991 and Hilenski etz al, 1992). Furthermore, the use of
proteasome inhibitors has been shown to inhibit the degradation of these proteins using in

vitro preparations of atrophying rat skeletal muscles (Tawa etal,1997).

4.1.3. The calpain system.

The calpain system is composed of a group of Ca2+-dependent proteases (calpains), which
differ in their respective requirements for calcium (millimolar (m) and micromolar (y)

concentrations, respectively) and the endogenous inhibitor calpastatin. Despite the early
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discovery of this system in relation to myofibrillar protein turnover (Reville etal, 1976) and
its identification in all vertebrate cells examined so far, a clear physiological role for this
ubiquitous system has not yet been established. In general, calpains catalyse the cleavage
of native proteins into large polypeptide fragments, but no further proteolytic action has
been ascribed. Calpains have been found to be involved in the activation of some enzymes
such as protein kinase C (PKC) (Melloni et al, 1986), cleavage of hormone receptors and
other membrane proteins, remodelling of the cytoskeleton (Glasser and Kosower, 1986)

and muscle regeneration following various kinds of injury (Moraczewski etal, 1996).

4.1.3.1. Isolation and calcium requirement.

m-calpain was first reported by Busch etal (1972) and later on by Reville etal (1976) as
a Ca?*-activated Z-disk-removing activity (CAF) associated with crude muscle extracts of
porcine muscle. This Z-disk-removing activity was purified by several chromatographic
methods (Dayton et al, 1976a), all of which yielded a single peak, and at all stages of
purification this activity coeluted together with Ca2+-activated proteolytic activity (as
measured against casein and myofibrils). Purified CAF migrated as a single band when it
was subjected to polyacrylamide gel electrophoresis (PAGE), but SDS-PAGE identified 2
subunits of estimated 80 and 30 KDa, respectively, which were found to be present in

equimolar ratios.

Purified CAF from porcine skeletal muscle was found to be optimally active on either
myofibril or casein substrates at 1 mM Ca2+. No CAF activity was detected in the presence
of other divalent ions (Co?*, Cu2+, Ni2+ and Fe2+) which, in the presence of 1 mM Caz2+,
had an inhibitory effect. Mn2+, Mg2+, Ba2+ and soybean trypsin inhibitor had no effect on
CAF activity, whereas iodoacetate inhibited it irreversibly (Dayton etal, 1976b).

The 30 KDa subunit is identical in m- and p-calpains and shows a high degree of

homology with other mammalian calpains sequenced so far. Itis encoded by a single gene

in humans and its C-terminal contains a calmodulin-like domain.
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The 80 KDa subunits are products of different genes which encode a protein with 4
different domains. Domain II contains the active site presumably formed by a Cys and a
His (similar to the active site found in other proteases), and domain IV contains a

calmodulin-like domain with four potential Ca2+-binding sites (Ohno etal, 1990).

A third type of Ca2+-dependent protease, a 94 KDa n-calpain, has only been found in

skeletal muscle. It shows significant sequence homology with both human p-type (54%)

and m-type (51%) large subunits, and contains four domains similar to those in the 80 KDa

subunits of m- and p-calpains (Sorimachi ezal, 1989). This enzyme is thought to be the
same as the high m-calpain reported by Wolfe etal (1989), which shows a very high Ca2+-
requirement, suggesting the possibility that the high m-calpain is an extracellular 74-76

KDa protease secreted after cleavage of the 94 KDa precursor.

It remains unclear how many Ca2+ atoms calpains bind since its determination is impeded
by the involvement of calcium in the autolysis of these enzymes. Despite the prediction of
eight binding sites from their amino acid sequences, m-calpains have been shown to bind
five or six (two on the small subunit and three or four on the large subunit), and p-calpains
four (two on the small subunit and two on the large) Ca2+ atoms per molecule, respectively

(Minami etal, 1987; Zimmerman & Schlaepfer, 1988 and Coolican etal, 1986).

4.1.3.2. Calpastatin.

In addition to calcium, calpain activity is regulated by a natural inhibitor protein,
calpastatin. Suzuki e al (1988) identified 2 types of inhibitors from mammalian sources:
liver and erythrocyte types. Despite having different molecular weights (107-170 KDa and
68-70 KDa, respectively), they were found to share the same properties in that they were
capable of inhibiting more than one molecule, indicating the presence of multidomains for
inhibition. Thus, one mole of liver type inhibitor was able to inhibit 4-10 moles of Ca2+-

activated neutral protease (CANP), whereas the erythrocyte type inhibited 3-5 moles of
CANP.
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Calpastatin activity has also been purified from rat skeletal muscle (Pontremoli et al, 1991)
by means of ion exchange chromatography. Two peaks were obtained which yielded two
forms of the enzyme with very similar molecular masses (105 KDa), but with different
inhibitory efficiencies with respect to calpains. Thus, the predominant calpastatin form
(calpastatin I) showed maximum efficiency for p-calpain, whilst the less abundant

calpastatin form (calpastatin II) was more active against m-calpain.

In mouse skeletal muscle, calpastatin was identified as a 70 KDa band and, using combined
light microscope and immunochemical techniques, it was shown to be localised under the
sarcolemma, corresponding to surface cytoplasmatic sites where dramatic changes of
calcium concentrations occur during muscle activity. Another important site was the

nucleus, probably in order to protect some oncogenes or kinases from calpain activity

(Fumagalli etal, 1996).

4.1.3.3. Role of calpains in myofibrillar protein breakdown.
Dayton etal (1976b) reported the ability of purified CAF to remove the Z-disks, the 400 A
periodicity associated with troponin in the I band and to degrade M lines, but it did not

cause any ultrastructurally detectable effects when incubated with myofibrils.

Goll et al (1991) have shown that both m- and p-calpain are capable of completely
removing Z-disks in skeletal muscle by releasing a-actinin from intact myofibrils. They

do not seem, however, to be involved in the actual degradation of this myofibrillar protein
since released a-actinin was able to bind pure F-actin, in the same way that untreated native
a-actinin does. Furthermore, calpains did not degrade purified a-actinin as indicated by
SDS-PAGE and N- and C-terminal analysis of calpain-treated and untreated a-actinin and

actin.

These findings are in agreement with the notion that calpains are not directly involved in the

degradation of myofibrillar proteins but, by cleaving at specific sites, they may enable other
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proteases to initiate degradation of the actomyosin molecules. Solomon and Goldberg
(1996), compared the rates of degradation of myofibrillar proteins both free and in the form
of multicomponent complexes by the ATP-ubiquitin-proteasome system. The study
showed that the purified components were more easily ubiquitinated and degraded by the
proteasome than the intact myofibrils, indicating that specific interactions between
myofibrillar proteins might protect them from ubiquitin-dependent degradation, with the

dissociation from the contractile filaments probably being the rate-limiting step in their

degradation.

4.1.34. Regulation of calpain activity.
It has been proposed that m- and p-calpains are present as inactive proenzymes or

zymogens in the absence of calcium and that they become autocatalytically activated at the

cell membrane in its presence (Suzuki ezal 1988).

CANP is thought to be inactive unless calcium is increased to micromolar levels in a
process called autolysis, which greatly increases calcium sensitivity of both m- and p-
calpains by modifying the N-terminal regions of both subunits. Pontremoli et al (1990)
purified a protein activator of estimated molecular mass 40-45 KDa from rat skeletal
muscle, which was shown to activate m-calpain by reducing its calcium requirement by 50
fold. This activator, which was specific for m-calpain, was also capable of modulating
calpastatin activity by suppressing its inhibitory activity on the proteinase. Michetti ef al
(1991) showed that the mechanism of activation of the enzyme involved the formation of an
equimolar complex which resulted in the conversion of the native 80 KDa catalytic subunit
of calpain into the autolysed 75 KDa form. The activator itself was found to be resistant to
digestion by m-calpain, whilst it increased the degradation rate of the inhibitor calpastatin

by the proteinase.

Although this type of modification appears not to have an effect on the activity and calcium

sensitivity of the small subunit, its N-terminal region (in particular domain V which is rich
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in Gly residues) seems indispensable for the interaction with phospholipid.
Phosphatidylinositol has been found to be the most effective phospholipid to lower the
calcium concentration, [Ca2+], required for this process (Suzuki ezal, 1988 and Cong et al,
1989), and so it allows autolysis to take place at physiological concentrations. Because the
calcium concentration required to initiate autolysis is very similar to that needed for
proteolytic activity (Cong et al, 1989), precautions must be taken when interpreting the
results since the concentrations chosen to avoid autolysis are usually lower than those

required for maximal calpain activity.

Other work disagrees with the role of membrane phospholipids in the regulation of calpain
activity. Immunolocalisation studies have failed to show preferential binding of calpains
and calpastatin to the plasma membrane (Kumamoto etal, 1992; Yoshimura et al, 1986 and
Kitahara et al, 1986). Furthermore, calpains have been shown to be associated with

proteins and not phospholipids at the plasma membrane (Inomata ezal, 1989).

An alternative mechanism for the regulation of calpain activity has been suggested by Goll
etal (1992), which involves the interaction of calpain with Ca2+ and calpastatin, and is
based on the order of its increasing [Ca?*] requirement. First, translocation of p-calpain to
subcellular organelles takes place (0.5-2 pM Ca2?*) and a subsequent increase in
intracellular [Ca2+], which induces proteolytic activity, would result in conformational
changes that leave the active site open. If calpastatin is already bound to calpain when Ca2+
binds, opening of the active site will result in its inactivation, but in the absence of
calpastatin, further binding of Ca2* to calpain initiates autolysis. If [Ca2+] is maintained,

calpain will continue to autolyze in the absence of calpastatin until its activity is destroyed.

However, neither of the two models offers a solution to the problem that a non-
physiological [Ca2+] is required in vitro for this process to take place, where only the first
step is likely to occur at physiological concentrations. It has been proposed (Goll et al

1992) that the presence of an unidentified activator (a kinase or phosphatase) in the cells
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could increase the affinity of the Ca2+-binding sites which would make calpains responsive

to fluctuations in [Ca2+*] in the physiological range.

Pontremoli et al (1992) have reported that the two calpastatin species isolated from rat
skeletal muscle correspond to the phosphorylated and the dephosphorylated states of a
single calpastatin isozyme form. The experiments suggest the implication of a
kinase/phosphatase system where phosphorylation of calpastatin I leads to a decrease in the
inhibitory efficiency versus p-calpain and in an increased inhibition of m-calpain, which

can be restored following dephosphorylation of calpastatin II by alkaline phosphatase.

In addition, recent evidence suggests the possible involvement of p-calpain in the activation

of m-calpain (a 'calpain cascade') which would overcome the much higher Ca2+

requirements for this enzyme (Tompa etal, 1996)

4.1.4. Activation of the different proteolytic pathways under various
muscle wasting conditions.

4.14.1. Cachexia.

The fast-growing AH-130 Yoshida ascites hepatoma (YAH) has been shown to cause a
pronounced decrease in body and muscle weights in recipient rats as early as 4-7 days after
transplantation. This weight loss imposed by the tumour, appears to be the consequence of
enhanced protein breakdown, which occurs through the activation of the ubiquitin pathway
(Llovera etal, 1994). No change was observed in the activities of lysosomal cathepsins
(apart from a transient effect on cathepsin L after 4 days of transplantation which was
absent at day 7), in fact, they were decreased. In contrast, both ubiquitin mRNA
expression (2.4 and 1.2 Kb transcripts) and free and conjugated ubiquitin were markedly
increased in gastrocnemius muscle of tumour-bearing rats. In a separate study, clenbuterol
was shown to effectively prevent the enhanced proteolysis associated with this model, by

blocking the activation of the ubiquitin proteolytic pathway (Costelli etal, 1995).
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Llovera etal (1995) also investigated the contribution of the other proteolytic systems to
overall protein breakdown using in vitro preparations of skeletal muscle from AH-130
Yoshida rats. They found no difference in the lysosomal and calcium components between
control and tumour-bearing animals, whereas the presence of ubiquitin conjugates was

significantly elevated in the latter group.

Baracos etal (1995) have reported a small contribution of the lysosomal pathway in the
same model. However, this does not seem enough to account for the enhanced proteolysis
associated with skeletal muscle of YAH rats. Indeed, inhibition of this system and the
calpains had no effect on proteolysis, whilst inhibition of ATP production abolished it.
Accordingly, increased mRNA expression was found for ubiquitin (2.5 Kb and 1.2 Kb),
and proteasome subunits C2 (1.3 Kb), C3 (1.0 Kb), C8 (1.1 Kb) and C9 (1.34 Kb).

Temparis ezal (1994) also reported that in the atrophying muscles of Yoshida sarcoma-
bearing rats, increased proteolysis could not be prevented when muscles were incubated
under lysosomal and calcium inhibitory conditions. Furthermore, the mRNA expression
for the lysosomal enzymes was no different from control muscles. Interestingly, however,
there was increased expression of m-calpain mRNA despite its lacking contribution to total
protein breakdown. The inclusion of ATP-depleting agents in the incubation medium, in
contrast, caused a significant reduction in proteolysis which was accompanied by increased
mRNA levels for ubiquitin (2.6 and 1.2 Kb), E2 (1.8 and 1.2 Kb) and the two proteasome
proteolytic core subunits C8 (1.1 Kb) and C9 (1.3 Kb).

4.1.4.2. Sepsis and cytokines.

In a septic rat model induced by caecal ligation and puncture, a catabolic state occurred
through a reduction in the protein synthesis rate (25%) and an increase in the total (50%)
- and myofibrillar protein (440%) degradation rates in EDL. These changes in both
synthesis and degradation rates led to a pronounced muscle wasting state which was

accounted for by the activation of the ubiquitin proteolytic system as determined by
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inhibitor studies and Northern and Western blot analysis, respectively (Tiao et al, 1994).
Using the same model, Garcia-Martinez etal (1995) reported similar results in the mRNA
expression for ubiquitin in gastrocnemius muscle. They also studied the effects of in vivo
administration of tumour necrosis alpha (TNF-a) and interleukin-1 (IL-1), respectively,
since there is evidence that endotoxins might exert their effects through the action of these
cytokines. TNF-a treatment was found to increase the expression of both of the ubiquitin
transcripts (2.4 and 1.2 Kb), whereas IL-1 did not. TNF-a has been associated with an
increased muscle proteolysis both in vivo and, more recently, it has been shown to be
capable of directly activating the ubiquitin proteolytic system using in vitro preparations of

rat soleus muscle (Llovera etal, 1997).

In a septic model induced by intravenous injection of E. Coli (Voisin et al, 1996), three
different phases were observed in the rats. Muscle wasting occurred during the acute and
chronic phases, whereas in the late septic phase, muscle mass stabilisation was reached.
Muscle catabolism in the acute phase was due to a decrease in the rate of protein synthesis,
whereas in the chronic phase an additional enhanced proteolysis was observed whose

subsequent suppression characterised the late septic phase.

mRNA expression of the different proteolytic enzymes was in accordance with the stage of
the disease. Thus, during the periods of significant muscle wasting, increased mRNA
expression was found for cathepsin B, m-calpain, ubiquitin, C8 and C9 (interestingly, E2
remained unchanged). On the other hand, no difference was observed between the gene
expression of muscles from late septic rats and those from pair-fed controls. Despite the
contribution from the lysosomal and calcium dependent pathways to the increased rate of
proteolysis seen in acute and chronic septic phases, their inhibition did not suppress it
whereas ATP depletion did, indicating that the ATP-dependent pathway was mainly

responsible for such an increase.
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Finally, a 3-4 fold increase in the expression of the ubiquitin gene and one of the 20S
proteasome subunits (HC3) have been found in human septic muscle, concomitant with

increased tissue levels of phenylalanine and 3-methylhistidine (Tiao etal, 1997).

4.1.4.3. Starvation and denervation atrophy.

Rats deprived of food for 24-48 h exhibited increased mRNA expression for ubiquitin and
the proteasome subunits C2, C3, C5, C8 and C9 in soleus and EDL (despite net loss of
total muscle RNA), which returned to normal levels 24 h later upon refeeding. No changes
in the expression of other proteolytic enzymes were found. Enhanced proteolysis, which
rose and fell in response to these changes, was attributed to skeletal muscle since other
organs (apart from heart) were not affected (Medina et al, 1995). The absence of apparent
changes in any of the components of the ubiquitin system in liver, in which overall
proteolysis also rises upon starvation, agrees with previous findings supporting a major
role for the lysosomal apparatus in the control of protein degradation (Wing et a, 1991).
In addition, the increase in ubiquitin conjugates was concomitant with the increase in both

mRNA expression and proteolysis (Wing etal, 1995).

Identical results regarding the activation of the ubiquitin-proteasome-dependent pathway

were obtained for denervated soleus muscle (Medina etal, 1995 and Wing etal, 1995).

4.1.4.4. Glucocorticoids in fasting, ageing and chronic renal failure.

Breakdown of muscle tissue is one of the earlier adaptations to fasting where
glucocorticoids are essential in the activation of proteolysis. The degradative systems on
which glucocorticoids exert their effects have been investigated by Wing and Goldberg
(1993) who found increased proteolysis in EDL muscles from fasted rats due to the
activation of the lysosomal and ATP-ubiquitin-dependent systems after one day of food
deprivation. No changes in proteolysis were observed in the fasted adrenalectomized rats
which, after administration of dexamethasone (DEX), exhibited the same response as the

fasted controls. Glucocorticoids appear to be responsible for the activation of the ATP-
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ubiquitin-dependent pathway (ubiquitin mRNAs are up-regulated) and subsequent
myofibrillar breakdown, whilst insulin deprivation leads to the enhanced lysosomal
activity. Interestingly, insulin has been shown to suppress the increase in mRNA
expression of E2 in L6 myotubes (Wing and Banville, 1994 and Wing and Bedard, 1996),

although it did not show any effect on the expression of ubiquitin or any of the proteasome

subunits (Wing and Bedard, 1996).

In insulinopenic rats, activation of the ubiquitin-proteasome pathway was concomitant with
increases in muscle protein degradation which was inhibited by a proteasome inhibitor and
by blocking the synthesis of ATP, but not by agents that suppress lysosomal or calcium-
activated proteases (Price etal, 1996).

The calpain system has also been shown to be upregulated in skeletal muscle of fasted
rabbits (Ilian and Forsberg, 1992). There was a 3-4 fold increase for m-, y-calpain and
calpastatin mRNAs and, in addition, the expression of cathepsin D and the proteasome

subunit C2 were also elevated.

Many disease states result in hypersecretion of glucocorticoids in ageing, which finally
leads to muscle wasting. Dardevet elal (1995) found that adult and old rats responded in
different ways in response to DEX treatment. Muscle wasting occurred more rapidly and
the recovery of muscle mass was more delayed in old rats than in adults. In adult rats,
muscle protein catabolism occurred through an increase in the rate of protein breakdown as
a consequence of the activation of the ubiquitin-proteasome proteolytic pathway (increases
in ubiquitin, E2, C2 and C9 transcripts were reported). However, a lack of activation of
this system was found in old rats (only ubiquitin expression was elevated) where wasting
of muscle tissue was due to a depression in the rate of protein synthesis. mRNA levels for

cathepsin D and m-calpain were found to be high in both adult and old rats.
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Chronic renal failure (CRF) is another disease associated with negative nitrogen balance
and loss of muscle tissue, where glucocorticoids have been implicated as the mediators in
the proteolytic response to acidification. In a study carried out by Isozaki et al (1996),
acidification of the medium or addition of DEX separately, did not increase proteolysis in
BC3H1 myocytes grown in 1% medium (ie, under conditions which reduce the influence
of other glucocorticoids as well as other hormones and cytokines). Acidification of the
medium, however, caused an increase in mRNAs for ubiquitin and the C2 proteasome
subunit which was significantly enhanced by the addition of DEX. The use of the steroid-
receptor antagonist RU 486 resulted in the blockage of the response to DEX, but the
mRNA levels for these genes remained elevated indicating that although acidosis can itself
have a direct effect on the activation of the ubiquitin-proteasome pathway, glucocorticoids

are required for increased proteolysis.

Similar results have been obtained by Bailey etal (1996) who reported increased mRNA
levels for ubiquitin, C3 and C9 in epitrochlearis muscle from acidotic rats. They showed
that the proteasome inhibitor MG 132 was capable of eliminating this response and, in
addition, neither inhibitors of the lysosomal nor those of the calpain system stopped CRF-
induced proteolysis whereas ATP-depletion did.

4.1.4.5. Other conditions.

A co-ordinated activation of the lysosomal, calcium- and ATP-ubiquitin-dependent
proteinases has also been found for unweighted soleus muscle (Taillandier et al, 1996).
Indeed, hindlimb suspension led to muscle atrophy and loss of protein, mainly due to an
elevation in protein breakdown to which the ubiquitin system was the main contributor (the
other two pathways only accounted for 18% of total proteolysis) and is therefore thought to

be responsible for the wasting seen in unweighted rats.

Changes in ubiquitin levels have also been found in human biceps muscle following high

force eccentric exercise. Both free and conjugated ubiquitin levels were elevated in
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response to exercise-induced muscle damage as determined by SDS-PAGE (Thompson and
Scordilis, 1994).

Patients with severe head trauma injuries who exhibited negative nitrogen balance and
increased whole body and myofibrillar protein breakdown were used in a study performed
by Mansoor etal (1996) who showed that muscle wasting resulted from the simultaneous
stimulation of the ATP-ubiquitin-dependent proteolytic pathway with either the lysosomal
or the calcium system or both. The high circulating levels of cortisol and/or IL-1f and/or

interleukin-6 (IL-6) could have accounted for the observed changes.

Finally, Duchenne-muscular dystrophy (DMD) and acute quadriplegic myopathy (AQM)
are the only muscle wasting conditions reported so far where, in contrast with the studies
mentioned above, the calpain system seems to play a major role. DMD in humans and in
mdx mice results from a defect in the dystrophin gene. It has been suggested that the lack
of this protein causes sarcolemmal defects that influence leak channels, leading to increased
protein degradation and a decrease in maximal active tension (Dupont-Versteegden and
McCarter, 1992). Indeed, dystrophic muscles from mdx mice have been shown to have
elevated intracellular calcium concentrations ([Ca2+];) and higher rates of protein
degradation both at rest and during stimulation (Turner et al, 1980). Furthermore, the
mRNA expression of m-calpain, but not that of the components of the ubiquitin-

protecasome pathway, has been reported to be elevated in dystrophic muscles (Combaret et
a, 1996).

Calpain activity has been found to be higher in muscles from AQM patients and it appears
to be responsible for the degradation of muscle proteins, namely myosin and actin, which
finally leads to loss of muscle fibres and profound muscle weakness. Accordingly, calpain
mRNA expression was found to be high whilst that of ubiquitin was only slightly

increased in a few atrophic fibres (Schowalter and Engel, 1997).
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4.1.5. Aims of the study.
The following experiments will investigate the effect of p24 and the MAC 16 tumour on the
activation of the different proteolytic pathways in skeletal muscle. The gene expression of

some of the components of the ubiquitin-proteasome degradative system will be analysed

as well as the presence of ubiquitin conjugates.
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4.2. Results.

Administration of p24 elicited the activation of an ATP-dependent proteolytic pathway in
skeletal muscle of NMRI females 24 h after the first injection (weight loss 1.4 g). ATP
depletion caused a significant reduction in the degradation of total muscle protein, whilst
inhibitors which blocked the lysosomal or calcium-dependent pathways had no effect on
the release of tyrosine from soleus muscles (figure 4.2). This inhibition of proteolysis was
consistent with the lower ATP content of those muscles which were incubated under

depleting conditions in contrast with control muscles which were incubated in ATP-

containing medium (table 4.1).

A co-ordinated activation of the lysosomal and ATP proteolytic pathways was responsible
for the increased protein breakdown associated with skeletal muscle of cachectic animals
bearing the MAC 16 tumour (weight loss 5 g 17 days after tumour transplantation) (figure
4.3). Total protein breakdown was inhibited when soleus muscles were incubated with the
inhibitors of the lysosomal or ATP-dependent pathways, suggesting the ability of the
tumour to activate the degradation of myofibrillar as well as non-myofibrillar proteins in the

process of wasting.

Further investigation into the mechanism of action of p24 revealed that, 24 h after the first
injection, this material was capable of significantly inducing the mRNA expression of
ubiquitin (Ub), E2 and C9 in gastrocnemius muscle. The 1.2 and 1.8 Kb transcripts of E2
(figure 4.4) and the 1.2 and 2.4 Kb transcripts of Ub (figure 4.5) were significantly
increased by 81%, 31%, 67% and 61%, respectively, as well as that of the 1.3 Kb
transcript of the C9 subunit (121%), which was determined in a separate experiment
(figure 4.6). The expression of the 1.2 Kb transcript of E2 was also significantly increased
in heart tissue (12%) (figure 4.7).
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The MAC 16 and MAC 13 tumours caused marked increases in the expression of the 1.2
Kb transcript of E2 and C9 (figures 4.8 and 4.9), although these were more pronounced
for the MAC 16 tumour (120 vs 22.5% and 203 vs 58%, respectively).

In accordance with the increased expression of some of the components of the ubiquitin-
proteasome system, the amount of ubiquitin-protein conjugates was also significantly
increased both in gastrocnemius muscles from p24-treated and mice bearing the MAC 16

tumour (14% and 42%, respectively) (figure 4.10).
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three main proteolytic systems
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Figure 4.2. Inhibition of total protein breakdown as measured by
tyrosine release after a 2 h incubation. Muscles previously pre-incubated
for 45 min (lysosomal- and calcium-dependent pathways) and 1 h (ATP-
dependent pathway). Media replaced thereafter and all muscles incubated in
Krebs buffer supplemented with glucose (except for the ATP pathway) and
cycloheximide. Inhibitors present throughout. Results are expressed as
mean + sem, where n = 4 muscles. Statistical analyses were performed by
Student’s unpaired t-test, where (*) P< 0.05.

ATP content in energy-depleted and control soleus muscles

Treatment arbitrary light units
+ATP 0.023 + 0.009
-ATP 0.006 + 0.001

Table 4.1. Reduction in the ATP content of muscles after energy
depletion. Results expressed as mean + sem, where n= 4 muscles.
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Figure 4.3. Inhibition of total protein breakdown as measured by
tyrosine release after a 2 h incubation. All muscles were incubated in Krebs
buffer supplemented with glucose (except for the ATP pathway) and
cycloheximide. Inhibitors present throughout. Results are expressed as
mean + sem, where n = 4 muscles. Statistical analyses were performed by
Student’ s unpaired t-test.
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E2 expression in gastrocnemius muscle following treatment
with p24 in vivo
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Figure 4.4. (A) Effect of p24 on the expression of E2 mRNA 24 h after
the first injection. Lanes 1, 2 and 3 are control muscles and lanes 4, 5 and 6
are p24-treated muscles. (B) Results are expressed as mean + sem and
statistical analyses were performed using the unpaired Student’s t-test,
where n = 3 muscles and (*) P< 0.05.
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Ubiquitin expression in gastrocnemius muscle following
treatment with p24 in vivo

2.4 Kb —
1.2 Kb " o

L8

0.9 Kb — - — -~

conuoi

N

24

Py

10000 =

arbitrary units

5000 =

1.2 Kb 2.4 Kb

Figure 4.5. (A) Effect of p24 on the expression of Ub mRNA 24 h after
the first injection. Lanes 1, 2 and 3 are control muscles and lanes 4, 5 and 6
are p24-treated muscles. (B) Results are expressed as mean + sem and

statistical analyses were performed using the unpaired Student’s t-test,
where n = 3 muscles and (*) P< 0.05.
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Figure 4.6. Effectof p24 on the expression of C9 mRNA 24 h after the
first injection. Results are expressed as mean + sem and statistical analyses
were performed using the unpaired Student’s t-test, where n = 3 muscles.
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arbitrary units

E2 expression in heart following treatment with p24 in vivo
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Figure 4.7. (A) Effect of p24 on the expression of E2 mRNA 24 h after
the first injection. Lanes 1, 2 and 3 are control samples and lanes 4, 5 and 6
are p24-treated samples. (B) Results are expressed as mean + sem and

statistical analyses were performed using the unpaired Student’s t-test,
where n =3 muscles and (*) P< 0.05.
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E2 expression in gastrocnemius muscles from mice bearing the
MACI16 and MAC 13 tumours
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Figure 4.8. (A) Effect of the MAC 16 and MAC 13 tumours on the
expression of E2 mRNA 2 weeks after transplantation. Lanes 1 to 4 are
control muscles, 5 to 8 are MAC 13 muscles and 9 to 11 are MAC 16
muscles. (B) Results are expressed as mean + sem, where n = 4 muscles
(except for MAC 16 where n = 3). Statistical analyses were performed by
unpaired Student’s t-test, where (**) P< 0.01 and (***) P< 0.001.
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Figure 4.9. (A) Effect of the MAC 16 and MAC 13 tumours on the
expression of C9 mRNA 2 weeks after transplantation. Lanes 1 to 4 are
control muscles, 5 to 8 are MAC 13 muscles and 9 to 11 are MAC 16
muscles. (B) Results are expressed as mean + sem, where n = 4 muscles
(except for MAC 16 where n = 3). Statistical analyses were performed by
unpaired Student’s t-test.

T
1.3 Kb

154




Ubiquitin-protein conjugates in gastrocnemius muscles from
MAC 16 and p24-treated mice
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Figure 4.10. Effect of p24 and the MAC 16 tumour on the formation of
ubiquitin-protein conjugates. (A) Lanes 1 to 3 are control muscles, 4 to 6
are p24-treated muscles and 7 to 9 are MAC 16 muscles (15 pug loadings).
(B) Results are expressed as mean + sem and statistical analyses were
performed using the unpaired Student’s t-test, where n = 3 muscles and (*)
P< 0.05.
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4.3. Discussion.

Administration of p24 caused an increase in total protein breakdown as measured by
tyrosine release from soleus muscle, which could only be inhibited under energy-depleting
conditions. Addition of lysosomal inhibitors to the medium had no effect on the attenuation
of protein breakdown, indicating that an alternative non-lysosomal pathway was
responsible for the increased protein degradation. The increased protein breakdown was
not affected by incubation of muscles in calcium-free medium and in the presence of the

specific calpain inhibitor, E-64.

Only lhoge muscles which were incubated in ATP-depleted medium, exhibited a significant
reduction in the rate of total protein breakdown, indicating an energy requirement for this
process. Because the medium was calcium-free and insulin and branched-chain amino
acids were added to the medium in order to block calcium and lysosomal protein
breakdown, respectively, it can be concluded that the inhibition of protein degradation was
almost exclusively due to the inhibition of the ATP-dependent system. This is further
supported by the fact that the ATP content for energy-depleted muscles was lower than that
of undepleted muscles (data were given in arbitrary light units instead of actual
concentrations since the very low values obtained did not match the sensitivity of the

standard curve (2 x 102 to 2 x 10-12 moles per assay).

The tyrosine release assay does not distinguish between total and myofibrillar protein
breakdown and therefore, additional 3-MH measurements could have proved useful in
these experiments in order to determine the influence of the different proteolytic pathways
in the degradation of both soluble and myofibrillar proteins. However, despite the
uncertainty about the contribution of myofibrillar protein breakdown to total proteolysis,
the fact that none of the inhibitors of the other two pathways had any influence on the
attenuation of protein degradation, in contrast with the response to energy depletion,

indicates that the early metabolic changes imposed by p24 are likely to be due to its ability
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to activate the ATP-dependent-proteolytic system which is responsible for the breakdown
of myofibrillar proteins in skeletal muscle (Goodman, 1987 and Lowel etal , 1986a)

The mechanism of action of p24 on the degradation of skeletal muscle protein and the ATP
dependence of this process were further investigated by Northern and Western blot
analyses. Northern blots showed mRNA levels for ubiquitin and the ubiquitin-conjugating
enzyme (E2) to be significantly increased in gastrocnemius muscle 24 h after treatment with
p24. Expression of the 2.4 Kb and 1.2 Kb ubiquitin transcripts increased by 61 and 67%,
respectively, and those of E2 by 31 and 81% (1.8 and 1.2 Kb), and in a separate
experiment, upregulation of the proteasome subunit C9 mRNA was also found (increased

by 121%).

Despite the observed changes in total proteolysis in response to energy-depleting
conditions, no detectable changes in the expression of these genes were found in soleus
muscle (not shown) which could have been due to the low amount of RNA which was
recovered. Alternatively, an early activation of gene expression before changes in energy-

dependent protein breakdown are detectable is also possible (Tiao etal, 1997).

As for soleus muscle, no changes were observed in the expression of these genes in liver
(not shown). However, a small but significant increase was observed for the E2 1.2 Kb
transcript in heart muscle (12%), suggesting that p24 might also be targeting heart muscle
as well as fast-twitch skeletal muscle through the activation of the same proteolytic

pathway.

Muscle homogenates were subject to SDS-PAGE and subsequent Western blot analysis
which revealed several bands corresponding to the different molecular weight ubiquitin-
protein conjugates. Overall, the presence of ubiquitin conjugates was significantly higher
in p24-treated muscles than in controls (14% increase), although no drastic changes were

observed between individual bands. Maybe, in view of the magnitude of the change in
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mRNA expression for some of the components of the ubiquitin pathway, a more
pronounced increase in ubiquitin conjugates might have been expected . However, in
addition to the inherent lower sensitivity of the method, these results can also be explained
by the fact that no fractionation between sarcoplasmic and myofibrillar proteins was carried
out and therefore, despite the preferential targeting of myofibrillar proteins for degradation,
this might have been masked by the presence of other soluble protein conjugates present in

the whole muscle preparations.

The increased total protein breakdown associated with soleus muscle from tumour-bearing
mice, was partially blocked under conditions which inhibited the lysosomal and ATP-
dependent pathways where total proteolysis was reduced by 28 and 32%, respectively.
Unlike soleus muscles from p24-treated animals, total proteolysis was not significantly
inhibited by depleting the medium of ATP. However, this could have been due to the
presence of residual ATP since no pre-incubation was carried out in this case.

Unfortunately, ATP levels were not measured on these samples to confirm this.

In addition, the contribution from the lysosomal pathway to total protein breakdown might
have obscured the higher proportion of myofibrillar protein breakdown. Indeed,
significant changes were observed in the levels of ubiquitin-conjugates of gastrocnemius

muscles from MAC 16 mice.

The presence of the MAC 16 and MAC 13 tumours elicited the activation of the ubiquitin-
proteasome system in their respective hosts, as determined by the increased expression of
E2 (1.2 Kb) and C9, although this was more dramatic in the case of the cachexia-inducing
MAC 16 tumour.

Although these data clearly suggest that the ATP-ubiquitin-proteasome proteolytic pathway
might be responsible for the muscle wasting associated with this cachectic model, an

association between myofibrillar protein breakdown and the activation of this system has
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not yet been made. First, technical difficulties may be overcome by the use of a more
suitable muscle than gastrocnemius for the muscle incubation assay, for which EDL could
be a good candidate. However, as for soleus muscle, only very small quantities of mRNA
can be obtained and therefore a large number of animals would be required. Secondly, the

release of 3-MH from the muscle preparation would provide the link between myofibrillar

protein breakdown and the activation of this proteolytic system.

159



Chapter 5
Investigation into the mechanism of action of p24
on protein turnover of cultured muscle cells.

5.1. Introduction.

5.1.1. Regulation of protein synthesis.

5.1.1.1. Regulation of protein synthesis at the translational level.

The process consists of three different stages: initiation, elongation and termination, all of
which are regulated by protein factors which ultimately modulate the rate of protein
synthesis. The control of protein synthesis by these factors is mainly determined by their
phosphorylation states and, in particular, those controlling the peptide-chain initiation stage
have received much of the attention on this field since it appears to be the main site of
regulation by hormones and growth factors. Long-term effects have been shown to
involve changes in the number of translation factors and ribosomes, whilst short-term
effects are known to be mainly due to changes in activity due to phosphorylation events. In
other words, there appear to be two distinct components which affect translation: one is the
capacity for translation which reflects the number of synthetically active ribosomes, the
increase of which requires the synthesis of new proteins and rRNA, and the second is the

efficiency of translation which relates to the translational machinery and activity of initiation

factors.

S.1.1.1.1. Capacity of translation.

In cultured chick embryo fibroblasts grown in the presence of 4% foetal calf serum,
Dephilip et al (1979) showed that treatment with insulin for 30 min stimulated the
incorporation of [*H]leucine and [?H]adenine into total cell protein and 28S rRNA,
respectively . Hesketh etal (1986) studied the response of quiescent 3T3 cells to insulin
and serum repletion after growing in media containing 4% foetal calf serum. Addition of

insulin caused an increase in protein synthesis after both short- and long-term incubations,

160



although the mechanism of these responses was different in each case on the basis of their
inhibition by actinomycin D. The inhibitor had no effect on the stimulation of protein
synthesis to insulin at 1 h, whilst it abolished this response at longer term incubations (at 1-
3 h and 7-8 h). Serum repletion had the same effect on protein synthesis as the later
component of the insulin response, ie, it increased ribosome production, while the
immediate response to insulin involved an increase in the number of ribosomes
incorporated into polysomes, which are the synthetically active units. Furthermore,
downregulation of protein kinase C (PKC) by treatment with dibutyrylphorbol ester
completely blocked the immediate response to insulin (1 h) but had no effect on the
response to serum or the later response to insulin. In conclusion, insulin stimulated protein

synthesis both at the translational and transcriptional levels and the former event appeared

to be dependent upon PKC.

These findings were further confirmed by inhibitor studies which showed that the

stimulation of protein synthesis by insulin after 1 h was not attenuated by a-amanitin (an
inhibitor of mRNA and tRNA synthesis), 5, 6-dichloro-1-f-D-ribofuranosylbenzimidazole
(DRB) (a mRNA synthesis inhibitor) or actinomycin D (an inhibitor of rRNA). In
contrast, by 2-3 h protein synthesis stimulation was sensitive to all three RNA inhibitors,

showing the need for both new rRNA and mRNA (Bardozc and Hesketh, 1989).

5.1.1.1.2. Efficiency of translation.

5.1.1.1.2.1. Regulation at the initiation stage.

As mentioned earlier, the increase in the efficiency of translation involves stimulation of the
activity of initiation factors (IFs), usually through changes in their phosphorylation states.
The best and most studied example is eIF-2, which catalyses the binding of Met-tRNA to
the ribosome in a GTP-dependent manner. elF-2:GDP is released from the ribosome and,
in order to bind another Met-tRNA, GDP must be exchanged by GTP in a step which is
carried out by eIF-2B (Redpath and Proud, 1994) (figure 5.1).
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The activity of elF-2B has been found to be decreased in skeletal muscle extracts from
starved and diabetic rats, which could not be attributed to any changes in the
phosphorylation state of the a subunit of eIF-2 (Jeffrey et al, 1990). The activity of elF-
2B was found to be markedly reduced in gastrocnemius and psoas muscles from diabetic
rats compared to control muscles and was restored following treatment with insulin in vivo
for 2 h. This diabetes-induced impairment in peptide-chain initiation was specific for fast-
twitch muscle, since the activity of elF-2B remained unchanged in soleus and heart
(Kimbal and Jefferson, 1988). Likewise, a decreased activity for elF-2B has also been
found in tissues from old rats in comparison with younger rats. The amount of eIF-2 was
decreased in general and this loss was shown to be due to a decrease in the efficiency of
translation of the eIF-2cc mRNA with age rather than to a change in transcription (Kimbal ez
d, 1992). In 3T3 cells where protein synthesis was shown to be stimulated by insulin,
whole serum, phorbol esters and epidermal growth factor (EGF), all these increases

correlated with an enhanced activity for elF-2B, whilst no changes in the level of

phosphorylation for elF-2a were found (Welsh and Proud, 1992).

It has been proposed that changes in elF-2B activity may be mediated by the action of
casein kinase II (CK 1I). CK II has been found to be significantly reduced in fast-twitch
skeletal muscle but not in cardiac muscle of diabetic rats, which may explain the reduced
activity of eIF-2B in the former tissue but not in the latter. In addition, NADP* inhibited
elF-2B in vitro and this was reversed following addition of an equimolar amount of
NADPH. Furthermore, an elevated NADPH/NADP+ ratio was found in heart suggesting
that NADPH may also prevent inhibition of elF-2B in vivo, whilst it remained unchanged
for fast-twitch skeletal muscle (Karinch et al, 1993). Dholakia and Wahba (1988) also
found an increase in elF-2B activity upon phosphorylation by CK II and inactivation by
glycogen synthase kinase-3 (GSK-3)-induced phosphorylation has been reported by Welsh
and Proud (1993). GSK-3 in turn, has been found to be inhibited by stimulation of
mitogen-activated protein (MAP) kinase and p90rsk (through phosphorylation) upon
treatment with insulin (Welsh etal, 1994).
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Defects in translation at the level of the formation of ternary complexes have also been
reported for skeletal muscle extracts from starved and diabetic rats. These were measured
by assaying the incorporation of [35S]methionyl-tRNA™Met into [35S]methionyl-tRNA Met.
40S-ribosomal subunit initiation complexes, which were 30-40% less active when
compared to those derived from fed and insulin-maintained controls, respectively. The
activity of ternary complexes in muscles from diabetic rats was restored by previous

treatment with insulin in vivo for 30 min (Harmon etal, 1984).

Defects in peptide-chain initiation in fast-twitch skeletal muscle from septic rats have also
been shown to be due to a decrease in activity for eIF-2B. Furthermore, no changes in the
phosphorylation pattern of elF-2a nor in its content were observed. In contrast and in
accordance with the physiological features of the disease, neither the extent of
phosphorylation of eIF-2a nor the activity of elF-2B were altered in the liver of septic rats
compared with controls. In fact, the hepatic eIF-2 content increased through an enhanced

rate of translation of eIlF-2 mRNA (Vary etal, 1994).

Another site of regulation of peptide-chain initiation involves the major ribosomal protein
S6. The efficiency of translation of globin mRNA was significantly stimulated in
ribosomal subunits purified from rabbit reticulocytes following phosphorylation with
mitogen-stimulated S6 kinase in vitro. In fact, the sites phosphorylated by the enzyme
were identical to those observed in vivo in response to insulin and growth promoting
agents, suggesting that synthesis of specific proteins may be modulated by the
phosphorylation state of S6 (Palent and Traugh, 1987). Further studies have also shown
that the initiation of protein synthesis was greatly enhanced by serum, epidermal growth
factor (EGF), prostaglandin F;, (PGF;,) and insulin, all of which stimulated
phosphorylation of S6. Even more, those ribosomes containing highly phosphorylated
forms of S6 were found to have a selective advantage in entering polysomes (Thomas et al,

1982).
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Another important site for regulation of translational activity is the 5’-end cap-binding site
of eukaryotic mRNAs. This cap structure is a modified guanosine moiety (7-methyl
guanosine) which is linked to the next nucleotide by a 5-5’ triphosphate group and it
appears to be essential for the alignment of the ribosome with the initiation codon. This
step is aided by the protein factors: elF-4a, eIF-4A, elF-4y and elF-4B, from which only
elF-4a can bind directly to the cap structure. The former three factors form a complex
termed elF-4F to which elF4-B binds in order to release elF-4a and therefore allow its
recycling (Redpath and Proud, 1994). eIF-4A, as part of this complex, is responsible for
unwinding the mRNA in order to permit the scanning of the 5’ -untranslated region (UTR)

by which the 40S subunit locates the initiation codon.

Treatment with insulin has been shown to stimulate phosphorylation of all the group 4
initiation factors and S6 in 3T3-L1 quiescent starved cells (Morley and Traugh, 1990).
Furthermore, a similar pattern of phosphorylation was achieved by 12-O-
tetradecanoylphorbol-13-acetate (TPA). elF-4a isolated from insulin- and TPA-treated
cells showed the same phosphorylation pattern, whilst elF-4y isolated from insulin
presented additional phosphorylation sites to those obtained following treatment with TPA.
Even more, treatment of downregulated cells with insulin showed little or no stimulation by
phosphorylation of elF-4a whilst that of elF-4y (and also S6) was increased. This
indicates that phosphorylation of elF-4a is stimulated only upon activation of protein
kinase C (PKC) while that of elF-4y occurs via TPA-dependent and insulin-dependent
pathways (Morley and Traugh, 1990).

Recently, the activity of eIF-4a has also been shown to be regulated by phosphorylated
heat and acid stable protein (PHAS-1) in response to insulin which, through activation of
MAP kinase, resulted in its dissociation from elF-4F and rendered a functional translation

complex (Pause etal, 1994 and O’Brien, 1994).
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The rate of cell growth in HeLa cells decreased when the cells were grown in unreplenished
medium and this decrease was found to be associated with a decrease in both the relative
abundance of most initiation factors and in the fraction of polysomal ribosomes. Serum
stimulation of serum-depleted cells resulted in the recruitment of most inactive ribosomes
and mRNAs into polysomes. In contrast, no recruitment of initiation factor mRNAs was

observed except for elF-4a whose synthesis was stimulated (Duncan and Hershey, 1985).

Aston University
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Figure §.1. Regulation of translation (from Redpath and Proud, 1994).
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5.1.1.1.2.2. Regulation at the elongation stage.

In contrast with the extensive regulation at the initiation stage, the role of elongation in the
regulation of translation is less well known. Elongation factor-2 (€EF-2) mediates the
translocation step which, following peptide bond formation, involves the transfer of the
peptidyl-tRNA from the A- to the P-site of the ribosome, the movement of the deacylated
tRNA from the P-site to the E-site and the movement of the ribosome relative to the mRNA
by one codon. e€EF-2 binds GTP and after translocation eEF-2:GDP is released from the
ribosome. It has been demonstrated that eEF-2 activity is suppressed through

phosphorylation by an eEF-2 kinase which leads to the cessation of translation (Redpath
and Proud, 1993).

5.1.1.2. Regulation of protein synthesis at the transcriptional level.

In addition to transcriptional attenuation and mRNA stability, regulation of transcription is
also carried out by the reversible phosphorylation of the factors controlling this process.
There are three main routes by which the information is transferred from the cell surface to
the nucleus (Edwards, 1994). The first, which is the most commonly used by growth
factors, involve the activation of MAP kinases which translocate to the nucleus where théy
alter the phosphorylation state of transcriptional factors. The second one involves direct
phosphorylation of a nuclear factor which is phosphorylated by a membrane receptor or
associated kinase, leading to its translocation to the nucleus (eg. Stat91). Finally, the third
pathway is engaged with the phosphorylation of inhibitor proteins which upon activation

can release a transcription factor which subsequently translocates to the nucleus (eg.

nuclear factor-k B, NF-xB).

The conversion points for all these signal transduction pathways are the so-called serum
response element (SRE), TPA response element (TRE) and the cAMP response element
(CRE). These promoter sites (and subsequently gene expression) are subject to regulation
by transcription factors which are under the control of protein kinases whose activities, in

turn, are regulated by hormones and growth factors.
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One of the most studied transcription factors is activator protein-1 (AP-1), which binds to
the TRE of several cellular and viral genes whose transcription is induced by TPA via PKC
activation, although there is also evidence for PKC-independent pathway(s) (Angel and
Karin, 1991). In addition, PKC also mediates the activation of other transcription factors
which are distinct from AP-1 and which are involved in the recognition of other promoter

sites such as the SRE of the c-fos gene (Hata etal, 1993).

AP-1 is a dimer formed by the association of the products of the c-jun and c-fos proto-
oncogenes (c-Jun:c-Fos heterodimers), although the Jun proteins can also form
homodimers (c-Jun:c-Jun). Dimerisation takes place through hydrophobic interactions
between ‘leucine zippers’ and all possible complexes have very similar properties with
regard to DNA recognition and interaction (which relies on a basic region localised
immediately upstream to the leucine zipper), although the higher thermostability of the

former accounts for their greater affinity (Angel and Karin, 1991).

In addition to their role in inducing the transcription of many genes, c-Jun and c-Fos also
induce their own transcription after PKC activation and in the case of the c-fos promoter,
several binding sites have been found which are the target of a wide range of stimuli. One
of these binding sites is SRE which is the conversion point for many of the PKC-
dependent and -independent signals triggered by growth factors. Function of this promoter
requires the binding of a protein termed serum response factor (SRF) to which an
additional protein, p62T¥(ternary complex factor), binds to form a ternary complex which
confers responsiveness to PKC-dependent signalling pathways. On the other hand, SRF
on its own or in the presence of other unidentified factor(s) is responsible for PKC-

independent modulation (Graham and Gilman, 1991).

Elk-1, which is immunologically related to HeLa cell p62TCF, is a SRF accessory protein
which has also been shown to have p62TCF-like DNA binding properties. Phosphorylation

of Elk-1 has been suggested to occur via activation of MAP kinases in response to growth
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factors, an event which has no effect on the ability of the transcription factor to bind DNA
but it potentiates the activity of a transcriptional activation function associated with the

conserved Elk-1 C-terminal region (Marais etal, 1993).

Finally, the activity of AP-1 has also been shown to be modulated at the post-
transcriptional level by means of phosphorylation/dephosphorylation events which may
involve the action of glycogen synthase kinase-3 (GSK-3) and/or phosphatases (Angel and
Karin, 1991) and by the interaction of AP-1 with other proteins distinct from the jun or fos

families such as the glucocorticoid receptor (Jonat efal, 1990 and Schiile etal, 1990).

5.1.1.3. The role of second messenger signal transduction pathways in the control of
protein synthesis in skeletal muscle.

The studies described above have outlined the importance of phosphorylation and
dephosphorylation events in the control of protein synthesis. Since the phosphorylation
state of protein factors controlling both translational and transcriptional processes appears
to be crucial in determining the expression of proteins, the mechanisms by which these

signal transduction events take place deserves further consideration.

Most extracellular stimuli interact specifically with their respective receptors at the plasma
membrane level and it is this specific interaction that leads to the generation of second
messenger molecules which are responsible for transducing this information within the cell.
There are some exceptions such as in the case of glucocorticoid hormones which, due to
their lipidic nature, are able to diffuse through membranes and can directly bind to their
nuclear targets. In this chapter we are concerned with the molecular events modulating the
rate of protein synthesis in skeletal muscle in response to hormones (mainly insulin) and

growth factors.

A major source of second messengers is derived from phospholipid metabolism.

Hydrolysis of membrane phospholipids, either generated upon receptor stimulation or
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mechanical stimuli, leads to the production of diverse signalling molecules such as
arachidonic acid (AA) and its metabolites, diacylglycerol (DAG), phosphatidic acid (PA)
and lysophosphatidic acid (LPA). Inaddition to phospholipid-derived second messengers,
alterations in the intracellular concentration of ions or cyclic nucleotides have also been

shown to influence the rates of protein synthesis.

5.1.1.3.1. Role of prostaglandins in the stimulation of protein synthesis by insulin.

The stimulation of protein synthesis by insulin has been shown to correlate significantly
with the release of PGF,, from isolated muscles from fasted rabbits. The effect of insulin
on protein synthesis was completely abolished by the cyclooxygenase inhibitors
indomethacin and meclofenamate (Reeds and Palmer, 1983) and indomethacin has also
been shown to block this stimulatory effect in vivo in response to insulin (which increased
the plasma concentration of PGF;,) (Reeds et al, 1985), in L6 myoblasts (Palmer and

Bain, 1989) and in isolated rabbit muscles in response to intermittent stretching (Palmer et

d, 1983).

The use of cultured cells makes it possible to distinguish between translational and
transcriptional effects of hormones on the rates of protein synthesis. Thus, in L6
myoblasts, insulin stimulated protein synthesis by 15% at 30 min and by 40% at 6h when
RNA accretion occurred. Indomethacin inhibited the rate of protein synthesis both in the
absence and in the presence of insulin and also the insulin-stimulated accretion of RNA.
These results indicated that the effect of insulin on protein synthesis was mediated by
eicosanoid production which affected both the translational efficiency and RNA accretion
(Palmer and Bain, 1989) although the use of ibuprofen, a more selective cyclooxygenase
inhibitor, showed no inhibition of RNA accretion in L6 cells in response to insulin

(Thompson et al, 1993), excluding the possibility of prostaglandins controlling the

transcriptional process.
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However, these results do not exclude the role of arachidonate (AA) metabolism in
mediating the transcriptional effect of insulin since indomethacin is also known to be a
phospholipase A (PLAj) inhibitor (Kaplan et al, 1978). Furthermore, the PLA;
inhibitors, dexamethasone and mepacrine, prevented the insulin-induced stimulation of
protein synthesis in L6 myoblasts (as well as PGF;, production) at 6 h to a extent similar
to that achieved with the cyclooxygenase inhibitors (Southorn and Palmer, 1990). In fact,
glucocorticoids have been shown to have opposite effects to those of insulin on protein

synthesis in addition to their ability to induce insulin resistance (Southorn etal, 1990).

5.1.1.3.2. The role of protein kinases in the control of protein synthesis by insulin.
5.1.1.3.2.1. p70s6k and p90rsk S6 kinases.

The insulin-induced increase in the translational component of protein synthesis has been
suggested to be due to phosphorylation of the major ribosomal protein S6 and, in Swiss
3T3 cells, PGF;, has been shown to stimulate S6 phosphorylation (Pelech and Krebs,
1987). S6 can be phosphorylated by the 70 and 80 KDa (p7056k) and the 90 KDa (p90rsk)
S6 kinases. The activation of p90rsk involves mitogen-activated protein (MAP) kinases

whilst those responsible for the activation of p70s6k are unknown.

The role of p90rsk in the activation of protein synthesis by insulin; however, is not so clear
since much higher concentrations of insulin appear to be required to stimulate MAP kinase
(100 nM) (Thompson et al, 1995, 1996a) than those needed to stimulate protein synthesis
(below 1 nM) in L6 cells (Palmer and Bain, 1989 and Thompson et al, 1995).
Additionally, rapamycin, an inhibitor of p70s¢k | attenuated the stimulation of protein
synthesis in L6 (Thompson et al, 1995) and C,C;, myoblasts in response to insulin
(Palmer et al, 1997). Rapamycin has been shown to block both p70s¢k activation and
dephosphorylation of S6 with a subsequent decrease in the translational rate of protein

synthesis in 3T3 cells (Jefferies etal, 1994).
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Insulin also controls the activity of the mRNA cap-binding complex, elF-4F, by regulating
the phosphorylation state of PHAS-1 (see section 5.1.1.1.2). PHAS-1 has been shown to
be a substrate for MAP kinase in vitro, unlike for the other two major insulin-stimulated
protein kinases p90rsk and p70s6k (Haystead etal, 1994), and in vivo (Azpiazu etal, 1996)
in response to insulin, which causes its dissociation from eIF-4E therefore relieving the

inhibition of translation (Pause etal, 1994).

MAP kinases also regulate the activity of key enzymes in skeletal muscle. For instance,
stimulation of glycogen synthesis in skeletal muscle results from the dephosphorylation and
activation of glycogen synthase. This occurs by inhibition of glycogen synthase kinase-3
(GSK-3) through phosphorylation (Saito etal, 1994) which has been shown to be induced
by insulin, insulin growth factor-1 (IGF-1) (Cross etal, 1994) and epidermal growth factor
(Saito etal, 1994), and reversed by incubation with protein phosphatase-2A (PP2A) (Cross
etal, 1994). Incubation of rat diaphragm muscles with insulin increased glycogen synthase
activity by 2-fold as well as the activities of the p90rsk and p70s6k kinases, which were
inhibited by a MAP kinase inhibitor (MEK) while having no effect on synthase activity. In
addition, rapamycin inhibited the activation of both p70s6k and glycogen synthase (Azpiazu
et al, 1996), suggesting a role for p70s6k in the stimulation of glycogen synthesis by
insulin. In the study carried out by Cross etal (1994), in contrast, rapamycin also blocked
the activation of p70s6k but it was found no effect on the inhibition of GSK-3 or the
activation of p90rsk by IGF-1. Even more, the PI 3-kinase inhibitor wortmannin,
prevented both the inactivation of GSK-3 and the activation of p90rsk and p70s6k by insulin

and IGF-1, respectively, suggesting that p90rsk mediates the stimulatory effect of insulin of

glycogen synthesis.

5.1.1.3.2.2. Protein kinase C (PKC).

Insulin promotes protein synthesis by stimulating both the translation and transcription

processes. Prostaglandins (in particular PGF,,) appear to be involved in the rapid

translational effect of the hormone, whilst an AA-sensitive pathway which implicates a
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PKC isoform resistant to downregulation by TPA seems to be responsible for the
stimulation of transcription (Thompson et al , 1993) (Figure 5.2). Thompson and co-
workers found that the PKC inhibitor, Ro-31-8220, inhibited the ability of insulin to
stimulate RNA accretion and protein synthesis at 6 h, while this was not prevented by
downregulation of L6 cells with TPA. Immunoblotting of L6 PKC isoforms revealed the
presence of a, 8, p, € and probably v and € isoforms (Thompson et al, 1997). Since
skeletal muscle and L8 skeletal muscle cells contain a, 8, € and € isoforms, from which a,
e and € can be stimulated by AA, and downregulation with TPA removes «, & and ¢, the
isoform therefore appears as the candidate for mediating the insulin action (Thompson and

Palmer, 1997).

Aston University
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Figure 5.2. Stimulation of protein synthesis by insulin (from Thompson and

Palmer, 1997).
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In skeletal muscle, Wahle et al (1987) found that TPA stimulated protein synthesis by
57%, however, indomethacin -at concentrations that block stimulation of protein synthesis
by insulin and AA- did not fully reverse this effect, suggesting an alternative pathway in the
stimulation of protein synthesis by TPA. PKC has been shown to stimulate protein
synthesis in both L6 and C,C;2 myoblasts through its ability to stimulate phospholipase D
(PLD) in response to TPA following a 90-min incubation . PLD activity was assessed by
the intra- and extracellular release of [3H]choline from L6 and C,C; 5 cells and the release
of [14C]Jethanolamine from L6 cells. Even more, a similar pattern was obtained with the
addition of a highly purified exogenous source of PLD (Thompson etal, 1994; Morrison et
al, 1995 and Thompson et al, 1997). In fact, TPA and PLD elicited similar responses
regarding the stimulation of protein synthesis at 90 min (15 and 13%, respectively). The
PKC inhibitor, Ro-31-8220, and downregulation of PKC (which removed a, € and d) in
L6 myoblasts inhibited both PLD activity and stimulation of protein synthesis, suggesting
that the stimulatory action of TPA on protein synthesis might be mediated through the a., €

and/or & isoforms (Thompson etal, 1997).

A similar pathway to that employed by insulin might also be involved in the stimulation of
protein synthesis by vasopressin, in that it enhanced in the rate of transcription and RNA
accretion after 6 h. Downregulation with TPA did not abolish this response and yet it was
completely blocked by the PKC inhibitors Ro-31-8220 and bisindolylmaleimide, rendering
the PKC € isoform as the mediator of the vasopressin response (Thompson et al, 1997).

As for TPA, vasopressin also stimulated PLD, although this enzyme activity was not
responsible for the action of vasopressin on protein synthesis since the maximum
stimulation of protein synthesis by vasopressin was much greater than by PLD after 6 h (30
and 12%, respectively). Furthermore, the ECsq for activation of protein synthesis was 10-

fold greater than that for the activation of PLD (Thompson etal, 1994).
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5.1.1.3.2.3. Cyclic adenosine 3'-5’-monophosphate (cCAMP) and protein kinase A (PKA).
Part of the anabolic effect of clenbuterol on muscle is due to its ability to increase protein
synthesis but, unlike the effect of non-steroidal antiinflammatory drugs (NSAIDs) on the
stimulation of protein synthesis by insulin, administration of fenbufen -while inhibiting
PGF, production- did not prevent the clenbuterol-induced RNA and protein deposition in
rat skeletal muscle (Palmer etal, 1990), indicating that alternative pathways are involved in
the control of protein synthesis. This is further supported by the fact that TPA-induced
stimulation of protein synthesis is not completely blocked by indomethacin (Wahle et al,

1987).

A cAMP-dependent kinase was shown to directly phosphorylate hepatic ribosomal S6
protein in both whole ribosomes and 40S ribosomal subunits (Wettenhall and Cohen, 1982
and Wettenhall and Morgan, 1984). cAMP and its analogue dibutyryl-cAMP, dbt-cAMP,
were shown to stimulate both cAMP-dependent kinase activity and S6 phosphorylation in
bovine anterior pituitary gland (Barden and Labrie, 1973) and, in rat skeletal muscle,
cAMP stimulated the rate of protein synthesis (Lewis etal, 1982). Concomitant stimulation
of S6 phosphorylation and translation by cAMP have indeed been reported in a number of
mammalian (Keller et al, 1982 and Wettenhall and Howlett, 1973) and non-mammalian

systems (Gressner and Van de Leur, 1980 and Glover, 1982).

In rat L6 myoblasts, dbt-cAMP stimulated protein synthesis at 90 min and 6 h and similar
responses were achieved with forskolin, an agent that directly stimulates adenylate cyclase.
The 90-min response was not affected by actinomycin D whilst TPA and insulin had
additive effects to those of dbt-cAMP. Rapamycin, an inhibitor of p70s6k, also had no
effect on the attenuation of this response, however, immunoblotting of stimulated cell
extracts revealed increased phosphorylation of the 42 and 44 KDa forms of MAP kinase,
although the additive effects of TPA were not mediated at this level (Thompson et al,
1996a). These results suggest the existence of an alternative pathway controlling protein

synthesis in skeletal muscle which involves phosphorylation of S6 by PKA, possibly
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through the action of p90rsk, Additionally, this route may also be involved in the activation
of translation through the phosphorylation of initiation factors such as elF-4E (Proud,
1994).

Regarding the role of this pathway in stimulation of transcription, dbt-cAMP (and
forskolin) stimulated both RNA accretion and protein synthesis but, unlike at 90 min,
insulin did not cause a synergistic effect and yet it elicited an additive effect on MAP kinase
activation, supporting the notion that this enzyme is involved in the additive effects of
insulin and cAMP on protein synthesis at 90 min (Thompson et al, 1996a). It has been
suggested that stimulation of protein synthesis by this pathway may involve
phosphorylation of cAMP-responsive element modulator, CREM, by PKA (Takahashi,
1993). Furthermore, deGroot etal (1994) have shown p70s6k to regulate the activity of
CREM and also to phosphorylate the same serine residue as PKA in response to mitogenic

stimulation with serum growth factors both in vitro and in vivo.

Finally, protease-activated kinase (a cAMP-independent kinase) phosphorylation of S6 and
enhancement of translation has also been reported by Burkhard and Traugh (1983) who, in
contrast, found a decrease in translation upon phosphorylation of S6 by a cAMP-dependent
kinase. Furthermore, five phosphorylation sites were induced by protease-activated kinase
IT and two in response to cAMP-dependent kinase (one of them was common to both)
(Perisic and Traugh, 1983). These results suggest that an alternative role of cAMP in the

modulation of protein synthesis although, up to this time, this system has not been

characterised in skeletal muscle.

5.1.2. Regulation of protein degradation and the possible role of second
messenger signal transduction pathways.

The mechanisms which control the regulation of myofibrillar and non-myofibrillar protein
breakdown have been discussed in detail in chapter 3. However, not so much is known

about the cell signalling pathways which modulate these processes.
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Regarding the degradation of myofibrillar proteins, the presence of phosphorylation sites in
several proteasome subunits (Tanaka et al, 1990; Heinemeyer et al, 1994; Dubiel e? d,
1992 and Arrigo and Mehlen, 1993) suggests the possibility of some type of short-term
regulatory events which may take place through the activation of
phosphorylation/dephosphorylation cascades. Furthermore, a cAMP-dependent protein
kinase activity and a casein kinase II activity have been found to co-purify with different

proteasome subunits (Pereira and Wilk, 1990 and Ludemann etal, 1993).

Long-term induced changes in the mRNA expression of lysosomal and calcium-dependent
proteases and in particular that of the components of the ubiquitin-proteasome pathway
have been discussed in chapter 4. Glucocorticoids have been shown to activate the
expression of the ubiquitin-conjugating enzyme E2, and simultaneously stimulate the
degradation of myofibrillar proteins in C,C; 2 myotubes, as measured from the release of 3-
MH into the incubation medium, a finding that for the first time provides a direct link
between the glucocorticoid-induced myofibrillar protein degradation and the activation of
the ubiquitin system (Thompson et al, 1996¢). However, dexamethasone, which has also
been shown to increase the rate of protein breakdown in L8 myotubes, did not have any
effect on the expression of the C2 proteasome subunit although, interestingly, was
associated with an increased expression for cathepsins B and D (Hong and Forsberg,
1995). The mechanism by which glucocorticoids influence the expression of some genes,
including those encoding the ubiquitin system, has been proposed to be mediated by direct
protein-protein interactions between the glucocorticoid receptor and transcription factors

such as AP-1 (Jonat etal, 1990 and Schiile etal, 1990).

Finally, cytokines have also been proposed to play a role in the signalling pathways
mediating the degradation of muscle proteins. An increased 26S proteasome activity (as
well as cathepsins B and L activities) has been found to be associated with an enhanced
transcription in C,Cy2 myotubes following treatment with human recombinant IL-6 (Ebisui

etal, 1995). Inisolated skeletal muscle, human recombinant TNF-a has been shown to be
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capable of directly inducing ubiquitin expression (Llovera et al, 1997) and myofibrillar
protein breakdown (Goodman, 1991). A novel intracellular signalling pathway mediated
by TNF, which involves the hydrolysis of sphingomyelin to ceramide with the subsequent
stimulation of a ceramide-activated protein kinase, has been suggested to increase nuclear
transcription by NF-xB in HL-60 cells (Yang et al, 1993). Furthermore, a protein
phosphatase activity has also been shown to be stimulated by ceramide, supporting the
notion of a new sphingomyelin-mediated signalling pathway (Dobrowsky and Hannun,

1992).

5.1.3. Aims of the study.

In an attempt to establish the exact mechanism of action of p24 on the protein turnover rates
of skeletal muscle, the C,C; 5 cell line will be used as the in vitro system to study the rates
of both protein synthesis and degradation. The use of cultured cells will provide accurate
and reliable measurements on the stimulation of these rates without the influence of external

factors and the disadvantages of using animal models or in vitro muscle preparations.
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5.2. Results.

p24 induced a significant alteration of the protein turnover of C2C2 myoblasts by causing
both an inhibition of the rate of protein synthesis and an enhancement of proteolysis.
Protein synthesis was inhibited in a dose-dependent manner after a 90 min incubation with
concentrations of the proteolytic factor which ranged from 0.05 to 0.25 ug of protein,
reaching a maximal significant effect at 0.1 yg for which a 20% decrease was achieved
(figure 5.3). Incubation of C,Ciz myoblasts with p24 for longer periods did not
significantly affect the rates of protein synthesis although there was a slight tendency for its
decrease at very low concentrations (0.05 ug). Incubation of C;C;, myotubes with p24
did not affect the rate of protein synthesis at longer incubations (6 and 24 h) whilst after a
90 min incubation there was a small reduction at lower concentrations, again reaching a
maximum effect at 0.1 g although these reductions were not significantly different from

the control values (figure 5.4).

The depression in the rate of protein synthesis was shown to be specific for the affinity
purified glycoprotein since the inclusion of the monoclonal antibody (mAb) in the
incubation medium not only inhibited this response completely but, in fact, it increased the

rate of protein synthesis significantly (figure 5.5).

Treatment of myoblasts with insulin completely blocked the inhibition of protein synthesis
by p24 (figure 5.6). Insulin was effective in suppressing the effect of p24 at
concentrations as low as physiological levels (1 nM) and below (0.1 nM) and significant

increases in the rate of protein synthesis were observed at all concentrations of insulin

studied.
As for the muscle preparations (chapter 3), EPA had no effect on the restoration of protein

synthesis rates (figure 5.7). At 10 M and 50 uM, EPA was found to have a positive

effect on the basal protein synthesis rate of C,C;2 myoblasts when incubated for 24 h,
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while having a toxic effect at higher concentrations (not shown). However, these

concentrations did not prevent the inhibition of protein synthesis by p24.

Increased proteolysis, as measured by phenylalanine release, was detected as early as 6 h
after the addition of p24 to C,C; myoblasts, which reached significant levels at
concentrations between 0.07 and 0.10 ug. Increased proteolysis rates were maintained
significantly higher than the controls when C,C;, myoblasts were incubated for longer
periods of time (24 and 48 h) at concentrations corresponding to 0.01 and 0.10 ug. Above
these concentration values, the rate of proteolysis was not different from control values or

even became significantly inhibitory (figure 5.8).

In C,C;2 myotubes, p24 caused a significant elevation in the rate of myofibrillar protein

breakdown (17%) as measured by 3-MH release after 48 h (figure 5.9).
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Figure 5.3. Effect of p24 on the rate of protein synthesis of C,Cy;
myoblasts. L-[2,6-3H]-Phenylalanine was included during the last hour of
each incubation period and the synthesis rates were calculated as specific
radioactivity (Sr), ie, dpm incorporated per pg of protein per hour. Each
point represents the mean of 5 samples and each experiment was carried out
at least twice. Statistical analysis was performed by the unpaired Student's
t-test where (*) P< 0.05.
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Figure 5.4. Effect of p24 on the rate of protein synthesis of C;C,;
myotubes. L-[2,6-3H]-Phenylalanine was included during the last hour of
each incubation period and the synthesis rates were calculated as specific
radioactivity (Sr), ie, dpm incorporated per ug of protein per hour. Each
point represents the mean of 5 samples and each experiment was carried out
at least twice. Statistical analysis was performed by the unpaired Student's
t-test.
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Effect of the monoclonal antibody on the p24-induced
inhibition of protein synthesis of C>C;> myoblasts
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Figure 5.5. Effect of the monoclonal antibody (mAb) on the p24-induced
inhibition of protein synthesis of C,C;, myoblasts. Cells were pre-treated
with the mAb for 1 h and then incubated with p24 for 90 min. Protein
synthesis rates were determined as previously described in figure 5.2 and
each point represents the mean of 5 samples and each experiment was
carried out at least twice. Statistical analysis was performed by the unpaired
Student's t-test, where (¥*) P< 0.01.
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Effect of insulin on the p24-induced inhibition
of protein synthesis of C>C ;> myoblasts
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Figure 5.6. Effect of insulin on the p24-induced inhibition of protein
synthesis of C,C;; myoblasts. Cells were pre-incubated with insulin for
1.5 h and p24 was then added for another 1.5 h. Protein synthesis rates
were determined as previously described in figure 5.2 and each point
represents the mean of 5 samples and each experiment was carried out at
least twice. Statistical analysis was performed by the unpaired Student's t-
test where (¥*) P< 0.05, (**) P< 0.01 and (***) P< 0.001.
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Effect of EPA on the p24-induced inhibition of protein
synthesis of C>C;> myoblasts
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Figure 5.7. Effect of EPA on the p24-induced inhibition of protein
synthesis of C,C;, myoblasts. Cells were pre-treated with EPA 24 h
before the start of the experiment and then incubated with p24 for 1.5 h.
Protein synthesis rates were determined as previously described in figure
5.2 and each point represents the mean of 5 samples and each experiment
was carried out at least twice. Statistical analysis was performed by the
unpaired Student's t-test where (*) P< 0.05.
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Effect of p24 on the rate of total protein degradation
of C2C > myoblasts
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Figure 5.8. Effect of p24 on total protein degradation of C,C,,
myoblasts. Cells were labelled with L-[2,6-3H]-Phenylalanine (3Phe) 24 h
before the start of the experiment, washed and incubated with p24 for
different periods of time. Rates of protein degradation were calculated by
dividing the amount of 3Phe released into the incubation medium by the
protein-bound 3Phe. Each point represents the mean of 6 samples and each
experiment was carried out at least twice. Statistical analysis was performed
by the unpaired Student's t-test where (*) P< 0.05, (¥**) P< 0.01 and (***)
P< 0.001.
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Figure 5.9. Effect of p24 on myofibrillar protein breakdown of C3C;2
myotubes. Cells were incubated with p24 for 48 h at the end of which the

amount of 3-MH released into the incubation medium was determined by

5.

Statistical analysis was performed by the unpaired Student's t-test where

(***) P< 0.001.

GC-MS analysis. Results are expressed as mean + sem, where n
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5.3. Discussion.

The results presented in the previous section have shown that p24 is capable of increasing
protein turnover in C,Cy5 cells by causing both an inhibition of protein synthesis and
increasing proteolysis. Rates of protein synthesis were calculated as Sr, ie, the specific
radioactivity (dpm) incorporated per ug of protein per hour, as described by Southorn and
Palmer (1990) and expressed as the percentage of control values. In vivo, fractional rates

of protein synthesis are calculated according to the following equation:

Ks=Srx 100/ Six t,

where Ks represents the rate of protein synthesis expressed as a percentage of the protein
synthesised per day, Sr is the specific radioactivity of the protein-bound phenylalanine
(3Phe), Si corresponds to the specific radioactivity of the intracellular free pool and t is the
time of incorporation in days. However, unlike the in vivo situation, in cultured cells and
in vitro muscle preparations, the Si values are considered to be constant since the precursor
amino acid pool is virtually the same as the specific radioactivity of 3Phe in the incubation

medium and consequently, Ks is directly proportional to Sr (Morrison, 1995).

Inhibition of protein synthesis by p24 might result from its ability to block translation,
since no significant changes were observed at 6 h or beyond which would have reflected
changes at the transcriptional level. However, this cannot be completely ruled out since
very low concentrations appeared to cause a small reduction in protein synthesis at longer
incubation times (6 and 24 h). Significant reductions in the rate of protein synthesis were
repeatedly achieved by incubating C;C; ; myoblasts with approx 0.1 ug of glycoprotein for
90 min, an effect which was specific to this material since it was completely abolished

following pretreatment of the cells with the monoclonal antibody.

The role of p24 on the inhibition of translation is supported by the fact that pretreatment of

cells with insulin for 90 min prevented any effect induced by the affinity purified material.
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Furthermore, all concentrations of insulin used (0.1 nM to 10 nM), significantly increased
the rates of protein synthesis in the presence of p24 at a concentration which maximally
suppressed protein synthesis in the absence of the hormone. These results suggest that the
interaction of p24 with its receptor may trigger a cascade of
phosphorylation/dephosphorylation events which may finally result in the
dephosphorylation of translation factors or the S6 ribosomal protein, although at the
present moment this remains purely speculative. In order to elucidate whether p24 exerts
its effect on the regulation of translation through the same signalling pathway as insulin,

further experiments should test the ability of the hormone to reverse the changes imposed

by this agent.

Unlike its effect on C,Cy2 myoblasts, p24 did not significantly alter the rate of protein
synthesis of C;C;, myotubes, which suggest either uncoupling or downregulation of the
receptor in this differentiation stage. Uncoupling of other receptors such as that for insulin

has been shown to take place in C;C; 2 cells upon fusion (Palmer etal, 1996).

Protein degradation rates increased by as much as 50% in response to p24 and,
interestingly, maximal stimulation of proteolysis was achieved at concentrations of p24
(0.07-0.1 ug) which also produced maximal inhibition of protein synthesis (20%). In
fully differentiated myotubes, p24 was capable of initiating myofibrillar protein
breakdown, although a significant effect was observed at higher concentrations (0.3 ug)
than those required to induce total protein breakdown in myoblasts. Further experiments .
are required in order to determine the optimal dose and time points for the action of p24 on

the degradation of myofibrillar proteins.

In addition to the mechanism of action of p24 on protein turnover, the possibility of a p24-
induced DNA damaged was also investigated by isolation of DNA from cells which had
been exposed to p24 and electrophoresis of the nucleic material on an agarose gel in search

for the presence of DNA fragmentation. DNA extracted from both adherent and non-
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adherent cells showed no signs of fragmentation and no visible differences were observed
with respect to DNA from control cells (results not shown). Since fragmentation of DNA
is considered as one of the hallmarks of apoptosis, one could rule out the possibility of the
activation of the machinery responsible for switching on the programmed cell death process
in C,C;  in response to treatment with p24. Indeed, DNA fragmentation and apoptosis (as
determined by other techniques such as in situ end labelling of fragmented DNA and
electron microscopy assays) are quite outstanding features of dystrophic mdx fibres from

dystrophin-deficient mice (Sandri et al, 1995; Tidball et al, 1995 and Veal and Jackson,
1996).

In conclusion, the results presented in this chapter are in agreement with those found in
skeletal muscle (chapter 3) of mice treated with p24, where a combination of both a
depression of protein synthesis and increased proteolysis was shown, which appears to be
cause for the muscle wasting seen in skeletal muscle of animals bearing the MAC 16
tumour. The use of this in vitro model has provided evidence for a mechanism of action of
p24 on protein synthesis which may involve the induction of a peptide-chain initiation

defect at the translational level, although this awaits further characterisation.
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Chapter 6
Conclusion

In this study, a protein-mobilising factor of 24 KDa (p24) has been isolated from a
cachexia-inducing tumour, which has the ability to induce a cachexia-like condition when
injected into non tumour-bearing mice. This novel glycoprotein, which shows no similarity
with any of the cytokines reported so far, has been found to have unique properties, in that
not only can it induce weight loss in the absence of anorexia, but is also able to promote
protein breakdown in vitro (Todorov etal, 1996a). Furthermore, a similar material has
been found in the urine of weight-losing patients with cancer cachexia, also capable of
inducing weight loss and producing similar effects when administered to NMRI mice
(Cariuk etal, 1997). These findings clearly support a role for this proteolytic factor in the
development of cachexia in both mice and humans, but may be more importantly, they also

suggest that both factors may operate through a similar mechanism.

p24 induced a rapid weight loss 24h after the first injection which was largely due to the
loss of lean body mass whilst having no effect on fat or water contents (Cariuk etal, 1997
and Lorite etal, 1997). This was reflected by an increased protein loss as measured from
the release of tyrosine from skeletal muscle under conditions where reincorporation of this
amino acid into protein synthesis was inhibited. The suitability of this assay as a measure
of myofibrillar protein breakdown has been discussed in previous chapters, but
nevertheless, it has provided a convenient and relatively quick and simple way for studying

the effects of p24 on total muscle protein degradation.

Protein degradation, as determined by this method, was associated with an increased
production of prostaglandin E; (PGE,), which was released into the incubation medium
and measured by radioimmunoassay. Both tyrosine and PGE, release were reduced in

soleus muscles from mice whose weight loss had been attenuated by treatment with the
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monoclonal antibody prior to p24 administration, and in vitro, both were inhibited by

agents which block PGE; synthesis.

The role of PGE, in protein degradation has been extensively studied and appears to
involve the activation of the lysosomal enzymes. Therefore in this model, it is possible that
the production of p24 by the MAC 16 tumour may enhance the synthesis of PGE; and

subsequently, promote the activation of this degradative pathway.

However, the lysosomal system alone does not appear to be responsible for the degradation
of all proteins, since in soleus muscles from MAC16 mice protein breakdown was only
partially blocked when the incubations were carried out in the presence of lysosomal
inhibitors. In fact, in muscles incubated with lysosomal inhibitors and calcium-free
medium, those which additionally were depleted of ATP showed a considerable reduction
in the levels of tyrosine released into the medium, indicating that an ATP-dependent
degradative pathway was operative. In contrast, no changes in total proteolysis were

observed when calcium-dependent proteases were inhibited.

In agreement with the ATP-dependence of the process, a massive increase in the gene
expression for some of the components of the ubiquitin-proteasome proteolytic system was
found in gastrocnemius muscles from mice bearing the MAC 16 tumour. The up-regulation
of the mRNA levels for the ubiquitin-conjugating enzyme (E2) and the C9 proteasome
subunit, was in sharp contrast with the expression of these genes in muscles from non
tumour-bearing controls. In addition, with the non cachexigenic MAC 13 tumour though
also causing an up-regulation of the system, the effects were not as pronounced as those
elicited by the MAC 16 tumour, indicating the basis for the increased muscle wasting

associated with this cachexia-inducing model.

The elevated proteolysis associated with soleus muscle following in vivo treatment with

p24, was found to be significantly inhibited when muscles were incubated in the presence
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of ATP-depleting agents. Furthermore, protein degradation was not inhibited by inhibitors
of either lysosomal or calcium-dependent enzymes, suggesting that p24 could be

responsible for the activation of the ATP-ubiquitin system and the protein loss.

Indeed, p24 was shown to cause an up-regulation of the ubiquitin-proteasome pathway as
determined by the increase in the mRNA expression of E2, ubiquitin and C9 in
gastrocnemius muscle, which were all significantly different from the PBS-injected
controls. In addition, p24 also produced a small but significant increase in the amount of

E2 mRNA in heart tissue.

Furthermore, when muscles were analysed for the presence of ubiquitin conjugates, these
were found to be significantly elevated in gastrocnemius both from MAC 16 and p24-

treated mice.

In conclusion, these results provide enough evidence to suggest that the mechanism of
muscle wasting in the MAC 16 model mainly results from the ability of p24 to activate the
ATP-dependent ubiquitin-proteasome pathway, which not only has also been reported in
other experimental models of cachexia (Llovera et al, 1994 and 1995 and Baracos et al,
1995), but also plays a major role in other muscle wasting conditions such as starvation,
fasting, sepsis , denervation atrophy and many others (Wing et al, 1991 and 1995; Tiao et
al, 1994 and 1997; Medina etal, 1995 and Wing and Goldberg 1993).

In addition to its influence on the rate of muscle protein breakdown, p24 was also found to
inhibit protein synthesis in this tissue. Both the increased proteolysis and depressed
synthesis rates were shown to be attenuated in mice which had been pretreated with the

monoclonal antibody.

In the C2C;2 mouse skeletal muscle cell line, p24 was shown to produce an inhibition of

protein synthesis following a short-time incubation (90 min), suggesting a blockage of the
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translational process. This again appeared to be specific to the tumour glycoprotein since it
was completely blocked by the inclusion of the monoclonal antibody in the incubation
medium. Furthermore, the inhibition of the rate of protein synthesis was completely
abolished by insulin, a translational activator, indicating that p24 may be acting through one
of the signalling pathways leading to the phosphorylation and subsequent inactivation of

initiation factors or ribosomal proteins, although this still remains to be further investigated.

Besides the inhibition of protein synthesis, p24 also produced an increase in both total and
myofibrillar protein breakdown in these cells. The use of this cell line provides an excellent
model to study the degradation of myofibrillar proteins since this can now be readily
determined by measuring the amount of 3-methylhistidine released into the incubation
medium. A recently developed technique which combines gas chromatography (GC) and
mass spectroscopy (MS) (Thompson et al, 1996), allows the detection of this relatively
less-abundant amino acid even in the presence of other amino acids at concentrations
present in normal supplemented medium. Thus, the use of this method not only has the
advantage of measuring myofibrillar protein breakdown from intact cells in culture, but in
addition, it allows a correlation to be made on the effects of any catabolic agent to the

activation of the ubiquitin system.

As for the influence of p24 on other body tissues, its effect appeared quite specific to
skeletal muscle since no other organ seemed to be affected with regard to protein synthesis
inhibition, except for heart where human p24 caused a significant reduction. Additionally,
a small though significantly higher expression for E2 was also detected in this tissue,

indicating that part of the total protein loss is also accounted for by the wasting of cardiac

muscle.

Regarding the liver, no significant changes were detected in either protein synthesis or
degradation, although there was a significant increase in the rate of protein synthesis in

response to human p24. These results are in agreement with those in support of an
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increased liver and WBPT rates and may explain the observed reduction in the

concentration of most plasma amino acids.

From these, the significant decrease in the amount of alanine is particularly interesting
since, additionally, it constitutes an important source for gluconeogenesis and if this
process were increased in these animals, it would constitute a considerable drain of energy
from the host. Therefore, this aspect needs to be further investigated since apart from
satisfying the metabolic demands of the tumour, an increased glucose production could also
explain the enhanced lipogenesis (Mulligan and Tisdale, 1991 and Tisdale and Leung,

1988) and elevated resting energy expenditure (Plumb et al, 1991) associated with this
model.

In conclusion, this study has shown that a tumour-derived factor, with the ability to target
skeletal muscle specifically, is capable of inducing a state of cachexia when injected into
non tumour-bearing mice by promoting an accelerated loss of protein from this
compartment. The mechanism behind this protein wasting appears to be a combination of
both an increased proteolysis, which arises from the activation of the ubiquitin-proteasome

proteolytic pathway, and a depression in the rate of protein synthesis perhaps as the result

of a translational arrest.
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INDUCTION OF MUSCLE PROTEIN DEGRADATION BY A TUMOUR PRODUCT.
M. J. Lorite*, P. Cariuk and M. J. Tisdale, Dept. of Pharmaceutical Sciences, University
of Aston, Birmingham, B4 7ET.

Animmunoreactive factor of Mr 24 kDa was purified from the cachexia-inducing MAC16
tumour using affinity chromatography with a mouse monoclonal antibody. Administration
of this material to mice (n = 40) caused a decrease in body weight over a 24 h period (-1.55
+ 0.118 g, p<0.0005 from PBS controls, n = 50), which was attenuated by prior treatment
with the monoclonal antibody (weight change -0.06 + 0.239 g, p< 0.0005, n = 12, from
treated animals). A similar weight change (-1.632 + 0.381g, p< 0.0005, from PBS
controls, n = 50) was produced by a similar immunoreactive factor of Mr 24 kDa isolated
from the urine of cachectic pancreatic cancer patients. The weight change induced with the
human factor was also attenuated by the mouse antibody (weight change 0.017 + 0.163 g,
p<0.01, n =4, from treated animals, n= 11).

Invitro studies showed the Mr 24 kDa material to cause an increased protein degradation
in soleus muscle (as measured by tyrosine release) which was associated with increased
levels of PGE;. Both the elevated protein degradation and PGE, release were inhibited by
the mouse monoclonal antibody.

Using the [3H]-phenylalanine method to measure protein synthesis and degradation in
vivo, weight loss induced by the Mr 24 kDa material was associated with a depression in
protein synthesis rates for spleen, kidney, heart and gastrocnemius muscle, and an
increase in proteolysis for gastrocnemius muscle. Protein degradation was reversed by
prior antibody treatment. A similar effect was produced by the human Mr 24 kDa factor.

From these results it is concluded that the induction of cachexia in animals bearing the
MAC 16 tumour is due to the changes imposed on the host by the presence of circulatory
factors produced by the tumour, and that this immunoreactive factor might be one of the
candidates for the induction of cachexia in the MAC 16 model. Finally, it is proposed that
cachexia in humans might also be caused by the same species as that in the mouse.
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INDUCTION OF PROTEIN DEGRADATION IN SKELETAL MUSCLE BY A
CACHECTIC FACTOR. Lorite MJ*, Cariuk P, Tisdale MJ. Nutritional Biochemistry
Group, Pharmaceutical Sciences Inst., Aston Univ., Birmingham, B4 7ET, UK

A proteoglycan of Mr 24 kDa (p24) isolated both from a cachexia-inducing tumour
(MACI16) and from the urine of patients with cancer cachexia has bcen shown to induce a
state of cachexia (weight loss approx. 10% in 24 h) when administered to non tumour-
bearing mice. Body composition analysis showed a decrease in lean body mass (14%)
without an effect on fat or water content. The effect of both the mouse and human p24 was
attenuated in animals pretreated with a mouse monoclonal antibody. In vivo, weight loss
induced by p24 was associated with depressed protein synthesis rates (50%) and increased
proteolysis (50%) in gastrocnemius muscle, which was reversed by prior antibody
treatment. Ex vivo, soleus muscle showed an increased protein degradation and PGE;
production. Both effects were blocked by the mouse mAb. In vitro studies showed p24 to
increase protein degradation in isolated soleus muscle which was associated with increased
PGE;. Both elevated protein degradation and PGE2 release were inhibited by indomethacin
and a cPLA inhibitor. Experiments carried out on C,C; 5 myoblasts showed p24 to cause a
significant reduction in the rate of protein synthesis (60%) which was blocked by prior
treatment with insulin and mAb. From these results it is concluded that induction of
cachexia in animals bearing the MAC16 tumour is due to changes imposed on the host by
the presence of circulatory factors produced by the tumour.
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