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The syndrome of cachexia, i.e. involuntary weight loss in patients with underlying diseases, sarcopenia, i.e. loss of
muscle mass due to ageing, and general muscle atrophy from disuse and/or prolonged bed rest have received
more attention over the last decades. All lead to a higher morbidity and mortality in patients and therefore,
they represent a major socio-economic burden for the society today.

This mini-review looks at recent developments in basic research that are relevant to the loss of skeletal muscle. It

K : . . . .

cggggf aims to cover the most significant publication of last three years on the causes and effects of muscle wasting, new
Muscle wasting targets for therapy development and potential biomarkers for assessing skeletal muscle mass. The targets include
Signaling 1) E-3 ligases: TRIM32, SOCS1 and SOCS3 by involving the elongin BC ubiquitin-ligase, Cbl-b, culling 7, Fbx040,
Target MG53 (TRIM72) and the mitochondrial Mull, 2) the kinase MST1 and 3) the G-protein Gai,, D(3)-creatine has

the potential to be used as a novel biomarker that allows to monitor actual change in skeletal muscle mass
over time.

In conclusion, significant development efforts are being made by academic groups as well as numerous pharma-
ceutical companies to identify new targets and biomarkers muscle, as muscle wasting represents a great medical
need, but no therapies have been approved in the last decades.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Cachexia sarcopenia and general wasting of the musculature are
related to a poor quality of life and increased morbidity / mortality [1].
They are caused by a large number of chronic diseases and the general
process of aging thus affecting millions of patients and elderly [2-4].
The syndrome of cachexia is characterized as complex metabolic
abnormalities that lead to the loss of body weight as a consequence of
a chronic illness. A consensus statement from 2008 proposed to clinical-
ly define cachexia as a non-edematous weight loss exceeding 5% within
the previous 3-12 months in combination with symptoms characteris-
tic for cachexia (e.g., fatigue or depression), loss of lean body mass and
biochemical abnormalities (e.g., anemia or inflammation) associated
with chronic diseases [5]. In adults, a prevalence of 5-15% has been
reported in chronic heart failure (CHF) and chronic obstructive pulmo-
nary disease (COPD), while it may be up to 80% in advanced cancer [6].
Interestingly, an estimated 30% of cancer patients die as a result of
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cachexia rather than the cancer itself [6], although the precise cause of
death due to cachexia is still somewhat unclear.

In contrast to the relatively fast atrophy of skeletal muscle associated
with cachexia, the syndrome of sarcopenia is characterized by a much
slower decline in muscle mass and function that is directly related to
the ageing process and may ultimately lead to frailty and loss of inde-
pendent living [7]. There is a loss of 1-2% of muscle mass per decade
of life from the fifth decade onwards, associated with a 1.5% declines
in muscle strength, potentially increasing to 3% after the age of 60 [7].
From a histological point of view, sarcopenia is characterized by a de-
crease in the number and the size of the muscle fibres. The prevalence
of sarcopenia for those over 64 years of age has been shown to be
22.6% in women and 26.8% in men, rising to 31.0% and 52.9% respective-
ly in those over 80 years of age [8]. It can thus be estimated that over 3%
of the total world population will be affected by sarcopenia by 2015 [8].

However, muscle wasting may also occur independently of chronic
diseases and age. Disuse of muscle is a strong inducer of skeletal muscle
atrophy and function that is caused by a mechanical unloading of the
muscle, e.g. space flight or prolonged bed rest, and involved multiple
signaling pathways [9].

The development of preventive and therapeutic strategies against
cachexia, sarcopenia and wasting disorders in general is perceived as
an urgent need by healthcare professionals [10,11]. Despite this great
medical need, no therapies have been approved for muscle wasting or
cachexia in the last decades. Nevertheless, significant efforts to identify
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new targets are being made by academic groups as well as numerous
pharmaceutical companies [12-14].

2. Current developments in basic cachexia research

The mass of a muscle is determined by dynamic regulation of its
protein balance in the muscle fibers in response to various extracellular
stimuli that can be anabolic or catabolic in nature. These signals may
also affect the proliferation and maturation of muscle stem cells. Potent
anabolic signals in skeletal muscle are insulin, insulin like growth factor-
1 (IGF-1) [15], testosterone [16] and agonists of the 3-2 adrenoreceptor
[17]. Levels of IGF-1 are regulated by the ghrelin / growth hormone axis
[18]. Upon binding to the receptor, both insulin and IGF-1 activate the
PI3K/Akt/mTOR pathway, which induces protein synthesis while
inhibiting proteolysis resulting in a hypertrophy of the muscle [19]. In-
terestingly, hypogonadism and low testosterone in male cancer patients
has been reported to be as high as 90%, thus making these men more
susceptible to the development of muscle atrophy [20]. Indeed a class
of molecule termed specific androgen receptor modulators (SARMs)
have shown to increase muscle mass in the elderly [21]. Triggers for
muscle wasting are more numerous and include a general activation
of the sympathetic nervous system (SNS) [22], pro-inflammatory cyto-
kines [23,24], angiotensin-II [25], glucocorticoids [26,27], and members
of the TGF-3 family [28,29].

3. News in catabolic signaling

In healthy individuals muscle growth is limited by several members
of the TGF-3 family, namely myostatin, activin A and TGF-3 binding to
the activin IIB receptor or the TGF-3 receptor, respectively. Under dis-
ease conditions, these proteins prominently contribute to the induction
of protein loss in skeletal muscle [30,31]. Activation of either receptor
induces SMAD2/SMAD3 signaling resulting in inhibition of anabolic
Akt-signaling and stimulation of proteolysis [19,30]. Cytokines like
interleukine-1 (IL-1), IL-6, TNF-« and interferon-y lead to a receptor
mediated activation of NF«B and FOXO in muscle [32], the latter can
also be activated by glucocorticoids [19]. Amongst others, the glucocor-
ticoid receptor activates REDD1 and KLF15 expression, both inhibiting
mTOR activity; KLF15 via BCAT2 gene activation and it also directly
up-regulates the expression of MuRF-1 and MAFbx resulting in atrophy
[33]. Interestingly, NF«<B-inhibition by targeting the IkappaB kinase
complex only partially prevents cachexia [34], suggesting some redun-
dancy in catabolic signaling, and NF«B signaling is activated in cachectic,
but not in sarcopenic, muscle [35]. Moreover, IL-1oc and TNF-a block
differentiation of human myoblasts into myotubes via TGF--activated
kinase-1 (TAK-1), which was dependent on the transcriptional induc-
tion of Activin A and its subsequent signaling via activin IIB receptor
and downstream activation of SMAD2/SMAD?3 [36]. The transcription
factors NF«B, FOXO and SMAD2/SMAD3, are considered to be crucial
for promoting proteolysis by inducing the transcription of atrogenes
including the muscle specific E-3 ubiquitin ligases MAFbx and MuRF-1
[37]. Induced expression of these two ligases has been used in synonym
with increased activity of the ubiquitin-proteasome system (UPS).
While MAFbx mainly targets regulatory proteins involved in controlling
protein synthesis, e.g. the initiation factor elF3-f[38], as well as the tran-
scription factor MyoD that is crucial to maintain the differentiated phe-
notype of adult fast skeletal muscle fibers [39], MuRF-1 has been shown
to target the myofibrilles directly [40]. Sarcomeric proteins are degrad-
ed in an ordered process in which MuRF1 catalyzes ubiquitylation of
thick filament components like myosin heavy chain [40], which
becomes accessible after the thin filaments (actin, tropomyosin,
troponins) and Z-band (alpha-actinin) components and have been
ubiquitylated by the constitutively active E-3 ligase TRIM32, which pro-
motes their degradation by the 26S proteasome [41]. Furthermore, the
transcription factor Sox6, which plays an essential role in muscle fiber
differentiation by blocking slow fiber associated gene expression, is

targeted by the E-3 ligase Trip12 [42]. In C2C12 myotubes inhibition of
Trip12 or the 26S proteasome increased Sox6 protein resulting in a
decrease in slow fiber-specific Myh7 expression, while an increased
expression in fast fiber-specific Myh4 was detected [42]. Thus, Trip12
may play an important role in the fiber type switch observed under
atrophic conditions [43].

An additional muscle specific mechanism of atrophy is the intracel-
lular blunting of the anabolic IGF-1 signaling. Upon activation of the
IGF-1 receptor IRS-1 is phosphorylated and induces the PI3K / Akt /
mTOR pathway that induces protein synthesis [19]. Previous studies
have shown that a number of distinct E3 ubiquitin ligases target IRS-1
under different cicumstances. SOCS1 and SOCS3 target IRS-1 in
inflammation-induced insulin resistance possibly by involving the
elongin BC ubiquitin-ligase [44]. Under unloading conditions, i.e. disuse,
the ubiquitin ligase Cbl-b is induced and terminates IGF-1 signaling [45].
The culling 7 E3 ligase complex containing the Fbw8-substrate-
targeting subunit Skp1, and the ROC1 RING finger protein is thought
to play a role in cellular senescence by providing a negative feedback
loop to mTOR signaling [46]. Mutated cullin 7 has also been liked to
pre- and postnatal growth retardation [47]. Recently Fbxo40 has been
described as a new IRS-1 targeting E3 ligases that induces rapid degra-
dation of IRS-1 after stimulation of muscle cells with IGF-1 [48], thereby
limiting overall muscle growth by de-sensitizing. Interestingly, the ex-
pression of Fbxo40 is muscle specific, being only expressed in myocytes
and cardiomyocytes with increasing levels upon differentiation of the
muscle cells [48]. The most recent addition to the IRS-1 targeting E3 li-
gases is muscle-specific mitsugumin 53 (MG53; also called TRIM72),
which induces ubiquitination together with the E2 enzyme UBE2H
and additionally directly targets the insulin receptor, but not the IGF-1
receptor [49]. Overall, the blunting of IGF-1 / IRS-1 signaling not only
leads to an inhibition of protein synthesis with concurrent induction
of proteolysis, but IRS-1 itself cannot be regenerated after UPS mediated
degradation, thereby leaving the muscle cells unresponsive [29]. Al-
though insulin resistance is noted in many patients with cancer cachex-
ia [50], IGF-1 itself and the IGF-1 receptor are targeted in cancer
patients, as they plays a role in the growth of several tumors, including
pancreatic cancer, which might further impair anabolic signaling in
skeletal muscle [51]. However, in non-IGF-1-dependent cancers, IGF-1
supplementation may reduce muscle wasting [52]. Interestingly some
chemotherapeutic drugs state weight loss as side effects, e.g. the
mTOR inhibitor temsirolimus, which increased loss of body fat, suggest-
ing a possible end-organ metabolic effect [53].

While the UPS is considered to be the major proteolytic pathway
responsible for the breakdown of muscle proteins [54], induction of
FOXO1/3 by catabolic stimuli has also been linked to mitochondrial
dysfunction and a subsequent loss of mitochondria in skeletal muscle
contributing to impaired muscle function [55]. The mitochondrial E3
ligase 1 (Mull) promotes the fragmentation, depolarization, and
clearance of mitochondria through the autophagy-lysosome pathway
termed mitophagy. Mul1 is up-regulated through a mechanism involv-
ing FOX01/3 transcription factors under catabolic conditions [56].
However, markers of mitochondrial function, e. g. pyruvate dehydroge-
nase function, in colon cancer patients suggest that muscle mass and
mitochondrial enzyme activity are not invariably linked [57] and that
the reduction muscle mitochondrial oxidative capacities may be linked
to a decrease in complex IV activity [58]. In denervation models, Mam-
malian Sterile 20-like kinase 1 (MST1) is highly expressed in skeletal
muscle and has been suggested to be a key regulator of muscle atrophy,
but only affecting the fast fiber type muscle fibers by FOXO3a-mediated
induction of MAFbx and LC3, the latter suggesting an activation of
autophagy [59].

In addition, another member of the TGF-3 family, macrophage inhib-
itory cytokine-1/growth differentiation factor 15 (MIC-1/GDF15), has
been shown to be up-regulated by 10-100-fold in some cancers
resulting in anorexia by direct actions of the circulating cytokine on
feeding centers in the brain [60].
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