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ISSN 2489-9003; 341)

ISBN 978-951-39-8468-7

Muscle wasting, occurring e.g. in cancer, is associated with poor prognosis, and
cancer treatments may even exacerbate the wasting. The prevention of muscle
wasting has improved survival in preclinical cancer models, but the mecha-
nisms are poorly understood. The purpose of this dissertation was to study the
molecular and physiological effects of different wasting conditions and their
treatment by myostatin/activin blocking. The effects of myostatin/activin
blocking were studied in (1) doxorubicin (DOX) chemotherapy-treated mice, (2)
tumour-bearing (TB) mice, and (3) fasted and inactive mice. Myostatin/activin
blocking prevented muscle wasting in DOX-treated and TB mice. In TB mice,
this was associated with improved survival, but not when myostatin/activin
blocking was used to increase muscle mass only before cancer. Myo-
statin/activin blocking also restored bone density in DOX-treated mice, but did
not counteract the impaired running capacity and the decreased physical activi-
ty in DOX-treated and TB mice, respectively. Muscle protein synthesis was de-
creased by DOX and restored by myostatin/activin blocking in skeletal muscle,
but not in the heart. The transcriptomic responses to DOX and myo-
statin/activin blocking were also larger in skeletal muscle than in the heart.
Muscle protein synthesis was also decreased in TB mice. This was associated
with reduced mTORC1 signalling and decreased colocalization of mTOR with
lysosomes, which were restored by myostatin/activin blocking. Myo-
statin/activin blocking also induced muscle protein synthesis in healthy mice
independent of alterations in physical activity and food intake and increased
the amount of mTOR colocalised with lysosomes. This study shows that pre-
vention of muscle wasting by myostatin/activin blocking improves survival in
experimental cancer and has other beneficial effects beyond skeletal muscle in
chemotherapy and cancer. In addition, maintaining muscle mass may be more
beneficial in terms of survival than having a larger muscle mass before the ca-
chectic stimulus. Finally, muscle protein synthesis and mTORCI1 signalling in-
duced by myostatin/activin blocking may be mediated via increased mTOR-
lysosome colocalisation in healthy and cachectic muscles. This dissertation con-
tributes to the cachexia research with novel results that may advance the devel-
opment of strategies to prevent or treat cachexia.

Keywords: activin, cancer cachexia, chemotherapy, muscle wasting, myostatin,
physical activity, protein synthesis, skeletal muscle
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Moniin sairauksiin, kuten sydpddn, liittyva lihaskato on yhteydessd huonoon
ennusteeseen, ja syopdahoidot voivat jopa kithdyttda lihaskatoa. Lihaskadon esto
on pidentdnyt selviytymistd kokeellisissa syopamalleissa, mutta sen mekanis-
meja ei vield tunneta. Taméan vaitoskirjan tarkoitus oli tutkia lihaskadon ja sen
hoidon fysiologisia ja molekyylitason vaikutuksia. Lihaskatoa ehkdisevan
myostatiinin/aktiviinien eston vaikutuksia tutkittiin (1) kemoterapiaa saavilla
hiirilld, (2) kokeellisella syopamallilla hiirilld ja (3) passiivisilla ja aktiivisilla se-
kd paastonneilla ja ei-paastonneilla hiirilld. Myostatiinin/aktiviinien esto ehkai-
si sekd kemoterapian ettd kokeellisen syovan aiheuttaman lihaskadon. Tama oli
yhteydessd parempaan selviytymiseen syovéssd, mutta vain silloin, kun lihas-
kadon hoitoa jatkettiin my6s kasvaimen muodostumisen jdlkeen. Myostatii-
nin/aktiviinien esto ehkdisi myds kemoterapian aiheuttaman luuntiheyden las-
kun, mutta ei vaikuttanut kemoterapian aiheuttamaan juoksukapasiteetin heik-
kenemiseen eikd fyysisen aktiivisuuden laskuun syovédssd. Kemoterapia laski
luurankolihaksen proteiinisynteesid, ja myostatiinin/aktiviinien esto ehkdisi
tamdn laskun. Kemoterapian ja myostatiinin/aktiviinien eston vaikutukset pro-
teiinisynteesiin ja geenien ilmentymiseen olivat selvésti suurempia luurankoli-
haksessa kuin sydamessd. Luurankolihaksen proteiinisynteesi laski myds syo-
vdssd, mikd oli yhteydessd mTORC1-signaloinnin laskuun sekd vahentyneeseen
mTOR:n ilmenemiseen lysosomien ldhelld. Myostatiinin/aktiviinien esto ehkai-
si syovdn aiheuttamia muutoksia mTOR:n solunsisdisessd sijainnissa ja sig-
naloinnissa. Myostatiinin/aktiviinien esto lisdsi luurankolihaksen proteiinisyn-
teesid terveilld hiirilld riippumatta fyysisen aktiivisuuden tai syomisen maéaréas-
td ja lisdasi mTOR:n ilmenemistd lysosomien ldhelld. Tulokset osoittavat, ettd
lihaskadon ehkdisy myostatiinia ja aktiviineja estdamalld voi pidentdd selviyty-
mistd kokeellisessa syovéssd ja silld on edullisia vaikutuksia my6s muihin ku-
doksiin kemoterapiaa saavilla ja syopdd sairastavilla hiirilld. Lihaskoon ylldpito
saattaa olla selviytymisen kannalta hyodyllisempdd kuin lihasten kasvatus en-
nen sydpdd. Myostatiinin ja aktiviinien eston aikaansaama proteiinisynteesin ja
mTORCI-signaloinnin nousu saattavat osittain selittyd mTOR:n solunsisdisella
sijainnilla. Tulokset lisddvat ymmarrystd luurankolihaskudoksen tdrkeydestd,
lihaskadon mekanismeista ja mahdollisista uusista lihaskadon hoitomuodoista.

Avainsanat: aktiviini, fyysinen aktiivisuus, kakeksia, kemoterapia, lihaskato,
luurankolihas, myostatiini, proteiinisynteesi
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1 INTRODUCTION

Skeletal muscle tissue comprises around 40% of total body mass (Frontera &
Ochala 2015), making it the most abundant tissue of the body (Fanzani et al.
2012). It is essential for locomotion, thus being important for performing daily
tasks and exercising (Frontera & Ochala 2015). Moreover, skeletal muscle action
is required for breathing, as well as for maintaining bone mass and strength
(Wolfe 2006). Comprising such a large part of total body mass, skeletal muscle
tissue also plays a central role in whole body metabolism, acting as a target for
glucose disposal and serving as an amino acid reservoir (Fanzani et al. 2012;
Wolfe 2006). Despite all this, the role of skeletal muscle tissue has been
underappreciated in health and disease (Wolfe 2006).

Decline in muscle mass, i.e. muscle atrophy or muscle wasting, occurs in
many diseases, aging, and conditions associated with decreased muscle activity
or nutrient intake (Fanzani et al. 2012; Thomas 2007). Wasting syndrome
associated with disease states, such as cancer, is referred to as cachexia,
originating from Greek words, kakos and hexis, meaning ‘bad condition” (Argiles
et al. 2014). Cachexia is a multifactorial syndrome that is characterized by loss
of body mass due to wasting of muscle, and often also adipose tissue, and
increased inflammation (Fearon et al. 2011). Cancer cachexia induces substantial
alterations in many tissues, organs and metabolic pathways (Argiles et al. 2014).
Many of the alterations are compensatory adaptations to restore homeostasis
disrupted by the tumour and the antitumour treatments, but some of them may
actually be harmful to the patient, resulting in energetic inefficiency and
ultimately wasting (Argiles et al. 2014).

Cachexia is associated with poor prognosis and reduced physical function
(Fearon et al. 2011; Fearon, Arends & Baracos 2013), and it has been suggested
to account for up to 20% of all cancer deaths (Argiles et al. 2014; Warren 1932).
Furthermore, cancer therapies, such as chemotherapy, may in some cases
aggravate muscle wasting, and low muscle mass may be associated with
increased treatment toxicity, potentially contributing to the poor prognosis
(Fearon, Arends & Baracos 2013). Even though cancer cachexia as a wasting
syndrome has been recognized since the time of Hippocrates (Fearon, Arends &
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Baracos 2013) and the poor prognosis associated with it has been acknowledged
for almost a century (Warren 1932), it has been only quite recently that more
research has focused on the importance of skeletal muscle tissue in cancer
cachexia, and on the potential therapies targeting skeletal muscle tissue to
counteract cachexia.

A potent strategy to increase muscle mass and/or prevent muscle wasting
is the blocking of myostatin and activins (Lee et al. 2005). Myostatin and
activins belong to the transforming growth factor (TGF)-B superfamily of
proteins and inhibit muscle growth via signalling through activin receptor type
II B (ACVR2B) (Chen et al. 2016; Lee et al. 2005). Their blockade can be achieved
via different strategies, such as administration of a soluble form of the ligand
binding domain of ACVR2B (sACVR2B) (Lee et al. 2005) or overexpression of
follistatin (Lee & McPherron 2001; Winbanks et al. 2012). A hallmark study by
Zhou et al. (2010) demonstrated that the blocking of myostatin and activins by
sACVR2B administration successfully prevented cachexia in tumour-bearing
mice and was also able to reverse already developed advanced cachexia via
prevention of muscle wasting (Zhou et al. 2010). Interestingly, prevention and
reversal of cachexia were associated with improved survival in tumour-bearing
mice without effects on tumour growth (Zhou et al. 2010). This finding
highlighted the importance of maintaining muscle mass in experimental cancer
cachexia and proposed the blocking of myostatin and activins as a potential
therapeutic strategy to counteract cachexia and thus to prolong survival. These
findings of improved survival by preventing muscle wasting in tumour-bearing
mice have been since replicated by others (Hatakeyama et al. 2016; Toledo et al.
2016b) and are supported by substantial body of epidemiological evidence in
cancer patients (Kazemi-Bajestani, Mazurak & Baracos 2016). However, despite
rigorous investigation, an effective therapy to counteract cachexia is still
missing. Finding such therapy would be crucial, as maintenance of muscle mass
could give more time to treat the underlying disease and also result in better
tolerance to treatment and improved treatment outcomes (Fearon, Arends &
Baracos 2013).

However, the mechanisms underlying the improved survival with
myostatin/activin blocking and prevention of muscle wasting still remain
poorly understood. Moreover, it has not been investigated in non-genetic
models, if increasing muscle size via myostatin/activin blocking before the
cachectic stimulus has similar survival benefits as the treatment of muscle
wasting. Furthermore, the effects of myostatin/activin blocking and the
resulting muscle maintenance on tissues other than skeletal muscle have been
inadequately studied in experimental cancer cachexia, and the elucidation of
the potential effects beyond skeletal muscle might give more insight into the
mechanisms underlying the improved survival. Finally, the effects of
myostatin/activin blocking in chemotherapy-induced muscle wasting have not
been extensively studied in non-tumour-bearing animals, and the mechanisms
of muscle maintenance by myostatin/activin blocking in cancer cachexia and
chemotherapy have not yet been completely elucidated.
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Thus, the purpose of this dissertation was to study the effects of (1)
different wasting conditions, namely, chemotherapy, cancer cachexia as well as
reduced physical activity and fasting, and (2) the concomitant blocking of
myostatin and activins on muscle size and its regulation, and (3) the importance
of maintaining adequate muscle mass in these wasting conditions. In addition,
the aim was to investigate (4) the effect of increasing muscle mass only before
the cachectic stimulus, meaning tumour formation, on survival, and to explore
the effects of myostatin/activin blocking beyond skeletal muscle tissue in
experimental cancer cachexia and chemotherapy. This dissertation also aimed
to investigate (5) the effects of these wasting conditions on physical activity,
exercise capacity and oxidative properties of skeletal muscle.



2 LITERATURE REVIEW

2.1 Cancer cachexia

2.1.1 History and definition

Cancer cachexia has been acknowledged since the time of Hippocrates (Fearon,
Arends & Baracos 2013), and the importance of cachexia as a potential cause of
death in cancer has been known for almost a century (Warren 1932). It is de-
fined as “a multifactorial syndrome characterized by an ongoing loss of skeletal
muscle mass (with or without loss of fat mass) that cannot be fully reversed by
conventional nutritional support and leads to progressive functional impair-
ment” (Fearon et al. 2011). Cachexia arises from a negative protein and energy
balance resulting from a variable combination of reduced food intake and ab-
normal metabolism. The progression of cachexia can be divided into three stag-
es: precachexia, cachexia and refractory cachexia.

The diagnosis of cancer cachexia is based on body weight change, or body
mass index (BMI) combined with weight loss, or a direct measure of musculari-
ty combined with weight loss. Cachexia can thus be diagnosed if (1) involun-
tary weight loss exceeds 5% over a six-month period, (2) BMI is below 20 and is
accompanied by weight loss exceeding 2%, or (3) the appendicular skeletal
muscle index is equivalent to sarcopenia (males < 7.26 kg/my; females < 5.45
kg/m>) and is accompanied by weight loss exceeding 2%. Cachexia is also often
accompanied by reduced food intake and systemic inflammation. The patient is
considered precachectic if weight loss is under 5% and is accompanied by ano-
rexia and altered metabolism. The most advanced stage of cachexia, known as
refractory cachexia, is characterized by progressive catabolism, and unrespon-
siveness to anticancer treatment, as well as a low performance score with vary-
ing degrees of wasting, and it is associated with survival expectance of less than
three months. Unlike patients with precachexia, patients that have entered the
refractory stage of cachexia are unlikely to benefit from interventions targeted
at reversing the muscle wasting (Fearon et al. 2011).



21

The incidence of cachexia in cancer patients is 30% to 80% depending on
the tumour type. The highest prevalence of cachexia is observed in patients
with pancreatic or gastric cancer (83%-87%), intermediate in colon, prostate,
lung cancer, and unfavorable non-Hodgkin’s lymphoma (48%-61%), and the
lowest in patients with favorable subtypes of non-Hodgkin’s lymphoma, breast
cancer, acute nonlymphocytic leukemia, and sarcomas (31%-40%) (Loberg et al.
2007; Tisdale 2009). The presence of cachexia is associated with poor prognosis
and reduced survival, and cachexia is estimated to account for about 20% of all
cancer deaths, death usually occurring when weight loss approaches 30% (Argi-
les et al. 2014; Loberg et al. 2007; Tisdale 2009). Considering the number of pa-
tients affected by cachexia, the poor prognosis related to it, and the fact that no
effective therapies are currently available, cancer cachexia is an important target
for investigation.

As indicated by the diagnostic criteria above, cachexia can be detected
from involuntary weight loss, or low BMI associated with weight loss (Fearon et
al. 2011; Fearon, Arends & Baracos 2013). With these criteria, cachexia may be
unnoticed in obese patients, or in patients with ascites or peripheral oedema
that may result in weight gain rather than weight loss despite a severe level of
cachexia (Fearon, Arends & Baracos 2013). However, obese and overweight pa-
tients may also be undergoing severe muscle wasting at the time of cancer di-
agnosis, and low muscularity is an independent risk factor for impaired surviv-
al in both obese and non-obese cancer patients (Fearon et al. 2011; Fearon, Ar-
ends & Baracos 2013; Prado et al. 2008; Tan et al. 2009). This is why direct as-
sessment of muscle mass needs to be included in the diagnosis of cachexia at
least in these patient populations. In addition, muscle function can decline in-
dependent of changes in muscle mass in cachexia, and thus evaluation of mus-
cle function should also be included. However, relatively few studies directly
assessing skeletal muscle size at baseline or especially the change in muscle size
during disease progression exist, and this assessment is not yet part of standard
clinical practice despite the accumulating evidence of its importance (Kazemi-
Bajestani, Mazurak & Baracos 2016; Pichard, Baracos & Attaix 2011).

2.1.2 Physiology of cachexia

21.21 Skeletal muscle

Skeletal muscle has arisen as one of the main targets for investigation and for
the development of cachexia therapies. Cachexia is associated with progressive
wasting in many human cancers and pre-clinical cancer cachexia models in ro-
dents (Aulino et al. 2010; Bonetto et al. 2016; Murphy et al. 2012; Tisdale 2009).
It has been found that low muscle mass is an independent risk factor for mortal-
ity as well as chemotherapy-related toxicity (Fearon, Arends & Baracos 2013;
Kazemi-Bajestani, Mazurak & Baracos 2016; Prado et al. 2007; Prado et al. 2009).
In addition to negative effects on prognosis and tolerance of anti-cancer thera-
pies, muscle wasting associated with cancer cachexia drastically impairs the
quality of life and functional capacity of cancer patients and induces weakness,
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fatigue and exercise intolerance (Penna et al. 2019). In addition to muscles in-
volved in locomotion, cachexia also affects other vital muscle groups, such as
respiratory muscles. Indeed, atrophy and weakness of the diaphragm (Murphy
et al. 2012; Roberts et al. 2013), the major respiratory muscle, accompanied by
ventilatory dysfunction (Roberts et al. 2013) have been observed in a murine
model of cancer cachexia. This may potentially contribute to the impaired sur-
vival associated with muscle wasting (Azoulay et al. 2004; Schapira et al. 1993),
but this hypothesis requires further investigation.

Regulation of muscle mass. In general, muscle mass is regulated by the
balance between muscle protein synthesis and degradation, hypertrophy occur-
ring when net synthesis exceeds net degradation and, vice versa, atrophy occur-
ring when net degradation exceeds net synthesis. Consistent with this, the nega-
tive protein balance and muscle wasting observed in cancer cachexia can be at-
tributed to decreased protein synthesis (Horstman et al. 2016; Penna et al. 2019;
Samuels et al. 2001; Smith & Tisdale 1993; White et al. 2011) and/or increased
protein degradation (Penna et al. 2019; Samuels et al. 2001; Smith & Tisdale
1993; Toledo et al. 2016b; White et al. 2011), and potentially also to impaired
regeneration (Talbert & Guttridge 2016) in skeletal muscle. The relative contri-
bution of each of these mechanisms may depend on the stage of cachexia, for
instance (Smith & Tisdale 1993; White et al. 2011).

Protein synthesis. Protein synthesis is a process in which messenger RNA
(mRNA) is translated into protein by ribosomes in three steps: initiation, elon-
gation, and termination (Gordon, Kelleher & Kimball 2013). The initiation step
consists of the assembly of the 43S preinitiation complex containing the initiator
methionyl-transfer RNA (tRNA) and the binding of mRNA to the 43S preinitia-
tion complex (Gordon, Kelleher & Kimball 2013). In the elongation phase, a
polypeptide chain is synthesized by the addition of amino acids by tRNAs
based on the mRNA template, and in the termination step, the formed polypep-
tide chain is released when the ribosome phases the stop codon on the mRNA
(Hershey, Sonenberg & Mathews 2012). Most of the regulation targets the initia-
tion step (Gordon, Kelleher & Kimball 2013). A master regulator of protein syn-
thesis is a mechanistic target of rapamycin complex 1 (mTORC1), which has
many important functions in the control of cell growth and metabolism, that is,
the synthesis of proteins, lipids and nucleotides, glucose metabolism, and au-
tophagy (McCarthy & Esser 2010; Saxton & Sabatini 2017). mTORC1 promotes
protein synthesis through phosphorylation of its downstream targets, such as
p70S6 kinase 1 (56K1) and eukaryotic initiation factor (elF) 4E binding protein 1
(4E-BP1). The phosphorylation of S6K1 by mTORC1 (and subsequently by
PDK1) activates the kinase and results in phosphorylation of multiple down-
stream targets, such as elF4B and ribosomal protein S6 (rpS6). These changes
promote e.g. the initiation of translation, elongation, mRNA biogenesis, and
ribosomal biogenesis. In contrast, 4E-BP1 inhibits translation through binding
to elF4E, and phosphorylation by mTORCI relieves this inhibition thus promot-
ing the initiation of translation (Laplante & Sabatini 2009; Saxton & Sabatini
2017).



23

Multiple upstream signals regulate the activation of mTORC1 signalling,
including growth factors, amino acids, cellular energy status and oxygen levels,
DNA damage, as well as mechanical stimuli (such as muscle contraction)
(Goodman 2019; Jacobs, Goodman & Hornberger 2014; Laplante & Sabatini
2009; Saxton & Sabatini 2017; Sengupta, Peterson & Sabatini 2010,). In addition,
it has been shown that subcellular localization influences the activity of
mTORCI, and its localization to the lysosomal/late endosomal surface has been
associated with enhanced mTORC1 activation (Jacobs et al. 2013; Sancak et al.
2010), also in skeletal muscle (Goodman 2019).

The number of stimuli regulating mTORC1 signalling suggests that mus-
cle protein synthesis may be regulated by multiple physiological and pathologi-
cal conditions or factors, such as physical exercise or the lack of it, nutrient in-
take, or different wasting conditions, including ageing/sarcopenia, disuse, and
several diseases, such as cancer (Gordon, Kelleher & Kimball 2013). Muscle pro-
tein synthesis has been found to be either lower (Dworzak et al. 1998; Emery et
al. 1984; Rennie et al. 1983), higher (Shaw et al. 1991), or similar (Williams et al.
2012) in cachectic cancer patients as compared to control levels (Williams et al.
2012) or non-weight losing cancer patients (Shaw et al. 1991). In experimental
models of cancer cachexia, muscle protein synthesis has usually been decreased
compared with healthy controls (Emery, Lovell & Rennie 1984; Lopes et al. 1989;
Pain & Garlick 1980; Samuels et al. 2001; Smith & Tisdale 1993; Toledo et al.
2016b; White et al. 2011), although some studies have reported levels compara-
ble to controls (Costelli et al. 1993, Llovera et al. 1998, Tessitore et al. 1993). The
inconsistent results in human patients may be at least in part due to differences
in feeding status, as elevated muscle protein synthesis has been found in fasted
states (Shaw et al. 1991), whereas depressed levels have been found in fed states
(Emery et al. 1984). This may be due to anabolic resistance in cachectic cancer
patients (Engelen, van der Meij & Deutz 2016; Penna et al. 2019). Indeed, even
though some studies report similar (Williams et al. 2012) or even increased
(Shaw et al. 1991) levels of muscle protein synthesis in the fasted state, the ana-
bolic response to nutrient intake may be compromised in cancer cachexia
(Deutz et al. 2011; Williams et al. 2012). However, optimized levels and content
of protein and amino acids may induce the anabolic response in cachectic can-
cer patients (Deutz et al. 2011, Engelen, van der Meij & Deutz 2016) and in
mouse models of cancer cachexia (Eley, Russell & Tisdale 2007), and different
nutrient compositions may thus in part explain the inconsistent results.

In animal models of cancer cachexia, muscle wasting and decreased pro-
tein synthesis have been associated with decreased markers of mTORC1 signal-
ling, such as decreased phosphorylation of S6K1 and 4E-BP1, and increased (in-
activating) phosphorylation of eukaryotic elongation factor 2 (eEF2) (Eley, Rus-
sell & Tisdale 2007; White et al. 2011). In addition to depressed mTORC1 signal-
ling, it has been suggested that assembly of the 43S preinitiation complex might
be inhibited in cancer cachexia, potentially impeding protein synthesis (Gordon,
Kelleher & Kimball 2013). However, at the time of planning this dissertation,
the mechanisms underlying decreased protein synthesis and mTORC1 signal-
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ling in cancer cachexia are still not fully understood, and it is not known, for
example, if the localization of mTORC is altered in cancer cachexia. In addition,
closely related to cancer, the effects of chemotherapy, such as doxorubicin, on
muscle protein synthesis and its regulation remain largely unknown. Moreover,
the contribution of potentially altered levels of physical activity and food intake
to protein synthesis and its regulation in these conditions still needs further in-
vestigation. Finally, the interaction of protein synthesis and its regulation in
these conditions with signalling through Transforming growth factor 3 (TGF-f3)
family members is poorly understood, and is an attractive target for investiga-
tion due to its therapeutic potential in muscle wasting (see section 2.2).

Protein degradation. Proteins can be degraded via different catabolic
pathways, and the four main proteolytic pathways in skeletal muscle fibres in-
clude the ubiquitin-proteasome system (UPS), autophagy, and the calpain and
caspase systems (McCarthy & Esser 2010; Penna et al. 2019). In the UPS, pro-
teins are polyubiquitinated by specific classes of enzymes (E1, E2 and E3) and
then degraded by the 26S proteasome. The rate-limiting step of UPS is the trans-
fer of ubiquitin from E2 enzyme to the protein to be degraded, which is cata-
lyzed by E3 ubiquitin ligases. Multiple E3s exist and each of them targets specif-
ic groups of proteins (Sandri 2016). Autophagy is a catabolic process in which
damaged organelles and macromolecules are degraded in lysosomes, and thus
recycled in the cells (Sandri 2016). In muscle wasting, calpain and caspase sys-
tems are involved in, for instance, apoptosis and the cleavage of myofilaments
and proteins that anchor myofilaments to the Z-disc, and thus release them to
be degraded by the UPS (Argiles et al. 2014; Sandri 2008).

The proteolytic systems may be activated by different stimuli, such as me-
chanical unloading, growth factors (such as myostatin), hormones (such as glu-
cocorticoids), inflammatory cytokines (such as interleukin (IL)-6 and tumour
necrosis factor (TNF)-a), oxidative stress, metabolic stress (ATP levels and pro-
duction), and nutrient (i.e. amino acid and glucose) availability (McCarthy &
Esser 2010). These stimuli activate intracellular signalling pathways that regu-
late proteolysis. At the center of the regulation is protein kinase B/Akt-
Forkhead box O (FoxO) signalling, which interacts with other pathways, and
also with the regulation of protein synthesis (McCarthy & Esser 2010; Sandri
2016). Briefly, Akt inhibits FoxOs via phosphorylation, and when this inhibition
is relieved, FoxOs translocate to nucleus inducing expression of target genes,
including ubiquitin and ubiquitin ligases, proteasomal subunits, and autopha-
gy-related genes (McCarthy & Esser 2010; Sandri 2016). Other pathways poten-
tially activating proteolytic systems include (inhibitor of kappa B kinase) IKK-
Nuclear Factor (NF)-xB signalling (McCarthy & Esser 2010; Sandri 2016), Janus
kinase (JAK)-Stat3 (signal transducer and activator of transcription) signalling
that is activated by proinflammatory cytokines (Zimmers, Fishel & Bonetto
2016), and Smad2/3 signalling activated by TGF- superfamily members, such
as myostatin and activin A (McCarthy & Esser 2010; Sandri 2016).

The rate of muscle protein degradation has been investigated in very few
human studies, and the majority of the studies have assessed whole body pro-
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tein degradation, which does not necessarily represent the rate of skeletal mus-
cle protein degradation (Tipton, Hamilton & Gallagher 2018). In cachectic hu-
man cancer patients, whole body protein degradation has been found to be ele-
vated (Shaw et al. 1991), or unchanged (Dworzak et al. 1998; Emery et al. 1984)
as compared to healthy subjects (Dworzak et al. 1998; Emery et al. 1984) or non-
weight-losing cancer patients (Shaw et al. 1991). In animal models, muscle pro-
tein degradation has mostly been found to increase in cachectic tumour-bearing
animals compared with healthy (Costelli et al. 1993; Llovera et al. 1998; Lopes et
al. 1989; Samuels et al. 2001; Smith & Tisdale 1993; Tessitore et al. 1993; Toledo
et al. 2016b) or weight-stable (White et al. 2011) counterparts.

However, despite the limited number of studies assessing the rate of mus-
cle protein degradation, established markers of different proteolytic pathways
have been extensively studied in the context of cancer cachexia. Based on these
markers, the proteolytic pathways seem to be consistently activated in cachectic
cancer patients and in experimental cachexia models (Penna et al. 2019; White et
al. 2011). Of the main proteolytic pathways in skeletal muscle, the UPS and au-
tophagy seem particularly important in cancer cachexia (Penna et al. 2019). Ac-
tivation of protein breakdown via the UPS is typically assessed from the gene
expression of the muscle-specific E3 ubiquitin ligases, enzymes that catalyze the
ligation of ubiquitin to proteins targeted to degradation via the UPS (Penna et al.
2019). The two most studied muscle-specific ubiquitin ligases are muscle RING
finger-containing protein 1 (MuRF1/TRIM63) and muscle atrophy F-box pro-
tein (MAFbx/atrogin-1), but many others also exist and continue to be discov-
ered (Sandri 2016, Penna et al. 2019). However, despite being an important
component of the UPS, atrogin-1 is a poor marker for proteolysis, because it
mainly affects protein synthesis through breakdown of proteins involved in the
regulation of protein synthesis (Attaix & Baracos 2010). The level of UPS activa-
tion can also be assessed from, for example, the amount of ubiquitinated pro-
teins, the expression of other UPS genes, such as proteasome components, and
from the analysis of proteasome activity (Melvin et al. 2013). These above-
mentioned markers of UPS have been found to be elevated in experimental
models of cancer cachexia (Aulino et al. 2010; Busquets et al. 2012; Johnston et al.
2015; Llovera et al. 1998; Toledo et al. 2016b; Tseng et al. 2015; White et al. 2011;
Zhou et al. 2010) and also in human cancer patients (Bossola et al. 2003; Penna
et al. 2019) in many studies, but not all (Op den Kamp et al. 2012; Tardif et al.
2013; Williams et al. 2012). However, even though proteasome inhibitors have
been able to partially prevent immobilization-induced muscle atrophy (Krawiec
et al. 2005), they have not been successful in experimental models of cancer ca-
chexia (Penna et al. 2016), suggesting a potential compensatory activation in
other proteolytic pathways and supporting the idea that protein breakdown
may actually be an adaptive response to handle the accumulation of damaged
or dysfunctional proteins (Penna et al. 2019).

Autophagy, a mechanism to degrade different cellular components (Penna
et al. 2019), has also been shown to be induced in skeletal muscle in experi-
mental models of cancer cachexia (Penna et al. 2013a; Pigna et al. 2016) as well
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as in cachectic cancer patients (Aversa et al. 2016; Pigna et al. 2016; Tardif et al.
2013), as shown by increased levels of marker proteins of autophagy, such as
LC3B-II (Penna et al. 2019; Klionsky et al. 2016). However, it seems that in can-
cer cachexia, autophagy is not only excessive but may also be defective, as ca-
pacity for lysosomal clearance of autophagosomes seems to be decreased. Even
though autophagy is a vital process in skeletal muscle, the pathological nature
of autophagy in cancer cachexia may contribute to muscle wasting. Thus, po-
tential treatments might be aimed to modulate autophagy via its upstream me-
diators instead of inhibition of the autophagy process itself (Penna, Baccino &
Costelli 2014).

As many factors contribute to muscle atrophy in different wasting condi-
tions, an omics or systems biology approach might give a better understanding
of and new insight into the underlying mechanisms (Gallagher et al. 2016;
Twelkmeyer, Tardif & Rooyackers 2017). This approach has been adopted in
some muscle wasting and cachexia studies (Gallagher et al. 2016; Twelkmeyer,
Tardif & Rooyackers 2017), and in fact, transcriptomic analyses have revealed
that there is a set of genes, termed “atrogenes”, that is coordinately regulated in
different wasting conditions (Lecker et al. 2004; Sacheck et al. 2007). However,
especially in the context of chemotherapy-associated muscle wasting, studies
using omics techniques are lacking at the time of planning this dissertation.

21.2.2 Other factors and tissues in cachexia

Cancer cachexia is a multifactorial and multi-organ syndrome that is character-
ized by negative energy balance and energetic inefficiency. In addition to skele-
tal muscle, many other tissues are also affected by and contribute to cancer ca-
chexia, and may also be linked to muscle wasting (Figure 1). These tissues and
systems include at least brain, heart, liver, white and brown adipose tissue, gut,
blood, spleen and the immune system (Argiles et al. 2014).

Systemic inflammation is a key feature of cancer cachexia and potentially
plays a pivotal role in the development of cachexia syndrome. It is induced by
the release of pro-inflammatory cytokines, such as interleukin (IL)-6, IL-1, tu-
mour necrosis factor (TNF)-a, or interferon (IFN)-y from activated host immune
cells (e.g. macrophages) that are recruited to the tumour, or from the tumour
itself (Argiles, Lopez-Soriano & Busquets 2019; Fearon, Glass & Guttridge 2012;
Stephens, Skipworth & Fearon 2008). Increased levels of pro-inflammatory cy-
tokines are found in cancer patients undergoing weight loss. Additionally, ele-
vated IL-6 and monocyte chemoattractant protein (MCP)-1 have been associat-
ed with cachectic phenotype as well as reduced survival in human cancer pa-
tients, making them possible biomarkers and potential therapeutic targets in
cachexia (Fearon, Glass & Guttridge 2012; Stephens, Skipworth & Fearon 2008).
However, the effectiveness of antagonizing pro-inflammatory cytokines in
treatment of cachexia have yielded variable results (Argiles et al. 2019; Fearon,
Glass & Guttridge 2012; White et al. 2011), suggesting that blocking of only one
cytokine may not be effective and multimodal treatment is needed (Argiles,
Lopez-Soriano & Busquets 2019; Argiles et al. 2019).
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The pro-inflammatory cytokines may directly or indirectly activate protein
degradation pathways in skeletal muscle and thus contribute to muscle wasting
(Argiles, Lopez-Soriano & Busquets 2019; Fearon, Glass & Guttridge 2012). In
addition, elevated levels of pro-inflammatory cytokines activate hepatic acute
phase response (APR), which is an early-defence system that aims to limit tissue
injury (Stephens, Skipworth & Fearon 2008). However, if APR is prolonged or
severe in nature, it may have detrimental instead of protective effects. Indeed,
APR has been suggested to play a role in the development of cachexia and to be
associated with impaired survival (Stephens, Skipworth & Fearon 2008). In ad-
dition, APR is related to increased hepatic protein synthesis, and thus increased
need for amino acids that may potentially be provided by catabolism of skeletal
muscle proteins (Stephens, Skipworth & Fearon 2008). Thus, activation of APR
may contribute to the loss of muscle mass in cachexia cachexia (Fearon, Glass &
Guttridge 2012; Stephens, Skipworth & Fearon 2008). Moreover, spleen size has
been shown to increase in human cancer patients (Lieffers et al. 2009) and in
experimental models of cancer cachexia (Aulino et al. 2010; Bonetto et al. 2016;
Cuenca et al. 2014; Mundy-Bosse et al. 2011; Pin et al. 2015) and may contribute
to the development of cachexia (Fearon, Glass & Guttridge 2012; Lieffers et al.
2009). This splenomegaly may be accompanied by an expansion of a cell popu-
lation called myeloid-derived suppressor cells (MDSC), which is a hetero-
genous population of metabolically active and immune suppressive immature
myeloid cells (Winfield et al. 2008). The function and importance of MDSCs in
cancer cachexia still remains relatively unknown, but the expansion of MDSC
population has been associated with the development of cachexia, the induction
of acute phase response, and impaired survival in the presence of infection or
sepsis in tumour-bearing mice (Cuenca et al. 2014; Winfield et al. 2008).

In addition to proinflammatory cytokines, also other tumour- or host-
derived circulating factors may contribute to the development of cachexia.
Some of these factors are specific to tumours, including lipid mobilizing factor
[LMF, also known as zinc-a2-glycoprotein (ZAG)], and proteolysis-inducing
factor (PIF), that cause adipose tissue and skeletal muscle depletion, respective-
ly (Argiles et al. 2014; Fearon, Glass & Guttridge 2012). Others are not specific to
tumours, but are secreted also from other tissues, such as skeletal muscle, in
normal physiological conditions. These factors include for example the TGF-f3
superfamily members, including activins (Chen et al. 2014), myostatin (Han, Y.
Q. et al. 2018), GDF11 (Liu et al. 2019) and GDF15 (Fearon, Glass & Guttridge
2012; Loumaye & Thissen 2017; Mimeault & Batra 2010). For example, the ex-
pression of activin A by the tumour as well as high circulating levels of activin
A have been found in human cancer patients and are associated with more ma-
lignant phenotype and poor prognosis in (colorectal and lung cancer) patients
(Hoda et al. 2016; Loumaye et al. 2017). Both myostatin and activins are nega-
tive regulators of muscle size (reviewed in section 2.2) and thus may act as
drivers of skeletal muscle wasting in cancer cachexia (Chen et al. 2014; Chen et
al. 2016). Indeed, blocking of these factors has shown beneficial effects in coun-
teracting cancer cachexia (Benny Klimek et al. 2010; Busquets et al. 2012; Gallot
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et al. 2014; Hatakeyama et al. 2016; Li et al. 2007; Murphy et al. 2011b; Toledo et
al. 2016b, Zhou et al. 2010,).

As mentioned above, skeletal muscle loss is usually accompanied by
marked depletion of fat mass in cachexia. This is due to increased lipolysis, im-
paired lipid uptake, and decreased de novo lipogenesis in white adipose tissue
(Argiles et al. 2014). A connection between adipose tissue and skeletal muscle
has been proposed, as prevention of lipolysis has been shown to result in the
preservation of not only adipose tissue but also skeletal muscle mass in a mu-
rine model of cancer cachexia (Das et al. 2011). It has therefore been suggested
that signals from adipose tissue wasting may contribute to the activation of pro-
teolysis in skeletal muscle. Supporting this, increased lipid deposition in skele-
tal muscle has been found in human cancer patients and this has been related to
the body weight loss (Stephens et al. 2011). In addition, the phenomenon of
white adipose tissue browning as well as the activation of brown adipose tissue
have been associated with cancer cachexia, and may contribute to wasting via
increased energy expenditure and lipid mobilization (Argiles et al. 2014).

In addition to skeletal muscle tissue, cardiac muscle is also affected by
cancer cachexia. As skeletal muscle, the heart has also been shown to undergo
significant atrophy, which may be accompanied by fibrosis, disrupted myocar-
dial ultrastructure, and alterations in the contractile proteins, as well as im-
pairment in heart function and ultimately heart failure (Murphy 2016). This has
been shown in human cancer patients as well as in experimental rodent models
of cancer cachexia (Springer et al. 2014; Tian et al. 2010). Cardiovascular compli-
cations are common in cancer patients and they may even be a major cause of
death (Murphy 2016). In addition, the incidence of arrhythmias is increased in
cancer cachexia, and they may be causally linked with mortality, arrhythmias
being potentially the most common cause of sudden cardiac death in cachectic
patients (Kalantar-Zadeh et al. 2013). In addition to cancer itself, also anticancer
therapies, including chemotherapeutic agents and targeted anticancer therapies,
may have cardiotoxic side effects further aggravating cardiac cachexia and im-
peding the effectiveness of anticancer therapies (Murphy 2016; Vejpongsa &
Yeh 2014). However, much like with skeletal muscle, atrophy and other compli-
cations of the heart have been underappreciated by clinicians and scientists and
require further investigation (Murphy 2016).

Cachexia is also frequently associated with haematologic changes, includ-
ing increased platelet count, i.e. thrombocytosis, potentially accompanied by
enhanced platelet activation and increased platelet volume (Kalantar-Zadeh et
al. 2013). This predisposes to thromboembolism and resulting cardiovascular or
cerebrovascular events and sudden death (Kalantar-Zadeh et al. 2013). In addi-
tion, anemia is a common feature in cachectic cancer patients (Caro et al. 2001)
and in animal models of cancer cachexia (Penna et al. 2013b; Pin et al. 2015; To-
ledo et al. 2014). It has been suggested to contribute to fatigue (Bruera &
Sweeney 2000), in addition to being an independent prognostic factor for im-
paired survival (Caro et al. 2001).
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As a regulator of food intake, brain may also be affected by and contribute
to cancer cachexia, as appetite, satiation, taste and smell are controlled by the
brain. In cancer cachexia, anorexigenic brain pathways are activated and orexi-
genic inhibited resulting in decreased food intake. In addition, cancer may alter
the patient’s ability to taste and smell the food thus affecting the appetite (Argi-
les et al. 2014). The resulting decrease in food intake may contribute to, but does
not fully explain the cachexia associated wasting (Fearon et al. 2011; Murphy et
al. 2012). However, the contribution of decreased food intake to muscle wasting
and its regulation in cachexia is not fully understood.

Cachectic cancer patients may also suffer from malabsorption, potentially
contributing to malnutrition (Argiles et al. 2018). Moreover, altered gut micro-
biota (Bindels et al. 2016; Bindels et al. 2018; Herremans et al. 2019) and gut bar-
rier dysfunction (Bindels et al. 2018; Jiang et al. 2014; Puppa et al. 2011) have
been associated with cancer cachexia and impaired survival in preclinical ani-
mal models and in human patients (Bindels et al. 2018), and interventions tar-
geting gut microbiota have been found to reduce cancer and cachexia progres-
sion and to improve survival in mice (Bindels et al. 2016).
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FIGURE 1 Representation of the multi-organ effects of cancer cachexia. Many tissues are af-
fected by and contribute to the development of cachexia, pro-inflammatory envi-
ronment potentially playing a major role in different alterations seen in cachexia.
Individual images were obtained and modified from https:/ /smart.servier.com.
(Modified from Argiles, Busquets, Stemmler & Lopez-Soriano 2014)
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2.1.3 Experimental models of cancer cachexia

Due to the heterogeneity of cancer and cancer cachexia syndrome in humans as
well as the limitations and difficulties of clinical trials, different pre-clinical ex-
perimental models have been developed to allow better exploration of the un-
derlying mechanisms and potential therapies to counteract cancer cachexia. Cell
and animal models are simpler and more uniform as compared to cachexia in
humans, which reduces the cost and the time to produce meaningful results.
The drawback, however, is that they can never fully represent all the features of
human cancer cachexia (Penna, Busquets & Argiles 2016). In this dissertation,
the murine models of cancer cachexia are in focus, and different types of mu-
rine models are briefly presented below.

The experimental models can be divided in different categories based on
the origin and location of the tumour, each with different advantages and limi-
tations. Firstly, there are several well-established syngeneic rodent models for
cancer cachexia, both in mice and rats. In syngeneic models, cancer cachexia is
induced by ectopic injection, i.e. subcutaneous (s.c.), intraperitoneal (i.p.), or
intramuscular (i.m.), of cancer cells derived from the same genetic background
as the recipient animal (Ballaro, Costelli & Penna 2016). The major advantages
of syngeneic models are that immune-competent animals can be used in the
experiments and that they produce a rapid, reproducible and easily synchro-
nized tumour growth and cachexia (Ballaro, Costelli & Penna 2016). However,
the ectopic location of the tumour may alter the “natural” behaviour of the tu-
mour since it is taken out of its original stroma and microenvironment (Ballaro,
Costelli & Penna 2016). Probably the most well characterized and extensively
used syngeneic murine models of cancer cachexia are the colon-26 (C26) carci-
noma in BALB/c or CD2F1 mice (Aulino et al. 2010; Bonetto et al. 2016), and the
Lewis lung carcinoma (LLC) in C57Bl/6 mice (Ballaro, Costelli & Penna 2016;
Penna, Busquets & Argiles 2016).

Secondly, some studies have successfully used orthotopically injected
human cancer cells to mimic human cancer and to produce cachexia (Chen et al.
2015; Shukla et al. 2015; Yanagihara et al. 2019). The advantage of the orthotopic
location is that the tumour grows in its original stroma and microenvironment,
making it potentially closer to human scenario. However, the translational po-
tential of these models is limited by the requirement of immuno-compromised
animals, and the fact that many of the human cell lines have not been previous-
ly used in vivo to model cachexia, for instance (Ballaro, Costelli & Penna 2016).

Thirdly, patient derived xenografts (fragments of tumours) implanted ec-
topically or orthotopically have been used to find the most effective drug for a
given tumour (Ballaro, Costelli & Penna 2016), but have recently been adopted
to cachexia research as well (Delitto et al. 2017; Go et al. 2017). The advantage is
the close resemblance to human cancer, with the limitation of the requirement
of immuno-compromised host animals.

Finally, genetic engineered mouse models that spontaneously develop
tumours due to mutation or knockout of specific genes potentially best repro-
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duce human cancer as to structure, behaviour and development (Ballaro, Cos-
telli & Penna 2016). In addition, their advantage is the orthotopic location and
low growth rate of the tumours, allowing time for interventions (Ballaro, Cos-
telli & Penna 2016). Examples of genetic cancer cachexia models include
ApcMin/* model of colon cancer (Mehl et al. 2005) and inhibin-a deficient model
producing gonadal tumours (Matzuk et al. 1994). Drawbacks of these models
include e.g. difficulties in synchronization of tumour development and cachexia
and in assessing the exact timing and rate of tumour growth (Ballaro, Costelli &
Penna 2016).

Two different syngeneic murine models of cancer cachexia, the C26 and
the LLC model, were used in this dissertation. The LLC model was used in the
chemotherapy experiments while the C26 was chosen for the main cancer ca-
chexia experiments. The C26 model was first established in 1975 in an effort to
find a transplantable colon cancer model for biological and chemotherapy stud-
ies (Aulino et al. 2010). It was originally chemically induced in BALB/c mice
and described as an undifferentiated Grade IV carcinoma, which is highly tu-
mourigenic and has a varying tendency for metastasis (Aulino et al. 2010; Cor-
bett et al. 1975; Sato, Michaelides & Wallack 1981). Later, in 1990 inoculation of
C26 cells in mice was found to cause significant loss of carcass weight, consist-
ing of depletion of muscle and adipose tissue mass, proving C26 a suitable
model for cancer cachexia studies (Tanaka et al. 1990). However, it has been
found that the site of inoculation has an effect on C26-induced cachexia
(Matsumoto et al. 1999). The LLC cells were isolated from a spontaneous tu-
mour in C57BL/6 mouse in 1951 (Penna, Busquets & Argiles 2016). Both of
these models have been extensively used in cachexia studies, and they both
have different advantages and limitations. One major difference between these
models is the inoculation site: While C26 cells are usually injected subcutane-
ously in the dorsal region of the mice, LLC cells are often injected intramuscu-
larly (Penna, Busquets & Argiles 2016). One advantage of C26 model is marked
cachexia with a relatively small tumour burden (~2 % of the host body mass),
which is closer to human scenario as compared to LLC model, for instance,
producing a tumour burden of 20-30 % of host body mass (Penna, Busquets &
Argiles 2016; Ballaro, Costelli & Penna 2016). A clear limitation of C26 model is
the rapid progression of cachexia and the short period of time from the begin-
ning of wasting to death, which leaves a small window of time for interventions
(Penna, Busquets & Argiles 2016). Contrary to C26 model, LLC tumour fre-
quently metastasizes, which on the first hand makes it resemble human cancer,
but on the other hand adds a potential confounding factor and makes it difficult
to assess tumour progression during the experiment (Ballaro, Costelli & Penna
2016). The LLC model is usually used in cachexia studies with transgenic or
knockout mice, since C57BL/6, the syngeneic strain for LLC, is the most fre-
quent background of those mice (Penna, Busquets & Argiles 2016). However, a
single model cannot represent the heterogeneity of human cancers, which re-
quires studies with different models as well as constant search for more appro-
priate models (Penna, Busquets & Argiles 2016).
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214 Chemotherapy and muscle loss

The interaction between the tumour, the host, and the anti-tumour treatment is
important for the overall outcome. If the tumour is responsive to the treatment,
the applied anticancer therapy, such as cytotoxic chemotherapy, is likely to al-
leviate cachexia and to improve the quality of life of the patient (Fearon, Arends
& Baracos 2013; Samuels et al. 2001; Tilignac et al. 2002). However, despite not
being an actual component of cancer associated cachexia, different anticancer
therapies, such as cytotoxic chemotherapy, surgery, radiation therapy, andro-
gen-deprivation therapy, or targeted therapies, may cause muscle wasting and
thus aggravate the cachectic phenotype at least initially before tumour regres-
sion (Argiles, Lopez-Soriano & Busquets 2019; Fearon, Arends & Baracos 2013;
Tilignac et al. 2002,). Consequently, it is also important to study the independ-
ent effects of the anticancer therapies in the absence of the tumour.

As cytotoxic chemotherapy is a very common anticancer treatment and is
in the scope of this dissertation, the effects of chemotherapy on muscle tissue
are reviewed more in detail below. Many different chemotherapeutic agents are
used alone or in combination with other agents to treat cancer. One of them is
doxorubicin, which is a widely used anthracycline chemotherapeutic agent
used to treat different cancers (Vejpongsa & Yeh 2014). The antineoplastic ef-
fects of doxorubicin include prevention of DNA replication via DNA Topoiso-
merase Il inhibition, DNA damage via formation of reactive oxygen species
(ROS), and apoptosis (programmed cell death) (Gilliam & St Clair 2011). Unfor-
tunately, in addition to its antitumour effects, doxorubicin has deleterious ef-
fects on noncancerous tissues, cardiotoxicity being its most well-known side
effect and limiting its clinical use (Gilliam & St Clair 2011; Vejpongsa & Yeh
2014). However, even with this limited dosage, doxorubicin causes weakness
and fatigue potentially in part due to deleterious effects also on skeletal muscle
tissue (Doroshow, Tallent & Schechter 1985; Gilliam & St Clair 2011). Indeed,
the degree of skeletal muscle dysfunction caused by doxorubicin may be com-
parable to or even higher than that of heart (Hydock et al. 2011; Min et al. 2015).
Studies in both humans (Gilliam & St Clair 2011) and animals (Braun et al. 2014;
Ertunc et al. 2009; Gilliam et al. 2009; Gilliam et al. 2011a; Gilliam et al. 2011b;
Gouspillou et al. 2015; Hydock et al. 2011; Min et al. 2015) have reported muscle
weakness, fatigue, dysfunction, and atrophy after chemotherapy with doxoru-
bicin alone or combined with other cytostatic agents.

The proposed cellular and molecular mechanisms for skeletal muscle tox-
icity with high doses of doxorubicin include oxidative stress induced by drug
accumulation into skeletal muscle, which may lead to contractile and mito-
chondrial dysfunction associated with activation of proteolytic and apoptotic
signalling pathways (Gilliam et al. 2009; Gilliam & St Clair 2011; Gilliam et al.
2011b; Gilliam et al. 2012). For example, increased calpain-1 and caspase-3 acti-
vation (Min et al. 2015; Smuder et al. 2011b), decreased actin content and in-
creased myofilament protein release (Smuder et al. 2011b), and increased ex-
pression of ubiquitin ligases (Braun et al. 2014) have been observed in muscle
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after treatment with doxorubicin or doxorubicin in combination with other
chemotherapeutic agents, suggesting increased proteolysis. These findings are
supported by an in vitro study in C2C12 myotubes (Gilliam et al. 2012). In addi-
tion, increased markers of autophagy (Braun et al. 2014; Smuder et al. 2011a),
and apoptosis (Braun et al. 2014; Min et al. 2015; Smuder et al. 2011a) have been
observed in muscles of rodents treated with doxorubicin or doxorubicin in
combination with other chemotherapeutic agents. Exercise (Smuder et al. 2011a;
Smuder et al. 2011b) and the inhibition of calpain activation (Min et al. 2015)
have attenuated some of the detrimental effects of doxorubicin on muscle tissue.

In addition to doxorubicin, the effects of other chemotherapeutic agents,
such as Folfiri, on muscle tissue have recently been investigated (e.g. Barreto et
al. 2016). These studies have shown muscle wasting effects also with other
chemotherapeutic agents in rodents (Barreto et al. 2016; Barreto et al. 2017).
However, not all cancer treatments induce cachexia (Talbert et al. 2017). A com-
prehensive comparison of the muscle wasting effects of doxorubicin and other
cancer therapies in rodents, and especially in patients, is lacking.

In tumour-bearing mice, chemotherapy with antitumour effect has been
found to restore muscle protein synthesis (Samuels et al. 2001), but in some cas-
es, the negative effect of chemotherapy on nitrogen balance has been exacerbat-
ed in tumour-bearing animals despite antitumour activity (Le Bricon et al. 1995),
underlining the specificity of the effects of chemotherapeutic agents and the
interaction of them with the tumour. However, despite multiple studies inves-
tigating the proteolytic pathways in skeletal muscle, the effect of doxorubicin as
well as concomitant blocking of myostatin and activins on muscle protein syn-
thesis in non-tumour-bearing animals was unknown at the time of planning this
dissertation. In addition, the effects of blocking myostatin and activins in chem-
otherapy-associated cardiac atrophy had not been studied before.

In addition to the effects of the anticancer treatments on muscle tissue, the
development of cachexia may cause some limitations to the anticancer therapies,
thus potentially hindering the effectiveness of the treatment and the overall
outcome toxicity (Fearon, Arends & Baracos 2013; Kazemi-Bajestani, Mazurak &
Baracos 2016; Prado et al. 2009; Prado et al. 2007). These effects are reviewed in
the next section.

2.1.5 Cachexia and survival

As mentioned earlier, development of cachexia syndrome is associated with
impaired overall prognosis and survival in cancer patients (Arthur et al. 2014;
Dewys et al. 1980; Fearon, Arends & Baracos 2013; Kazemi-Bajestani, Mazurak
& Baracos 2016). It has been suggested that about 20% of cancer-related deaths
may be attributable to cachexia and death usually occurs when weight loss ap-
proaches 30% (Argiles et al. 2014; Loberg et al. 2007; Tisdale 2009). Many stud-
ies have reported that sarcopenia, i.e. low muscle mass or area, at baseline in-
dependently predicts poorer survival in cancer patients (Camus et al. 2014; Ha-
rimoto et al. 2013; Iritani et al. 2015; Kazemi-Bajestani, Mazurak & Baracos 2016;
Martin et al. 2013; Meza-Junco et al. 2013; Miyamoto et al. 2015; Peng et al. 2012;
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Prado et al. 2008; Psutka et al. 2014; van Vledder et al. 2012; Veasey Rodrigues
et al. 2013; Voron et al. 2015). Moreover, sarcopenia has been suggested to have
an especially strong association with poor survival in overweight and obese
patients as compared to non-sarcopenic obese patients (Cooper et al. 2015;
Iritani et al. 2015; Kazemi-Bajestani, Mazurak & Baracos 2016; Prado et al. 2008;
Rollins et al. 2016; Tan et al. 2009). In addition to directly assessed muscularity,
low fat free mass has been found to predict increased one-year mortality in can-
cer patients receiving chemotherapy (Stobaus et al. 2013). However, not all
studies have found association between sarcopenia at baseline and poor surviv-
al (Joglekar et al. 2015; Lodewick et al. 2015; Peng et al. 2011; Rollins et al. 2016;
Stene et al. 2015; Tan et al. 2009). In addition to sarcopenia, relative loss of body
weight as well as body mass index (BMI) have been shown to predict survival
independently of cancer site, stage and performance status that are convention-
al prognostic factors (Bachmann et al. 2008; Dewys et al. 1980; Fouladiun et al.
2007; Martin et al. 2015; Martin et al. 2013). Moreover, low BMI associated with
any degree of weight loss increased the risk of mortality when compared with
high BMI (Martin et al. 2015).

There are very few studies reporting the effects of muscle wasting, instead
of baseline measures of muscularity or changes in body mass, during cancer
progression. However, Stene et al. found that skeletal muscle wasting in partic-
ular, and not sarcopenia at baseline, independently predicted survival in pa-
tients with advanced non-small cell lung cancer receiving chemotherapy (Stene
et al. 2015). The importance of muscle maintenance is supported by studies in
pancreatic cancer patients, where muscle loss was associated with poorer sur-
vival (Dalal et al. 2012; Fogelman et al. 2014). In addition, skeletal muscle loss
has correlated with disease free survival (Cooper et al. 2015). However, the as-
sociation between muscle loss and survival has not been found in all studies
(Cooper et al. 2015; Tan et al. 2009). In addition to muscle mass and size, the
quality and function of the muscle tissue is also important (Tardif, Grip &
Rooyackers 2017). Indeed, for example the fat content and contractile function
of muscle have been shown to be altered in cachexia and associated with sur-
vival in cancer and other muscle wasting conditions, and also in general
(Cooper et al. 2010; Martin et al. 2013; Rantanen, Sakari-Rantala & Heikkinen
2002; Rollins et al. 2016; Tardif, Grip & Rooyackers 2017). Moreover, cachexia
(Arthur et al. 2014; van Vugt et al. 2015) and decreased grip strength (Guo et al.
1996) have been associated with increased risk of different comorbidities, post-
operative complications, major loss of function, as well as length and cost of
hospital stay.

Many studies have reported that sarcopenia, low muscle size, or low lean
body mass are associated with increased incidence of toxicity in patients receiv-
ing chemotherapy (Barret et al. 2014; Kazemi-Bajestani, Mazurak & Baracos
2016; Prado et al. 2007; Prado et al. 2009; Tan et al. 2015). The toxic effects of
chemotherapy in patients with low muscularity may require dose limitations,
delays in the treatment, or even termination of the treatment, and this obviously
hinders the efficacy of the treatment (Fearon et al. 2011; Kazemi-Bajestani, Ma-
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zurak & Baracos 2016; Prado et al. 2009). Indeed, weight loss and muscle wast-
ing have been suggested to be associated with response to treatment (Cooper et
al. 2015; Dewys et al. 1980). However, the association between lean body mass
and chemotherapy toxicity has not been observed in all studies (Prado et al.
2014). The increased toxicity observed in many studies may be due to the con-
ventional dosage of the drug based on body surface area rather than body com-
position: patients with low fat-free mass in relation to body surface area may
have lower volume of distribution of the drug resulting in increased toxicity in
this patient group, comprising especially women and obese patients (Prado et al.
2007; Prado et al. 2008; Prado et al. 2009; Stobaus et al. 2013). Thus, considering
both the potentially harmful effect of chemotherapy on muscle tissue and the
negative effect of low muscle mass on the outcome of the treatment, it would be
of great importance to find effective therapies to counteract muscle wasting that
would potentially provide more time to treat the underlying disease.

In addition to cancer, cachexia and muscle wasting have been associated
with increased mortality also in other diseases such as in chronic heart failure
(Anker et al. 1997), and in mechanically ventilated critically ill patients (Weijs et
al. 2014), whereas greater muscle mass indicated by higher serum creatinine
level was associated with greater survival rate even in the presence of weight
loss in patients receiving haemodialysis (Kalantar-Zadeh et al. 2010). These
findings support the independent role of muscle wasting in survival, and un-
derline the importance of muscle tissue in disease states.

Despite the association between low muscle mass, wasting, and mortality
risk, it is still debated whether this link is actually causal, and there is still no
consensus on the mechanisms via which cachexia causes premature death
(Kalantar-Zadeh et al. 2013). As cachexia never exists without the underlying
disease, it is possible that cachexia is just an epiphenomenon that is secondary
to the disease or its risk factors, and that the disease causes death independent
of cachexia (Figure 2) (Kalantar-Zadeh et al. 2013). However, given the piling
and consistent evidence, it is also possible that cachexia is a true cause of death
(Kalantar-Zadeh et al. 2013), but this is practically impossible to prove with ep-
idemiological studies in human patients where there are multiple confounding
factors. This problem has been tackled through the use of pre-clinical animal
models attempting to determine, whether there is a causal link between cachex-
ia and mortality.
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FIGURE 2 Causality hypothesis between cachexia and death. Images were obtained from
https:/ /smart.servier.com. (Adopted from Kalantar-Zadeth et al. 2013)
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Supporting the existence of a causal link between cachexia and mortality, pre-
vention of muscle wasting has been associated with improved survival in pre-
clinical murine models of cancer cachexia (Cai et al. 2004; Gallot et al. 2014;
Hatakeyama et al. 2016; Johnston et al. 2015; Lerner et al. 2016; Pretto et al. 2015;
Toledo et al. 2016b; Tseng et al. 2015; Zhou et al. 2010). For example, inhibition
of NF-xB signalling in muscle (Cai et al. 2004) or TWEAK/Fn14 signalling in the
tumour (Johnston et al. 2015), blocking of GDF15 (Lerner et al. 2016), treatment
with histone deacetylase inhibitor (Tseng et al. 2015), or blockade of myostatin
and activins (Gallot et al. 2014; Hatakeyama et al. 2016; Li et al. 2007; Toledo et
al. 2016b; Zhou et al. 2010) have resulted in prevention of muscle wasting and
improved survival in different murine cancer cachexia models. Importantly,
prevention of cancer associated muscle wasting by blocking myostatin and ac-
tivins with a soluble receptor (SACVR2B) resulted in marked improvement in
survival without an effect on tumour growth in C26 carcinoma model, and sur-
vival was improved even when the treatment was not started until severe ca-
chexia had already developed (Zhou et al. 2010). Similar blockade of myostatin
and activins or genetic myostatin deficiency also prevented muscle wasting and
improved survival in LLC and Apc™in/* models of cancer cachexia (Gallot et al.
2014) as well as in inhibin-deficient mice (Li et al. 2007; Zhou et al. 2010), but in
those cases, tumour growth was also partially inhibited probably playing a role
in the improved survival.

All in all, the evidence from the majority of human and animal studies
supports the existence of an association between muscle size and survival, but
more evidence is still needed to confirm the causality. In addition, the mecha-
nisms of how preservation of muscle mass improves survival are poorly under-
stood and warrant further studies. For example, considering the multitude of
organs, tissues and systems involved in cachexia, the interaction between mus-
cle tissue and other tissues in relation to survival needs further investigation. In
addition, given the association between sarcopenia at baseline and shorter sur-
vival in human studies, it would be of interest to determine, if having a greater
muscle mass before cancer development had beneficial effects on survival.

2.1.6 Cancer, chemotherapy and physical exercise

Physical activity in cancer and chemotherapy. Studies with human patients
suggest that physical activity is decreased in cancer patients compared with
healthy subjects (Crowgey et al. 2014; Dahele et al. 2007; Fouladiun et al. 2007;
Moses et al. 2004) or compared with activity levels before cancer diagnosis (Ir-
win et al. 2003). Many studies reporting reduced activity levels in cancer pa-
tients have been conducted in cancer patients currently or previously treated
with chemotherapy (Crowgey et al. 2014; Dahele et al. 2007; Irwin et al. 2003). It
is possible that chemotherapy contributes to the decline in physical activity in
these patients (Courneya & Friedenreich 1997; Courneya & Friedenreich 1998;
Demark-Wahnefried et al. 1997; Irwin et al. 2003). However, it is difficult to dis-
tinguish between the effects of cancer and anticancer therapy in human patients,
and thus, animal studies are needed to be able to study the independent effects
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of cancer and chemotherapy. Indeed, in the limited number of studies available,
home-cage physical activity or distance covered in voluntary wheel running
have been found to decline in healthy rats treated with sorafenib (Toledo et al.
2016a) or doxorubicin (Marques-Aleixo et al. 2015), respectively. However,
amelioration in physical activity has been observed in tumour-bearing mice
treated with the same chemotherapeutic agent (Toledo et al. 2014), and thus,
more studies on the effect of different chemotherapeutic agents on physical ac-
tivity are needed. In addition, decreased physical activity has also been ob-
served in untreated tumour-bearing animals compared with healthy counter-
parts in many different preclinical cancer cachexia models (Baltgalvis et al. 2010;
Busquets et al. 2012; Murphy et al. 2012; Penna et al. 2011; Pigna et al. 2016; To-
ledo et al. 2011; Toledo et al. 2014; Toledo et al. 2016a; Toledo et al. 2016b; van
Norren et al. 2009b). The lowered physical activity may contribute to muscle
wasting in cancer (Fearon 2008), but the relevance and the underlying mecha-
nisms need further investigation.

Effects of cancer and chemotherapy on exercise capacity, muscle func-
tion and quality. In addition to decreased physical activity, poor exercise ca-
pacity (Dimeo et al. 1997), impaired aerobic capacity (Op den Kamp et al. 2012;
Weber et al. 2009) and impaired muscle strength and function of locomotor
muscles (Busquets et al. 2012; Johnston et al. 2015; Murphy et al. 2011b; Murphy
et al. 2012; Penna et al. 2011; Pigna et al. 2016; Pin et al. 2015; Toledo et al. 2011;
Toledo et al. 2016a; Toledo et al. 2016b; van Norren et al. 2009b; Weber et al.
2009; Zhou et al. 2010), and also respiratory muscles (Murphy et al. 2011b;
Murphy et al. 2012; Roberts et al. 2013), are typically associated with cancer and
preclinical animal models of cancer cachexia. These impairments may be in part
related to multiple metabolic and structural alterations in cachectic skeletal
muscle that affect muscle quality and function (Hardee, Montalvo & Carson
2017; Penna et al. 2019), such as mitochondrial damage and dysfunction (Pin et
al. 2015; Shum et al. 2012), decreased capacity for oxidative metabolism and
ATP production (Fontes-Oliveira et al. 2013), oxidative (Mastrocola et al. 2008)
and endoplasmic reticulum stress (Bohnert et al. 2016), altered fibre type distri-
bution (Pin et al. 2015), disruption of the sarcomere structure (Aulino et al. 2010;
Shum et al. 2012), and lipid accumulation (Stephens et al. 2011).

In breast cancer patients, functional capacity has been impaired after
treatment with chemotherapy, including doxorubicin (Schwartz 2000). Moreo-
ver, chemotherapy administered to healthy animals has decreased muscle force
or grip strength, and caused contractile and mitochondrial dysfunction (Ertunc
et al. 2009; Gilliam et al. 2009; Gilliam et al. 2013; Gouspillou et al. 2015; Min et
al. 2015; Toledo et al. 2016a). However, sorafenib chemotherapy has increased
grip strength in tumour-bearing rats (Toledo et al. 2016a). In diaphragm, doxo-
rubicin has been found to cause muscle damage, including alterations in the
ultrastructure of sarcoplasmic reticulum and mitochondria and myofibrillar
degeneration (Doroshow, Tallent & Schechter 1985), as well as decrease in force
and contractile dysfunction (Gilliam et al. 2011a). However, the effects of chem-
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otherapy, doxorubicin in particular, on maximal running capacity have not yet
been studied.

Effects of exercise in cancer and chemotherapy. Physical exercise seems
to be feasible and safe for cancer patients undergoing cancer treatment, and it
may have multiple positive effects, such as improvement in physical fitness,
functional capacity, body composition and quality of life of the patients, as well
as alleviation of fatigue related to cancer and cancer therapy (Courneya et al.
2007; Courneya et al. 2009; Doyle et al. 2006; Knols et al. 2005; Schwartz 2000;
Scott et al. 2018), without hindering the efficacy of the treatment (Courneya et al.
2009, Jones et al. 2005). In addition, resistance training has been effective in in-
creasing muscle strength, lean body mass, and chemotherapy completion rate
in breast cancer patients (Courneya et al. 2007), and in improving physical func-
tioning and muscle strength in breast cancer survivors (Battaglini et al. 2014;
Dos Santos et al. 2017). Exercise may help to counteract adverse systemic and
muscle-specific effects associated with cancer cachexia (Argiles et al. 2012; Lira,
Neto & Seelaender 2014). Depending on the type of exercise, it can have anti-
inflammatory or anti-catabolic effects, preserve muscle mass, improve oxidative
capacity, and consequently alleviate hyperlipidemia and insulin resistance in
cancer patients (Argiles et al. 2012; Lira, Neto & Seelaender 2014). Furthermore,
it has been suggested that adequate recreational physical activity after cancer
diagnosis may be associated with decreased disease-specific mortality, im-
proved overall survival, and reduced the risk of recurrence in colorectal and
breast cancer patients (Holmes et al. 2005; Ibrahim & Al-Homaidh 2011; Meyer-
hardt, Heseltine et al. 2006; Meyerhardt, Giovannucci et al. 2006), and could
slow the cancer progression and thus reduce the risk of mortality in prostate
cancer (Giovannucci et al. 2005). However, an epidemiological study by Hardee
et al. (2014) suggested that resistance training, but not physical activity, was
associated with lower risk of all-cause mortality (Hardee et al. 2014). Despite
the observed associations, the causality between physical activity and survival
remains uncertain. In some animal models of cancer cachexia, exercise interven-
tions have also been successful in improving muscle size and function (Penna et
al. 2011; Pigna et al. 2016; Pin et al. 2015), reducing tumour growth and improv-
ing survival (Pigna et al. 2016) but the mechanisms underlying these positive
effects are not fully understood. Exercise has also been protective against harm-
ful effects of chemotherapy on the heart and skeletal muscle in animal studies
(Kavazis et al. 2010; Marques-Aleixo et al. 2015; Smuder et al. 2011a; Smuder et
al. 2011b; Smuder et al. 2013).

To conclude, an exercise intervention might be beneficial as a part of a
multi-modal treatment at least in some cancers and in patients receiving chemo-
therapy, but the potential adverse effects and contraindications, such as anae-
mia and cardiac dysfunction, as well as patient-specific exercise capacity and
tolerance need to be taken into consideration (Argiles et al. 2012).
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2.2 Myostatin, activins and their receptors

2.21 Discovery and function

Transforming growth factor p (TGF-P) superfamily consists of more than 30
growth factors representing TGF-fs, growth and differentiation factors (GDFs),
bone morphogenetic proteins (BMPs), activins, and nodal (Wu & Hill 2009). The
main and best known activin receptor type 2B ligands, myostatin and activins,
are in the focus of this dissertation and will be reviewed more in detail below.

Myostatin (also known as GDF-8) is a member of TGF-f3 superfamily. It
was discovered in 1997, when its expression during embryonic development
and in adult muscle were first described (McPherron, Lawler & Lee 1997). It
was found that myostatin mRNA was expressed almost exclusively in skeletal
muscle tissue. In addition, homozygous disruption of myostatin gene resulted
in ~30% higher body mass as compared to wild-types and heterozygotes, which
was due to increased muscle mass as masses of individual muscles were 2-3
times larger (McPherron, Lawler & Lee 1997). The histology of the hypertro-
phied muscles was normal and the increased mass resulted from the combina-
tion of fibre hypertrophy and hyperplasia (McPherron, Lawler & Lee 1997). In
addition, mutations in myostatin gene have let to double muscled phenotype in
cattle (Grobet et al. 1997; Kambadur et al. 1997; McPherron & Lee 1997). These
results led to a conclusion that myostatin acts specifically as a negative regula-
tor of muscle growth. Indeed, blockade of endogenous myostatin has resulted
in muscle hypertrophy (Lee & McPherron 2001; Whittemore et al. 2003, Yang et
al. 2001) and increased strength also in adult muscle (Whittemore et al. 2003),
and overexpression of myostatin has caused muscle atrophy (Durieux et al.
2007; Zimmers et al. 2002), showing that myostatin is able to regulate muscle
size also in adulthood. In addition to the regulation of mature muscle fibre size,
myostatin plays a vital role in muscle development and embryonic myogenesis
(Chen et al. 2016). Moreover, at least in some pathological conditions, myostatin
may play a role also in other tissues, such as the heart (Sharma et al. 1999,
Walker et al. 2016).

Like other TGF- members, myostatin is synthesized and secreted as a
precursor protein and activated by proteolytic cleavage of the N-terminal pro-
domain from the C-terminal mature domain, providing an additional level of
regulation for its biological activity (Chen et al. 2016; McPherron, Lawler & Lee
1997; Wolfman et al. 2003). The latent precursor form of myostatin is cleaved by
BMP-1/tolloid family of metalloproteinases after the aspartate-76 residue with-
in the prodomain, which releases the biologically active mature domain (Wolf-
man et al. 2003). The mature domain then binds to its receptor activin receptor
type II (ACVR2) (Lee & McPherron 2001). This results in activation of the intra-
cellular signaling cascades, that ultimately result in alterations promoting mus-
cle atrophy, such as downregulation of Akt/mTORC1 signalling pathway
(Amirouche et al. 2009; Trendelenburg et al. 2009).
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GDF11 is a TGF-f member closely related to myostatin, and it has been
found to be expressed in many tissues and to play a role in many processes dur-
ing development, e.g. in skeletal patterning and development of bone and
nervous system, as well as in ageing and in different diseases (McPherron,
Lawler & Lee 1999; Zhang et al. 2017). It also seems to have potency to induce
muscle atrophy in vitro and in vivo (Hammers et al. 2017). For example, overex-
pression of GDF11 has caused atrophy in skeletal and cardiac muscles, whereas
the effect of myostatin seems to be typically specific to skeletal muscle (Ham-
mers et al. 2017). However, muscle-specific deletion of GDF11 gene has not af-
fected skeletal muscle size, indicating that at least muscle-derived endogenous
GDF11 may not be vital for regulation of skeletal muscle size (McPherron,
Huynh & Lee 2009), although some controversy exists concerning the role of
GDF11 in the regulation of skeletal muscle tissue during the whole life span
(Walker et al. 2016). Thus, as specific blockade of either myostatin or GDF11
alone is difficult due to the high level of homology, the effects of GDF11 and its
blocking in adult skeletal muscle require further investigation.

Activins are pleiotropic proteins that also belong to the TGF-p superfamily
(Bloise et al. 2019). The discovery of activin A was reported in 1986 by Vale and
colleagues, when it was purified and characterized from porcine ovarian fol-
licular fluid (Vale et al. 1986). Their name originates from their ability to stimu-
late the release of follicle-stimulating hormone from the pituitary gland, in con-
trast to inhibin, which inhibits the release of follicle-stimulating hormone
(Bloise et al. 2019). Activins are composed of two P-subunits of inhibin linked
by a disulfide bridge thus forming a dimeric polypeptide (whereas inhibins
contain one a and one [} subunit), activin A being a homodimer of two inhibin
PA subunits, while activin B consists of two inhibin BB subunits, for instance
(Bloise et al. 2019). Activins are initially synthesized as large precursor polypep-
tides, and their activation requires the proteolytic cleavage of the N-terminal
prodomain yielding a biologically active C-terminal mature domain. Activins
play important roles in reproduction and embryonic development (Bloise et al.
2019). In addition, activins and their receptors are present in virtually all mam-
mal body systems, and thus they have varying functions all over the body in
normal physiology and in response to injury or disease (Bloise et al. 2019;
Namwanje & Brown 2016). For example, activin A has been shown to have im-
portant effects on multiple extra-reproductive systems, including the brain,
cardiac, renal, digestive, immune and respiratory systems, as well as the mus-
culoskeletal system (Bloise et al. 2019). The effects on the muscular system are
in the scope of this dissertation, and those are reviewed more in detail below.

Mice deficient in inhibin, a competitive antagonist for activin, have been
shown to develop gonadal tumours and severe cachexia. This has been found to
be associated with increased levels of activin A and B, secreted from the tu-
mours, that potentially contributes to development of cachexia (Matzuk et al.
1994). Like myostatin, activin A acts as a negative regulator of muscle growth
both during development and in adult muscle. This is supported by studies
showing that overexpression of activin A leads to muscle atrophy (Chen et al.
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2014; Gilson et al. 2009), while heterozygous loss-of-function mutation in the
activin A gene (Lee et al. 2010) and activin A antagonism via overexpression of
activin A prodomain (Chen et al. 2017) result in increased muscle mass. Both
activin A and its receptor (reviewed more in detail below) are expressed in
adult myocytes. Their effects on skeletal muscle cells include inhibition of pro-
tein synthesis and promotion of protein breakdown, thus negatively regulating
muscle size (Bloise et al. 2019). Moreover, activin A has been suggested to affect
muscle contractile function and force production (Chen et al. 2014), mitochon-
drial oxidative phosphorylation, and regeneration after injury (Bloise et al.
2019). Similarly to activin A, activin B overexpression has resulted in muscle
atrophy (Chen et al. 2014), and inhibition via overexpression of activin B pro-
domain (Chen et al. 2017) has resulted in muscle hypertrophy, suggesting that
activin B can act as a negative regulator of muscle size, but the contribution of
endogenous levels of activin B to the regulation of muscle size requires further
investigation.

Myostatin, activins and GDF11 exert their effects through binding to activ-
in receptors (Chen et al. 2016; Zhang et al. 2017). Two types of activin receptors
have been identified, and based on their molecular weight, named type I (low
molecular weight) and type II (high molecular weight) receptors (Bloise et al.
2019). The ligand first binds to the activin receptor type II (ACVR2), which is a
transmembrane protein consisting of an extracellular ligand-binding domain
and an intracellular serine/threonine kinase domain (Bloise et al. 2019; Chen et
al. 2016). It was first characterized by Mathews and Vale in 1991 (Mathews &
Vale 1991), and two forms, i.e. ACVR2A and ACVR2B, have been identified
(Bloise et al. 2019). The binding of the ligand to ACVR2 enables the interaction
of the ligand with type I receptor, i.e. activin receptor-like kinase (ALK), further
enabling the recruitment and phosphorylation of ALK by the activated kinase
domain of ACVR2 (Bloise et al. 2019; Chen et al. 2016). This renders ALK active
and results in phosphorylation of its downstream targets, such as Smad2 and
Smad3. Smad2 and 3 then form a heterodimer that incorporates with Smad4
and this complex translocates to the nucleus and influences the transcription of
target genes (Bloise et al. 2019; Chen et al. 2016). Ultimately, the activation of
Smad signalling results in inhibition of protein synthesis via inhibition of Akt,
which is an upstream activator of mTOR, and promotion of protein degradation
via enhanced nuclear translocation of FoxO, and increased expression of ubiq-
uitin ligases (Figure 3) (Chen et al. 2016). In addition to the so-called canonical
Smad signalling, other non-canonical pathways may also be regulated by activ-
in receptor signaling (Figure 3). These Smad-independent pathways include
p38 mitogen-activated protein kinase (p38 MAPK), extracellular signal-
regulated kinase 1 and 2 (ERK1/2), and c-Jun NH»-terminal kinase (JNK) sig-
nalling that have variable functions in muscle cells (Bloise et al. 2019; Chen et al.
2016).
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FIGURE 3 A simplified illustration of intracellular signalling induced by binding of myo-
statin or activins to their receptor ACVR2B. Cell membrane and DNA images
were obtained from https:/ /smart.servier.com. (Modified from Chen et al.
2016)

2.2.2 Blocking of myostatin and activins in muscle atrophy

Given their important role in the regulation of muscle size, ACVR2B ligands,
such as myostatin and activin A, are attractive targets for development of ther-
apies to counteract muscle wasting. Indeed, many different strategies to block
myostatin and activin A have been developed and successfully used in animals,
and some have also been tested in humans (Amthor & Hoogaars 2012). The
strategies developed cover all the steps from the inhibition of synthesis to
blockade of intracellular downstream signalling (Amthor & Hoogaars 2012).
The synthesis of myostatin may be inhibited by RNA interference by antisense
oligonucleotides that induce exon skipping on myostatin RNA, or with small
interfering RNAs (siRNA) or short hairpin RNAs (shRNA) (Amthor &
Hoogaars 2012). After synthesis and secretion, blockade can be achieved by dif-
ferent strategies, such as treatment with mutated myostatin propeptide that
binds myostatin and is resistant to proteolytic cleavage by BMP-1/tolloid fami-
ly of metalloproteinases, administration or expression of dominant negative
form of myostatin, treatment with anti-myostatin antibody or peptibody, or
administration or expression of a native protein that binds myostatin and/or
activins (Amthor & Hoogaars 2012). An example of such protein is follistatin
(FS), which is an endogenous inhibitor of myostatin, activins, GDF11 and some
BMPs (Amthor & Hoogaars 2012; Chen et al. 2016; Lee et al. 2010). It exists in
different isoforms, including a long soluble isoform FS315 and a short isoform
FS288 that has a heparan sulphate binding domain and thus resides on the cell
surface (Amthor & Hoogaars 2012; Chen et al. 2016). In addition, a very potent
strategy to block myostatin and activins is a soluble form of the extracellular
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domain of their endogenous receptor, SACVR2B (Lee et al. 2005). Both FS and
sACVR2B sequester myostatin and activins thus preventing their binding to the
endogenous receptor (Amthor & Hoogaars 2012). Finally, the effects of myo-
statin and activins on target cells can be prevented by over-expression of domi-
nant negative ACVR2B (Lee & McPherron 2001), treatment with neutralizing
anti-ACVR2B antibody, or inhibition of ACVR2B or Smad2/3 synthesis
(Amthor & Hoogaars 2012). In addition to these therapeutic strategies, different
genetic models, such as constitutive, conditional and inducible knockout mod-
els, or heterozygous loss-of-function mutations, have been used to study the
lack of myostatin or activin A (Amthor & Hoogaars 2012).

Multiple different strategies to block the function of myostatin and/or ac-
tivins have been shown to induce muscle hypertrophy in healthy animals
(Amthor & Hoogaars 2012; Chen et al. 2017) and in various disease models as-
sociated with muscle atrophy (Chen et al. 2017; Han et al. 2013). For example,
antagonism of myostatin (Chen et al. 2017; Lee & McPherron 2001), activin A,
and activin B (Chen et al. 2017) via prodomain overexpression have all resulted
in muscle hypertrophy in healthy mice, myostatin inhibition inducing the
greatest increase in muscle mass and fibre size (Chen et al. 2017). It has also
been suggested, that myostatin and activins have synergistic effects in the regu-
lation of muscle mass, as the simultaneous blocking of myostatin and activin A,
or myostatin and activin B has resulted in even greater hypertrophy than block-
ing any of them alone (Chen et al. 2017). The simultaneous blocking of myo-
statin and activins is in the scope of this dissertation and thus, the effects of
sACVR2B and follistatin in healthy and wasting conditions are presented below.

In healthy animals, myostatin/activin blockade using sACVR2B has re-
sulted in marked and rapid muscle hypertrophy shown by increased mass of
individual muscles (Hulmi et al. 2013a; Lee et al. 2005; Rahimov et al. 2011) as
well as increased muscle fibre size (Hulmi et al. 2013a; Lee et al. 2005). Increase
in maximal force (Akpan et al. 2009; Relizani et al. 2014), and grip strength (Ak-
pan et al. 2009; Hulmi et al. 2013a) has also been reported after treatment with
sACVR2B, with no effects on specific force (force relative to muscle mass) sug-
gesting that improvement in force is proportional to muscle hypertrophy (Reli-
zani et al. 2014). Administration of sACVR2B also been shown to acutely stimu-
late muscle protein synthesis (Hulmi et al. 2013a). Moreover, in healthy human
subjects, this strategy has increased lean mass and muscle size (Attie et al. 2013).
Similar to the effects of sSACVR2B, adeno-associated virus (AAV) mediated
overexpression of circulating form of follistatin has been shown to increase the
mass of individual muscles accompanied by increase in grip strength in mice
(Haidet et al. 2008), and to increase thigh circumference accompanied by in-
creased muscle force and muscle fibre size in non-human primates (Kota et al.
2009). In addition to these systemic effects, follistatin (FS288) transgene with
muscle-specific promoter (Lee & McPherron 2001) and local AAV or plasmid
mediated overexpression of FS288 in muscle (Gilson et al. 2009; Sepulveda et al.
2015; Winbanks et al. 2012) have also been shown to result in rapid and pro-
nounced muscle hypertrophy, associated with increased fibre size (Gilson et al.
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2009; Winbanks et al. 2012) and force producing capacity in rodents (Winbanks
et al. 2012).

Blocking of myostatin and activins has been found to prevent or attenuate
muscle wasting associated with different diseases, including cancer, renal fail-
ure, heart failure, metabolic diseases, immobilization, and sarcopenia, to name a
few (Han et al. 2013). Improvement in muscle strength and function has also
been reported (Han et al. 2013), although specific force may also decrease in
part due to larger increase in muscle mass relative to muscle force (Relizani et al.
2014). Importantly, treatment with sACVR2B has been successful in prevention
of cancer-induced muscle wasting (Benny Klimek et al. 2010; Busquets et al.
2012; Toledo et al. 2016b; Zhou et al. 2010) and decline in strength (Busquets et
al. 2012; Toledo et al. 2016b; Zhou et al. 2010) in different pre-clinical models of
cancer cachexia. In addition, anti-myostatin antibody has prevented the loss of
muscle mass and function (Murphy et al. 2011b). However, mice genetically
lacking myostatin have been shown to be more prone to cancer induced muscle
wasting (Benny Klimek et al. 2010).

Interestingly, treatment with sACVR2B has improved survival and re-
versed cancer induced muscle wasting, even if the treatment was started at an
advanced level of cachexia (Zhou et al. 2010). However, it is not known, what
happens, if mice are pre-treated with sSACVR2B to increase muscle mass before
cancer and if the treatment is terminated before cachexia develops. In addition,
the mechanisms underlying the positive effects of myostatin/activin blocking in
cancer cachexia require further investigation, and potential effects beyond skel-
etal muscle tissue need to be studied. For example, some studies have not found
effects for the blocking of myostatin (Murphy et al. 2010) or myostatin and ac-
tivins (Haidet et al. 2008; Kota et al. 2009) on the heart in healthy animals,
whereas prevention of cardiac cachexia by sACVR2B administration has been
reported in tumour-bearing mice (Zhou et al. 2010). In addition, the effects of
blocking myostatin and activins on the heart have not yet been studied in
chemotherapy-induced cardiac atrophy. Thus, the effects of myostatin/activin
blocking in the heart need further investigation in the cachectic conditions asso-
ciated with cancer and chemotherapy. Moreover, the interaction of myo-
statin/activin blocking with protein synthesis and its regulation in cancer,
chemotherapy and conditions of reduced activity and food intake is poorly un-
derstood.



3 AIMS AND HYPOTHESES

The aim of this dissertation was to study the effects of different wasting condi-
tions, namely, chemotherapy and cancer cachexia as well as reduced physical
activity and fasting, and the concomitant blocking of myostatin and activins on
muscle size and its regulation, and the importance of maintaining adequate
muscle mass in these wasting conditions. In addition, the effects of these wast-
ing conditions on physical activity, exercise capacity and oxidative properties of
skeletal muscle were also investigated.

The specific aims were to study:

1.

2.

The effects of doxorubicin chemotherapy on skeletal muscle and aerobic
capacity, and the effects of blocking myostatin and activins in mice re-
ceiving chemotherapy. In addition, the study aimed to clarify the molec-
ular mechanisms underlying the effects of chemotherapy and myo-
statin/activin blocking, and the potential health related outcomes. (I)

Hypothesis: Chemotherapy induces muscle toxicity accompanied by
muscle atrophy and impaired aerobic capacity. These changes are associ-
ated with increased markers of protein degradation and decreased pro-
tein synthesis, and impaired mitochondrial function, and decreased
capillarization, respectively, in skeletal muscle. The blocking of myo-
statin and activins prevents chemotherapy-induced muscle atrophy via
enhanced protein synthesis, but does not ameliorate aerobic capacity, mi-
tochondrial function, or capillary density.

The similarities and differences of cardiac and skeletal muscles in the
transcriptomic responses to chemotherapy and myostatin/activin block-

ing. (II)
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Hypothesis: Chemotherapy induces both similar and different changes in
the heart and skeletal muscle transcriptomes, but the extent of the altera-
tions is expected to be comparable between the tissues or slightly more
extensive in the heart. Myostatin/activin blocking has more pronounced
effects on skeletal muscle transcriptome compared with the heart.

The effects of increasing muscle mass via the blocking of myostatin and
activins only before, or both before and after tumour formation on sur-
vival in cancer cachexia. In addition, the aim was to explore potential fac-
tors influencing survival, and thus, food intake, physical activity, and ef-
fects on muscle and several non-muscle tissues were studied. Moreover,
the aim was to investigate the molecular mechanisms of muscle wasting
associated with cachexia and the effects of blocking myostatin and activ-
ins. (III)

Hypothesis: Having larger muscles at baseline prolongs survival in can-
cer cachexia, and maintenance of the increased muscle size provides ad-
ditional survival benefit. Worse survival is associated with muscle wast-
ing and atrophy of respiratory muscles, inflammation, and haematologi-
cal alterations. Habitual physical activity decreases in cancer and this is
not restored by the blocking of myostatin and activins. Muscle wasting is
associated with a combination of decreased protein synthesis and in-
creased protein degradation, while the blocking of myostatin and activ-
ins induces hypertrophy via promotion protein synthesis. Differences in
muscle protein synthesis are associated with altered mTOR localization
and signalling activity.

The interaction between the blocking of myostatin and activins and de-
creased levels of physical activity and food intake in muscle protein syn-
thesis and its regulation. (IV)

Hypothesis: Low levels of physical activity and food intake are associat-
ed with decreased levels of protein synthesis, and this effect is counter-
acted by myostatin/activin blocking. Blunted protein synthesis is associ-
ated with decreased colocalisation of mTOR with the lysosomes/late en-
dosomes and/or translocation away from sarcolemma, resulting in de-
creased mTORC1 signalling, while the blocking of myostatin and activ-
ins promotes the colocalisation of mTOR with the lysosomes/late endo-
somes and increases mTORC1 signalling.



4 MATERIALS AND METHODS

4.1 Animals

Male mice from two different backgrounds were used in the experiments. In
chemotherapy (I, II) and follistatin (IV) experiments, C57Bl/6] mice aged 9-10
weeks (Envigo, The Netherlands), or aged 10-12 weeks (Janvier, France), re-
spectively, were used. The C26 cancer experiments (III) were conducted on the
syngeneic BALB/c mice (BALB/cAnNCrl, Charles River Laboratories, Germa-
ny), aged 5-6 weeks. In all experiments, mice were housed under standard con-
ditions (22°C, 12:12 h light/dark cycle) in an environmentally controlled facility
with water and standard feed (R36; 4% fat, 55.7% carbohydrate, 18.5% protein, 3
kcal/g, Labfor, Stockholm Sweden) provided ad libitum with the exception of
the short-term fasting in the follistatin experiment (IV). The mice were housed
in individually ventilated cages (IVC) in chemotherapy experiments (I, II), and
in open cages in a Scantainer ventilated cabinet (Scanbur, Karlslunde, Denmark)
in C26 cancer and follistatin experiments (I, IV).

41.1 Ethics statement

The treatment of the animals was in strict accordance with the European Legis-
lation for the protection of animals used for scientific purposes (directive
2010/63/EU), and the experimental procedures described here were approved
by the National Animal Experiment Board, Finland (permit numbers:
ESAVI1/10137/04.10.07 /2014 (I-1V), and ESAVI/14457 /2018 (IV)).

4.1.2 Humane endpoint criteria (III)

In the survival experiment, mice were followed until the predetermined hu-
mane endpoint criteria were fulfilled, or until three weeks after C26 cell inocu-
lation the latest, to investigate survival. The endpoint criteria combined the
body mass loss, tumour mass and the overall condition of the mice. The mice
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needed to be euthanized if the body mass loss exceeded 20% and was accompa-
nied by any other marker of poor health status. In the evaluation of the overall
health status of the mice, the following aspects were considered in addition to
the body mass loss: appearance and posture (lack of grooming, piloerection,
and hunched posture), natural and provoked behaviour (inactivity, impaired
locomotion, and reduced reactivity to external stimuli), and food intake or the
ability to eat and drink. Additional endpoint criteria included tumour ulcera-
tion and self-mutilation, and in those cases, the mice were excluded from the
final analysis. The fulfillment of the endpoint criteria was confirmed by two
researchers. During the experiment, seven mice were euthanized based on crite-
ria unrelated to study purposes (i.e. tumour ulceration or self-mutilation), and
thus excluded from final survival analyses. In addition, three mice were exclud-
ed from analysis due to delayed tumour growth. These exclusions did not have
major effect on the results. No mice needed to be euthanized due to excessive
tumour growth.

4.2 Experimental design

4.2.1 Randomization of the mice (I-IV)

Mice were randomly assigned into one of the experimental groups in all of the
experiments. However, the groups were approximately matched by the mean
and standard deviation of the body mass to minimize systematic difference in
body and muscle mass and size in the beginning of the experiment, as those
were some of the main variables of interest. The experimental designs are illus-
trated in Figure 4.

4.2.2 Chemotherapy experiments (I, II)

Four chemotherapy experiments and one experiment combining chemotherapy
and tumour (Lewis Lung Carcinoma, LLC) were conducted. In the chemother-
apy experiments, mice were randomized into three groups: 1) vehicle (phos-
phate-buffered saline, PBS) treated control mice (CTRL), 2) doxorubicin hydro-
chloride treated mice (DOX), and 3) doxorubicin-treated mice administered
with soluble ACVR2B-Fc (DOX+sACVR2B). A two-week experiment and two
four-week experiments were conducted. In these longer-term experiments, the
mice were given four intraperitoneal (i.p.) injections of doxorubicin (6 mg/kg in
PBS) every third day during the first two weeks of the experiments, yielding a
cumulative dose of 24 mg/kg. An equal volume of vehicle (PBS) was adminis-
tered to the control mice. Treatment with sACVR2B was started prior to the first
doxorubicin injection and it was administered (5 mg/kg in PBS) twice a week
for the first two weeks and once a week after that (in the four-week experi-
ments). The samples were collected two or four weeks after the first doxorubi-
cin injection. The doxorubicin-treatment protocol was designed to mimic the
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treatment of human patients (Vejpongsa & Yeh 2014). In addition, an acute ex-
periment was conducted. In the acute experiment, mice were given a single i.p.
injection of doxorubicin (15 mg/kg in PBS) or an equal volume of vehicle/PBS
20 hours before sample collection. Half of the doxorubicin-treated mice received
additionally an i.p. injection of SACVR2B (10 mg/kg in PBS) 48 hours before
doxorubicin administration as it has previously been shown that sACVR2B in-
creases muscle protein synthesis 48 hours after its administration (Hulmi et al.
2013a).

In the tumour experiment, mice were randomly assigned into one of five
groups: 1) healthy controls (CTRL), 2) LLC tumour-bearing (TB) mice
(LLC+PBS), 3) LLC TB mice treated with doxorubicin (LLC+DOX), 4) LLC TB
mice treated with SACVR2B-Fc (LLC+sACVR2B), and 5) LLC TB mice treated
with doxorubicin and sACVR2B (LLC+DOX+sACVR2B). The mice were anaes-
thetized by i.p. administration of ketamine and xylazine and subsequently in-
oculated with 5 x 105 LLC cells suspended in 100 pl of PBS (TB mice), or with an
equal volume of vehicle only (CTRL mice) into the subcutis of the right ab-
dominal region. Two i.p. injections of doxorubicin (6 mg/kg in PBS), on the
sixth and eleventh day after LLC cell inoculation, were given during the exper-
iment (cumulative dose 12 mg/kg). Administration of sSACVR2B-Fc (5 mg/kg
in PBS) was started on the third day after LLC cell inoculation and continued
twice a week until two days before sample collection (four injections in total).
Samples were collected 14 days after LLC cell inoculation.

4.2.3 (C26 cancer experiments (III)

The mice were randomized into one of four groups: 1) healthy control mice
(CTRL), 2) Colon-26 (C26) TB mice receiving vehicle treatment throughout the
experiment (C26 + PBS), 3) C26 TB mice receiving SACVR2B treatment before
tumour formation (until day one after C26 cell inoculation) followed by vehicle
treatment until the end of the experiment (C26 + sACVR/b), and 4) C26 TB
mice receiving continued sACVR2B treatment throughout the experiment (C26
+ sACVR/c). The mice were followed either until the pre-determined humane
endpoint criteria (described in the previous section) were fulfilled (survival ex-
periment) or until a pre-determined time point at 11 days after C26 cell inocula-
tion (short-term experiment). The short-term experiment was replicated with
three groups (CTRL, C26 + PBS, and C26 + sACVR/c groups) and with end-
point at 13 days after C26 cell injection to replicate the findings of the first short-
term experiment and to collect more samples and data for further analysis. In
all experiments, mice were injected i.p. with sSACVR2B (5 mg/kg) or PBS (100 pl)
twice a week, three times before and three times after C26 cell inoculation (on
days -11, -7, -3, 1, 5, and 9). On day 0, mice were inoculated with 5 x 10> C26
cells suspended in 100 pl of PBS (TB mice) or with an equal volume of vehicle
(CTRL mice) into the intrascapular subcutis under anaesthesia (60-70 mg/kg
ketamine, and 9 mg/kg xylazine, i.p., Ketaminol® and Rompun®, respectively).
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4.2.4 Follistatin experiments (IV)

The mice were administered i.p. with ketamine and xylazine (50-60 mg/kg and
7-8 mg/kg, respectively) to induce short-term anaesthesia, and subsequently
given an intramuscular (i.m.) injection of recombinant adeno-associated viral
vector 9 (AAV9) encoding follistatin-288 (FS288, 30 ul) into one tibialis anterior
(TA) muscle, and non-protein coding AAV9-CTRL into the contralateral TA.
The order of the experimental and control legs was randomized. In the first ex-
periment (dose-response experiment), three different doses of AAVs, 4 x 107,
1.6 x 1019, and 6.4 x 100 viral particles (vp)/muscle, were injected into different
mice, and the samples were collected 20 days after the injection. In the follow-
ing acute experiments, mice were given an i.m. injection of AAV9-FS288 or
AAV9-CTRL in a dose of 4 x 10° vp/muscle, as that was the lowest dose pro-
ducing significant hypertrophy in TA and extensor digitorum longus (EDL)
muscles without major effects on the mass of the other muscles in the same leg.
The blood and muscle samples were collected seven days after the AAV injec-
tion. The mice were housed individually for the last two days of the experi-
ments either in Promethion respirometry cages (time of day experiment, Sable
Systems, North Las Vegas, NV, USA) or in normal cages (fasting experiment).
In the time of day experiment, blood and muscle samples were collected either
in the night-time at dark phase (on average at 12 AM, N = 8), or in the daytime
at light phase (on average at 3 PM, N = 8). The time points were selected based
on our pilot measurements to represent periods of high physical activity and
feeding (night-time) in contrast to low levels physical activity and feeding (day-
time). In the fasting experiment, blood and muscle samples were collected in
the morning after overnight feeding ad libitum (AD, N = 8), overnight (12 h)
fasting (F, N = 8), or overnight (11 h) fasting followed by one-hour refeeding
(RF, N = 8). The food was withdrawn at 9 PM to allow feeding in the beginning
of the dark phase and thus to avoid more prolonged fasting and to better stand-
ardize the fasting time.
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FIGURE 4 Schematic representation of the experimental designs for doxorubicin (DOX),
C26 cancer (C26), and follistatin (FS288) experiments. Black arrows depict the
timing of the sample collection. The red syringes depict DOX or vehicle injec-
tions. The receptor depicts administration of sSACVR2B or vehicle. DXA indi-
cates the timing of body composition analyses with dual-energy X-ray absorp-
tiometry (DXA). The treadmill designates the timing of the maximal treadmill
running test. The syringe accompanied by a cluster of cells depicts the timing
of cancer cell (or vehicle) inoculation. The hexagon depicts the timing of the
AAV injection. A, activity recording; R, respirometry; LLC, Lewis lung carci-
noma. The treadmill image was obtained from https:/ /smart.servier.com.

4.3 Blocking of myostatin and activins

4.3.1 Production of the soluble Activin receptor type IIB (I-III)

The recombinant fusion protein was produced and purified in house at the
University of Helsinki, Helsinki, Finland by Dr. Arja Pasternack and Dr. Olli
Ritvos (Hoogaars et al. 2012; Hulmi et al. 2013a). The ectodomain of human
ACVR2B was amplified via PCR (5'-GGACTAGTAACATGACGGCGCCCTGG-
3" and 5'-CCAGATCTGCGGTGGG-GGCTGTCGG-3') from a pCR-Blunt II-
TOPO plasmid containing the human ACVR2B sequence (pCR-Blunt II-TOPO
AM2-G17 ActRIIB, IMAGE clone no. 40005760; The IMAGE Consortium). A
human IgG1 Fc domain containing a hexa histidine (His6) tag in the C-terminus

was

amplified via

(5

GCAGATCTAATCGAAGGTCGTGGTGATCCCAAATCTTGT-GAC-3' and 5'-
TCCCTGTCTCCGGGTAAACACCATCACCATCACCATTGAGCGGCCGCTT-
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3') from the plgPlus expression plasmid. These products were subcloned into
the pGEM-T easy vectors (Promega, Madison, WI, USA), sequenced, and fused
before cloning into the expression vector pEFIRES-P. For the protein production,
chinese hamster ovary (CHO-S) cells were transfected with the pEFIRES-P-
ACVR2Becd-FcHis6 expression vector via lipofection (Fugene 6; Roche, Basel,
Switzerland) and selected with puromycin (Sigma-Aldrich, Darmstadt, Germa-
ny). During selection, cells were grown in F12 Ham medium (N4888, Sigma-
Aldrich, Darmstadt, Germany) supplemented with 2 mmol/1 L-alanyl-L-
glutamine, 100 pg/ml streptomycin, 100 IU/ml penicillin, and 10% FBS. For
large-scale production, cells were adapted to CD OptiCHO medium (12681029,
Life Technologies, Carlsbad, CA, USA) supplemented with 2 mmol/1 L-alanyl-
L-glutamine and cultured in suspension in an orbital shaker. After 7-10 days,
cell culture supernatants were filtrated through a 0.22-pm membrane (Steritop;
Millipore, Burlington, MA, USA). Next, NaCl and imidazole were added, and
the solution was pumped through a Ni2+-loaded Protino® Ni-NTA 5 mL Col-
umns 5 (Macherey-Nagel, Diiren, Germany) at 4°C. The column was washed
with raising imidazole concentrations and eluted with 250 mM imidazole (5 x
10 ml). The eluate was then dialyzed against PBS and the concentration was
measured with NanoDrop spectrophotometer, and finally concentrated with
Amicon Ultra concentrator (30 000 MWCO; Millipore, Burlington, MA, USA).
The purity of our sACVR2B-Fc preparation after IMAC purification was esti-
mated to be > 90% based on silver-stained SDS-PAGE. The protein is similar,
but not identical to that originally generated by Lee and colleagues (Lee et al.
2005).

4.3.2 Production of the adeno-associated virus vectors (IV)

The FS288+6His -insert was amplified from pOTB7 AU24-F5 Follistatin plasmid,
ILM.A.G.E. clone #3688745 (Geneservice Ltd, Cambridge, UK) via PCR and
cloned into pSupCAG vector for AAV production. pPSubCAG plasmid contain-
ing the gene of interest was then transfected to CHO-S cells and transgene ex-
pression was confirmed by Western blotting using anti-tetra-histidine antibody
(1:5000, #34670, Qiagen, Hilden, Germany). To produce recombinant adeno-
associated viral vectors (serotype 9), HEK293T cells were transfected with the
pSubCAG-FS288 or pSubCAG-Scramble (AAV9-CTRL) and helper plasmids.
Media were collected after 2 and 3 days and the rAAV preparations were puri-
tied by ultracentrifugation using an iodixanol step gradient. The titers were de-
termined by real-time qPCR. Finally, HEK293T cells were transduced with the
AAVs encoding FS288 (AAV9-FS288) or a non-gene coding control AAV
(AAV9-CTRL), and the transgene expression was confirmed by Western blot-
ting using anti-tetra-histidine antibody. AAVs were manufactured by the AAV
Gene Transfer and Cell Therapy Core Facility of Faculty of Medicine, Universi-
ty of Helsinki, Finland.
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4.4 Tumour cell lines and cultures (I, I1I)

44.1 Lewis lung carcinoma cells (I)

Lewis lung carcinoma (LLC) cells were purchased from American Type Culture
Collection (Manassas, VA, USA) and maintained in complete Dulbecco's Modi-
tied Eagle's Medium (DMEM) supplemented with 2 mmol/L L-glutamine, pen-
icillin (100 U/mL), streptomycin (100 pg/mL), and 10% FBS.

44.2 Colon-26 adenocarcinoma cells (III)

Colon-26 carcinoma (C26) cells (provided by Dr. Fabio Penna, obtained from
Prof. Mario P. Colombo, and originally characterized by Corbett et al. (Corbett
et al. 1975)) were maintained in complete DMEM (high glucose, GlutaMAX™
Supplement, pyruvate, Gibco™, Life Technologies) supplemented with penicil-
lin (100 U/mL), streptomycin (100 pg/mL), and 10% FBS.

4.4.3 Cell harvesting for injection (I, III)

After expansion of the cell line, cancer cells (LLC or C26) were seeded on the
day before injection resulting in ~70% confluence on the day of harvest and in-
jection. On the day of injection, the cells were washed with PBS, trypsinized for
5 minutes at +37°C, and collected in sterile plastic tubes after addition of com-
plete growth medium. The cells were counted and subsequently centrifuged at
390 g for 5 minutes. The supernatant was removed and the cell pellet were sus-
pended in sterile PBS. The cell suspension was then aliquoted for each mouse
and stored on ice until the injection.

4.5 Analysis of running capacity, behavior and body composition

451 Treadmill running test (I)

All mice were familiarized with treadmill running on a separate day prior to
the test. In the familiarization protocol, the mice ran first for five minutes at
speeds of 9, 12, and 15 m/min, and then for one minute at 17 m/min, yielding a
total of 16 minutes. In the actual test, the mice ran for five minutes at speeds of
9,12, and 15 m/min after which the velocity was increased by 2 m/min every 2
minutes until exhaustion. The criterion for exhaustion was inability to keep up
with the treadmill speed and continuous staying on the grid despite encour-
agement with compressed air. The treadmill running test was conducted during
the last week of the four-week chemotherapy experiment.
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4.5.2 Physical activity (111, IV)

Home cage physical activity was analysed by measuring the vertical ground
reaction forces by our validated custom-made force plate system as previously
described (Kainulainen et al. 2015; Silvennoinen, Rantalainen & Kainulainen
2014). Forces were measured by strain gauge based sensors. Force signal was
pre-amplified and then digitized using a 14-bit A/D converter (DI-710; DATAQ
Instruments, Akron, OH, USA). As the outcome variable, the activity index of
the mice housing the same cage (1-3 mice per cage) was calculated from the
data as described previously with slight modifications (Silvennoinen, Ranta-
lainen & Kainulainen 2014). The one-minute activity index values from the
studied time period were then summed to yield a single value representing the
total spontaneous activity of the mouse during that time period. To eliminate
the contribution of the background activity (including measurement noise, and
forces caused by an inactive animal, e.g. breathing and heartbeat) in the C26
cancer experiments, the lowest activity index value for a five-minute interval
was analysed, and this value was then scaled to the whole measurement time
and subtracted from the total activity index (III). For technical reasons, the low-
est value for one-minute activity index was subtracted from each individual
value to estimate the contribution of the background activity in the follistatin
experiments (IV).

In C26 cancer experiments (III), a 22-hour activity recording was per-
formed at baseline and on day 10 after C26 cell inoculation. The mice were
housed in pairs and the activity index of each cage reflects the total locomotive
activity in all directions (y, x and z axes) of the two mice housing the same cage.
The cohoused mice represented the same experimental group. In follistatin ex-
periments (IV), the mice were housed in individual cages for the last two days
of the experiment. The first day was considered as an acclimatization period to
individual housing and to the respirometry cages in the case of time-of-day ex-
periment. The activity of the mice was recorded during the second day of indi-
vidual housing, i.e. the last day of the experiment, and analysed from suitable
time periods with respect to the purpose of the experiment (three-hour period
preceding sample collection, or 10-hour fasting period).

4.5.3 Dual-energy X-ray absorptiometry (DXA) (I)

For the analysis of body composition by DXA, mice were anaesthetized by ad-
ministration of ketamine and xylazine, and subsequently imaged with Lunar
PIXImus II densitometer (GE Healthcare, Boston, MA, USA). The mice were
imaged prior to the beginning of any treatment and during the last week of the
four-week chemotherapy experiment. The images were analysed using stand-
ard procedures.
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45.4 Food intake (I, ITI, IV)

Food intake of the mice was monitored at different time points by repeatedly
weighing the food of the mice. In the four-week chemotherapy experiment, the
food intake was monitored twice in three-day periods, once during the admin-
istration of chemotherapy and one after cessation of chemotherapy (I). In C26
cancer experiments, the food intake was monitored daily by weighing the food
every morning (III). In the time-of-day experiment, the timing and amount of
food intake was mainly monitored by Promethion High-Definition Multiplexed
Respirometry System and MetaScreen software (described more in detail be-
low), but the total food intake was validated by weighing the food before and
after the measurement (IV).

455 Respirometry (IV)

Respiratory gases and the amount and timing of food intake were monitored
with Promethion High-Definition Multiplexed Respirometry System and
MetaScreen software (Sable Systems, North Las Vegas, NV, USA) in the time-
of-day experiment. The mice were measured for 48 hours, of which the first 24
hours was considered as an acclimatization period to the respirometry cages
and the individual housing. Respirometry and food intake data acquired from
Promethion system were analysed with ExpeData software (version 1.9.14, Sa-
ble Systems, North Las Vegas, NV, USA). The data from the last three hours of
the measurement is reported to reflect the activity level and food intake of the
mice just before the sample collection. The total food intake was validated by
weighing the food before and after the two-day measurement.

4.6 Tissue collection and processing

4.6.1 Sample collection (I-IV)

At the end of the experiments, the mice were anaesthetized by intraperitoneal
injection of ketamine (110-120 mg/kg) and xylazine (15-16 mg/kg) (Keta-
minol® and Rompun®, respectively, I-IV), or by isoflurane inhalation in the
four-week chemotherapy experiment (I, II), and euthanized by cardiac puncture
followed by cervical dislocation. A sample of the blood collected by cardiac
puncture was collected in K3 EDTA tubes (I, III) for the analysis of basic haema-
tology, and the rest was collected in serum collection tubes. The samples in se-
rum collection tubes were centrifuged at 2000 g for 10 minutes, after which the
serum was separated and stored at -80°C for further analyses (III, IV). Tissue
samples were rapidly excised and weighed with an analytical balance (Table 1).
For protein and messenger RNA analyses, tissue samples were snap-frozen in
liquid nitrogen and stored at -80°C for further analyses. For histological anal-
yses, tissue samples were embedded in Tissue-Tek® O.C.T. compound (Sakura
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Finetek, Torrance, CA, USA) and snap-frozen in isopentane (-150°C) cooled
with liquid nitrogen. Finally, the length of the tibia, to which tissue masses were
normalized, was measured with a digital caliper.

TABLE1 Collected tissue samples and analyses conducted on them in each study.

Tissue Analysis Study
M. Tibialis anterior (TA) WB, IHC, histology, microarray, qPCR  I-IV
M. Gastrocnemius (GA) DOX measurement, qPCR 11, 111
Heart WB, microarray, qPCR II, 111
Diaphragm WB I
Liver WB 111
Spleen IHC, pPCR I
Epididymal white adipose tissue - L 1II
Tumour gPCR I, 11
Whole blood Basic haematology L 1II
Serum ELISA (cytokine assay) I

WB, Western blotting; IHC, immunohistochemistry; qPCR, quantitative real-time polymer-
ase chain reaction; ELISA, enzyme-linked immunosorbent assay; -, tissue was weighed but
no further analyses were performed.

4.6.2 Analysis of protein synthesis (I-IV)

The in vivo surface sensing of translation (SUnSET) method was applied to ana-
lyse protein synthesis from different tissues (Goodman et al. 2011; Schmidt et al.
2009). For this purpose, mice were anaesthetized by i.p. administration of keta-
mine and xylazine and subsequently injected i.p. with 0.040 pmol/g puromycin
(Calbiochem, Darmstadt, Germany) dissolved in 200 pl of PBS. At 25 (I, 11, III) or
22 (IV) minutes after puromycin administration, mice were euthanized by car-
diac puncture followed by cervical dislocation. The tissue samples were then
isolated, weighed and snap-frozen in liquid nitrogen at specific time points: the
TA muscle (I, III, IV) and the heart (II, III) were frozen at exactly 30 minutes,
and the diaphragm (III) and a sample of the median lobe of the liver (III) at ex-
actly 35 and 40 minutes after puromycin administration, respectively. The
puromycin incorporation was then analysed with Western blotting as described
in section 4.9.3.

4.6.3 Mitochondrial function (I)

A 5-10 mg sample from the belly of the left TA muscle was taken and stored
temporarily in BIOPS buffer. The sample was then homogenized with a shred-
der and carbohydrate SUIT protocol was used to analyse mitochondrial func-
tion with Oxygraph-2k high-resolution respirometer (Oroboros, Innsbruck, Ty-
rol, Austria) as previously described (Kiveld et al. 2014).
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4.6.4 Measurement of doxorubicin content (II)

Doxorubicin concentration was analysed from gastrocnemius muscles with an
Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) com-
bined with an AB Sciex API 2000 tandem mass spectrometer (Framingham, MA,
USA) as previously described (Rdsédnen et al. 2016).

4.7 Blood analyses

4.7.1 Basic haematology (I, III)

Basic haematology was analysed from whole blood collected in K3 EDTA-
containing blood collection tubes. Samples were diluted 1:25 in saline solution
and analysed with an automated haematology analyser (Sysmex XP-300™V,
Sysmex Inc, Kobe, Japan). For the analysis of the platelet count, whole blood
was diluted 1:250 due to high platelet counts in the samples.

4.7.2 Serum cytokine analysis (III)

A multiplex cytokine assay (Q-Plex Array 16-plex ELISA, Quansys Biosciences,
Logan, Utah, USA) was performed in accordance with manufacturer's instruc-
tions from 25 pl of serum collected at 11 days after cancer cell inoculation.

4.8 Messenger RNA analyses

4.8.1 RNA extraction (I, II, III)

Total RNA was extracted from TA muscle (I, II), GA muscle (III), heart (II), tu-
mour (III), and spleen (III) samples using TRIsure (I, II) or QIAzol (III) reagent
and purified with NucleoSpin® RNA II columns (I, II) or RNeasy Universal
Plus kit (Qiagen, Hilden, Germany) (III) according to manufacturer’s instruc-
tions resulting in high quality RNA. The RNA concentration of the samples was
analysed with NanoDrop spectrophopometer. The integrity and quality of the
RNA samples was analysed with Agilent 20100 Bioanalyzer (Agilent, Santa
Clara, CA, USA; L, II).

4.8.2 Microarray analysis (I, II)

RNA extracted from the TA and the heart samples collected after a single injec-
tion of doxorubicin was analysed with Illumina Sentrix MouseRef-6 v2 Expres-
sion BeadChip containing 45281 transcripts (Illumina Inc., San Diego, CA, USA)
by the Functional Genomics Unit at Biomedicum Helsinki, University of Hel-
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sinki, Finland, according to the manufacturer’s instructions. Five samples from
each tissue were analysed from CTRL and DOX groups, whereas five muscle
and three heart samples from DOX+sACVR2B group were included in the
analysis. The integrity and quality of the RNA samples was analysed with Ag-
ilent Bioanalyzer 2100. Initial data analysis and quality control were conducted
using Illumina’s GenomeStudio software. Chipster software (IT Center for Sci-
ence, Espoo, Finland) was used for normalization of raw data with quantile
normalization (including log2-transformation of the data), assessment of data
quality, and statistical analyses (Kallio et al. 2011). The statistical significance of
differences between the groups was analysed using Empirical Bayes statistics
and the Benjamini-Hochberg algorithm controlling false discovery rate (FDR).
FDR values < 0.05 with > 1.2-fold difference were considered significant. Array
data generation, preprocessing, and analysis were conducted according to MI-
AME guidelines. The complete data sets are publicly available in the NCBI
Gene Expression Omnibus (http:/ /www.ncbi.nlm.nih.gov/geo/; accession no.
GSE77745 and GSE97642).

4.8.3 Pathway analysis (I, II)

Enrichment of functionally related genes was analysed using Gene Set Enrich-
ment Analysis software (GSEA; Version 2.0) (Subramanian et al. 2005) as previ-
ously described (Kainulainen et al. 2015). Four different gene set collections, the
Canonical Pathways, Biocarta, KEGG and Reactome, were wused
(http:/ /www.broadinstitute.org/ gsea/msigdb/ collections.jsp). The number of
permutations by gene set was set to 1000 and gene sets with at least ten and no
more than 500 genes were taken into account in each analysis. FDR was calcu-
lated to determine statistical significance and values of FDR < 0.05 were consid-
ered significant.

4.8.4 Transcription factor analysis (II)

To detect enriched transcription factor motifs and their optimal set of direct tar-
get genes, a genome-wide ranking-and-recovery approach was applied using
iRegulon software (Janky et al. 2014). This approach can reveal regulatory rela-
tionships from gene expression profiling data by reverse-engineering a gene
regulatory network starting from the expression data.

4.8.5 Reverse transcription and quantitative real-time PCR (I-III)

RNA extracted from the skeletal muscle [TA (I, II) and GA (III)], the heart (II),
and the tumour (III) was reverse transcribed to complementary DNA (cDNA)
with iScript™ Advanced cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules,
CA, USA) according to the manufacturer’s instructions. Quantitative real-time
PCR (gqPCR) was then performed according to standard procedures using iQ
SYBR Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and CFX96 Real-
Time PCR Detection System combined with CFX Manager software (Bio-Rad
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Laboratories, Hercules, CA, USA). Data analysis was carried out by using the
standard curve or the efficiency corrected AACt method. The relative mRNA
expressions were normalised to a housekeeping gene. Multiple potential
housekeeping genes were analysed (Rn18S, Gapdh, and 36b4), and based on the
lowest variation between and within the groups, 36b4 was chosen for the tu-
mour (III), TA (I, II), GA (III), and the heart (II). The primers used are listed in
Table 2.

TABLE2 Primers used for quantitative real-time PCR.

Bio-Rad
Transcript Sequence, 5'-3’ PrimePCR™ Study
Assay ID

36B4 F: GGCCCTGCACTCTCGCTTTC I-11T
R: TGCCAGGACGCGCTTGT

Gapdh F: AACTTTGGCATTGTGGAAGG [-1IT
R: GGATGCAGGGATGATGTTCT

Rn18s F: GCAATTATTCCCCATGAACG I-1IT
R: GGCCTCACTAAACCATCCAA

Activin A F: GAACGGGTATGTGGAGATAG IT, I1I
R: TGAAATAGACGGATGGTGAC

Myostatin F: AAGATGGGCTGAATCCCTTT I1, 11T
R: GCAGTCAAGCCCCAAAGTCTC

11-6 F: CTGATGCTGGTGACAACCAC I
R: CAGAATTGCCACATTGCACAAC

Murfl F: GCTCAGAGAGCAGGGACTAG I-1IT
R: AAAGCACCAAATTGGCATAC

p21/Cdknla F: CGGTGTCAGAGTCTAGGGGA I
R: AGGATTGGACATGGTGCCTG

Redd1/Ddit4  F: GCCTCTGGGATCGTTTCTCG L1I
R: GGTCAAGGCCCTCTTCTCTG

Myod1 gMmuCEDO0003826 II

Atroginl qMmuCID0011869 11, 111

F, Forward sequence; R, Reverse sequence.

4.9 Protein analyses

4.9.1 Protein extraction and total protein content (I-IV)

Samples of the TA muscle (I-1V), the heart (I, III), the diaphragm (III), and the
liver (II) were homogenized in ice-cold HEPES-buffer [20 mM Hepes, 1 mM
EDTA, 5 mM EGTA, 10 mM MgCl,, 2 mM DTT, 1 mM Na3VOs, 100 mM (-
glycerophosphate, 1% NP-40, 3% Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Scientific)] followed by 30 minutes of agitation at 4°C. The
samples were then centrifuged at 500 g for 5 minutes at 4°C, after which a sam-
ple of the supernatant was collected for the analysis of the protein synthesis,
and subsequently at 10 000 g for 10 minutes at 4°C, after which the whole su-
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pernatant was collected for other analyses. Total protein content was deter-
mined using the bicinchoninic acid (BCA) protein assay (Pierce Biotechnology,
Thermo Scientific, Waltham, MA, USA) with an automated KoneLab device
(Thermo Scientific, Vantaa, Finland).

4.9.2 Citrate synthase activity (I, III)

Citrate synthase activity was measured from TA, diaphragm and heart homog-
enates using a citrate synthase assay kit (CS0720, Sigma-Aldrich, Darmstadt,
Germany) with an automated KoneLab device (Thermo Scientific, Vantaa, Fin-
land).

4.9.3 Western blotting (I-IV)

Tissue homogenates containing 30 pg of protein were solubilized in Laemmli
sample buffer containing 5% (-mercaptoethanol and heated for 10 min at 95°C
(except for the analysis of OXPHOS proteins, for which the samples were heat-
ed for 5 min at 50°C) to denature proteins. Proteins were separated by SDS-
PAGE using Criterion TGX (I-III) or Criterion TGX Stain-Free (IV) precast 4-
20% gradient gels on Criterion electrophoresis cell (Bio-Rad Laboratories, Her-
cules, California, USA) and then transferred to PVDF membrane using Criterion
blotter on ice at 4°C (I-1II) or Trans-Blot® Turbo™ Transfer System (IV) (Bio-
Rad Laboratories, Hercules, California, USA). Membranes were then scanned
with ChemiDoc MP device (Bio-Rad Laboratories, Hercules, California, USA)
to obtain stain free images (IV), or stained with Ponceau S and imaged with
ChemiDoc XRS device (Bio-Rad Laboratories, Hercules, California, USA; I-III).
After that, the membranes were blocked with 5% non-fat dry milk in Tris-
buffered saline with 0.1% Tween 20 (TBS-T), and subsequently probed over-
night with primary antibodies diluted in TBS-T containing 2.5% non-fat dry
milk or 2.5% BSA at 4°C. The antibodies used are listed in Table 3, except for the
anti-puromycin antibody (clone 12D10), which was a generous gift from Dr
Philippe Pierre, and was diluted 1:6000. After primary antibody incubation, the
membranes were washed with TBS-T and incubated with horseradish peroxi-
dase conjugated secondary antibodies (Jackson ImmunoResearch Europe) for 1
hour in room temperature. The proteins were then detected by enhanced
chemiluminescence (SuperSignal West Femto Maximum Sensitivity Substrate;
Pierce Biotechnology, Thermo Scientific, Waltham, MA, USA) and ChemiDoc
XRS (I-1IT) or ChemiDoc MP device (IV) (Bio-Rad Laboratories) and quantified
(band intensity x volume) with Quantity One software version 4.6.3 (I- I1I) (Bio-
Rad Laboratories, Hercules, California, USA) or Image Lab software version 6.0
(IV) (Bio-Rad Laboratories, Hercules, California, USA). In the case of the analy-
sis of puromycin-incorporated proteins, ubiquitinated proteins, and total pro-
tein loading (stain-free), the intensity of the whole lane was quantified. All
Western blot results were normalized to the total protein loading, i.e. the mean
of Ponceau S staining and GAPDH quantification (I, II, III) or the quantification
of the stain free image of the membrane (IV).
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TABLE3 Antibodies used in Western blot protein analyses.

Antigen Dilution Catalog # Manufacturer  Study

GAPDH 1:10 000 ab9485 Abcam I-IV

p-rpS6 (Ser240/244) 1:1500 #2215 Cell Signaling I, III, IV
Technology

rpS6 1:2000 #2217 Cell Signaling L IIL IV
Technology

p-p70 (Thr398) 1:1000 #9234 Cell Signaling I III, IV
Technology

p70 1:1000 #2708 Cell Signaling I, III, IV
Technology

p-ERK1/2 (Thr202/Tyr204) 1:1000 #9101 Cell Signaling 1
Technology

ERK1/2 1:1000 #9102 Cell Signaling I
Technology

p-Stat3 (Tyr705) 1:1000 #9145 Cell Signaling 1T
Technology

Stat3 1:3000 #9139 Cell Signaling 1T
Technology

FoxO1 1:1000 #2880 Cell Signaling 1
Technology

p53 1:500- sc-263 Santa Cruz II

1:1000 Biotechnology

Ubiquitin 1:700 sc-8017 Santa Cruz I-11I
Biotechnology

Total OXPHOS 1:1000 ab110413 Abcam I, IIT

Fibrinogen 1:10 000 ab27913 Abcam I

Serpina3n 1:1000 AF4709-SP  R&D Systems 111

GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; rpS6, Ribosomal protein S6; p70;
p70 S6 Kinase; ERK, Extracellular signal-regulated protein kinases 1 and 2; Stat3, Signal
transducer and activator of transcription 3; FoxO1, Forkhead box protein O1; p53, Cellular
tumor antigen p53; OXPHOS, Oxidative phosphorylation; p, phosphorylated.

The samples were arranged to the gels according to the time and day of sample
collection and in sets including one sample from each group. In chemotherapy
experiments (I, II), the values of the CTRL and DOX+sACVR2B groups were
normalized DOX sample of the same set. In C26 cancer experiments (III), the
values of CTRL, C26+sACVR/b and C26+sACVR/b were normalized to the
C26+PBS sample of the same set. These procedures were done in order to min-
imize between day and between time-of-day variation as well as to account for
any variability of the signal and background within the membrane. In follistatin
experiments (IV), when comparing the CTRL and FS288 legs, the value of the
FS288 leg was normalized to the value of the CTRL leg of the same animal, and
these samples were located next to each other on the gels. When doing compar-
isons between time-of-day or feeding status, the values were normalized to the
mean of the CTRL leg of daytime or ad libitum feeding. The absolute FS288 ef-
fects were calculated from the values normalized to the mean of CTRL leg of
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the daytime or ad libitum group, by subtracting the value of the CTRL leg from
the value of the FS288 leg of the same animal.

4.10 Immunohistochemistry

4.10.1 Preparation of cryosections (I, III, IV)

For histological analyses, 10 pm thick frozen sections were cut from O.C.T.-
embedded TA samples. The cross-sectional orientation of muscle fibres was
verified with a light microscope. Before staining, the sections were air dried,
fixed for 10 minutes with -20°C acetone, and washed with PBS.

4.10.2 Muscle immunohistochemistry (I, I1I, IV)

Muscle fibre size and capillary density (I). After fixation and washing, TA
cross sections were permeabilized with 0.2% Triton-X in PBS, and blocked with
5% goat serum in PBS in room temperature. The sections were then incubated
with overnight at +4°C with primary antibodies against dystrophin (1:500,
ab15277, Abcam, Cambridge, UK) and PECAM-1/CD31 (1:500, #553370, BD
Pharmingen, San Jose, CA, USA) diluted in 1% goat serum in PBS to visualize
the sarcolemma and the capillaries, respectively. The next day, sections were
washed and incubated with secondary antibodies (1:200, Goat anti-rabbit Alexa
Fluor 555, and Donkey-anti rat Alexa Fluor 488, Invitrogen) for 1 hour at room
temperature. After washing, sections were mounted with Mowiol-DABCO. The
stained sections were scanned with Zeiss LSM 700 confocal microscope and
ZEN software. The mean fibre cross-sectional area (CSA) was quantified from
three random frames representing both the deep and the superficial regions of
the muscle, and 1,065 £ 58 fibres were analysed from each sample. Fibre size
distribution was analysed from 550 fibres that were randomly selected from
each sample. Muscle fibre CSA, capillary density (capillaries/mm?2) and capil-
lary-to-fibre ratios were analysed with Image] software (NIH).

mTOR-LAMP2 colocalisation (III, IV). After fixation and washing, TA
sections were blocked with a mixture containing 5% goat serum (III), or 4% sera
mixture (IV), and 0.3% CHAPS in PBS. The sections were subsequently probed
with primary antibodies against LAMP-2 (1:200, ab13524, Abcam, Cambridge,
UK), mTOR (1:200, #2983, Cell Signaling Technology, Beverly, MA, USA), and
dystrophin (1:200, NCL-DYS2, Novocastra, Newcastle upon Tyne, UK), fol-
lowed by washing, and incubation with secondary antibodies (Alexa Fluor 488
donkey anti-rat, Alexa Fluor 555 goat anti-rabbit, and Alexa Fluor 405 (III) or
Alexa Fluor 647 (IV) goat anti-mouse). The sections were then washed and
mounted with Mowiol-DABCO. The sections were scanned using Zeiss LSM
700 confocal microscope and a Plan Apochromat 63x/1.4 NA Oil objective us-
ing ZEN black (2011 SP7). The colocalisation of mTOR with LAMP2 was ana-
lysed according to Costes et al. (Costes et al. 2004) from 10 images per section
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(III), or from a stitched 4x4 tile scan (934 um?2) consisting of 241 cells on average
(IV) using the Colocalisation Threshold plugin in Image J (III) or Fiji (IV)
(Schindelin et al. 2012). In IV, the data was first deconvoluted with a theoretical
PSF before achieving cell segmentation with the Trainable Weka Segmentation
plugin (Arganda-Carreras et al. 2017) in Fiji, and the intracellular marker classi-
fication and distance calculations were performed in Fiji and Matlab R2018b
(MathWorks Inc), respectively (IV). All the steps were performed blinded to the
sample identification.

4.11 Statistical analyses

Statistical analyses, except for microarray results, were performed with IBM
SPSS Statistics versions 22 or 24 for Windows (SPSS, Chicago, IL, USA). The
data were checked for normality with Shapiro-Wilk test, and for the equality of
variances with Levene’s test. The statistical significance was set at P < 0.05. All
data are presented as means + SEM, unless otherwise stated.

Chemotherapy experiments (I, II). Data from the two four-week experi-
ments were pooled if there were no statistically significant differences between
the experiments, and the experiment was included as a covariate in the analyses.
The multiple group comparisons were performed with general linear model
(GLM) analysis of variance (ANOVA), or by non-parametric Kruskal-Wallis test
followed by the analysis of between-group differences by Bonferroni post hoc
test, or Holm-Bonferroni corrected Mann-Whitney U test, respectively, when
appropriate. For two-group comparisons a two-tailed unpaired Student’s t-test
or non-parametric Mann-Whitney U test were used. Correlations were analysed
using Pearson's Product Moment Coefficient.

C26 cancer experiments (III). The Kaplan-Meier method (log-rank (Man-
tel-Cox) test) was used to analyse differences in survival time between groups,
and the factors predicting survival time were determined using Cox regression
analysis. The C26 cancer effect (CTRL vs. C26+PBS or CTRL vs. C26 groups
pooled) was examined with Student’s t-test or non-parametric Mann-Whitney
U test. The differences between the TB groups were examined with one-way
ANOVA followed by Holm-Bonferroni corrected LSD post hoc test, or non-
parametric Kruskall-Wallis test followed by Holm-Bonferroni corrected Mann-
Whitney U test, when appropriate. Correlations were analysed using Pearson's
Product Moment Coefficient.

Follistatin experiments (IV). The main effects for FS288, time of day and
teeding status were analysed with GLM ANOVA or Kruskal-Wallis test, when
appropriate. Between-group (time of day or feeding status) comparisons were
examined using Student’s t-test or non-parametric Mann-Whitney U test, and
Holm-Bonferroni correction was applied when more than two groups were
compared, i.e. when effect of feeding status was analysed. A planned compari-
son approach was utilized when examining the between-group differences in
the Western blot and mTOR-LAMP2 colocalisation results. Consequently, the
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effects of time-of-day or feeding status were always examined within the leg
(CTRL or FS288), and the differences between the CTRL and FS288 legs were
analysed within time-of-day or feeding status. When examining differences be-
tween CTRL and FS288 legs, the (Western blot) results were analysed with non-
parametric Mann-Whitney U -test, and the result of the FS288 leg was expressed
relative to the CTRL leg of the same animal.



5 RESULTS

5.1 Cachexia and myostatin/activin blocking in chemotherapy
and cancer

5.1.1 Body mass, body composition and tissue masses (I-IV)

C26 tumour resulted in a significant progressive decline in body mass (Figure
5A). Mice treated with soluble activin receptor type IIB (sACVR2B) to block
myostatin and activins before and after tumour formation first gained body
mass and retained higher body mass compared with the vehicle-treated tu-
mour-bearing (TB) mice until the endpoint at 11 days after cancer cell inocula-
tion (Figure 5A). However, if SACVR2B administration was ceased before tu-
mour formation, the mice were not protected from the cancer-induced loss of
body mass (Figure 5A). At this 11-day time point, the significantly decreased
body mass was accompanied by lower tibialis anterior (TA), diaphragm, and
epididymal fat masses in the vehicle-treated TB mice compared with the
healthy controls (Figure 5B-D). Administration of sSACVR2B restored the TA
and diaphragm masses, but not the adipose tissue mass (Figure 5B-D). Howev-
er, the group in which sACVR2B treatment was discontinued showed the most
prominent adipose tissue wasting (Figure 5D). Heart mass was unaffected by
the tumour and the sSACVR2B-Fc administration at this time point (Figure 5E).
Tumour mass was unaffected by the sACVR2B administration (Figure 5F).

A two-week doxorubicin (DOX) chemotherapy protocol also induced a
decrease in body mass that was sustained until the four-week time point de-
spite the cessation of the DOX administration (Figure 6A). Treatment with
sACVR2B prevented the DOX-induced decrease in body mass (Figure 6A). The
decreased body mass in DOX-treated mice was accompanied by significantly
decreased lean and fat mass analysed with dual-energy X-ray absorptiometry
(DXA, Figure 6B and C). These results were supported by the individual tissue
masses, as the masses of TA, gastrocnemius, epididymal fat and the heart were
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significantly lower in the DOX-treated mice compared with the healthy controls
(Figure 6D-G).
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Body mass, body composition, and tissue masses in doxorubicin-treated mice

(I). Body mass curve (A) and the changes in lean (B) and fat mass (C) in the

four-week experiment. The masses of tibialis anterior (D), gastrocnemius (GA,

E), epididymal white adipose tissue (F), and the heart (G) normalized to the

length of tibia (TL) at four weeks. Arrows depict the timing of DOX (grey) and
sACVR2B (black) injections. *, ** and *** = P < 0.05, 0.01 and 0.001, respectively
(Bonferroni). In part A #, different vs Ctrl; **, different vs Ctrl and
Dox +sACVR2B. N =9, 10, and 10 (A-C), N =15, 16, and 17 (D-F), and N =14,
16, and 16 (G), in Ctrl, Dox, and Dox + sACVR2B, respectively.
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In addition, the muscle fibre frequency curve shifted towards smaller fibres
(Figure 7A). The treatment with sACVR2B again fully prevented the decrease in
skeletal muscle and lean masses (Figure 6B, D and E), and restored the muscle
tibre CSA (Figure 7A and B) at the four-week time point in the DOX-treated
mice and even caused hypertrophy compared with the vehicle-treated control
mice. However, sSACVR2B treatment did not protect from the cardiac atrophy
or the loss of fat mass (Figure 6F and G). In addition to the chemotherapy alone,
the combination of LLC tumour and DOX decreased body and tissue masses,
while treatment with sSACVR2B prevented the loss of body and lean mass (I).
Importantly, sSACVR2B did not affect LLC tumour growth or tumour-response
to DOX (I). sACVR2B had no effect on the DOX concentration in skeletal muscle
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FIGURE 7 Muscle fibre size in doxorubicin-treated mice (I). TA muscle fibre size distribu-
tion (A) and a representative immunofluorescence image of dystrophin stain-
ing (B) at four weeks. N = 9/ group.

When comparing the two different tumour models used in this dissertation, it
was found that the injection of C26 cells resulted in a more marked cachexia
with smaller tumour burden in comparison to the LLC tumour model (I, III).
The C26 tumours had also considerably higher mRNA expression of Activin A,
Interleukin-6 (II-6) and Myostatin (IlI). These were not downregulated by
sACVR2B despite the prevention of cachexia (III).

As in the cachectic conditions, the blocking of myostatin and activins in-
duced marked skeletal muscle hypertrophy also in healthy animals, as shown
by a substantial increase in the TA mass with local follistatin (FS288) gene de-
livery (IV). Different doses tested resulted in different levels of hypertrophy. In
20 days, TA mass increased by 49.2 + 7.8% (mean * SD), 51.3 £ 8.9%, and 72.8 +
7.0%, with a dose of 4 x 10°% 1.6 x 101°, and 6.4 x 100 vp/leg, respectively, com-
pared with the contralateral muscle injected with the control AAV (P < 0.001). A
small but significant increase (12.3 + 6.8%, P < 0.001) in TA mass was noticed
already after seven days with the lowest dose (4 x 10° vp/leg), which was se-
lected for the actual experiments (see chapters 5.1.2 and 5.3.1).
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5.1.2 Physical activity, running performance and food consumption (I, III,
IV)

In the cancer experiments, home-cage physical activity was analysed at baseline
and 10 days after the cancer cell injection (III). The TB mice were significantly
less physically active compared with the healthy counterparts, sACVR2B ad-
ministration having no effect on activity (Figure 8A). In the chemotherapy ex-
periments, the aerobic running capacity of the mice was assessed in an incre-
mental treadmill-running test (I). Chemotherapy impaired the running perfor-
mance, and sACVR2B did not have any effect on the running performance of
the DOX-treated mice (Figure 8B). Food intake was also decreased by the tu-
mour and chemotherapy (Figure 8C and D). The administration of sACVR2B
did not have any significant effect on food consumption in either condition
(Figure 8C and D).
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FIGURE 8 Physical activity, running performance and food intake in tumour-bearing (III)
and doxorubicin-treated mice (I). (A) Activity index (AU) at baseline and at
day 10 after cancer cell inoculation. N = 2-3 cages/ group, 2 mice/cage. (B) Dis-
tance covered in an incremental treadmill running test until exhaustion in
DOX-treated mice in the four-week experiment. N = 15, 16, and 17 in Ctrl, Dox,
and Dox + sACVR2B, respectively. Average food intake in tumour-bearing
mice on days 8-10 after cancer cell inoculation (C), and DOX-treated mice in
the four-week experiment (D). N = 3-4 cages/ group, 2-3 mice/cage in parts C
and D. C26-effect indicates a significant difference between CTRL and the C26
groups pooled (A, C). *, ** and *** = P < 0.05, 0.01 and 0.001, respectively [Stu-
dent’s t-test (A, C), Bonferroni (B, D)].
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Due to the above-mentioned effects of cancer and chemotherapy on physical
activity and food intake, further experiments targeting different levels of physi-
cal activity and food intake were conducted. In the first experiment, the natural
fluctuation in physical activity and feeding due to the circadian rhythm was
exploited, and mice were monitored and samples were collected either during
the day or at night (IV). As hypothesized, the mice were significantly more ac-
tive and ate more in the night-time and were more passive and ate less in the
daytime (Figure 9A and B). The increased physical activity was associated with
significantly increased oxygen consumption and energy expenditure in the
night-time compared with the daytime (Figure 9C and D).
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FIGURE 9 Physical activity and food intake at different times of the day (IV). Activity
index (A), food intake (B), oxygen consumption (C), and energy expenditure
(D) in the daytime and the night-time during a three-hour period before sam-
ple collection. N = 8/group. *** = P < 0.001 [Mann-Whitney U test (A, C, D),
Student’s t-test (B)]. VO2, oxygen consumption; EE, energy expenditure.

5.1.3 Oxidative properties of skeletal muscle (I, III)

As the running capacity was impaired by chemotherapy and the habitual phys-
ical activity decreased in experimental cancer, oxidative properties of cardiac
and skeletal muscle tissues were analysed. In the TB mice, the citrate synthase
activity was slightly decreased in skeletal muscle and the heart and tended to
be decreased in the diaphragm compared with the healthy controls (Figure
10A). The total content of mitochondrial respiratory chain subunits (OXPHOS
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proteins) was unaltered by cancer and sACVR2B (Figure 10B), with only minor
alterations in the individual subunits in skeletal muscle and the heart (III).

Despite the impaired maximal running capacity, DOX chemotherapy did
not have any significant effects on mitochondrial respiratory function of the TA
muscle analysed at the four-week timepoint, two weeks after the cessation of
DOX administration (Figure 10C). Consistent with the mitochondrial respirato-
ry function, chemotherapy had no effect on citrate synthase activity or the levels
of OXPHOS proteins (Figure 10D and E). However, sACVR2B administration
resulted in a significant increase in muscle citrate synthase activity, while the
sum of OXPHOS proteins and mitochondrial respiratory function remained
unaltered by sACVR2B (Figure 10C-E). Capillary density and the number of
capillaries per muscle fibre were unaltered by chemotherapy and sACVR2B
treatment at the four-week time point (Figure 11A-C).
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FIGURE 10 Mitochondrial function and markers in tumour-bearing (III) and doxorubicin-
treated mice (I). Citrate synthase (CS) activity in tibialis anterior (TA), dia-
phragm (DIA) and the heart (A), and mitochondrial OXPHOS protein content
in TA (B) in TB mice at 11 days after cancer cell inoculation. Mitochondrial res-
piration in TA muscle with carbohydrate substrates (C), citrate synthase activi-
ty (D), and mitochondrial OXPHOS protein content in DOX-treated mice (E) in
the four-week experiment. C26-effect indicates a significant difference between
CTRL and the C26 groups pooled. * and ** = P < 0.05 and 0.01, respectively
[Student’s t-test (A), Bonferroni (D)]. Cyt c, cytochrome c; CI-IV = OXPHOS
complex I-IV; ETS, electron transfer system; OXPHOS, oxidative phosphoryla-
tion; C, CTRL; P, C26 + PBS; Ab, C26 + sACVR/b; Ac, C26 + sACVR/c; D, Dox;
D+A, Dox + sACVR2B. N =7-9/group (A, B), N =7-8/group (C), N =15-

17/ group (D), and N = 8/group (E).
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FIGURE 11 Capillary density in doxorubicin-treated mice (I). Quantification of the number
of capillaries per muscle fibre (A) and per muscle area (B), and the representa-
tive immunofluorescence images of CD31/PECAM-1 staining for capillaries (C)
in the four-week experiment. The representative capillary images are from ex-
actly the same location as the dystrophin images in Figure 7B. PECAM-1, plate-
let endothelial cell adhesion molecule-1. N =8, 10, and 9 in Ctrl, Dox, and Dox
+ sACVR2B, respectively.

514 Comparison of the effects on the heart and skeletal muscle in chemo-
therapy (II)

Chemotherapy resulted in a similar relative, approximately 10%, decrease in
both TA and heart masses (Figure 6D and G). However, only the loss of TA
mass was prevented by sACVR2B treatment, while the heart mass was relative-
ly unaffected by sACVR2B (Figure 6D and G). Despite the similar decreases in
tissue masses, a single injection of DOX induced more extensive alterations in
the skeletal muscle transcriptome compared with those observed in the heart
(IT). A whole-genome microarray analysis using FDR < 0.05 and fold change >
1.2 criteria showed that 485 and 40 annotated transcripts were upregulated, and
473 and 24 were downregulated by DOX in skeletal muscle and the heart, re-
spectively. Only 21 transcripts were commonly upregulated, and six commonly
downregulated in skeletal muscle and the heart, showing a notable difference in
the responses of these tissues. These results may reflect a larger regeneration
potential of the skeletal muscle, as mRNA expression of Myod1, an important
factor in skeletal muscle regeneration, and MyoD target genes were upregulat-
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ed by DOX in skeletal muscle, but not in the heart (Table 4, II). In addition, the
pre-treatment with sSACVR2B induced more extensive changes in the skeletal
muscle transcriptome than it did in the heart, with 118 annotated transcripts
upregulated and 82 transcripts downregulated in skeletal muscle, and only one
annotated transcript upregulated, and two transcripts downregulated in the
heart in DOX+sACVR2B-treated mice compared with DOX alone (II).

The pathway analysis showed that the p53 pathway is upregulated in both
skeletal muscle and the heart in response to DOX (Table 4, II). In addition, the
transcription factor analysis showed enrichment of genes with p53 targeted mo-
tifs in both tissues (II). These genes included a well-known cell-cycle inhibitor
p21/Cdknla, and a DNA-damage response indicator Redd1/Ddit4 that were high-
ly upregulated by DOX in skeletal muscle and the heart in both microarray and
qPCR analyses (Table 4, I and II). These responses were partially blocked by
sACVR2B, especially in the skeletal muscle (Table 4, I and II). Furthermore, the
p53 protein level was increased by DOX in both tissues, and this increase was
prevented by sACVR2B (Table 4, II). These results indicate that p53-p21-REDD1
is the main common pathway activated by DOX in both skeletal muscle and the
heart. In addition, the activation of that pathway can be attenuated by the
blocking of myostatin and activins, especially in skeletal muscle. The difference
in the response to sACVR2B treatment between skeletal muscle and the heart
may be explained by the different expression levels of activin receptor type IIB,
its ligands, or their responses to DOX. The largest difference between the tissues
was observed in myostatin (Gdf§) mRNA expression that was approximately
18-fold higher in skeletal muscle than in the heart (P < 0.001, II).
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TABLE 4  Gene sets, pathways and individual genes or proteins involved in muscle atro-
phy and regeneration in tumour-bearing (III) and doxorubicin-treated mice (I,
II), analysed from the short-term cancer experiment and the acute chemothera-
py experiment, respectively. Arrows indicate the direction and the magnitude
of the effect for the tumour, DOX and sACVR2B. C26 + sACVR2B and DOX +
sACVR2B indicate the difference to C26 and DOX, respectively.

Skeletal muscle Skeletal muscle Heart
Gene set/ pathway €26 sACCz\?l;ZB box SI?C?/XR;B box sjlkjco\i( R;B
p53-REDD1-p21 NA NA 1 - 1 -
Atrogenes NA NA il } NA NA
Proteasome NA NA 1 ad (Risanen et al. 2016) NA
Apoptosis NA NA t hig (Raisanen et al. 2016)
Caspase NA NA 1 - NA NA
Autophagy NA NA - - NA NA
mRNA/Protein
Myod1 NA NA T - NA NA
Redd1/Ddit4 NA NA 1 ! 1 -
p21/Cdknla NA NA 1 il 1 -
53 NAoNA |t ) tt W
Ubiquitinated proteins 1 - - - - -
MuRF1 - - ! il -
Atroginl il - il } il -
FoxO1 NA NA T - NA NA
LC3-1I 1 - - - NA NA
(Hentils et al. 2018)

NA, not analysed; Atoginl, F-Box Protein 32 (FBXO32)/Muscle Atrophy F-Box Protein
(MAFbx); p21/Cdknla, Cyclin Dependent Kinase Inhibitor 1A; Ddit4, DNA Damage In-
ducible Transcript 4; FoxO1, Forkhead box protein O1; LC3-1], libidated form of Microtu-
bule-associated protein 1A/1B-light chain 3; MuRF1, Muscle RING-finger protein-1; My-
od1, Myogenic Differentiation 1/Myoblast Determination Protein 1; p53, Cellular tumor
antigen p53; Redd1, Regulated in development and DNA damage responses 1.
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5.2 Effects of cachexia and its treatment on survival and other tis-
sues in cancer and after chemotherapy (I, I1I)

5.21 Survival time (III)

Survival in C26 cancer was investigated during a three-week period after the
cancer cell inoculation (III). The survival was significantly improved in the
group that was treated with sACVR2B both before and after tumour formation
when compared with vehicle-treated TB mice and the TB mice treated with
sACVR2B only before the tumour formation (Figure 12). The survival time did
not differ significantly between the vehicle-treated TB mice and the TB mice
treated with sACVR2B only before the tumour formation (Figure 12). To deter-
mine a suitable time point to study the mechanisms of cachexia and the poten-
tial factors explaining differences in the survival time, the associations between
body mass change and survival time were analysed with Cox regression analy-
sis. It was found that especially the body mass change from Day 10 to Day 11
after the cancer cell inoculation predicted survival (B=1.82, P <0.001). Thus,
Day 11 was determined as the endpoint for the second experiment to target the
early phase of cachexia.
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FIGURE 12 Survival in experimental cancer and the effect of myostatin/activin blocking
(IIT). The figure represents a three-week Kaplan-Meier survival curve for CTRL

and TB mice. * = P < 0.05 [log-rank (Mantel-Cox) test]. N =6, 12, 8, and 9 in
CTRL, C26 + PBS, C26 + sACVR/b, and C26 + sACVR/c, respectively.

5.2.2 Inflammation (III) and haematological parameters (I, III)

At the 11-day time point after the cancer cell inoculation, the TB mice had sig-
nificantly elevated serum levels of proinflammatory cytokines IL-6 and MCP-1
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(Table 5). Neither sACVR2B treatment protocol was able to attenuate any of the
inflammatory cytokines (Table 5). The vehicle-treated TB mice had increased
liver protein synthesis accompanied by activation of the acute phase response,
indicated by increased Stat3 phosphorylation, and elevated levels of fibrinogen
and serpina3N (Figure 13A-C). The increases in liver protein synthesis and
phosphorylation of Stat3 were partially prevented by sACVR2B, but no signifi-
cant effects on fibrinogen and serpina3N were observed (Figure 13A-C). The
protein contents of fibrinogen and serpina3N correlated with the body mass
loss during the last day in the TB mice (r=-0.659, P = 0.001, and r = —0.845,
P <0.001, respectively). As another marker of inflammation, the vehicle-treated
TB mice had an over 2.5-fold increase in spleen mass when compared with the
healthy controls (Figure 13D) and this was accompanied by increased abun-
dance of markers of splenic myeloid-derived suppressor cells (MDSCs) in the
TB mice (IlI). This increase in spleen mass, but not that observed in MDSC
markers, was significantly attenuated by sACVR2B irrespective of the treatment
protocol (Figure 13D, III).

TABLE5  Serum cytokine levels (pg/ml) in tumour-bearing mice (III). The C26-effect
was analysed by pooling all the tumour-bearing groups. The sACVR-effect
shows the lowest P-value for the sSACVR2B treated groups in comparison to
C26 + PBS.N =8, 7, 6 and 8 in CTRL, C26 + PBS, C26 + sACVR/b and C26 +
sACVR/c groups, respectively.

Cytokine = CTRL C26 + PBS C26 + C26 + C26-effect sACVR-
sACVR/b sACVR/c effect
IL-6 N/A  2061.7 2165.2 1374 P <0.001 P=0.672
+695.7 +433.9 +524.6
MCP-1 N/A  156.2 220.5 622.1 P <0.001 P =0.042
+21.3 +47.9 +329.4*
RANTES 61.3 20.7 17.5 21.6 P <0.001 P =0.890
25 +3.2 18 +34
IL-1p N/A N/A 18.6 21.7 P=0.270 P=0.012
9.0 +5.0*
IL-12p70 12.2 20.9 25.9 475 P=0.170 P=0.120
+0.8 6.8 +14.5 +10.9
IL-5 12.9 14.8 12.5 23.3 P =0.880 P=0.730
+29 +4.6 +9.7 +5.2

* = the value that is significantly different compared with C26 + PBS; N/ A, Concentration
under detection limit; IL, Interleukin; MCP-1, Monocyte chemoattractant protein-1;
RANTES, Regulated upon activation, normal T cell expressed and secreted (also known as
CCLb5); Values are presented as mean + SEM.
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FIGURE 13 Liver protein synthesis, acute phase response markers and spleen mass in tu-
mour-bearing mice (III). Liver protein synthesis relative to C26 + PBS (A),
phosphorylation of Stat3 at Tyr705, and protein contents of fibrinogen and ser-
pinA3N in liver (B), representative blots (C), and spleen mass normalized to
the length of tibia (D) in TB mice at 11 days after cancer cell inoculation. C,
CTRL; P, C26 + PBS; Ab, C26 + sACVR/b; Ac, C26 + sACVR/c; M = molecular
weight marker. ** and *** = P < 0.01 and 0.001, respectively [Holm-Bonferroni
corrected Mann-Whitney U test (A, B), Student's t-test and Holm-Bonferroni
corrected LSD (D)]. N = 6-9/group.

The C26 tumour caused mild anaemia, which was shown by small but signifi-
cant decreases in haemoglobin and haematocrit in the TB mice compared with
the healthy controls (Figure 14A and B). Both treatment protocols with
sACVR2B at least partially prevented these decreases and thus alleviated the
cancer-induced anaemia (Figure 14A and B). Platelet count was robustly in-
creased in the TB mice, and was not altered by the SACVR2B treatment (III).
Two weeks of DOX chemotherapy also caused a significant decline in haemo-
globin and haematocrit (Figure 14C and D), which was not present anymore at
the four-week time point (Figure 14E and F). Unlike in experimental cancer, the
anaemia was not influenced by sACVR2B treatment in the DOX-treated mice
(Figure 14C and D).
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Haemoglobin and haematocrit in tumour-bearing (III) and doxorubicin-treated
mice (I). Haemoglobin (A) and haematocrit (B) in TB mice at 11 days after can-
cer cell inoculation. Haemoglobin (C) and haematocrit (D) in DOX-treated mice
in the two-week experiment and in the four-week experiment (E, F). *, ** and
*** =P <0.05, 0.01 and 0.001, respectively [Holm-Bonferroni corrected Mann-
Whitney U (A, B), Bonferroni (C-F)]. N = 7-9/group (A, B), N = 6-7/group (C,
D), N =3-6 (E, F).

5.2.3 Bone parameters (I)

Both bone
DXA were

mineral density (BMD) and bone mineral content (BMC) analysed by
decreased by DOX chemotherapy at the four-week time point indi-

cating chronic impairment in bone quality due to chemotherapy (Figure 15A
and B). Both bone parameters were restored by sACVR2B treatment (Figure
15A and B). The changes in BMD (r=0.70; P<0.001) and BMC (r=0.72;
P <0.001) correlated positively with the changes in lean mass. In addition, the
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endpoint values of and the changes in BMD and BMC were highly associated
with the endpoint measures of lean and muscle mass and muscle fibre CSA (I).
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FIGURE 15 Changes in bone mineral density (A) and bone mineral content (B) in doxoru-
bicin-treated mice in the four-week experiment (I). ** and *** = P < 0.01 and
0.001, respectively (Bonferroni). BMD, bone mineral density; BMC, bone min-
eral content. N = 9-10/ group.

5.3 Regulation of muscle size in chemotherapy, cancer and re-
duced physical activity and fasting - effects of myo-
statin/activin blocking

5.3.1 Muscle protein synthesis and its regulation (I-IV)

A single dose of DOX chemotherapy resulted in a significant decrease in muscle
protein synthesis, as analysed from puromycin incorporation, while protein
synthesis remained unaltered in the heart (Figure 16A). sSACVR2B restored the
muscle protein synthesis in mice treated with DOX without an effect on the
heart protein synthesis (Figure 16A). Signalling through the master regulator of
protein synthesis, mechanistic target of rapamycin complex 1 (mTORC1), was
not affected by chemotherapy, as the levels of phosphorylated rpS6 (at
Ser240/244) and p70 S6K (at Thr389) were not altered acutely in the DOX-
treated mice (Figure 16B and C). However, sSACVR2B acutely increased the
phosphorylation of these proteins after a single dose of DOX, indicating in-
creased mTORC1 signalling in response to sACVR2B administration (Figure
16B and C). Unlike mTORC1 signalling, the phosphorylation of ERK1/2 at
Thr202/Tyr204 was decreased in the DOX-treated mice and restored by
sACVR2B (Figure 16D).
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FIGURE 16 Protein synthesis in skeletal muscle and the heart and markers of mTORC1 and
ERK1/2 signalling in skeletal muscle in doxorubicin-treated mice (I, II). Protein
synthesis analysed with SUnSET and representative blots in TA and the heart
(A), and phosphorylation of ribosomal protein (rp) S6 at Ser240/244 (B), p70 S6
kinase at Thr389 (C), and extracellular signal-regulated kinase (ERK) 1/2 at
Thr202/Tyr204 (D) and representative blots in TA in the acute chemotherapy
experiment. The results are presented as arbitrary units relative to Ctrl (A) or
Dox (B-D. D, Dox; D+A, Dox + sACVR2B. *, ** and *** = P < 0.05, 0.01 and
0.001, respectively [Bonferroni (A), Holm-Bonferroni corrected Mann-Whitney
U test (B-D)]. N = 6-9/group.

Muscle protein synthesis was significantly decreased also by C26 cancer. More
specifically, it was decreased in TA muscle and to a lesser extent in the dia-
phragm and the heart (Figure 17A). The administration of SACVR2B did not
restore the decreased muscle protein synthesis at the investigated time point in
the TB mice (Figure 17A). In the TB mice, the colocalisation of mTOR with the
lysosomal/late endosomal marker LAMP2 was decreased, indicating attenuat-
ed mTORC1 activation (Figure 18). Accordingly, mTOR-LAMP2 colocalisation
correlated positively with the TA protein synthesis (r = 0.751; P < 0.01), and also
with the body mass change of the last day (r = 0.630; P < 0.01). In line with the
mTOR localization results, the levels of phosphorylated rpS6 and p70 S6K were
also markedly decreased in the TB mice compared with the healthy controls
(Figure 17B-D). The continued treatment with sACVR2B restored the colocali-
sation of mTOR with LAMP?2 (Figure 18) and the levels of phosphorylated rpS6
(Figure 17B and D).
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FIGURE 17 Muscle protein synthesis and markers of mTORC1 in tumour-bearing mice (III).
Protein synthesis in TA, the diaphragm (DIA) and the heart and representative
blots (A), and phosphorylation of ribosomal protein (rp) S6 at Ser240/244 (B)
and p70 S6 kinase at Thr389 (C) in TA, and representative blots (D) at 11 days
after cancer cell inoculation. The results are presented as arbitrary units rela-
tive to CTRL (A) or C26 + PBS (B, C). C, CTRL; P, C26 + PBS; Ab, C26 +
sACVR/b; Ac, C26 + sSACVR/c. *, ** and *** = P < 0.05, 0.01 and 0.001, respec-
tively (Holm-Bonferroni corrected Mann-Whitney U test). N = 6-8/group.
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FIGURE 18 Colocalisation of mTOR with lysosomes/late endosomes in tumour-bearing
mice (III). Quantification of the colocalisation of mTOR with LAMP?2 (left) and
a representative immunofluorescence image (right). Scale bar equals 10 pm. * =
P <0.05 [Student's t-test (C26- and sACVR2B-effects)]. N = 7-9/group. LAMP2,
Lysosomal Associated Membrane Protein 2; mTOR, mechanistic target of ra-
pamycin.
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As cancer and chemotherapy were associated with significantly decreased food
intake and physical inactivity or impaired exercise capacity, respectively, mus-
cle protein synthesis and its regulation, and the effects of blocking myostatin
and activins were subsequently assessed in healthy mice in settings of altered
levels of physical activity and food intake (IV). In healthy mice, time of day did
not significantly alter muscle protein synthesis (Figure 19A), even though mice
were more active and ate more at night compared with the daytime (Figure 9).
The FS288 gene delivery significantly increased muscle protein synthesis irre-
spective of time of day (Figure 19A). The increased muscle protein synthesis by
FS288 was accompanied by increased mTORCI signalling (Figure 19B-D).
However, the levels of phosphorylated rpS6 were significantly lower in the
daytime compared with the night-time in both FS288- and control-treated mus-
cles (Figure 19B and D).
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FIGURE 19 Effects of follistatin gene delivery on muscle protein synthesis and mTORC1
signalling at different times of the day (IV). Protein synthesis analysed by
SUNSET and representative blots (A), and phosphorylation of rpSé6 at
Ser240/244 (B) and p70 S6 kinase at Thr389 (C) in TA, and representative blots
(D). The results are presented as arbitrary units relative to the “Day CTRL".
Time of day comparisons: * and ** = P < 0.05 and 0.01, respectively (Holm-
Bonferroni corrected Student’s t-test). FS288 vs. CTRL comparisons: #, and ###
=P <0.05, and 0.001, respectively (Mann-Whitney U test). N = 8/group.

Muscle protein synthesis was slightly blunted in fasted mice (Figure 20A). The
FS288 gene delivery significantly increased muscle protein synthesis irrespec-
tive of the feeding status, and the increased protein synthesis was accompanied
by increased markers of mTORCI signalling in all feeding conditions (Figure
20A-C). However, despite the negligible effects on muscle protein synthesis, the
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FS288 responses in p-rpS6 and p-p70 S6K were significantly attenuated by fast-
ing (Figure 20B and C).
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Effects of follistatin gene delivery on muscle protein synthesis and mTORC1
signalling in fasted and fed mice (IV). Protein synthesis analysed by SUnSET
and representative blots (A), and phosphorylation of rpS6 at Ser240/244 (B)
and p70 S6 kinase at Thr389 (C) in TA, and representative blots. The results are
presented as arbitrary units relative to the “AD CTRL”. Feeding status compar-
isons in CTRL muscle: *, **, and *** =P < 0.05, 0.01, and 0.001, respectively.
Feeding status comparisons in FS288 muscle: *, **, and *** = P < 0.05, 0.01, and
0.001, respectively [Holm-Bonferroni corrected Student’s t-test (A, and B-C:
FS288 effect), or Holm-Bonferroni corrected Mann-Whitney U test (B, C)].
FS288 vs. CTRL comparisons: #, ##, and ### =P < 0.05, 0.01, and 0.001, respec-
tively (Mann-Whitney U test). AD, ad libitum; F, fasted; RF, refed. N = 8/group.

An hour of refeeding reversed the effect of fasting on mTORC1 signalling, and
the refed mice had increased levels of phosphorylated p70 S6K and rpSé6 in
CTRL and FS288 muscles compared with ad libitum and fasted groups (Figure
20B and C). In addition, refeeding resulted in a greater response to FS288 in the
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phosphorylation of rpS6 and p70 S6K when compared with the fasted group
and both the ad libitum and the fasted group, respectively (Figure 20B and C).

As with the sACVR2B administration in the TB mice, the FS288 gene de-
livery resulted in increased amount of mTOR colocalised with the lysosomal
marker LAMP2 independent of the feeding status (Figure 21A and C). The
FS288 gene delivery did not cause translocation of the colocalised mTOR-
LAMP2 towards the sarcolemma (Figure 21B), or their colocalisation with dys-
trophin (IV).
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FIGURE 21 The effect of follistatin gene delivery on the colocalisation of mTOR with lyso-
somes/late endosomes in fasted and fed mice (IV). Quantification of the
amount of colocalised mTOR and LAMP2 relative to area (A), and the average
distance of the colocalised particles from the sarcolemma (B) in TA muscle. A
representative immunofluorescence image of cytosolic mTOR (red), LAMP2
(green) and their colocalisation (yellow in merged image) in the CTRL and
FS288 muscles of the AD group (C). Dystrophin represented in blue. Scale bar
equals 20 pm. Main effect for FS288 was analysed with Kruskal Wallis test. AD,
ad libitum; F, fasted; RF, refed. N = 7-8/group.

5.3.2 Protein degradation pathways in skeletal muscle (I-III)

As muscle size is regulated by the balance between protein synthesis and deg-
radation, the effects of cancer and chemotherapy on typical markers of protein
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degradation pathways were also analysed. A single dose of DOX chemotherapy
did not increase the amount of ubiquitinated proteins or the mRNA expression
of the muscle-specific E3 ubiquitin ligase MuRF1 in TA muscle at the investi-
gated time point (Table 4, I). The MuRF1 mRNA was decreased by sACVR2B
despite the lack of chemotherapy effect (Table 4, I). The mRNA expression of
the ubiquitin ligase Atroginl, contributing via the degradation of proteins relat-
ed to protein synthesis (Attaix & Baracos 2010), was increased due to chemo-
therapy and this increase was prevented by sACVR2B (Table 4, II).

Gene set enrichment analysis (GSEA) revealed that chemotherapy resulted
in a slight enrichment of the proteasome related genes, on which sACVR2B
administration did not have any additional effect (Table 4, I). Based on the
GSEA, chemotherapy caused a slight enrichment in the gene set of atrogenes,
genes commonly found altered in different muscle atrophy conditions, and this
enrichment was prevented by sACVR2B administration (Table 4, I). However,
the only individual atrogene increased by chemotherapy was FOXO1, and this
increase was also verified on the protein level (Table 4, I). Pre-treatment with
sACVR2B did not affect the protein level of FoxO1 (Table 4, I). In addition, there
was a small enrichment in genes related to apoptosis and caspase pathways by
DOX without effects from sACVR2B (Table 4, I). The gene set related to autoph-
agy was not significantly altered by DOX or pre-treatment with sACVR2B, with
only minor increases in a couple of genes (Table 4, I).

Experimental cancer resulted in a slightly but significantly increased
amount of ubiquitinated proteins in TA muscle and in the diaphragm (Table 4,
III). In addition, the mRNA expression of the ubiquitin ligases MuRF1 and
Atroginl was increased in the gastrocnemius muscles of the TB mice (Table 4,
III). Administration of sACVR2B did not have any significant effect on the
ubiquitinated proteins or the expression of MuRF1 and Atroginl (Table 4, III).



6 DISCUSSION

The purpose of this dissertation was to study the effects of different wasting
conditions - chemotherapy and cancer cachexia - as well as reduced physical
activity and fasting, and the concomitant blocking of myostatin and activins on
muscle size and its regulation. In addition, this dissertation aimed to elucidate
the importance of maintaining adequate muscle mass in these wasting condi-
tions, and the potential underlying mechanisms. Furthermore, the effects of
these wasting conditions on physical activity, exercise capacity and oxidative
properties of skeletal muscle were also investigated.

The main findings of this dissertation were that

1. Prevention of muscle wasting via myostatin/activin blocking associates
with improved survival in cancer cachexia without effects on tumour
mass, but increasing muscle mass via myostatin/activin blocking only
before the cachectic stimulus does not provide survival benefit and may
result in exacerbated wasting in tumour-bearing mice. (III)

2. Muscle wasting in cancer cachexia is associated with decreased colocali-
sation of mTOR with lysosomes/late endosomes. On the other hand,
myostatin/activin blocking increases the amount of mTOR colocalised
with lysosomes/late endosomes in both healthy and cachectic muscles.
(111, IV)

3. Doxorubicin chemotherapy associated muscle wasting is due to de-
creased muscle protein synthesis rather than increased degradation. My-
ostatin/activin blocking restores size and protein synthesis in skeletal
muscle, but not in the heart, in chemotherapy-treated mice without ef-
fects on the antitumour action of chemotherapy. Prevention of muscle
wasting is associated with restored bone mineral density and content in
mice receiving chemotherapy. (I, II)

4. Physical activity and running capacity are impaired in cancer cachexia
and after chemotherapy, respectively, with negligible effects on skeletal
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muscle oxidative properties, and these effects are not alleviated by block-
ing myostatin and activins. (III)

5. Myostatin/activin blocking increases muscle protein synthesis and the
amount of mTOR colocalised with lysosomes/late endosomes independ-
ent of alterations in physical activity and food intake. However, the
mTORC1 signalling response to myostatin/activin blocking is attenuated
by fasting and diurnal decreases in food intake and physical activity. (IV)

To the best of my knowledge, this is the first study showing (1) the effect of
cancer cachexia and myostatin/activin blocking on mTOR localization, (2) the
effect of increasing muscle mass via myostatin/activin blocking only before the
cachectic stimulus on survival in experimental cancer cachexia, and (3) the ef-
fect of doxorubicin chemotherapy on maximal running capacity and capillary
density. Moreover, this was the first study to investigate the transcriptomic
changes in skeletal muscle after doxorubicin chemotherapy alone or combined
with myostatin/activin blocking, and to compare these changes between skele-
tal muscle and the heart.

6.1 Muscle size and its regulation in different wasting conditions
with myostatin/activin blocking

The results of this dissertation show that doxorubicin chemotherapy and exper-
imental cancer cause loss of body mass, which is comprised of muscle and adi-
pose tissue wasting. This is in line with previous findings in tumour-bearing
mice (Aulino et al. 2010; Benny Klimek et al. 2010; Bonetto et al. 2016; Murphy
et al. 2012; Toledo et al. 2014; Zhou et al. 2010) and doxorubicin-treated mice
(Gilliam et al. 2016; Hiensch et al. 2019). In chemotherapy, muscle wasting was
associated with a decrease in lean mass, and muscle fibre size tended to be re-
duced. Decreased muscle mass and muscle fibre size after treatment with doxo-
rubicin is in line with previous studies (de Lima Junior et al. 2016; Gouspillou et
al. 2015; Hiensch et al. 2019; Min et al. 2015). A significantly decreased muscle
tibre cross-sectional area has not been observed in all studies after doxorubicin
administration, but those studies have been acute in nature, and samples have
been collected three to four days after doxorubicin administration (Gilliam et al.
2009; Yu et al. 2014). Interestingly, these effects were observed two weeks after
the last dose of chemotherapy, meaning that decreased body, lean and fat mass,
and muscle atrophy persist despite cessation of chemotherapy administration.
Previously, repeated cycles of doxorubicin and dexamethasone treatment have
resulted in impairment in growth and in decreased muscle mass and fibre size
that were sustained at least until three months after the last treatment cycle
(Gouspillou et al. 2015). Even though the treatment protocol was different than
in the present study, this indicates that doxorubicin chemotherapy may have
irreversible, or at least very long-term, effects on growth and muscle tissue.
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In the present study, the blocking of myostatin and activins fully prevent-
ed the decrease in body and muscle mass due to doxorubicin chemotherapy
and was even able to cause muscle hypertrophy compared with healthy control
mice. In addition, the blocking of myostatin and activins significantly increased
muscle fibre size, thus counteracting doxorubicin-induced muscle atrophy. A
recent study reported decreased body, lean and fat masses, as well as lower
skeletal muscle masses and muscle fibre atrophy after five-week administration
of Folfiri chemotherapy (Barreto et al. 2017). As in the present study, the de-
creases in body, lean and muscle masses, as well as muscle fibre cross-sectional
area were completely prevented by the blocking of myostatin and activins (Bar-
reto et al. 2017).

In the experimental cancer induced by C26 cancer cell inoculation, wasting
was observed in locomotor muscles, such as the tibialis anterior (TA), but also
in the major respiratory muscle, the diaphragm. This indicates that the whole-
body skeletal muscle tissue is prone to wasting in cachexia. Thus, cachexia may
result not only in decline in physical function but also in alterations in whole
body metabolism and in impairment of vital functions, such as respiration
(Murphy et al. 2012; Roberts et al. 2013). Indeed, diaphragm atrophy, weakness,
and fatigability (Murphy et al. 2012; Roberts et al. 2013), as well as ventilatory
dysfunction (Roberts et al. 2013) have been observed in previous studies in the
C26 model of cancer cachexia. Moreover, weakness (Gilliam et al. 2011a) and
severe damage of the diaphragm (Doroshow, Tallent & Schechter 1985; Gilliam
et al. 2011a) have also been associated with doxorubicin chemotherapy in
healthy animals. Thus, diaphragm wasting and potentially resulting respiratory
dysfunction may play a role in the poor prognosis associated with cachexia and
in treatment toxicity (Fearon, Arends & Baracos 2013). Importantly, the block-
ing of myostatin and activins was able to prevent muscle wasting, also that of
the diaphragm, in experimental cancer. This happened independent of whether
the treatment was continued or discontinued after tumour formation. The posi-
tive effects of myostatin/activin blocking on muscle wasting in cancer cachexia
are in line with previous studies in different murine models of cancer cachexia
(Benny Klimek et al. 2010; Busquets et al. 2012; Hatakeyama et al. 2016; Toledo
et al. 2016b; Zhong et al. 2019; Zhou et al. 2010). In a hallmark study by Zhou et
al. (2010), treatment with soluble ACVR2B (sACVR2B) ligand trap was able to
increase and maintain body mass in C26 tumour-bearing mice, when treatment
was initiated at the onset of cachexia. Moreover, sACVR2B treatment initiated
at advanced cachexia was able to fully restore the body mass. These effects were
accompanied by reversal of decreased lean and muscle mass (Zhou et al. 2010).
The present study adds to the previous study by Zhou et al. (2010), by provid-
ing evidence on whether the blocking of myostatin and activins before the onset
of cachexia has protective effects on muscle tissue during cachexia or whether
continued treatment is required to maintain muscle size. As mentioned, at the
time point after cancer cell inoculation, when change in body mass predicted
survival, muscle masses were similar between the two treatment protocols, both
having significantly higher TA and diaphragm masses compared with vehicle-
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treated tumour-bearing mice. However, the body mass curve shows a dramatic
decline in the group in which the sACVR2B treatment was discontinued, and
combined with the non-significantly lower muscle and fat masses in that group
this suggests that having larger muscle mass to begin with did not protect from
muscle wasting as opposed to when the muscle mass was maintained by con-
tinued treatment. This assumption is supported by a previous study showing
that myostatin deficient mice having larger muscle mass are more prone to ex-
perimental cancer-induced muscle wasting (Benny Klimek et al. 2010).

In addition to skeletal muscle wasting, chemotherapy resulted in atrophy
of the heart, the level of which was comparable to that of the tibialis anterior
muscle. Doxorubicin-induced cardiotoxicity has been widely reported previous-
ly (Doroshow, Tallent & Schechter 1985; Nitiss & Nitiss 2014; Ichikawa et al.
2014; Rasdnen et al. 2016; Zhang et al. 2012). However, even though myo-
statin/activin blocking was able to prevent skeletal muscle wasting, it had no
effect on heart mass. Similar results were obtained in a previous study, in which
Folfiri chemotherapy resulted in decreased heart mass that was not restored by
sACVR2B treatment (Barreto et al. 2017). This is also consistent with previous
tindings in healthy mice treated with sACVR2B (Hulmi et al. 2013a).

Interestingly, C26 cancer did not seem to cause cardiac atrophy in our
hands at the 11-day time point, when the cachexia was not yet very severe in all
animals. This is contrary to a previous study by Zhou et al. (2010), who report-
ed a 20% decrease in heart mass at the later time point than in the present study,
that is, two weeks after C26 cancer cell injection (Zhou et al. 2010). In addition,
they found that weekly administration of soluble ACVR2B at a dose of 10
mg/kg was able to prevent cancer-induced cardiac wasting determined after
two weeks of treatment (Zhou et al. 2010), whereas treatment with sACVR2B
had no effect on heart mass in any of the conditions studied in this dissertation.
Potential differences in the study setups may contribute to these different re-
sults. For example, the cachexia may have been more advanced in the study by
Zhou et al. compared with our study, which might explain why we did not ob-
serve marked cachexia in the heart, as it has been demonstrated that the severi-
ty of cachexia has impact on the cardiac wasting (Murphy et al. 2012). A mild
but significant approximately 10% decrease in heart mass was observed in our
pilot study at two weeks after cancer cell inoculation, which supports the hy-
pothesis that severe heart wasting does not occur until an advanced level of
cachexia has been reached. In addition, a slightly different mouse strain (CD2F1)
and potentially a slightly different tumour location were used in the study by
Zhou et al. (2010), both of which might have affected the results (Matsumoto et
al. 1999). The reason behind the differences in the effect of blocking myostatin
and activins on heart mass is unknown, but it might be due to different treat-
ment protocol, dose, or injection site used. However, even though a larger dose
per injection was administered in the study by Zhou et al. (2010), the weekly
dose was similar to the present study. The results of the present study are sup-
ported by a previous study, in which heart mass was unaffected by the tumour
or myostatin/activin blocking in LLC tumour-bearing mice at 14 days after can-
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cer cell inoculation (Toledo et al. 2016b). In the chemotherapy experiment, the
blocking of myostatin and activins had a much more pronounced effect on the
skeletal muscle than on the heart also at the transcriptomic level, suggesting
that systemic myostatin/activin blocking usually has a smaller effect on the
heart than it does on skeletal muscle. This finding is also supported by a recent
study by Szab¢ et al. (Szabo et al. 2020), and it potentially explains why no ef-
fects were seen on heart mass either. This lack of an effect may in part be due to
much lower myostatin expression in the heart that was observed in healthy
mice. However, in some situations sACVR2B has been shown to have beneficial
effects also on the heart (Magga et al. 2019), suggesting that more research is
needed on this area.

Muscle mass is in general regulated by the balance between protein syn-
thesis and degradation. Negative net protein balance resulting in muscle atro-
phy can thus result from either decreased protein synthesis, increased protein
degradation, or the combination of both (Gordon, Kelleher & Kimball 2013).
According to previous studies, muscle wasting in cancer cachexia can be at-
tributed to decreased protein synthesis (Horstman et al. 2016; Penna et al. 2019;
Samuels et al. 2001; Smith & Tisdale 1993; Toledo et al. 2016b; White et al. 2011),
increased protein degradation (Penna et al. 2019; Samuels et al. 2001; Smith &
Tisdale 1993; Toledo et al. 2016b; White et al. 2011), and/or impaired regenera-
tion (Talbert & Guttridge 2016). Protein synthesis was significantly decreased in
TA muscle in experimental cancer and acutely after a single dose of doxorubicin
chemotherapy. The present study showed decreased muscle protein synthesis
after doxorubicin administration. A recent study showed increased (free) amino
acid concentrations in skeletal muscle and in circulation acutely (24-192 hours)
after doxorubicin administration, which suggests that doxorubicin administra-
tion results in a net protein breakdown that probably results from a combina-
tion of repressed protein synthesis and increased protein degradation in skele-
tal muscle (Fabris & MacLean 2018). Doxorubicin has inhibited protein synthe-
sis previously in cell free systems (Momparler et al. 1976), in cells (Sauter et al.
2011) and in the heart (Zahringer 1981), but the results are not consistent
(Momparler et al. 1976; Zima et al. 2001). However, the effects of doxorubicin
administration on skeletal muscle protein synthesis have not been directly stud-
ied previously. In the present study, it was found that the blocking of myostatin
and activins was able to fully restore muscle protein synthesis in doxorubicin-
treated mice. This is consistent with previous results from our laboratory show-
ing increased muscle protein synthesis acutely after administration of sSACVR2B
in healthy wild-type mice (Hulmi et al. 2013a).

The present study showed that muscle protein synthesis was significantly
decreased in TA muscle and the diaphragm in tumour-bearing mice compared
with healthy control mice. The decrease in muscle protein synthesis in tumour-
bearing mice is in accordance with a number of previous studies (Emery, Lovell
& Rennie 1984; Lopes et al. 1989; Pain & Garlick 1980; Samuels et al. 2001; Smith
& Tisdale 1993; Toledo et al. 2016b; White et al. 2011). The decrease in protein
synthesis was more dramatic in the TA muscle compared with the diaphragm,
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which might indicate either different effects or mechanisms of cachexia in dif-
ferent types of muscle, or difference between constantly active muscles (the di-
aphragm) and locomotor muscles that are less active during cachexia due to the
decreased physical activity in cancer (discussed in more detail in the next sec-
tion). Unlike in healthy (Hulmi et al. 2013a) and doxorubicin-treated mice, the
blocking of myostatin and activins was unable to restore the decreased muscle
protein synthesis in tumour-bearing mice with this administration protocol and
at the time point investigated. This finding is in line with a previous study uti-
lizing the LLC model in which tumour-bearing mice had significantly blunted
protein synthesis in all skeletal muscles investigated at 14 days after cancer cell
inoculation and the decreased protein synthesis was not restored by treatment
with sSACVR2B (Toledo et al. 2016b). In contrast to these results, in a subsequent
study, the blocking of myostatin and activins increased protein synthesis in C26
tumour-bearing mice when sACVR2B administration was started after cancer
cell inoculation (Hulmi et al. 2020). The lack of an increase in muscle protein
synthesis in tumour-bearing mice in the present study may be due to the fact
that the strongest effects of SACVR2B are plateaued within 1 to 2 weeks of ad-
ministration (Hulmi et al. 2013a). It is thus probable that muscle protein synthe-
sis had been increased by myostatin/activin blocking at an earlier time point,
based on the larger muscle masses and combined with evidence that the block-
ing of myostatin and activins usually has only minor effects on protein degra-
dation based on a previous study (Sepulveda et al. 2015) and the transcriptomic
analysis of the chemotherapy experiment. The reason for the lack of a protein
synthesis effect may also be due to the refractory nature of cachexia at this time
point when wasting had started to accelerate, or other factors, such as de-
creased food intake. Muscle protein synthesis levels were non-significantly the
lowest in the group in which sSACVR2B administration was discontinued before
the onset of cachexia, further supporting accelerated wasting in that group.
Although the experiments conducted do not allow the definite molecular
mechanisms underlying the observed decrease in muscle mass and protein syn-
thesis to be determined, the protein and mRNA level findings provide a basis
for further speculation. In cancer, at least at the investigated time point, protein
synthesis seems to be associated with a robust downregulation of mTORC1 sig-
nalling, as shown by markedly decreased phosphorylation of mTORC1 down-
stream target proteins. Moreover, as a novel finding, the colocalisation of
mTOR with lysosomes/late endosomes was decreased in tumour-bearing mice.
This may at least in part explain the cachexia and the decreased muscle protein
synthesis in tumour-bearing mice, as mTOR-LAMP?2 colocalisation correlated
with muscle protein synthesis and the body mass change in the vehicle-treated
tumour-bearing mice. Decreased colocalisation of mTOR with lysosomes/late
endosomes may also be at least one of the mechanisms underlying decreased
mTORCI signalling, as previously the activity of mTORC1 has been shown to
be regulated at least in part via its localization (Jacobs, Goodman & Hornberger
2014; Sancak et al. 2010). Interestingly, the continued blocking of myostatin and
activins restored the markers of mTORC1 activation and the colocalisation of



92

mTOR with lysosomes/late endosomes. In addition to the attenuated mTORC1
signalling, the increase in atroginl mRNA expression in tumour-bearing mice
may contribute to the blunted protein synthesis in cancer cachexia via degrada-
tion of proteins involved in translation (Attaix & Baracos 2010). Increased
atroginl expression was not attenuated by the blocking of myostatin and activ-
ins, and thus it may in part contribute to the lack of protein synthesis response
in mice treated with sACVR2B despite partial restoration of mTORC1 signalling.

Contrary to with experimental cancer, the chemotherapy-induced de-
crease in muscle protein synthesis was not associated with decreased markers
of mTORCT signalling. The potential mechanisms of decreased protein synthe-
sis in chemotherapy may include increased REDD1 expression (Gordon, Kelle-
her & Kimball 2013; Gordon et al. 2015; Hulmi et al. 2012; Kelleher et al. 2013),
which correlated with muscle protein synthesis when control and doxorubicin
only administered mice were included, and increased atroginl expression, as in
tumour-bearing mice. Both of these effects were attenuated by sACVR2B ad-
ministration along with restored muscle protein synthesis, supporting their role
in the regulation of muscle protein synthesis and/or muscle size. However, as
REDDI1 acts at least in part via inhibition of mTORC1 (Gordon et al. 2015; Sofer
et al. 2005), it would have been expected that its increased expression would
have been associated with downregulation of mTORC1 signalling, but this was
not observed at least at the investigated time point. The reason for the discrep-
ancy between REDD1 expression and mTORCI signalling responses is un-
known, and would require further and more mechanistic experimentation to be
resolved. Finally, the level of phosphorylated ERK1/2 was decreased by
chemotherapy and restored by sACVR2B treatment, and may thus contribute to
regulation of muscle size and protein synthesis in mice receiving chemotherapy
(Salto et al. 2014). However, as the physiological importance of ERK1/2 signal-
ling seems to be dependent on time point and context (Hulmi et al. 2013a; Lou,
Danelisen & Singal 2005; Penna et al. 2010; Salto et al. 2014), the relevance of
this finding and its potential role in the regulation of muscle size and protein
synthesis in mice receiving chemotherapy requires further investigation.

Based on the findings of this dissertation, it seems that, unlike in many
other muscle wasting conditions, the protein degradation pathways are not ro-
bustly activated acutely after a single dose of chemotherapy, despite slight en-
richment in the gene sets of the proteasome system, apoptosis, and atrogenes,
and increased atroginl and FoxO1 expression. This potential small increase in
protein degradation and apoptosis is modest compared with what is typically
observed in different wasting conditions (Lecker et al. 2004; Sacheck et al. 2007),
or with the results from previous studies with doxorubicin chemotherapy
(Gilliam et al. 2012; Min et al. 2015; Smuder et al. 2011a; Smuder et al. 2011b).
There can be many reasons for why we did not observe a “typical” response in
the atrogene signature or the activation of the proteolytic pathways. Firstly,
when compared with most of the doxorubicin studies reporting activation of
proteolytic pathways, the dosage used in our studies was lower. The dose that
was used (15-24 mg/kg) is equivalent to approximately 45-72 mg/m? in hu-
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mans, and was determined to mimic clinical doses used in humans to treat can-
cer (30-90 mg/m?) (Vejpongsa & Yeh 2014). However, a dose of 20 mg/kg has
been used in many of the rat studies (Gilliam et al. 2013; Min et al. 2015; Smuder
et al. 2011a; Smuder et al. 2011b), and that can be considered equivalent to ap-
proximately 40 mg/kg in mice and 120 mg/m? in humans (Freireich et al. 1966),
thus exceeding the dose typically used in the clinic. Consequently, the incon-
sistent results may be due to different dosages used, and it is possible that a
higher dose is required to induce marked activation of the proteolytic pathways.
Secondly, the effects may be dependent on timing and duration of the treatment.
Although the induction of proteolytic pathways has been observed acutely (24-
48 h) after a single injection of doxorubicin with higher dosage (Min et al. 2015;
Smuder et al. 2011a; Smuder et al. 2011b), it is possible that with lower dosage,
the proteolytic pathways might be activated during the course of a more pro-
longed treatment protocol. It has been found that the contribution of different
mechanisms to the regulation of muscle size and protein turnover might change
during the progression of cancer cachexia (White et al. 2011) and cytotoxic
chemotherapy (Samuels et al. 2001). However, in the present study, there were
no significant alterations in the amount of ubiquitinated proteins or lipidated
LC3 acutely, or at two or four weeks, indicating that neither the ubiquitin-
proteasome system nor autophagy were markedly activated at the later time
points either.

Blocking of myostatin and activins prevented the slight increase in the
atrogene gene set, but had no effect on gene sets of the proteasome system,
caspase cascade, apoptosis, or autophagy in the acute experiment. However,
myostatin/activin blocking attenuated the increase in the expression of atroginl
and decreased the expression of MuRF1, potentially contributing to the non-
significant decline in the levels of ubiquitinated proteins that was observed in
the acute experiment. Moreover, mice treated with sACVR2B had lower levels
of lipidated LC3, a marker of autophagosome content, after two weeks of doxo-
rubicin chemotherapy supporting the evidence from healthy mice (Hulmi et al.
2013b) and from mice with heart failure (Szabo et al. 2020). These findings sug-
gest that the blocking of myostatin and activins may have some minor effects
on ubiquitin proteasome system or autophagy, but these effects may be time
point specific and their physiological importance in the chemotherapy setting is
not known.

In cancer, the level of ubiquitinated proteins and the expression of ubiqui-
tin ligases, as well as the markers of autophagy (Hentila et al. 2019) were more
consistently elevated, suggesting increased muscle protein degradation in tu-
mour-bearing mice. These findings are consistent with previous studies in tu-
mour-bearing animals (Aulino et al. 2010; Busquets et al. 2012; Johnston et al.
2015; Llovera et al. 1998; Penna et al. 2013a; Toledo et al. 2016b; Tseng et al. 2015;
White et al. 2011; Zhou et al. 2010). The blocking of myostatin and activins did
not have any marked effect on the markers on the protein degradation path-
ways, and discontinuation of the sACVR2B treatment may have even exacer-
bated the tumour-induced activation of the protein degradation pathways. This
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finding is consistent with a previous study by Toledo et al. (2016), which also
showed increased markers of protein degradation via the ubiquitin-proteasome
system in tumour-bearing mice which were not rescued by the blocking of
ACVR2B ligands (Toledo et al. 2016b). In contrast, Zhou et al. (2010) demon-
strated that the tumour-induced increase in markers of the ubiquitin-
proteasome system was prevented by sACVR2B treatment. The reason for these
contradictory findings is unknown, but may be due to differences in the treat-
ment protocol, time point investigated or the levels of cachexia.

All in all, the findings of this dissertation indicate that both chemotherapy
and cancer result in muscle wasting, which in chemotherapy is at least acutely
mainly due to a decrease in muscle protein synthesis, whereas the combination
of decreased protein synthesis and increased degradation probably contribute
to the wasting in cancer. In addition, it seems that in both conditions, the block-
ing of myostatin and activins increases muscle mass and/or prevents muscle
wasting at least in part through increased mTORC1 signalling resulting in pro-
motion of protein synthesis, even though the protein synthesis effect was not
observed in tumour-bearing mice at the investigated time point. Moreover, in
chemotherapy, it seems that doxorubicin and myostatin/activin blocking alter
protein synthesis via partially different mechanisms, suggesting that the in-
creased muscle mass by myostatin/activin blocking arises at least in part from
increased de novo protein synthesis rather than mere counteraction of the effects
of chemotherapy. However, direct comparison between the findings from the
short-term chemotherapy and cancer experiments is difficult, as the nature of
the cachectic stimuli and the time points investigated were different.

Decreased protein synthesis seems to play a role in both cancer- and
chemotherapy-induced muscle wasting. What is then the upstream signal for
decreased protein synthesis in these conditions? It is probable that multiple fac-
tors play a role, including tumour- and host-derived circulating factors, such as
inflammatory cytokines, activins, myostatin, and GDF11, for instance (Fearon,
Glass & Guttridge 2012). In addition, even though cachexia cannot by definition
be fully reversed by nutritional support (Fearon et al. 2011), decreased food in-
take, or other impairment in nutritional state due to, for example, gut dysfunc-
tion (Bindels et al. 2018) or malabsorption (Argiles et al. 2014), or anabolic re-
sistance to nutrient intake (Deutz et al. 2011; Engelen, van der Meij & Deutz
2016; Penna et al. 2019; Williams et al. 2012) may still play a role in the regula-
tion of muscle protein synthesis. Previously, it has been found that starvation,
fasting and calorie restriction result in decreased muscle protein synthesis and
downregulation of mTORCI signalling (Areta et al. 2014; Collins-Hooper et al.
2015; Li & Goldberg 1976, Margolis et al. 2016; Ogata, Foung & Holliday 1978;
Pasiakos et al. 2010; Reeds et al. 1986; Welle, Mehta & Burgess 2011). In addition,
healthy pair fed mice may have similar muscle masses to mildly cachectic mice,
even though not significantly different from control mice (Murphy et al. 2012),
suggesting that altered levels of food intake may in part also contribute to ca-
chexia. However, not all studies have reported decreased food intake in C26
cancer cachexia, but muscle wasting has been observed independent of altera-
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tions in food intake (Acharyya et al. 2005), suggesting that food intake alone
does probably not play a major role in the development of cachexia and muscle
wasting in this model. In addition, it has been suggested that cancer patients
have blunted anabolic response to nutrient intake, while having similar basal
rates of protein synthesis compared with healthy subjects (Williams et al. 2012).
In the present study, the tumour-bearing and chemotherapy-treated mice were
ted ad libitum, and can thus be considered to be in a fed state. Consequently, it is
possible, that the decrease in protein synthesis observed in the tumour-bearing
and doxorubicin-treated mice may be at least in part due to either decreased
food intake, attenuated response to feeding, or potential malabsorption. How-
ever, the contribution of these factors cannot be verified with the data available
from these experiments. In the case of chemotherapy, the food intake was moni-
tored only in the long-term experiment, in which decreased food intake was
observed in doxorubicin-treated mice. This decrease in food intake might con-
tribute to the decreased muscle protein synthesis, but this hypothesis cannot be
confirmed, because it is not known whether a single injection of doxorubicin
induced acute changes in food intake.

In addition to nutrient availability, muscle mass and protein synthesis
may be modulated by the level of physical activity. Muscle basal protein syn-
thesis and/or protein synthesis in response to nutrient stimulation have been
blunted in different models of disuse or inactivity-induced atrophies, such as
immobilization, bed rest, and step reduction (Breen et al. 2013; Glover et al.
2008; Gordon, Kelleher & Kimball 2013; Phillips & McGlory 2014; Rudrappa et
al. 2016; Sepulveda et al. 2015; Oikawa, Holloway & Phillips 2019). Moreover, a
recent study suggests that altered physical activity behaviour in experimental
cancer cachexia is associated with disrupted skeletal muscle mTORC1 signal-
ling and cachexia progression (Counts et al. 2020). Thus, it seems possible that
the decreased physical activity observed in tumour-bearing mice may contrib-
ute to the reduction in protein synthesis either on the basal level or in response
to feeding. In addition, the locomotor muscle studied, meaning TA muscle, had
the most dramatic decline in protein synthesis in response to cancer when com-
pared with the respiratory muscle diaphragm and the heart, which might indi-
cate that the constantly active muscles - the diaphragm and the heart - are par-
tially protected from the decline in protein synthesis.

To further elucidate the effects of altered levels of physical activity and
food intake on protein synthesis and mTORC1 signalling, as well as the role of
myostatin and activins in that regulation, unilateral follistatin overexpression
was induced in the TA muscles of healthy mice and samples were collected af-
ter different levels of physical activity and/or food intake, that is, at night or
during the day, or after overnight fasting, refeeding, or ad libitum feeding. Pro-
nounced muscle hypertrophy was observed at 20 days after follistatin gene de-
livery, consistent with previous studies utilizing intramuscular follistatin gene
delivery (Han et al. 2019; Sepulveda et al. 2015; Winbanks et al. 2012,). As with
the blocking of myostatin and activins with a soluble ACVR2B ligand trap, fol-
listatin-induced hypertrophy was at least in part due to increased muscle pro-
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tein synthesis that was observed at seven days after follistatin gene delivery.
This is consistent with previous studies (Han et al. 2019; Winbanks et al. 2012).
The results in this dissertation further demonstrate that follistatin gene delivery
increased muscle protein synthesis independent of diurnal fluctuations in phys-
ical activity and food intake, and irrespective of the feeding status. The ability
of follistatin overexpression to induce anabolic effects on skeletal muscle tissue
despite altered levels of physical activity and food intake is consistent with pre-
vious studies showing that blocking myostatin or myostatin and activins pro-
tects from atrophy resulting from, for example, disuse, mechanical unloading or
devervation (MacDonald et al. 2014; Murphy et al. 2011a; Sepulveda et al. 2015),
and the present results from cachectic and doxorubicin-treated mice.

In the present study, protein synthesis was not markedly altered by the
diurnal fluctuation in physical activity and food intake, while overnight fasting
resulted in a slight decrease in muscle protein synthesis. These results were
perhaps surprising, as previously mild and severe models of inactivity or dis-
use (Breen et al. 2013; Glover et al. 2008; Gordon, Kelleher & Kimball 2013; Oi-
kawa, Holloway & Phillips 2019; Phillips & McGlory 2014; Rudrappa et al. 2016;
Sepulveda et al. 2015), as well as nutrient deprivation (Collins-Hooper et al.
2015; Li & Goldberg 1976, Ogata, Foung & Holliday 1978; Reeds et al. 1986;
Welle, Mehta & Burgess 2011) have resulted in decreased muscle protein syn-
thesis. It is possible that the alterations in physical activity or food intake were
not dramatic enough to have more pronounced effects on muscle protein syn-
thesis or on the effects of strong anabolic stimuli, such as follistatin. In the time-
of-day experiment, circadian factors other than nutrition and physical activity
may play a role in the regulation of muscle protein synthesis.

Increased muscle protein synthesis by follistatin gene delivery was associ-
ated with marked induction in mTORC1 signalling as shown by increased
phosphorylation of p70 S6K and ribosomal protein S6 (rpS6), which is con-
sistent with previous evidence (Winbanks et al. 2012). As with protein synthesis,
mTORCI signalling was also induced by follistatin despite altered levels of
physical activity and food intake or fasting. When the potential mechanisms
underlying increased mTORC1 signalling and protein synthesis were investi-
gated further, it was found that the amount of mTOR colocalised with lyso-
somes/late endosomes was increased by follistatin, which may in part contrib-
ute to the anabolic effects of follistatin. This is consistent with the finding that
the blocking of ACVR2B ligands restored the colocalisation of mTOR with lyso-
somes/late endosomes in cachectic mice. In addition to colocalisation, the trans-
location of mTOR-lysosome complexes towards the cell periphery has been
found to regulate mTORC1 activation (Hodson & Philp 2019; Korolchuk et al.
2011). However, follistatin gene delivery did not influence the subcellular local-
ization of colocalised mTOR and lysosomes, suggesting that mTOR-lysosome
translocation towards sarcolemma is not essential for follistatin-induced
mTORC1 activation.

Despite the lack of effects on protein synthesis, markers of mTORC1 sig-
nalling were significantly altered especially by feeding status and time of day.
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Phosphorylation of mTORC1 downstream targets was decreased after fasting
and during the daytime, when mice were passive and ate very little. Moreover,
in those conditions the response to follistatin gene delivery was also attenuated,
but not abolished. This suggests that even though follistatin is able to induce
mTORCT1 signalling and protein synthesis even in a fasted state, the magnitude
of the response may be compromised. This further indicates that in a fasted
state, some factors other than myostatin and activins, such as nutrient availabil-
ity, downregulate mTORC1 signalling. However, the colocalisation of mTOR
with lysosomes was not altered by fasting, even though nutrient availability has
previously been suggested to alter mTORCI activity through altered colocalisa-
tion of mTOR with lysosomes/late endosomes (Demetriades, Doumpas & Te-
leman 2014; Sancak et al. 2010,). It is possible that the fasting protocol was not
severe enough to cause a decrease in mTOR-lysosome colocalisation. Indeed, it
has previously been suggested that in physiological nutrient deprivation, the
inactivation of mTORC1 signalling is mediated via translocation of mTOR-
lysosome complexes away from the cell periphery and thus away from the up-
stream activators of mTORC1 (Hodson & Philp 2019; Korolchuk et al. 2011).
However, fasting only slightly decreased the colocalisation of the mTOR-
lysosome complexes with the sarcolemmal marker dystrophin, and the distance
of these complexes from the sarcolemma was not altered in the present study
(IV). The modest effects on the subcellular localization of the mTOR-lysosome
complexes may also be due to the mild model of nutrient deprivation. As a ma-
jority of the research on mTOR localization has been conducted in vitro, future
studies should aim to elucidate the effects of fasting and other catabolic (and
anabolic) states on mTOR localization, and the mechanisms of mTORCI1 activa-
tion/inactivation in vivo.

To conclude, both doxorubicin chemotherapy and experimental C26 can-
cer result in muscle wasting that can be prevented by blocking myostatin and
activins. In both conditions, muscle wasting is associated with decreased mus-
cle protein synthesis, which in chemotherapy is restored by blocking myostatin
and activins. In cancer, decreased protein synthesis is associated with decreased
mTORCI signalling, potentially due to decreased colocalisation of mTOR with
lysosomes. In chemotherapy, on the other hand, decreased muscle protein syn-
thesis might be mediated through increased p53-p21-REDD1 signalling and
atrogin-1 expression, and/or decreased ERK1/2 activation, rather than marked-
ly altered mTORC1 signalling. In addition, muscle protein degradation path-
ways are activated in cancer, but chemotherapy is associated with only very
modest acute alterations in proteolytic pathways, unlike many other wasting
conditions. The blocking of myostatin and activins through pharmacological or
genetic approaches promotes muscle hypertrophy in conditions associated with
muscle wasting mainly through increased muscle proteins synthesis and
mTORCI signalling, which may be in part due to the increased amount of
mTOR colocalised with lysosomes/late endosomes. In addition, the findings of
the present study suggest that the genetic or pharmacologic blocking of activin
receptor signalling overrides the physiological regulatory mechanism of muscle
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protein synthesis, as its anabolic effects take place largely independent of altera-
tions in physical activity or food intake.

6.2 Physical activity and exercise capacity in different wasting
conditions and the effects of myostatin/activin blocking

The present study showed that habitual physical activity and exercise capacity
are impaired in experimental settings of cancer cachexia and chemotherapy,
respectively. In addition, mere prevention of muscle wasting associated with
these conditions seems unable to rescue these impairments, as the blocking of
myostatin and activins had no effect on physical activity or running perfor-
mance. Decreased physical activity in tumour-bearing animals has been
demonstrated earlier (Busquets et al. 2012; Toledo et al. 2011; Toledo et al. 2014;
Toledo et al. 2016b) and also more recently (Counts et al. 2020) in different
models. In addition, the severity of cachexia has been shown to have impact on
the alterations in physical activity and potentially its diurnal variation (Counts
et al. 2020; Murphy et al. 2012). The observation that the blocking of myostatin
and activins was unable to restore the levels of physical activity despite preven-
tion of muscle wasting is in line with previous studies using different cancer
cachexia models (Busquets et al. 2012; Toledo et al. 2016b). However, regardless
of the lack of influence on physical activity, the grip strength has been shown to
be improved in tumour-bearing mice by the blocking of myostatin and activins,
implying that maintenance of muscle mass is also associated with maintenance
of muscle function (Busquets et al. 2012; Toledo et al. 2016b; Zhou et al. 2010).
These studies together indicate that the physical inactivity associated with can-
cer cachexia is at least not solely due to muscle wasting or impaired muscle
function.

The assessment of physical activity is important in the context of cancer
cachexia, as physical activity has been shown to be beneficial for overall health,
for cancer incidence and potentially also for tumour host survival (Friedenreich
et al. 2016; Moore et al. 2016). However, the present study suggests that physi-
cal activity is not an important factor determining survival in tumour-bearing
mice treated with sACVR2B, as survival was prolonged even though no im-
provement was observed in the levels of physical activity. This is supported by
a recent study showing no benefit of exercise on survival in severe experimental
cancer, despite other beneficial effects of exercise (Ballaro et al. 2019). Interven-
tions targeted to increase the levels of physical activity would be needed in the
future to elucidate whether there is a causal link between physical activity and
survival in different types of cancer.

Several previous studies have demonstrated muscle weakness, fatigue and
contractile dysfunction after exposure to doxorubicin (Ertunc et al. 2009;
Gilliam et al. 2009; Gilliam & St Clair 2011; Gilliam et al. 2011a; Min et al. 2015;
van Norren et al. 2009a), but the effect of doxorubicin on aerobic running capac-
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ity has not been studied before. The present study showed that treadmill run-
ning performance is impaired in doxorubicin-treated mice. As this observation
was made two weeks after the cessation of the doxorubicin administration, it
seems that the impairment in running capacity is sustained for at least a short
period of time after the treatment protocol. Previously, repeated cycles of doxo-
rubicin-containing chemotherapy have resulted in sustained impairment in
muscle mitochondrial function (Gouspillou et al. 2015), supporting the chronic
impairment in running capacity. These are important observations, as if the
same happens in human patients treated with chemotherapeutic agents, it may
contribute to the overall decline in functional capacity and have long-term neg-
ative impact on the quality of life of these patients. Future studies should thus
investigate the longer-term effects of doxorubicin treatment on running capaci-
ty and if the running capacity can be restored by, for example, exercise training.

As physical activity and running capacity were not restored by sACVR2B
treatment, the decline in physical activity in cancer and running performance in
doxorubicin-treated mice are unlikely due to mere muscle atrophy. Previous
studies have shown mitochondrial damage and dysfunction as well as impaired
oxidative metabolism and ATP production in muscle in response to cancer ca-
chexia (Fontes-Oliveira et al. 2013; Pin et al. 2015; Shum et al. 2012) and doxoru-
bicin administration (Gilliam et al. 2013; Gouspillou et al. 2015; Yamada et al.
1995). These kinds of alterations might contribute to decreased physical activity
and running capacity, so the oxidative properties of skeletal muscles were in-
vestigated in both wasting conditions. In tumour-bearing mice, the citrate syn-
thase activity was slightly but consistently decreased in the different muscle
tissues investigated - TA, the heart and the diaphragm - and the blocking of
myostatin and activins had no further effect. This result was more recently cor-
roborated by a proteomics analysis conducted on the same mice showing that
the TCA cycle proteins were downregulated in gastrocnemius muscles of tu-
mour-bearing mice and unaffected by myostatin/activin blocking (Hulmi et al.
2020). Moreover, the percentage of muscle fibres with high SDH activity was
lower in the TA muscles of the tumour-bearing mice, further supporting a slight
decrease in oxidative capacity (Hulmi et al. 2020). These results are also con-
sistent with previous studies suggesting mitochondrial dysfunction and im-
paired oxidative energy metabolism in tumour-bearing and chemotherapy-
treated mice (Barreto et al. 2016; Ballaro et al. 2019). However, the protein level
markers of mitochondrial content remained relatively unaltered in skeletal and
cardiac muscles of the tumour-bearing mice irrespective of the treatment mo-
dality in the present dissertation. Interestingly, a proteomics approach revealed
a significant reduction also in proteins involved in oxidative phosphorylation in
the tumour-bearing mice accompanied by dysregulated NAD* metabolism, and
these were in part prevented by myostatin/activin blocking (Hulmi et al. 2020).
The discrepancy between these results may be due to a different muscle ana-
lysed or the analytical methods used. Taken together, these results suggest that
skeletal muscle aerobic capacity and mitochondrial content and function may
be slightly impaired in tumour-bearing mice, which may in part contribute to
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the decreased physical activity observed in tumour-bearing mice. Furthermore,
the blocking of myostatin and activins does not cause any further damage to the
oxidative properties of skeletal muscle. However, more specific measurements
of mitochondrial function would be required for definite conclusions, given the
slight discrepancy in the results.

Impaired mitochondrial function due to doxorubicin has been demon-
strated in numerous previous studies in both the heart (Lebrecht et al. 2003;
Yamada et al. 1995) and in skeletal muscle (Gilliam et al. 2013; Gouspillou et al.
2015; Yamada et al. 1995). However, in the present study, neither mitochondrial
function, analysed by the high-resolution respirometry and citrate synthase ac-
tivity, nor the markers of mitochondrial content were affected by doxorubicin,
when analysed two weeks after the cessation of doxorubicin administration.
Moreover, two weeks of doxorubicin administration did not cause any acute
impairments in mitochondrial function or content in the heart either, even
though ultrastructural damage was observed in the mitochondria (Rdsénen et al.
2016). The discrepancy between the results of the present and the previous
studies may be at least in part due to different doses or treatment regimens
used. However, mitochondrial dysfunction in skeletal muscle has been ob-
served in response to a single injection of doxorubicin (Gilliam et al. 2013) as
well as in longer term treatment protocols (Gouspillou et al. 2015; Yamada et al.
1995), and both acute and sustained effects have been reported (Gilliam et al.
2013; Gouspillou et al. 2015), but not in all studies (Lebrecht et al. 2003). Sup-
porting the importance of the dosage and timing, Gouspillou et al. (2015)
demonstrated that two cycles of doxorubicin and dexamethasone treatment
with a cumulative dose of 20 mg/kg did not cause chronic impairments in mi-
tochondrial function. However, four cycles of treatment with a cumulative dose
of 40 mg/kg resulted in impaired mitochondrial respiration that was sustained
over a 12-week period after the last cycle (Gouspillou et al. 2015). Interestingly,
in accordance with the present study, despite the decreased mitochondrial res-
piration, the markers of mitochondrial content, such as OXPHOS proteins and
mitochondrial DNA, were not affected, while citrate synthase activity was
slightly decreased (Gouspillou et al. 2015). However, the contribution of each
drug to the overall outcome cannot be determined, which limits the comparison
to the present study. Taken together, the present and these previous studies
suggest that the dosage of doxorubicin used and the time points investigated
may play important roles in doxorubicin-induced alterations in skeletal muscle
mitochondrial function. Moreover, as no impairments in mitochondrial function
or markers were observed in the present study, they probably do not play a
central role in the decreased running capacity of the mice treated with doxoru-
bicin.

As the mitochondrial markers and function in the skeletal muscle were
relatively unaffected by both cancer cachexia and chemotherapy, the capacity to
deliver oxygen to skeletal muscle tissue was also assessed, as oxygen delivery
to skeletal muscle may limit exercise capacity (Bassett & Howley 2000). In addi-
tion to cardiopulmonary factors, oxygen delivery to active muscle tissue may be
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modulated by blood oxygen carrying capacity (haemoglobin and haematocrit)
as well as capillary density in the active muscles (Bassett & Howley 2000). Can-
cer cachexia was associated with mild anaemia, which might play a role in de-
creased physical activity. The observed anaemia is in line with previous studies
using the same and different tumour models (Penna et al. 2013b; Pin et al. 2015;
Toledo et al. 2016b; Toledo et al. 2014). Treatment with erythropoietin to im-
prove blood oxygen carrying capacity has counteracted some negative effects
associated with cancer cachexia (Penna et al. 2013b; Pin et al. 2015), but its effec-
tiveness in increasing physical activity and/or exercise capacity is currently not
known. However, even though anaemia can limit exercise capacity in cancer
(Argiles et al. 2012), the anaemia was alleviated by sACVR2B administration
without effects on physical activity, making it unlikely that anaemia was the
only underlying cause of decreased physical activity in the present study.

In mice treated with doxorubicin, anaemia was observed after the two-
week treatment protocol, but it was not sustained for the two-week period after
cessation of the treatment. Thus, it seems unlikely that blood oxygen carrying
capacity was a limiting factor for exercise capacity anymore at the time point
when the running test was performed. Contrary to tumour-bearing mice, the
blocking of myostatin and activins did not alleviate anaemia in mice treated
with doxorubicin, suggesting that effects of myostatin/activin blocking on red
blood cells and blood oxygen carrying capacity may be dependent on the con-
text.

As blood oxygen carrying capacity does not seem to be the main factor
behind the decreased exercise capacity, muscle capillarization was analysed
from TA muscles to gain insight into the capacity to deliver oxygen and nutri-
ents throughout the active muscle. Neither capillary density nor the number of
capillaries per muscle fibre were affected by doxorubicin, when analysed two
weeks after the cessation of the treatment, suggesting that decreased capillariza-
tion does not explain the impaired running capacity. Despite increased fibre
size, neither capillary density nor the capillary-to-fibre ratio were affected by
the blocking of myostatin and activins. Previously, the administration of
sACVR2B has decreased capillary density probably due to fibre hypertrophy, as
the number of capillaries per muscle fibre remained unaltered (Hulmi et al.
2013a). Decreased capillarization in response to doxorubicin has previously
been shown in the heart and was also observed in the present experiments
(Rasédnen et al. 2016). However, this was the first study to show the effects of
doxorubicin on skeletal muscle capillarization. A more recent study demon-
strated that short-term doxorubicin administration results in decreased capil-
lary density in some (soleus), but not all (extensor digitorum longus, EDL) rat
skeletal muscles, thus in part contradicting the results of the present study
(D'Lugos et al. 2019). It is thus possible that predominantly slow-twitch oxida-
tive muscles, such as the soleus, are more prone to doxorubicin-induced de-
crease in capillarization than predominantly fast-twitch, more glycolytic mus-
cles, such as EDL and TA (present dissertation). This hypothesis, however, re-
quires further investigation.
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As decreased physical activity in tumour-bearing mice and impaired exer-
cise capacity in doxorubicin-treated mice do not seem to be fully explained by
muscle atrophy, decreased mitochondrial content or function or the capacity to
deliver oxygen to active muscles, some other factors potentially contributing to
these impairments could be discussed. Firstly, the mass and function of the
heart might play a role in reduced physical activity levels and the impaired ex-
ercise capacity. However, in tumour-bearing mice, cardiac function was not
assessed and the mass of the heart was unaltered yet at this time point, even
though cardiac cachexia and dysfunction have been previously observed in tu-
mour-bearing animals (Springer et al. 2014; Tian et al. 2010). On the other hand,
doxorubicin caused atrophy and decreased capillarization in the heart and in-
duced endothelial damage and dysfunction as well as damage in cardiomyo-
cytes that might potentially contribute to decreased running capacity. However,
cardiac function was not significantly affected (Radsénen et al. 2016). As with
running capacity, myostatin/activin blocking was unable to prevent the de-
crease in heart mass, but the other factors were not assessed in mice treated
with sACVR2B.

Secondly, defects in the primary respiratory muscle (i.e. the diaphragm)
could cause impairments in exercise capacity. Indeed, previous studies have
demonstrated atrophy and weakness of the diaphragm (Murphy et al. 2012,
Roberts et al. 2013) accompanied by ventilatory dysfunction (Roberts et al. 2013)
in a murine model of cancer cachexia. Moreover, doxorubicin has been found to
cause diaphragm damage (Doroshow, Tallent & Schechter 1985), as well as de-
crease in force and contractile dysfunction (Gilliam et al. 2011a), suggesting that
diaphragm function may be impaired in mice treated with doxorubicin. In the
present study, diaphragm atrophy was observed in the tumour-bearing mice,
but as this effect was abolished by the blocking of myostatin and activins with-
out restoration of physical activity, mere diaphragm atrophy does not explain
decreased physical activity. The diaphragm was not investigated in the doxoru-
bicin experiments, so its role in determining the exercise capacity in these mice
remains at the level of speculation.

Importantly, in the present study, the blocking of myostatin and activins
did not have further negative effects on physical activity, running capacity, mi-
tochondrial function and markers, or capillarization. Previously, decreased
physical activity has been observed in dystrophic mdx mice administered with
sACVR2B (Hulmi et al. 2013b) and impaired running capacity has been demon-
strated in healthy wild-type mice after treatment with sACVR2B (Relizani et al.
2014). Moreover, the blocking of myostatin and activins has previously been
associated with diminished mitochondrial oxidative capacity (Hulmi et al.
2013b; Kainulainen et al. 2015; Rahimov et al. 2011), and reduced the expression
of proteins related to oxidative metabolism (e.g. TCA cycle and OXPHOS)
(Barbe et al. 2017). This shows that the effects of blocking myostatin and activ-
ins on physical activity, exercise capacity and oxidative properties of skeletal
muscle can be context specific.
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6.3 Importance of skeletal muscle tissue in the wasting condi-
tions and the role of myostatin/activin blocking

It is widely accepted that skeletal muscle tissue plays an important role in
health and disease, having important functions not only in locomotion and per-
forming daily tasks, but also in vital functions, such as breathing and whole
body metabolism (Wolfe 2006). Moreover, muscle size, quality and function
have been strongly related to the risk of mortality in general and to the overall
outcome in different diseases and wasting conditions (Anker et al. 1997; Cooper
et al. 2010; Fearon, Arends & Baracos 2013; Kalantar-Zadeh et al. 2013; Martin et
al. 2013; Rantanen, Sakari-Rantala & Heikkinen 2002; Rollins et al. 2016; Tardif,
Grip & Rooyackers 2017; Weijs et al. 2014). In addition, preservation of muscle
mass may help reduce the toxic effects of chemotherapy and thus improve sur-
vival in cancer patients (Pin, Couch & Bonetto 2018). The results of the present
study support the importance of increasing and/or maintaining muscle mass in
situations that cause muscle wasting, such as cancer and chemotherapy. The
present study shows that increasing and maintaining muscle mass via the
blocking of myostatin and activins improves survival in tumour-bearing mice,
thus supporting the previous and more recent findings in different models of
cancer cachexia (Hatakeyama et al. 2016; Toledo et al. 2016b; Zhong et al. 2019;
Zhou et al. 2010). Moreover, this study demonstrates an important novel find-
ing that increasing muscle mass only before the cachectic stimulus does not
provide a similar survival benefit as treatments targeted to prevent muscle
wasting, at least when muscle hypertrophy is achieved by myostatin/activin
blocking that is terminated before the cachectic stimulus.

However, the blocking of myostatin and activins has not improved sur-
vival in all pre-clinical animal models of cancer cachexia despite the prevention
of weight loss. A recent study in a pancreatic cancer model induced by cancer
cells expressing high levels of Activin A demonstrated that even though both
systemic and muscle-specific blockade of myostatin and activins were able to
preserve body mass, survival was not improved (Zhong et al. 2019). However,
survival was improved by systemic myostatin/activin blocking when pancreat-
ic cancer cells expressing low levels of Activin A were used (Zhong et al. 2019).
The reason for this discrepancy is not fully understood, but might be due to a
more aggressive phenotype of activinhish tumours, or effects on some tissues
other than skeletal muscle, which are discussed later in more detail.

The potential mechanisms underlying the survival benefit in the present
study were studied in a shorter experiment with a pre-determined endpoint at
the time point in which body mass change most strongly predicted survival. At
this time point, individual muscle weights were significantly higher in both
groups treated with sSACVR2B compared with vehicle-treated tumour-bearing
mice. Thus, the preservation of muscle tissue in general may contribute to the
improved survival. This is supported by a large body of evidence showing that
a number of different strategies to prevent muscle wasting in different models
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of cancer cachexia can result in improved survival (Cai et al. 2004; Chiappalupi
et al. 2020; Gallot et al. 2014; Hatakeyama et al. 2016; Johnston et al. 2015; Lerner
et al. 2016; Li et al. 2007; Parajuli et al. 2018; Potsch et al. 2020; Toledo et al.
2016b; Tseng et al. 2015; Zhong et al. 2019; Zhou et al. 2010,). However, it is also
possible that the preservation of some vital muscles, such as the major respira-
tory muscles, plays an important role in survival (Azoulay et al. 2004; Schapira
et al. 1993). Interestingly, already at the 11-day time point, tumour-bearing mice
demonstrated diaphragm atrophy that might ultimately result in ventilatory
dysfunction at some point. Indeed, diaphragm atrophy and weakness accom-
panied by ventilatory dysfunction have been previously reported in C26 tu-
mour-bearing mice (Murphy et al. 2012; Roberts et al. 2013). Importantly, myo-
statin/activin blocking restored diaphragm mass in the present study, which
may at least in part have explained the prolonged survival of these mice, alt-
hough the differences between the treatment protocols were marginal at the
time point investigated. Thus, more studies are required to confirm the im-
portance of maintaining diaphragm mass and function during cancer cachexia.
The evidence from human studies showing that baseline sarcopenia is as-
sociated with shorter survival might imply that having larger muscle mass to
begin with might be beneficial in terms of survival in cancer cachexia (Camus et
al. 2014; Harimoto et al. 2013; Iritani et al. 2015; Kazemi-Bajestani, Mazurak &
Baracos 2016; Martin et al. 2013; Meza-Junco et al. 2013; Miyamoto et al. 2015;
Orell-Kotikangas et al. 2017; Prado et al. 2008; Peng et al. 2012; Psutka et al. 2014;
van Vledder et al. 2012; Veasey Rodrigues et al. 2013; Voron et al. 2015). How-
ever, this hypothesis is not supported by the present study, as only pre-
treatment with sSACVR2B to increase muscle mass before the induction of ca-
chexia was not associated with any survival benefit and in many terms resulted
in an even worse outcome than with the vehicle treatment. This finding was
somewhat surprising, even though a previous study has shown that having a
larger muscle mass at baseline due to myostatin deficiency does not protect
from tumour-induced muscle wasting, but results in even larger absolute and
proportional muscle loss (Benny Klimek et al. 2010). However, muscle mass
was still larger at the end of the study in the myostatin deficient mice when
compared with wild-type counterparts (Benny Klimek et al. 2010). Unfortunate-
ly, the survival was not investigated in that study. These results do not neces-
sarily imply, however, that having a larger muscle mass at the baseline would
be harmful or at least not beneficial in the case of cancer cachexia. It is possible
that, in the case of our study, stopping the treatment resulted in a decline in
muscle mass due to the lack of the external stimulus to increase muscle mass.
This might have coincided with tumour-induced muscle wasting resulting in an
exacerbated wasting condition with even more detrimental effects than mere
tumour-induced muscle wasting. This is supported by the body mass curve,
which showed a steep decline in the discontinued treatment group during the
last few days of the experiment. Moreover, the masses of TA and the dia-
phragm, as well as epididymal fat mass and body mass, were non-significantly
lower in the group in which sACVR2B treatment was discontinued. In addition,
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this group of mice showed systematically the lowest levels of protein synthesis
in TA, diaphragm and the heart, and the highest levels of ubiquitin-proteasome
system markers in the TA, indicating that this particular group had the most
aggressive induction of muscle wasting at the time point investigated. It is thus
possible that the presumably higher rate of muscle loss may have, directly or
indirectly via some potential negative effects on other tissues, affected survival.

The hypothesis that the rate of muscle loss might in some cases determine
the severity instead of absolute muscle size is supported by the fact that at the
time of euthanasia, the muscle masses were higher in the mice pre-treated with
sACVR2B compared with PBS-treated tumour-bearing mice in the survival ex-
periment (unpublished observation). Additional support is provided by the fact
that the change in body mass predicted survival. Moreover, in a previous study
in pancreatic cancer patients, the higher rates of adipose and skeletal muscle
tissue losses were associated with poorer survival, but this association did not
reach statistical significance for skeletal muscle, thus providing only partial
support to the hypothesis (Di Sebastiano et al. 2013). However, a number of
studies have found association between the loss of skeletal muscle (Brown et al.
2018; Dalal et al. 2012; Fogelman et al. 2014; Jarvinen et al. 2018a, Jarvinen et al.
2018b; Stene et al. 2015) or body mass (Bachmann et al. 2008; Dewys et al. 1980;
Fouladiun et al. 2007; Martin et al. 2013; Martin et al. 2015) and survival, thus
suggesting that the rate of wasting might also be important. However, more
research is required to confirm the effect of the rate of muscle loss on survival.

Importantly, in the present study, muscle and body masses were signifi-
cantly lower only in the vehicle-treated tumour-bearing mice and no significant
differences between the two different SACVR2B treatment protocols were ob-
served in muscle masses, muscle protein synthesis or the markers of protein
degradation despite a significant difference in the survival time. Thus, the un-
derlying mechanism for lack of survival benefit in the group, in which
sACVR2B administration was ceased before tumour formation, remains at the
level of speculation. However, it currently seems that having low muscle mass
to begin with is associated with impaired prognosis, but having especially large
muscles may not provide any further benefit (Fearon, Arends & Baracos 2013).
In fact, it has even been suggested that larger muscle or body mass may result
in faster drug clearance, which may impair the prognosis (Chu et al. 2017; Mul-
ler et al. 2012; Riihijarvi et al. 2011). The key might be to prevent a rapid decline
in muscle and body mass and to maintain adequate muscle size throughout the
life span. Furthermore, it seems that body composition needs to be taken into
account in the dosage of anti-cancer treatments, especially if a therapy targeted
to preserve muscle mass is also used.

In addition to muscle wasting, alterations in many other tissues and sys-
tems have been associated with cancer cachexia and the poor prognosis related
to it (Argiles et al. 2014; Argiles et al. 2018). For example, inflammation associ-
ated with increased levels of pro-inflammatory cytokines and acute phase re-
sponse (Stephens, Skipworth & Fearon 2008), increased spleen mass and expan-
sion of myeloid-derived suppressor cells (MDSCs) (Fearon, Glass & Guttridge
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2012; Lieffers et al. 2009), haematological changes, such as anaemia and throm-
bocytosis (Kalantar-Zadeh et al. 2013), cardiac cachexia (Murphy 2016), fat de-
pletion and adipose tissue browning (Argiles et al. 2014; Argiles et al. 2018), as
well as alterations in gut microbiota (Bindels et al. 2016; Genton et al. 2019;
Herremans et al. 2019) have been linked to the development of cachexia and
survival. Many of these alterations were also investigated and observed in the
present study and are discussed in more detail in the following section. In addi-
tion, it is possible that the blocking of myostatin and activins also has beneficial
effects on tissues other than skeletal muscle. It was recently shown that muscle-
specific blockade of myostatin and activins did not improve survival despite the
maintenance of body mass in a mouse model of pancreatic cancer, and this was
speculated to be due to essential effects on tissues other than skeletal muscle
(Zhong et al. 2019). However, the fact that the survival was not improved may
not be entirely due to the absence of beneficial effects of myostatin/activin
blocking on other tissues, as even systemic blockade of myostatin and activins
did not improve survival in that particular tumour-model (Zhong et al. 2019).
Regardless, the present study supports the hypothesis that either the blocking
of myostatin and activins directly or via preservation of skeletal muscle tissue
also has some effects on non-muscle tissues that may play a role in survival.
These include at least the effects on spleen mass, liver protein synthesis, and
anaemia that opposed the effects of the tumour.

In addition to skeletal muscle, atrophy of the heart has also been observed
in cancer cachexia (Murphy et al. 2012; Murphy 2016; Zhou et al. 2010), but not
in all cases (Murphy et al. 2011b, Toledo et al. 2016b). In addition, cardiovascu-
lar complications are common, and may be a major cause of death in cancer pa-
tients (Kalantar-Zadeh et al. 2013; Murphy 2016). However, in the present
study, cardiac atrophy was not yet observed at the 11-day time point in which
clear wasting was observed in skeletal muscle tissue. It is possible, that cardiac
cachexia does not become apparent until a more severe stage of cachexia has
been reached, as already discussed (see chapter 6.1). Moreover, as myo-
statin/activin blocking had no effects on the heart mass in both experimental
cancer and chemotherapy settings, the findings of the present dissertation sug-
gest that the beneficial effects on survival by the blocking of myostatin and ac-
tivins happen independent of effects on the heart mass. However, as myo-
statin/activin blocking has previously shown some beneficial effects on the
heart (Magga et al. 2019; Zhou et al. 2010), a later time point demonstrating a
more advanced level of cachexia, or a combination of cancer and chemotherapy
potentially showing more effects on the heart, should be investigated to con-
tirm this hypothesis.

Skeletal muscle wasting is often accompanied by loss of adipose tissue in
cachexia (Argiles et al. 2014; Fearon et al. 2011). This was also observed in the
present study already at the 11-day time point, in which tumour-bearing mice
had markedly lower epididymal fat mass compared with healthy controls. Nei-
ther protocol of myostatin/activin blocking had any effect on fat mass, which is
in line with a previous study using the same tumour model (Zhou et al. 2010).
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This finding suggests that the improved survival with continued myo-
statin/activin blocking was not due to preservation of fat mass. However, fat
loss has recently been shown to play an important role in cachexia and the mor-
tality of pancreatic cancer patients (Kays et al. 2018), and might thus contribute
to the finding that myostatin/activin blocking did not improve survival in ac-
tivinhigh tumour-bearing mice despite maintenance on body mass (Zhong et al.
2019). However, the association between fat wasting and survival has not been
observed in all studies (Danai et al. 2018) and the fat masses were not reported
for the activinhigh tumour-bearing mice (Zhong et al. 2019), and thus the contri-
bution of fat wasting to survival remains at the level of speculation. In addition,
white adipose tissue browning, which has been suggested to happen in cancer
cachexia and to contribute to the progression of cachexia (Argiles et al. 2018),
was not observed in these experiments and the blocking of myostatin and activ-
ins did not alter markers related to it (Lautaoja et al. 2019). This implies that, as
with adipose tissue wasting, adipose tissue browning was not a major factor
determining survival time in these cachectic mice or the improved survival in
mice treated with sACVR2B.

Consistent with previous studies in cachectic tumour-bearing mice (Bonet-
to et al. 2011; Lerner et al. 2016; Zhou et al. 2010,) and in human cancer patients
(Lewis et al. 2017; Martin et al. 1999; Sirni6 et al. 2018; Talbert et al. 2018), tu-
mour-bearing mice exhibited significantly increased levels of circulating pro-
inflammatory cytokines. The levels of these cytokines were not affected by the
blocking of myostatin and activins, and the levels of MCP-1 and IL-1p were
even augmented by the continued treatment with sACVR2B, which supports
and extends the findings from previous studies (Zhou et al. 2010). Thus, even
though inflammation (Argiles et al. 2014; Fearon, Glass & Guttridge 2012; Ste-
phens, Skipworth & Fearon 2008) and increased levels of IL-6 (Martin et al. 1999)
and MCP-1 (Lewis et al. 2017; Talbert et al. 2018) have previously been associat-
ed with the development of cancer cachexia and survival in human cancer pa-
tients, the levels of pro-inflammatory cytokines do not seem to contribute to the
differences in survival time in the present study.

Even though the blocking of myostatin and activins did not have major ef-
fects on the levels of pro-inflammatory cytokines, it exhibited some effects on
other markers related to inflammation. In the present study, the tumour-
bearing mice showed increased markers of hepatic acute phase response (APR),
such as increased liver protein synthesis, increased phosphorylation of Stat3
and increased protein levels fibrinogen and Serpina3n in the liver. The in-
creased liver protein synthesis may have reflected increased production of ex-
ported APR proteins, as no effect on liver mass was observed. Elevation of he-
patic protein synthesis (Samuels et al. 2006) and induction of acute phase re-
sponse in liver and skeletal muscle (Bonetto et al. 2011, Hulmi et al. 2020) are
consistent with other studies in tumour-bearing mice, and are also supported
by findings in weight-losing human cancer patients (Barber et al. 2000). Liver
protein synthesis, along with the phosphorylation of Stat3, were markedly at-
tenuated by sACVR2B treatment. As APR has been associated with impaired
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survival (Stephens, Skipworth & Fearon 2008), this might be one potential
mechanism via which sACVR2B directly or via preservation of muscle mass,
improves survival. However, there were no significant differences between the
two treatment protocols in these variables at the time point investigated despite
a significant difference in the survival time in the survival experiment. In addi-
tion, the levels of the positive APR proteins, fibrinogen and serpina3n, were not
altered by sACVR2B treatment in the liver in this dissertation or in skeletal
muscle (Hulmi et al. 2020). Interestingly, the level of these hepatic APR proteins
correlated with body mass loss, indicating that APR may either play a role in
the development of cachexia or that different factors related to cachexia just
simply coincide during tumour growth. All in all, these data suggest that the
APR plays a role in cachexia, but its relevance in terms of survival still needs
further investigation. In addition, the mechanisms and importance of the atten-
uated liver protein synthesis and Stat3 activation by myostatin/activin blocking
remain to be elucidated. However, most probably, sACVR2B does not improve
survival through affecting inflammation or APR.

Considerable splenomegaly (i.e. increased spleen size) was observed in
the tumour-bearing mice, and this is in line with previous studies (Aulino et al.
2010; Bonetto et al. 2016; Cuenca et al. 2014; Mundy-Bosse et al. 2011). Interest-
ingly, this effect was significantly attenuated by the blocking of myostatin and
activins, independent of the treatment protocol, in the present study. This adds
to previous evidence showing that sACVR2B treatment alleviated splenomeg-
aly in an animal model of pP-thalassemia (Suragani et al. 2014). Because the ex-
pansion of the myeloid-derived suppressor cell (MDSC) pool has previously
been associated with the development of cachexia and potentially also with
survival (Cuenca et al. 2014), the markers of MDSCs were analysed from the
spleen samples. Despite a marked effect on spleen size, the blocking of myo-
statin and activins did not consistently attenuate the mRNA expression of
MDSC markers that were elevated in tumour-bearing mice. Thus, the mecha-
nism for the attenuation of splenomegaly by myostatin/activin blocking in the
present study and its importance with respect to survival still require further
investigation. However, as splenomegaly was attenuated by sACVR2B treat-
ment independent of the treatment protocol in the present study, it may be ar-
gued that spleen size may not play a major role in enhanced survival with the
continued myostatin/activin blocking.

Vehicle-treated tumour-bearing mice had significantly lower levels of hae-
moglobin, haematocrit and red blood cell count compared with healthy mice.
This indicates mild anaemia in tumour-bearing mice and is in line with previous
studies in rodents (Toledo et al. 2014) and human patients (e.g. Vayrynen et al.
2018). Interestingly, the blocking of myostatin and activins was able to reverse
the mild anaemia in tumour-bearing mice. Previously, myostatin gene inactiva-
tion has restored haematocrit in ApcMin/* model (Gallot et al. 2014). In addition,
sACVR2B treatment has alleviated anaemia in inhibin-deficient mice (Li et al.
2007) and in an animal model of B-thalassemia (Suragani et al. 2014). In contrast,
in another murine model for cancer cachexia, LLC, sACVR2B treatment was able
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to only partially alleviate the decrease in haemoglobin but not in haematocrit (To-
ledo et al. 2016b). However, in that study, the anaemia was more severe than in
the present study and the sACVR2B treatment regimen was also different (Tole-
do et al. 2016b). Even though anaemia may be an independent prognostic factor
in cancer patients (Caro et al. 2001; Vayrynen et al. 2018), and the prevention of
anaemia can be beneficial in C26 tumour-bearing mice (Penna et al. 2013b; Pin et
al. 2015), it does not seem to be a major factor contributing to the differences in
survival time, as anaemia was similarly alleviated in both groups treated with
sACVR2B despite a significant difference in the survival time. In addition, the
platelet count was increased in all tumour-bearing groups, independent of block-
ing myostatin and activins, and thus thrombocytosis is also unlikely to be the
major factor determining survival time in the present study.

However, all of the abovementioned effects of myostatin/activin blocking
on other tissues were similar between the two treatment protocols at the inves-
tigated time point. Thus, based on the present data, it is impossible to state
which, if any, of these factors played any role in the improved survival seen in
one of the groups treated with sACVR2B. In addition to the factors presented in
this dissertation, other variables potentially contributing to the differences in
survival time have been analysed from the same animals and reported by oth-
ers. For example, alterations in gut microbiota have been associated with cancer
cachexia and impaired survival (Bindels et al. 2016; Genton et al. 2019; Herre-
mans et al. 2019), and while altered gut microbiota in tumour-bearing mice was
demonstrated in the present experiment and was in part associated with body
weight loss, it did not explain differences in the survival time, as continued
treatment with sACVR2B prolonged survival but did not prevent the cancer-
associated alterations in gut microbiota (Pekkala et al. 2019). As with the analy-
sis of gut microbiota, analysis of muscle and serum metabolomes, while provid-
ing new insight into metabolic alterations in cancer cachexia and potential new
biomarkers for cachexia progression, did not provide any clear, plausible can-
didates to explain differences in survival (Lautaoja et al. 2019). However, the
blocking of myostatin and activins by sACVR2B has recently been shown to
rescue some of the metabolic alterations induced by chemotherapy, suggesting
that myostatin/activin blocking has beneficial effects on muscle and serum
metabolomes in some cachectic conditions (O'Connell et al. 2019). Interestingly,
a proteomics approach and further analyses revealed disturbed NAD* homeo-
stasis in muscles of tumour-bearing mice, which was in part rescued only by the
continued sACVR2B treatment (Hulmi et al. 2020). This result opens up new,
interesting research questions and hypotheses for future research aiming to
elaborate on the mechanisms of cancer cachexia and improved survival by in-
terventions targeted at maintaining muscle size.

Even though the exact mechanisms underlying the prolonged survival in
C26 cancer cachexia with continued sACVR2B treatment are still not completely
understood, it seems that in the present study, the beneficial effects of myo-
statin/activin blocking happened independent of effects on tumour mass or
tumoural gene expression related to cachexia. In the present study, treatment
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with sACVR2B had no effects on either C26 or LLC tumour mass at the investi-
gated time points, independent of doxorubicin chemotherapy. In some other
studies reporting improved survival in myostatin deficient mice in ApcMin/+and
LLC models (Gallot et al. 2014), or after the blocking of myostatin and activins
in inhibin-a deficient mice developing gonadal tumours (Li et al. 2007, Zhou et
al. 2010), or in a murine model of pancreatic ductal adenocarcinoma (Zhong et
al. 2019), the tumour progression has been partially attenuated, which may
have contributed to the alleviation of cachexia and prolonged survival. Attenu-
ation of metastasis formation in the LLC model has also been demonstrated
with sACVR2B administration (Toledo et al. 2016b) and other therapies amelio-
rating cachexia and improving survival (Chiappalupi et al. 2020). This is an im-
portant point to consider, as in some cases the positive effects of the treatment
may be due to the antitumour effect of the treatment rather than preservation of
skeletal muscle tissue. In fact, it is possible that in some cases muscle mass is
preserved in part due the delay in tumour progression.

Tumoural expression of cachexia-inducing factors may play an important
role in the development of cachexia and potentially also survival (Fearon, Glass
& Guttridge 2012; Hoda et al. 2016; Loumaye et al. 2017; Zhong et al. 2019). In
the present study, C26 tumours had markedly higher expression levels of po-
tential cachexia-inducing factors Activin A, myostatin and II-6 compared with
LLC tumours, and C26 tumours also resulted in more pronounced cachexia at a
similar time point with the same number of injected cells. In the present study,
treatment with sACVR2B did not influence tumoural Activin A (Inhibin PA)
mRNA expression, and even increased II-6 mRNA expression in the C26 tu-
mours, suggesting that the prevention of cachexia, or the improved survival,
are not mediated through altered tumoural expression of genes related to ca-
chexia. All in all, the results of the present study demonstrate that survival ben-
efit with the continued blocking of myostatin and activins happens independ-
ent of effects on tumour mass or tumoural expression of cachexia-related factors
or their tumour-induced expression in skeletal muscle tissue (III). Future stud-
ies should address the question of whether there is a causal link between the
levels of cachexia-inducing factors, such as Activin A, and survival, or whether
these factors act as mere biomarkers of cachexia and disease progression, or the
aggressiveness of the tumour.

Interestingly, it was found that increasing muscle and lean mass via block-
ing of myostatin and activins also improved bone parameters that were im-
paired by doxorubicin. It is possible that the alterations in bone mineral density
and content were secondary to changes in skeletal muscle mass, as these bone
parameters were strongly correlated with changes in lean mass as well as the
end-measures of muscle mass and muscle fibre cross-sectional area. These find-
ings are in line with previous and more recent studies, as doxorubicin admin-
istration has been previously found to affect bone quality (Hayward et al. 2013),
and the blocking of myostatin and activins has been shown to improve bone
quantity and/or quality in different models (Barreto et al. 2017; Bialek et al.
2014; Puolakkainen et al. 2017a; Puolakkainen et al. 2017b). Interestingly, as in
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the present study, a more recent study demonstrated that Folfiri chemotherapy
resulted in loss of both muscle and bone mass, which were both prevented by
the blocking of myostatin and activins (Barreto et al. 2017). Together these stud-
ies show that the blocking of myostatin and activins is effective in counteracting
bone and muscle loss induced by different types of chemotherapy.

As a strong interaction has been demonstrated between skeletal muscle
mass and function and bone quantity and quality (Brotto & Bonewald 2015;
Goodman, Hornberger & Robling 2015), it may be speculated that the changes
in bone adaptation observed in the present study were secondary to changes in
skeletal muscle tissue. This would support the importance of skeletal muscle
tissue per se on different markers of health. However, the existence of other di-
rect or indirect effects from blocking myostatin and activins on bone is possible
and cannot be excluded. Indeed, previously the blocking of ACVR2B ligands,
but not the blocking of myostatin only, improved bone mass despite a similar
increase in muscle mass with both treatments (Bialek et al. 2014). On the other
hand, increased bone mass, density and strength have been demonstrated in
mice lacking myostatin and thus having greater muscle mass, which would
support either a role for muscle mass or myostatin in the regulation of bone
quantity and quality (Elkasrawy & Hamrick 2010). Thus, more profound mech-
anistic evidence is needed to determine whether the blocking of myostatin and
activins has direct effects on bone, or whether the improvement in bone quanti-
ty and quality are secondary to increased muscle mass.

Taken together, the findings from both tumour-bearing and chemothera-
py-treated mice demonstrate that the blocking of myostatin and activins results
in a number of positive health-related effects that counteract the detrimental
effects of tumour or chemotherapy. These include muscle hypertrophy or pre-
vention of muscle loss, attenuation of hepatic protein synthesis, splenomegaly
and anaemia, and ultimately improvement in survival in tumour-bearing mice
and improved bone mineral density and content in chemotherapy-treated mice.
These results corroborate and add to the previous and recent evidence showing
the beneficial effects of this strategy in animal models of cancer and chemother-
apy beyond mere improvement in muscle mass (Barreto et al. 2017 O'Connell et
al. 2019; Toledo et al. 2016b; Zhou et al. 2010). Given the importance of inter-
tissue crosstalk in cachexia (Argiles et al. 2018), it is possible that some of the
beneficial effects of myostatin/activin blocking on other tissues are mediated
via positive effects on skeletal muscle tissue. However, in many cases, it is im-
possible to separate the effects of muscle size per se and the effects from block-
ing myostatin and activins that might be independent of changes in muscle size.
Thus, it is possible that at least some of the positive effects of the treatment,
such as the improvement in bone quality in chemotherapy-treated mice and the
attenuation of splenomegaly, liver protein synthesis, and anaemia in tumour-
bearing mice might be due to the direct effects of myostatin/activin blocking on
those (or some other) tissues, instead of being indirectly mediated through in-
creased muscle size. However, the evidence from both human cancer patients
(Kazemi-Bajestani, Mazurak & Baracos 2016; Martin et al. 2013; Martin et al.
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2015) and from pre-clinical animal studies using different strategies to prevent
muscle wasting (Cai et al. 2004; Chiappalupi et al. 2020; Gallot et al. 2014;
Hatakeyama et al. 2016; Johnston et al. 2015; Lerner et al. 2016; Pretto et al. 2015;
Toledo et al. 2016b; Tseng et al. 2015; Zhou et al. 2010) supports the hypothesis
that muscle size plays a role in survival in cachectic conditions. The present
study and the related studies by our group specify certain interesting factors
that should be addressed in the future investigation of the mechanisms under-
lying the improved survival due to myostatin/activin blocking and mainte-
nance of muscle mass. These include the roles of vital muscles, such as the dia-
phragm, hepatic protein synthesis and acute phase response, splenomegaly,
anaemia, and muscle NAD* metabolism and mTOR localization in cachexia and
survival. Finally, the importance of these factors should also be investigated in
human cancer patients.

6.4 Strengths and limitations

The strengths of this dissertation include the use of different models of muscle
wasting, specifically, chemotherapy and cancer cachexia, as well as reduced
physical activity and fasting. Thus, the effectiveness of activin receptor ligand
blocking to induce muscle growth could be verified in different wasting condi-
tions that might be mediated through different molecular mechanisms. In addi-
tion, two different strategies, designed and produced “in house”, were used to
block myostatin and activins. On the first hand, the administration of soluble
activin receptor type IIB trap (SACVR2B) allowed the investigation of systemic
effects of myostatin/activin blocking and the effects of whole-body muscle hy-
pertrophy. On the other hand, the intramuscular AAV-mediated follistatin gene
delivery allowed the investigation of muscle-specific effects of myo-
statin/activin blocking, which also enabled the reduction of both the number of
experimental animals used and the variation in the results as the effects of fol-
listatin could be investigated within the same animal by comparison of the con-
tralateral muscles. In addition, broad phenotyping was conducted in combina-
tion with the assessment of the effects of physical activity and food intake.

In doxorubicin chemotherapy experiments, different time points were in-
vestigated, which provided an idea of both acute and longer-term effects of the
treatments. Related to that, one of the strengths was the use of DXA analysis at
baseline and at the end of the four-week experiment, which enabled the deter-
mination of changes in body composition, namely, lean and fat mass, as well as
bone parameters instead of mere endpoint measures of tissue masses. Moreover,
this was the first study to explore the combined effects of doxorubicin chemo-
therapy and the blocking of myostatin and activins, as well as to compare the
transcriptomic effects of doxorubicin alone or in combination with myo-
statin/activin blocking between skeletal muscle and the heart.

In the cancer cachexia survival experiment, the strength was that in addi-
tion to the loss of body mass, the humane endpoint criteria included also other
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factors describing the overall condition of the mice. If a certain degree of body
mass loss is the only endpoint criterion, it is obvious that any treatment able to
increase body mass and/or slow down the rate of body mass loss prolongs sur-
vival. Moreover, the increase in the mass of some organs, such as the spleen, and
ascites observed in some tumour-bearing animals reduces the value of body mass
as the only endpoint criterion. That said, the endpoint criteria used in the present
study could be optimized further to suit the particular experimental model even
better, and to improve the objectivity of the evaluation of the fulfillment of the
criteria. To this end, a scoring system based on appearance, behavior and body
condition was piloted, and could be used in the possible later survival studies.
Additionally, the effect of increasing muscle mass only beforehand via the block-
ing of myostatin and activins on survival has not been studied before in non-
genetic models, and this adds to the novelty of this dissertation.

In the short-term experiment targeting the time point at which loss of
body mass predicted survival, many different tissues and factors were analysed
in addition to skeletal muscle tissue, giving a broader understanding of the
multiorgan effects of both cancer cachexia and the blocking of myostatin and
activins, thus providing new insights into the potential mechanisms underlying
the improved survival with this kind of therapy. This study also shows the
novel result of the colocalisation of mTOR with lysosomes in experimental can-
cer cachexia and in response to the blocking of myostatin and activins via solu-
ble ACVR2B ligand trap or follistatin gene delivery, shedding more light on the
molecular mechanisms of muscle atrophy and hypertrophy, respectively, in
those conditions.

One of the major limitations of the present study is that in chemotherapy
and cancer cachexia experiments, a group of healthy mice treated only with
sACVR2B was not included, except in the acute experiment comparing skeletal
muscle and the heart. In some cases, the addition of this group would have
helped to determine if SACVR2B counteracted the effects of chemotherapy
and/or cancer, or if the effects of SACVR2B took place independent of the ef-
fects of chemotherapy and/or cancer. Moreover, in cancer experiments, the ad-
dition of a group treated with sSACVR2B only after cancer cell injection would
have been interesting and potentially provided further value to the study and
enabled better comparison with previous studies. Indeed, this experiment has
now been conducted after this dissertation, as explained in the discussion. In
addition, despite careful determination of the endpoint for the second cancer
cachexia experiment, and the clear difference in the survival time between the
two sACVR2B treatment protocols, the mechanism underlying the differences
in the survival time could not be unambiguously determined based on the find-
ings at the chosen time point. As muscle-specific blockade of myostatin and ac-
tivins was not possible in the cancer cachexia experiments of the present study,
it cannot be known if the non-muscle and survival effects of SACVR2B were
due to direct effects of SACVR2B on the non-muscle tissues investigated, or in-
direct effects via increased muscle size.
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In addition, individual food intake and activity data are lacking from chem-
otherapy and cancer cachexia experiments because these variables were meas-
ured from cages that were occupied by 2 to 4 mice from the same experimental
group. Thus, these factors could not be correlated with other factors and their
contribution to, for example, muscle atrophy, remains more or less at the level of
speculation. Given the decreased food intake in both conditions, the addition of a
pair-fed control group might have provided more insight into the contribution of
the decreased food intake on wasting and alterations in muscle protein synthesis.
Moreover, data from grip strength measurements or other muscle function
measurements is not included due to unsuccessful measurements and incon-
sistent results, which may have been affected by the motivation of the mice and
the lack of experience in conducting the measurements. Finally, some of the find-
ings related to the activation of different signalling pathways were explorative in
nature, and further mechanistic experiments were not conducted based on these
tindings, apart from the blocking of myostatin and activins.

6.5 Future directions

Based on the findings of the present study as well as previous and more recent
ones, future studies should aim to elucidate the importance of skeletal muscle
tissue per se for survival in cancer cachexia via muscle-specific strategies to
counteract muscle wasting, such as the muscle-specific blockade of myostatin
and activins. Those studies would be able to distinguish between the effects of
maintenance of skeletal muscle and the direct effects of, for example, systemic
myostatin/activin blocking on non-muscle tissues. Those studies should then
be replicated using different tumour models. Moreover, strategies aiming to
preserve certain individual muscles or muscle groups, such as the heart or the
respiratory muscles, should be developed to be able to assess the importance of
these vital muscles with respect to survival.

As there is evidence that the preservation of skeletal muscle mass is bene-
ficial in cancer cachexia, cachexia models better enabling exercise interventions,
especially resistance training interventions, should be examined in the future.
Furthermore, it would be interesting to investigate the effects of increasing
muscle mass before the cachectic stimulus by means of resistance training as
opposed to the blocking of myostatin and activins as in the present study.

As it was shown that the colocalisation of mTOR with lysosomes/late en-
dosomes was decreased in cachectic muscle and restored by myostatin/activin
blocking, the potential effectiveness of therapies targeting mTOR localization in
the prevention of cancer-induced muscle wasting should be studied in the future.
Future studies should also aim to further elucidate the mechanism through
which the blocking of myostatin and activins increases the colocalisation of
mTOR with lysosomes/late endosomes and whether this is required for
sACVR2B and follistatin-induced increase in mTORC1 signalling and protein
synthesis.



7 MAIN FINDINGS AND CONCLUSIONS

The main findings and conclusions of this dissertation are summarized as fol-
lows:

1. Doxorubicin chemotherapy causes muscle atrophy that is potentially due
to decreased muscle protein synthesis rather than increased protein deg-
radation. In addition, maximal running capacity is impaired by doxoru-
bicin, without marked decreases in mitochondrial markers or capillary
density. The blocking of myostatin and activins prevents the doxorubi-
cin-induced muscle atrophy and restores the muscle protein synthesis
and bone quality without further damage to skeletal muscle oxidative
properties, running capacity, or the antitumour effect of doxorubicin. (I)

2. Despite the comparable levels of atrophy, doxorubicin chemotherapy in-
duces more extensive transcriptomic alterations in skeletal muscle than it
does in the heart. This may be due to the greater regenerative capacity of
skeletal muscle compared with that of the heart, supported by the up-
regulation of Myodl mRNA and its target genes in skeletal muscle. The
main common pathway induced by chemotherapy in both tissues is the
p53-p21-REDDY], indicating a response to DNA-damage, and potentially
contributing to the wasting. This response may be attenuated by block-
ing myostatin and activins, especially in skeletal muscle. All in all, the
blocking of myostatin and activins has more pronounced effects on skel-
etal muscle than it does on the heart, which may at least partially be due
to the greater myostatin expression in skeletal muscle. (II)

3. Muscle atrophy associated with cancer cachexia results from the combi-
nation of decreased muscle protein synthesis and activation of protein
degradation pathways. The decreased muscle protein synthesis in cancer
may be due to decreased lysosomal localization of mTOR resulting in at-
tenuated mTORCT1 signalling. The blocking of myostatin and activins in-
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creases muscle mass and restores the co-localization of mTOR with the
lysosomes and mTORCI1 signalling in cachectic mice. In addition, the
blocking of myostatin and activins improves survival in experimental
cancer cachexia but only when the treatment is continued after the induc-
tion of cachexia. The prolonged survival may be attributed at least in
part to the maintenance of the limb and respiratory muscles, but the ob-
served effects on tissues other than the skeletal muscle suggest that other
factors may also play a role in the improved survival. (III)

. Follistatin gene delivery induces muscle protein synthesis independent

of the diurnal fluctuations in physical activity and food intake, or the
feeding status. However, the mTORC1 signalling response to follistatin
is attenuated by fasting and diurnal decreases in food intake and physi-
cal activity. In addition, the follistatin-induced increases in mTORC1 sig-
nalling and protein synthesis are accompanied by an increased amount
of mTOR co-localized with lysosomes, but not by their translocation to-
wards sarcolemma. (IV)
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YHTEENVETO (FINNISH SUMMARY)

Luurankolihaskudos muodostaa noin 40% kehon kokonaismassasta. Silld on
keskeinen rooli kehon liikkeiden tuottamisessa ja ndin ollen pdivittdisten aska-
reiden suorittamisessa ja liikunnan harrastamisessa. Luurankolihaksia tarvitaan
myo6s hengittdmiseen ja luuston ylldpitoon, ja lisdksi ne vaikuttavat keskeisesti
koko kehon aineenvaihduntaan.

Lihasmassa vdhenee monissa eri sairauksissa, ikddntyessd ja tilanteissa,
joissa ravinnonsaanti tai fyysinen aktiivisuus ovat vahentyneet. Sairauksiin liit-
tyvdd kuihtumista kutsutaan kakeksiaksi. Kakeksialle tunnusomaista on lihas-
ja usein myos rasvamassan menetys sekd elimiston tulehdustila. Kakeksiassa
myds monien muiden kudosten toiminta ja elimiston aineenvaihdunta hdiriin-
tyvit. Kakeksian on havaittu olevan yhteydessd heikompaan selviytymisennus-
teeseen sekd fyysisen toimintakyvyn laskuun esimerkiksi syovéssd. Lisdksi
syopdhoidot, kuten kemoterapia, saattavat pahentaa sydpddn liittyvad lihasten
merkittdvad surkastumista eli lihaskatoa, mikad puolestaan voi altistaa hoitojen
haittavaikutuksille ja siten heikentdd selviytymisennustetta entisestdan. Vaikka
kakeksia ja sen yhteys heikentyneeseen selviytymisennusteeseen on ilmidind
tunnettu jo kauan, vasta viime aikoina on alettu tutkia luurankolihaskudoksen
ylldpitoon suunnattujen hoitojen vaikutusta kakeksiaan ja selviytymiseen. Te-
hokasta hoitoa kakeksiaan ei kuitenkaan vield ole.

Lihasmassaa voidaan kasvattaa ja ylldpitdd esimerkiksi estamdlld lihas-
kasvua hillitsevid tekijoitd, kuten myostatiinia ja aktiviineja. Myostatiinia ja ak-
tiviineja estimdlld on pystytty ehkdiseméddn ja hoitamaan lihaskatoa kokeellisil-
la syopamalleilla. Tdamdn on ollut yhteydessd parempaan selviytymiseen, mika
yhdessd epidemiologisen ndyton kanssa viittaa lihasmassan ylldpidon tarkey-
teen syovastd selviytymisessd. Paremman selviytymisen taustalla olevia meka-
nismeja ei kuitenkaan vield tunneta. Ei myoskaddn tiedetd, onko lihasmassan
kasvatuksesta ennen syopdd vastaavaa hyotyd selviytymisen kannalta kuin li-
haskadon ehkdisystd. Lisdksi myostatiinin ja aktiviinien eston vaikutuksia ke-
moterapiaan liittyvdssd lihaskadossa ei ole juurikaan tutkittu.

Tamadn vditoskirjan tarkoituksena oli tutkia myostatiinin ja aktiviinien es-
ton vaikutuksia luurankolihasten kokoon ja sen sddtelyyn seka lihasmassan yl-
lapidon tdrkeyttd erilaisissa lihaskatotilanteissa, joita olivat syopd, kemoterapia
sekd vahentynyt ravinnonsaanti ja fyysinen aktiivisuus. Vditoskirjassa tarkastel-
tiin myds syovan ja kemoterapian sekd myostatiinin ja aktiviinien eston vaiku-
tuksia fyysiseen aktiivisuuteen ja suorituskykyyn. Lisdksi tavoitteena oli selvit-
tdd myostatiinin ja aktiviinien eston vaikutuksia muihin kudoksiin kuin luu-
rankolihakseen sy6véssd ja kemoterapiassa.

Viitoskirjatyd koostui kolmesta erillisestd osatutkimuksesta, joissa myos-
tatiinin ja aktiviinien eston vaikutuksia tutkittiin (1) kemoterapiaa saavilla hii-
rilld, (2) hiirillg, joille aiheutettiin kokeellinen syopa ja (3) passiivisilla ja aktiivi-
silla sekd paastonneilla ja ei-paastonneilla hiirilld. Myostatiinin ja aktiviinien
estoon kdytettiin kemoterapia- ja syopdkokeissa liukoista kasvutekijdreseptoria
ja viimeisessd osatutkimuksessa follistatiini-geeniterapiaa.
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Tutkimuksessa havaittiin, ettd myostatiinin ja aktiviinien esto ehkdéisi sekéa
kemoterapian ettd kokeellisen syovan aiheuttaman lihaskadon. Kokeellisessa
syovdssd tdmd oli yhteydessd parempaan selviytymiseen, mutta vain silloin,
kun lihaskokoa lisddvaad tai ylldpitdvad hoitoa jatkettiin myos kasvaimen muo-
dostumisen jdlkeen. Selviytymishyotyd ei havaittu ryhmadlld, joita hoidettiin
myostatiinin ja aktiviinien estdjdlld ainoastaan ennen kasvaimen muodostumis-
ta. Myostatiinin ja aktiviinien esto ehkdisi kemoterapian aiheuttaman luunti-
heyden laskun ja lievensi syopddn liittyvdd anemiaa, pernan kasvua sekd mak-
san proteiinisynteesin nousua, mutta ei vaikuttanut kemoterapian aiheutta-
maan juoksukapasiteetin heikkenemiseen eikd fyysisen aktiivisuuden laskuun
syovdssa.

Luurankolihaksen proteiinisynteesi laski akuutisti kemoterapian vaiku-
tuksesta, ja myostatiinin ja aktiviinien esto ehkdisi timédn laskun. Samoja vaiku-
tuksia ei havaittu sydénlihaksessa. Kaiken kaikkiaan kemoterapian ja myosta-
tiinin ja aktiviinien eston vaikutukset luurankolihaksen geenien ilmentymiseen
olivat suurempia kuin vaikutukset sydanlihakseen. Myos sytvédssd havaittiin
proteiinisynteesin lasku sekd luurankolihaksessa, palleassa ettd sydamessa.

Proteiinisynteesin tarkedn sdatelyproteiinin, mTOR:n, solunsisdisen sijain-
nin on havaittu vaikuttavan sen aktiivisuuteen. Luurankolihaksen proteiinisyn-
teesin lasku syovédssd oli yhteydessd vdhentyneeseen mTOR:n sijoittumiseen
lysosomien ldheisyyteen ja mTOR-signaloinnin laskuun. Myostatiinin ja akti-
viinien esto palautti mTOR:n sijainnin ja signaloinnin lihassoluissa ldhes ter-
veen verrokkiryhmén tasolle. Myostatiinin ja aktiviinien esto lisdsi luurankoli-
haksen proteiinisynteesid myos terveilld hiirilld riippumatta fyysisen aktiivi-
suuden ja syomisen mddréstd ja lisdasi mTOR:n sijoittumista lysosomien ldheisy-
teen paastonneilla ja ei-paastonneilla hiirilla.

Tama vditoskirja osoittaa, ettd syopddn liittyvan lihaskadon hoito myosta-
tiinia ja aktiviineja estamalld voi pidentdd selviytymistd. Tulosten perusteella
ndyttdisi my0s, ettd lihaskoon ylldpitdiminen voi olla selviytymisen kannalta
hyodyllisempé&d kuin lihasmassan kasvatus ennen syopdd. Lisdksi myostatiinin
ja aktiviinien estolla ja sitd myotd lihasmassan ylldpidolla ndyttdd olevan edulli-
sia vaikutuksia myos muihin kudoksiin kemoterapiaa saavilla ja syopad sairas-
tavilla hiirilld. Myostatiinin ja aktiviinien eston aikaansaama luurankolihaksen
proteiinisynteesin ja mTOR-signaloinnin nousu saattavat osittain selittya lisddn-
tyneelld mTOR:n sijoittumisella lysosomien ldheisyyteen sekd terveessd ettd
kakektisessa lihaksessa. Nama tulokset lisddvat ymmarrysta luurankolihasku-
doksen tdrkeydestd sairaustilanteissa, lihaskadon mekanismeista ja mahdollisis-
ta uusista lihaskadon hoitomuodoista. Tutkimuksessa kéytettyjd hoitomuotoja
tulisi tulevaisuudessa tutkia myos ihmispotilailla, jotta tulosten soveltaminen
kdytantoon olisi mahdollista.
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Systemic blockade of ACVR2B
ligands prevents chemotherapy-
Induced muscle wasting by
e restoring muscle protein synthesis
e without affecting oxidative
capacity or atrogenes

T. A. Nissinen?, J. Degerman?, M. Rasdnen?, A. R. Poikonen?, S. Koskinen?, E. Mervaala“,
A. Pasternack®, O. Ritvos®®, R. Kivela? & J. J. Hulmi%®

. Doxorubicin is a widely used and effective chemotherapy drug. However, cardiac and skeletal muscle

: toxicity of doxorubicin limits its use. Inhibiting myostatin/activin signalling can prevent muscle

. atrophy, but its effects in chemotherapy-induced muscle wasting are unknown. In the present study
we investigated the effects of doxorubicin administration alone or combined with activin receptor
ligand pathway blockade by soluble activin receptor IIB (SACVR2B-Fc). Doxorubicin administration
decreased body mass, muscle size and bone mineral density/content in mice. However, these effects
were prevented by sACVR2B-Fc administration. Unlike in many other wasting situations, doxorubicin
induced muscle atrophy without markedly increasing typical atrogenes or protein degradation
pathways. Instead, doxorubicin decreased muscle protein synthesis which was completely restored by
sACVR2B-Fc. Doxorubicin administration also resulted in impaired running performance without effects
on skeletal muscle mitochondrial capacity/function or capillary density. Running performance and
mitochondrial function were unaltered by sACVR2B-Fc administration. Tumour experiment using Lewis
lung carcinoma cells demonstrated that sSACVR2B-Fc decreased the cachectic effects of chemotherapy
without affecting tumour growth. These results demonstrate that blocking ACVR2B signalling may be
a promising strategy to counteract chemotherapy-induced muscle wasting without damage to skeletal
muscle oxidative capacity or cancer treatment.

Cancer-related cachexia has been suggested to account for up to 20-30% of all cancer deaths'. In addition,
decreased skeletal muscle mass is associated with increased toxicity of chemotherapy and impaired prognosis® In
contrast, maintenance of skeletal muscle mass predicts better response to treatment and survival>®. Therefore, it
is crucial to discover and develop effective strategies to counteract chemotherapy-induced muscle loss.
Doxorubicin is a widely used and effective anthracycline chemotherapeutic agent. Some of its most important
antineoplastic effects are suggested to include prevention of DNA replication via DNA Topoisomerase II inhi-
bition, DNA damage via formation of reactive oxygen species (ROS) and apoptosis (programmed cell death)*.
However, doxorubicin has deleterious effects on several tissues other than tumour, which limits its clinical use.
Particularly well-known side-effect is doxorubicin-induced cardiotoxicity**. Doxorubicin has also been shown
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to have adverse effects on skeletal muscle tissue: muscle weakness, fatigue, dysfunction and atrophy have been
reported in both humans*® and animals*’-!! after chemotherapy. The proposed cellular and molecular mech-
anisms for skeletal muscle toxicity, at least with high doses, include oxidative stress induced by doxorubicin
accumulating into skeletal muscle, which may lead to contractile and mitochondrial dysfunction associated with
activation of proteolytic and apoptotic signalling pathways*®>12, Protein degradation pathways have been exten-
sively studied in different muscle atrophy models and in human diseases'?. In adults, muscle size is, however,
regulated by the balance between protein synthesis and degradation'. Currently, the effect of doxorubicin on
muscle protein synthesis is unknown.

Muscle size is negatively regulated by myostatin and activins that belong to the TGF-3 superfamily of pro-
teins!>16. They exert their effect through binding to their receptor activin receptor type IIb (ACVR2B)!. An
often used strategy to prevent muscle loss in animal models is to block these ACVRIIB ligands by administra-
tion of a soluble ligand binding domain of ACVR2B fused to the Fc region of IgG (sSACVR2B-Fc). This strategy
has been shown to increase muscle mass effectively in mice!”"*. In addition, sSACVR2B-Fc treatment has been
found to reverse cancer cachexia and prolong survival in different mouse models of cancer cachexia?**!. However,
blocking ACVR2B ligands can also, depending on the context, have adverse effects**=*. It is not known whether
sACVR2B-Fc administration could prevent doxorubicin-induced muscle atrophy without negatively altering
muscle oxidative capacity.

The effects of blocking ACVR2B signalling on muscle growth in healthy mice have been shown earlier by
us and others!®?. In the present study we investigated the effects of systemic doxorubicin administration alone
or combined with sSACVR2B-Fc treatment on skeletal muscle size and function and the underlying molecular
mechanisms. For this purpose, five doxorubicin experiments were performed: 1-2) two four-week experiments,
3) a two-week experiment, 4) an acute 20 h experiment, and 5) a tumour experiment with doxorubicin treatment.
The dose of doxorubicin was selected to mimic clinical doses used in humans. These studies demonstrate that
doxorubicin induces muscle atrophy that is, at least in part, due to blunted skeletal muscle protein synthesis. We
also showed that blocking ACVR2B signalling can counteract chemotherapy-induced muscle loss without further
damage to skeletal muscle oxidative capacity or mitochondria. Importantly, sSACVR2B-Fc administration did not
affect tumour growth or the effect of doxorubicin on tumour growth.

Results

sACVR2B treatment prevents doxorubicin-induced skeletal muscle atrophy but not loss of fat.
In the first experiments, mice were given a total cumulative dose of 24 mg/kg of doxorubicin (comparable to clin-
ical dose>?¢), or PBS, during the first two weeks of the experiment. In the four-week experiment, doxorubicin was
not administered during the latter two weeks and thus the results represent more chronic effects of doxorubicin
treatment. This doxorubicin administration resulted in marked decrease in body weight (Fig. 1a). The weight loss
was most dramatic during the second week of doxorubicin administration and the reduced body weight was sus-
tained after the cessation of doxorubicin administration (Fig. 1a). This was accompanied by a significant reduc-
tion in tissue masses of tibialis anterior (TA) and gastrocnemius muscles and epididymal fat pads determined
upon euthanasia (Fig. 1b-e and Supplementary Fig. Sla-d). These findings were substantiated by dual-energy
X-ray absorptiometry (DXA) analysis, which showed a significant decrease in lean mass and fat mass (Fig. 1f,g).
sACVR2B-Fc treatment fully prevented the doxorubicin-induced decrease in body mass, lean mass and skel-
etal muscle weights and could even induce hypertrophy when compared to untreated healthy mice. However,
sACVR2B-Fc treatment was unable to prevent the decrease in fat mass, which was even slightly exacerbated.
Doxorubicin treated mice ate significantly less compared with the vehicle treated counterparts. SACVR2B-Fc
treatment did not have any additional effect on feed consumption (Fig. 1h).

In line with skeletal muscle weights, doxorubicin treated mice tended (P = 0.075) to have decreased average
muscle fibre cross-sectional area (CSA) in TA muscle (Fig. 2a,c) and fibre frequency curve shifted towards smaller
fibres (Fig. 2b). This decrement was completely prevented by sACVR2B-Fc administration which resulted in sig-
nificantly increased fibre size compared with both controls and doxorubicin treated mice (Fig. 2a—c).

Blocking of the muscle loss prevents decrease in bone quality. To further investigate the potential
positive effects of maintaining muscle mass during chemotherapy, bones were analysed as a downstream out-
come of the treatments. DXA-analysis showed a decrement in bone mineral density (BMD) and in bone mineral
content (BMC) in doxorubicin-treated mice when compared to controls, whereas sSACVR2B-Fc prevented these
adverse effects (Fig. 3a,b). Our association analysis using a computationally determined network?” showed that
BMD and BMC at the end and the change in BMD and BMC are highly correlated to changes in lean mass as well
as the end-measures of muscle mass and muscle fibre CSA (Fig. 3c-f).

Doxorubicin administration resulted in chronic impairment of treadmill running capacity.
Doxorubicin treated mice had significantly impaired maximal running performance in an incremental treadmill
running test (Fig. 4). sSACVR2B-Fc treatment did not have any effect on running performance.

Doxorubicin induces muscle atrophy with only small alterations in proteolytic path-
ways. To investigate the factors that might contribute to doxorubicin-induced muscle atrophy and its
reversal by SACVR2B-Fc, an acute experiment was conducted. Non-tumour bearing mice received a single
intraperitoneal injection of doxorubicin (15mg/kg in PBS) and were euthanized 20 hours post injection. Half
of the doxorubicin treated mice were administered with sSACVR2B-Fc (10 mg/kg in PBS) 48 hours before
doxorubicin administration, as it has previously been reported that SACVR2B-Fc increases muscle protein
synthesis 48 hours after its administration'®. Microarray analysis was conducted from TA muscle to study
gene expression responses to the treatments. To find out whether doxorubicin-induced muscle atrophy was
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Figure 1. Doxorubicin administration resulted in decreased body and muscle weights that were restored
by sACVR2B-Fc treatment. (a) Body weights during the four-week experiment. Arrows indicate the timing of
doxorubicin (orange) and sSACVR2B-Fc (blue) injections. Repeated measures ANOVA revealed time x group
interaction effect (P < 0.001). Tissue weights of TA (b), gastrocnemius (GA) (c) and soleus (d) muscles and
epididymal fat pads (e) relative to tibial length (Supplementary Fig. Sle). Percentage changes in lean (f) and fat
(g) mass analysed with DXA. (h) Average feed consumption during and after the treatment with doxorubicin
and sSACVR2B-Fc. Average feed consumption per mouse was calculated from the pooled feed intake of the
whole cage (2-3 mice/cage; N = 3-4 cages/group). N sizes are depicted in the bar graphs. Data are presented

as mean + SEM. In Fig. a: *P < 0.05 compared to Ctrl; **P < 0.01 compared to Ctrl and Dox +sACVR2B
(Bonferroni). In Figs. b-h: *P < 0.05; **P < 0.01; ***P < 0.001 (Bonferroni).
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Figure 2. sACVR2B-Fc administration increased muscle fibre cross-sectional area in doxorubicin-treated
mice. Average fibre CSA (a) and fibre size distribution (b) of the TA muscle at the end of the four-week
experiment. (c) Representative immunofluorescence images of dystrophin-stained muscle cryosections. Data
are presented as mean + SEM. **P < 0.01; ***P < 0.001 (Bonferroni).

due to increased protein catabolism, a common atrogene signature for genes that has previously been shown
to be commonly down- or upregulated in fasting, cancer cachexia, renal failure, diabetes, and in loss of con-
tractile activity®® was investigated (listed in Table 1). There were no systematic changes by doxorubicin or
by SACVR2B-Fc on these transcripts (Table 1). There was however a minor trend that the atrogenes tended
to follow the same trend in doxorubicin-administered mice as earlier?, although with a much smaller mag-
nitude than with the other muscle wasting situations. Therefore, a gene set enrichment analysis (GSEA), able
to detect small changes in several genes?, was conducted. Indeed, a custom-made gene set for these atrogenes
showed a small increased enrichment (normalized enrichment score (NES) 1.44, FDR =0.05) in doxorubicin
administered mice when compared to vehicle treated control mice (Supplementary Fig. S2a) and this was
blocked by sACVR2B-Fc administration (Supplementary Fig. S2b). GSEA analysis also revealed a small, but
significant increase due to doxorubicin in the proteasome pathway (FDR = 0.041, Supplementary Fig. S2¢,d)
and also a trend in the caspase cascade (NES 1.75, FDR = 0.051) without any effect of SACVR2B-Fc. Of the
individual atrogenes, FOXOI was the only one that was significantly (adjusted P < 0.05) induced by doxorubicin
(Table 1, Supplementary Fig. S2a). Thus, FoxO1 protein level and its phosphorylation were analysed. Similarly
as in the microarray analysis, total FoxO1 protein expression was increased significantly (P < 0.05) by doxoru-
bicin, whereas phosphorylated FoxO1 remained at similar level between the groups (Supplementary Fig. S3a,e).
In addition, mRNA expression of a well-known atrogene, MuRF1, was confirmed with qPCR, which, in accord-
ance with the microarray result, showed no effect of doxorubicin treatment (Supplementary Fig. S3b). However,
sACVR2B-Fc decreased MuRF1 mRNA (Supplementary Fig. S3b).

To study protein degradation pathways further, common markers of ubiquitin-proteasome system, auto-
phagy and calpain content were analysed by western blotting. Doxorubicin administration did not result in any
acute or chronic alterations in ubiquitinated proteins, lipidated LC3, or calpainl protein content (Fig. 5a-d).
No changes were noticed acutely or at 4 weeks, but at two weeks, SACVR2B-Fc treatment resulted in decreased
lipidated LC3 (Fig. 5b). As LC3 lipidation alone is not sufficient marker for autophagy?’, we also checked gene
expression changes related to autophagy. Supporting the results above, autophagy gene set (KEGG) was not
regulated by doxorubicin (FDR = 0.48, Supplementary Fig. S4a). Also after adjustment, the only significantly
increased genes in this pathway were slightly increased Ulk1 (1.41 fold, P=0.02) and Becn1 (1.31 fold, P=0.01)
in doxorubicin-administered mice, without marked effects of SACVR2B-Fc (Supplementary Fig. S4a,b).
Doxorubicin has previously been shown to increase apoptosis, also in skeletal muscle®!. Indeed, GSEA analysis
revealed small increase in the gene set of apoptosis (NES 1.9, FDR = 0.01) without any effect of sSACVR2B-Fc
(Supplementary Fig. S4c,d).

To examine the possible delayed effects on muscle regeneration, TA muscles from mice from the four-week
experiment were analysed for centrally nucleated fibres. Doxorubicin administration did not result in markedly
and consistently increased number of centrally nucleated fibres (data not shown).
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Figure 3. sACVR2B-Fc treatment improved bone quality in doxorubicin treated mice. Changes in bone
mineral density (a) and content (b) in the four-week experiment. (c) Associations between muscle and lean
mass and bone parameters. (d) Associations between muscle size, fat mass and BMD. Correlations between
change in lean mass and change in BMD (e, r=0.70, P < 0.001) and BMC (f, r=0.72, P < 0.001). Data are
presented as mean + SEM. **P < 0.01; ***P < 0.001 (Bonferroni).

Doxorubicin administration results in blunted skeletal muscle protein synthesis which is
restored by sSACVR2B-Fc treatment. As only small effects were seen in the expression of negative regu-
lators of muscle size, the effects of doxorubicin and sSACVR2B-Fc administration on positive regulators of mus-
cle mass and protein synthesis were investigated. To study protein synthesis, a previously published method of
surface sensing of translation (SUnSET)?>*® was applied as earlier in our laboratory®. This analysis revealed that
muscle protein synthesis was significantly blunted 20 hours after doxorubicin administration compared with the
controls (Fig. 6a,b). This decrease in protein synthesis was completely inhibited in mice treated with sSACVR2B-Fc
48 hours prior to the exposure to doxorubicin (Fig. 6a,b). This was accompanied by increased mTORC1 sig-
nalling illustrated by elevated phosphorylation of its downstream targets rpS6 and p70S6K1 in sSACVR2B-Fc
treated mice acutely, but less so in the later time-points (Fig. 6¢,d,g). However, at all the time-points investigated,
no change in the activation of mTORCI signalling was observed by doxorubicin, which suggests that doxoru-
bicin and sACVR2B-Fc are affecting different pathways regulating muscle mass. Additionally, no changes due
to the treatments were observed in the phosphorylation of Akt (at Ser473) or the phosphorylation of 4EBP1 (at
Thr37/46) (Supplementary Fig. S3c-e).

Increased phosphorylation of eIF2a on Ser51 inhibits translation initiation and it has been associated with
decreased muscle protein synthesis* and cachexia'*. However, the western immunoblot analysis did not show
any significant doxorubicin-induced changes in eIF2o phosphorylation (Fig. 6e,g). Interestingly, SACVR2B-Fc
decreased the phosphorylation of eIF2a compared to control (Fig. 6e,g). Another pathway regulating muscle
size, partially parallel to mTORCI signalling, is MAPK signalling. The phosphorylation of ERK 1/2 was acutely
downregulated in doxorubicin treated mice, while SACVR2B-Fc treatment prevented this decrease (Fig. 6f,g). At
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Figure 4. Doxorubicin-treated mice had significantly impaired running capacity with no effect of
sACVR2B-Fc. Distance covered in an incremental treadmill running test until exhaustion. Data are presented
as mean + SEM. *P < 0.05; **P < 0.01 (Bonferroni).

two and four weeks, the phosphorylation level of ERK 1/2 was similar between doxorubicin only treated mice
and control mice.

REDD1 is highly upregulated in doxorubicin-induced muscle loss.  To unravel the factors potentially
underlying doxorubicin-induced decrease in protein synthesis and muscle size, microarray data was analysed for
genes most induced by doxorubicin known to regulate muscle protein synthesis and size. Doxorubicin treated
mice showed a significant 2-fold (adjusted P=0.02) increase in mRNA expression of REDDI, a protein previ-
ously connected to muscle wasting'***. This increase was confirmed by qPCR, which showed a 3-fold increase in
REDDI expression in doxorubicin treated mice (Fig. 6h). The effect of doxorubicin on REDDI expression was
partially blocked by sSACVR2B-Fc treatment.

Skeletal muscle mitochondrial function and content are not chronically altered in response
to doxorubicin administration. To explore potential factors explaining impaired running capacity of the
doxorubicin treated mice, skeletal muscle mitochondrial function was analysed with OROBOROS Oxygraph-2k
high-resolution respirometer. At the four-week time-point, two weeks after cessation of doxorubicin administra-
tion, the analysis showed no differences in mitochondrial respiratory function of TA muscle between the three
groups (Fig. 7a). This occurred independent of whether the results were presented as oxygen flux per wet weight
of tissue or normalized to total TA weight or to an index of mitochondrial content. To study skeletal muscle mito-
chondrial function and content further, citrate synthase activity and expression of several mitochondrial proteins
were analysed. Doxorubicin did not seem to alter citrate synthase activity, while increased activity was seen in
mice treated with sSACVR2B-Fc (Fig. 7b). Similarly as mitochondrial function, the total content of mitochondrial
respiratory chain subunits (total OXPHOS) and cytochrome c (cyt ¢) protein remained unchanged in TA muscle
irrespective of the treatment (Fig. 7c—e). However, an ion channel protein between cytosol and mitochondrial
matrix, porin/VDAC1%, was significantly elevated in SACVR2B-Fc treated mice (Supplementary Fig. S5a,h).
Of individual OXPHOS proteins, mitochondrial respiratory chain CI-NDUFB8 and CV-ATP5A were decreased
in sSACVR2B-Fc treated mice compared with doxorubicin only treated mice (Supplementary Fig. S5b-f).
No differences were detected in the PGC-1a protein (Supplementary Fig. S5g,h) or different PGC-1 isoforms by
either doxorubicin alone or combined with sSACVR2B-Fc (Supplementary Fig. S6a-d).

Skeletal muscle oxygen carrying capacity, but not capillary density, is altered in response to
doxorubicin administration. To study if blood oxygen carrying capacity was altered due to the treatments,
haematological parameters were investigated at two and four weeks. Doxorubicin administration independently
of SACVR2B-Fc administration resulted in decline in blood haemoglobin and haematocrit at two weeks (imme-
diately after treatment), but this effect disappeared at four weeks (Supplementary Fig. S7a-d).

As no major differences were found in skeletal muscle mitochondrial function or content, capillary
count was analysed from TA. There were no significant effects of doxorubicin or sSACVR2B-Fc treatment on
capillary-to-fibre ratio or capillary density (Fig. 8a—c).

sACVR2B administration did not have any effect on tumour growth or on the antineoplastic
effect of doxorubicin. To investigate whether the SACVR2B-Fc treatment has effect on the antineoplastic
effect of chemotherapy or tumour growth, a two-week tumour experiment using the Lewis lung carcinoma (LLC)
model was conducted. LLC-cancer did not induce muscle atrophy yet at this time-point (Supplementary Fig. S8a-d).
Similarly as with doxorubicin treated non-tumour bearing mice, doxorubicin treatment seemed to be associated
with increased loss of lean and fat mass also in tumour bearing mice (Supplementary Fig. S8c-e,g,h) despite
relatively low cumulative dose (12 mg/kg) of doxorubicin used. sSACVR2B-Fc increased skeletal muscle and lean
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Protein degradation
NM_001039048.2 MuRF1 1.01 0.979 0.72 0.322
NM_026346.1 Fbxo032 1.81 0.200 0.46 0.196
NM_009984.2 Ctsl 0.99 0.976 0.97 0.931
NM_011971.4 Psmb3 1.04 0.564 1.03 0.841
NM_026545.2 Psmd8 0.89 0.134 1.27 0.041*
NM_178616.2 Psmd11 1.02 0.859 0.95 0.882
NM_008945.2 Psmb4 1.07 0.439 0.97 0.884
XM_001479832.1 UBC 1.07 0.469 0.95 0.848
NM_021522.2 Uspl4 1.06 0.797 1.09 0.898
NM_134013.3 Psme4 1.12 0.434 0.87 0.367
NM_011664.3 Ubb 1.14 0.133 0.96 0.737
XM_284425.1 Uba52 1.00 0.986 1.02 0.955
NM_011965.2 Psmal 1.02 0911 1.00 0.989
NM_001033865.1 Rps27a 1.02 0.924 1.09 0.805
Glycolysis
NM_145614.3 DLAT 0.99 0.966 1.04 0.914
NM_010699.1 Ldha 1.03 0.789 1.04 0.783
NM_011079.2 Phkgl 0.93 0.561 0.94 0.881
NM_009415.1 Tpil 0.93 0.613 1.09 0.724
NM_023418.2 Pgaml 0.98 0.877 1.02 0.959
NM_018870.2 Pgam2 0.87 0.297 1.03 0.942
ATP synthesis
NM_007505.2 Atp5al 1.02 0.953 1.00 1.000
NM_198415.2 Ckmt2 1.10 0.404 0.95 0.805
NM_028388.1 Ndufv2 0.99 0.960 0.98 0.967
NM_026255.4 Slc25a6/S1c25a26 1.00 1.000 0.95 0.800
NM_145518.1 Ndufsl 0.99 0.955 1.04 0.817
NM_008618.2 Mdh1 1.01 0.970 0.94 0.825
Other
NM_011830 IMPDH2 0.99 0.983 1.03 0.968
NM_024188.5 Oxctl 1.17 0.163 0.81 0.043*
Transcription
NM_009372.2 Tgifl 1.22 0.285 0.69 0.151
NM_019739 Foxol 1.73 0.021* 0.76 0.567
XM_001478948.1 Ezhl 1.06 0.585 0.96 0.884
NM_009716.2 Atf4 1.00 0.995 0.95 0.931
NM_008416.1 Junb 0.98 0.979 1.08 0.941
Translation
XR_033381.1 Sat 1.11 0.518 0.95 0.903
NM_007918.3 Eif4ebpl 1.14 0.601 1.11 0.844
NM_013506 Eif4a2 0.98 0.908 1.01 0.984
AKO019693 Eif4g3 1.00 0.987 0.96 0.850
NM_027204.2 Mrpll12 0.87 0.171 1.16 0.125
Extracellular matrix
NM_008495.1 Lgals1 0.95 0.888 1.06 0.924
NM_015784.2 OSE-2/Postn 1.01 0.953 0.97 0.868
NM_007742.2 Collal 0.85 0.401 0.76 0.792
NM_007737.2 Col5a2 0.98 0.795 1.03 0.884
NM_007993 Fbnl 0.79 0.491 1.05 0.964
NM_010233.1 Fnl 0.96 0.872 0.82 0.326
Miscellaneous
NM_013602.2 Mtl 1.11 0.774 1.15 0.696
NM_019930.1 RANBP9 1.19 0.213 0.95 0.857
NM_009974.2 Csnk2a2 091 0.461 1.03 0.940
Continued
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NM_016792 TXNL 1.01 0.969 1.00 0.993
NM_013494.2 CPE 1.02 0.937 0.90 0.449
NM_013645.3 Pvalb 0.87 0.208 1.02 0.948
NM_008409.2 Itm2a 0.92 0.736 1.26 0.192
NM_053078.3 Nrep/P311 0.88 0.672 0.73 0.199

Table 1. Atrogenes previously altered by systemic diseases in mice (fasting, tumor, uremia, diabetes
mellitus) as well as disuse?®. No common changes in muscle were observed due to doxorubicin or
sACVR2B-Fc on atrogenes involved in protein degradation, energy production, growth transcription/
translation, genes coding extracellular matrix proteins or other genes. FC = fold change and P adj. = adjusted
p-value using the Benjamini and Hochberg (false discovery rate, FDR) method. *P < 0.05.
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Figure 5. Doxorubicin administration did not cause marked alterations in the markers of ubituitin-
proteasome system, autophagy or calpainl content. Time-course of protein ubiquitination (a) and LC3-I and
-II content (N = 5-9/group) (b) relative to Ctrl and calpainl content at 20 h relative to Dox (c) in TA muscles.
(d) Representative blots of LC3 and calpainl. Data are presented as mean = SEM. *P < 0.05 (Mann-Whitney U).
C=_Ctrl; D=Dox; D+A =Dox+sACVR2B.

mass similarly in tumour bearing mice irrespective of doxorubicin administration (Supplementary Fig. S8¢,d,g).
Interestingly, in contrast to the results from doxorubicin experiments in non-tumour bearing mice, in this setting,
sACVR2B-Fc treatment also protected from the excessive loss of epididymal fat by doxorubicin, but not from the
loss of total fat mass (DXA) (Supplementary Fig. S8¢,h). The tumours of the SACVR2B-Fc treated mice had sim-
ilar response to doxorubicin treatment compared to mice not treated with sSACVR2B (Supplementary Fig. S8f).
These results suggest that inhibiting ACVR2B ligands can decrease the cachectic effects of chemotherapy without
adversely affecting tumour growth or compromising the antineoplastic effect of chemotherapy on the tumour.

Discussion
Cancer-therapy aiming to treat malignancies can be associated with toxicities in various tissues, such as skel-
etal muscle, and also with shorter life span®°. In the present study we show that prevention of doxorubicin
chemotherapy-induced muscle atrophy can be achieved by preventing decreased muscle protein synthesis using
a blocker for ACVR2B ligands without negative side-effects on aerobic capacity or tumour growth.

Doxorubicin administration resulted in marked decrease in body weight, comprised of loss of both lean and
fat mass. Skeletal muscle atrophy was observed as a decrease in muscle masses and in TA fibre size. These results
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Figure 6. Doxorubicin administration resulted in decreased muscle protein synthesis that was restored by
sACVR2B-Fc. (a) Muscle protein synthesis relative to Dox analysed with puromycin incorporation method and
(b) representative blot (left) with Ponceau S staining (right). (— =negative control for puromycin). (c) Time-
course of rpS6 phosphorylation at Ser240/244 relative to Ctrl in TA muscle. p70S6K (Thr389) (d) and elF2«
(Ser51) (e) phosphorylation response 20 hours after a single dose of doxorubicin relative to Dox. (f) Time-
course of ERK 1/2 phosphorylation at Thr202/Tyr204 relative to Dox in TA muscle. (g) Representative blots of
rpS6, p70S6K, elF2a and ERK 1/2. (h) REDD1 mRNA expression normalized to 36b4 expression relative to
Ctrl in TA muscle 20 hours after a single dose of doxorubicin. Data are presented as mean &= SEM. *P < 0.05;
**P<0.01;***P < 0.001 (Bonferroni (a;h), Mann-Whitney U -test (c-f)).
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Figure 7. Doxorubicin administration did not affect mitochondrial function or markers of mitochondrial
content in skeletal muscle. (a) Mitochondrial respiration in homogenized TA muscle with carbohydrate
substrates (N =7-8/group). Cyt ¢ = cytochrome ¢; CI/II = complex I/II; ETS = electron transfer system.

(b) Citrate synthase (CS) activity measured from TA muscle. Quantification of total content of mitochondrial
respiratory chain subunits (c) and cytochrome ¢ (Cyt c) relative to Dox (d) and representative blots (e). Data are
presented as mean & SEM. **P < 0.01 (Bonferroni (a-b), Mann-Whitney U (c-d)).

are consistent with previous studies'®!’. The reduced fat mass and muscle size by doxorubicin might be at least
partially explained by reduced feed intake. However, as doxorubicin has been shown to accumulate in skeletal
muscle tissue®®, it is possible that doxorubicin also had a direct effect on skeletal muscle. Indeed, doxorubicin
accumulation was detected in skeletal muscles, and it acutely led to a typical p53 and DNA-damage response
(unpublished observations) in line with previous reports in cardiac muscle>*. Importantly, treatment of muscle
atrophy by blocking ACVR2B ligands was accomplished without any adverse effects on tumour, as shown earlier
with several other tumour models?**!, or on the effect of doxorubicin on tumour.

Muscle atrophy is a result of a situation in which the rate of protein synthesis is, over a period of time,
repressed relative to that of degradation. Protein synthesis responses in muscle atrophy have been overall less
investigated than protein degradation pathways'>!*. The present results show, for the first time, that doxorubicin
administration acutely results in blunted protein synthesis in skeletal muscle. Previous studies have reported
either repressed*’ or unchanged*! protein synthesis in cardiac muscle or cardiomyocytes after acute doxorubicin
administration. Importantly, the decreased muscle protein synthesis by doxorubicin was completely prevented by
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Figure 8. Doxorubicin administration did not affect skeletal muscle capillary density. Quantification of the
capillary-to-fibre ratio (a) and the number of capillaries per muscle area (b) in TA muscle. (c) Representative
immunofluorescence images of CD31/PECAM-1 staining for capillaries. Notice that the representative
capillary images are from exactly the same location as the dystrophin staining in Fig. 2¢. Data are presented as
mean + SEM. *P < 0.05 (Bonferroni).

sACVR2B-Fc administration. The increased protein synthesis by SACVR2B-Fc is likely due to increased mTORC1
signalling manifested by increased phosphorylation of p70S6K and rpS6. These markers of mMTORCI signalling
also positively correlated with protein synthesis (Supplementary Fig. S9a). This is consistent with previous results
from our laboratory, which showed that sSACVR2B-Fc treatment in healthy wildtype mice increased muscle size,
protein synthesis and mTORCI signalling'®. However, doxorubicin did not seem to affect this pathway at least
at 20 h time-point as phosphorylation levels of p70S6K and rpS6 were similar to control group. This does not
exclude the possibility that decrease in mMTORCI signalling would have preceded the decreased protein synthesis.

In the present study, no major changes were observed in protein degradation markers such as ubiquitinated
proteins, atrogene expression®, or markers of autophagy. However, the slight enrichment of the atrogene, protea-
some and apoptosis gene sets in response to doxorubicin administration might indicate at least a small increase
in protein degradation and apoptosis. The previous available evidence on protein degradation and apoptosis
pathways suggests activated calpain-caspase-3-apoptosis pathway®!14?, and increased markers of ubiquitin-pro-
teasome system®, and autophagy* as contributors to doxorubicin-induced muscle atrophy, but the evidence is
inconsistent*"**, The reason why we observed only very small upregulation in the protein degradation and apop-
tosis pathways can be speculated to be the dosage of doxorubicin used in our study, i.e. 24 mg/kg cumulative
dose or 15 mg/kg single dose in the acute experiment. The 15-24 mg/kg in mice is equivalent to ~45-72 mg/m?
in humans and thus very close to the clinical doses used in cancers (30-90 mg/m?)°. These doses are relatively
small compared to the ones typically used in the rat studies, i.e. 20 mg/kg in rats'*”* that can be estimated to be
equivalent to ~40 mg/kg in mice and ~120 mg/m? in humans?. Nevertheless, although the mechanisms behind
doxorubicin-induced muscle atrophy can be dose-dependent?, the blockade of decreased protein synthesis with-
out major alterations in the protein degradation, apoptosis or autophagy pathways seems to be the mechanism
by which sACVR2B-Fc prevents doxorubicin-induced muscle loss. However, part of the increased protein syn-
thesis may also be due to larger de novo protein synthesis, as we have shown earlier that sSACVR2B-Fc increases
muscle protein synthesis also in healthy mice'®. Moreover, a decrease in the ubiquitin ligase MuRF1 mRNA by
sACVR2B-Fc was noticed supporting previous studies by Rahimov et al. in wildtype mice and Zhou et al. in
cachectic mice?*?. This shows a potential for sSACVR2B-Fc in preventing atrophy also in situations where protein
degradation pathways are more strongly activated.

A transcriptome analysis was conducted to investigate if genes previously shown to have a role in mus-
cle atrophy were regulated by doxorubicin. Interestingly, REDD1, a DNA damage marker protein that has
previously been connected to muscle wasting and decreased protein synthesis' also in other models, e.g.
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streptozotocin-induced experimental type 1 diabetes®, was one of the most highly upregulated genes. A nega-
tive correlation between REDDI1 expression and protein synthesis was observed (Supplementary Fig. S9b). This
suggests that doxorubicin-induced REDDI expression could, in part, contribute to decreased protein synthe-
sis, but more mechanistic evidence is needed to verify this connection. Another candidate associated with the
regulation of muscle size is MAPK-signalling*>*®. Doxorubicin administration resulted in marked decrease in
ERK 1/2 phosphorylation. Similar decrease in ERK phosphorylation has been previously reported five days after
doxorubicin dose identical to our acute experiment (15 mg/kg) in mouse skeletal muscle®'. The physiological
importance of altered ERK 1/2 MAPK-signalling is unknown, and may be dependent on time-point and con-
text!*45-47_ Interestingly, in our setting, SACVR2B-Fc administration restored ERK 1/2 phosphorylation to the
level of control mice. We have shown earlier that SACVR2B-Fc treatment decreased the phosphorylation of ERK
1/2 at early, but not at later time-points in healthy mice'?. This shows that, in addition to the many other pathways,
such as mTORCI signalling, the regulation of MAPK signalling by blocking ACVR2B receptor ligands can also
be dependent on timing and context. More research is needed to determine the consequences and importance
of the doxorubicin-induced decrease in ERK 1/2 phosphorylation and prevention of this response by blocking
sACVR2B ligands.

Several studies have investigated the effects of exercise training on the effects of doxorubicin. Majority*>43:48,
but not all*® of these studies suggest that exercise training protects against the adverse effects of doxorubicin on
cardiac and skeletal muscle without compromising® or even enhancing its antitumor efficacy®®. On the other
hand, maximal aerobic capacity on a whole-body level has been associated with longevity and health®!. Muscle
weakness and fatigue as well as skeletal muscle contractile dysfunction have been reported after exposure to
doxorubicin in patients* and in animal models ex vivo*®!2. However, to the knowledge of the authors, the present
study is the first one to show direct negative effects of doxorubicin administration on maximal aerobic running
capacity in vivo. As this effect was observed two weeks after the cessation of doxorubicin administration, it seems
that the impairment in aerobic capacity is sustained.

Impaired running performance by doxorubicin could have been expected to be accompanied by decreased
mitochondrial respiratory capacity, but this was not the case in the present study. According to the previous
literature, doxorubicin can cause impaired mitochondrial function in cardiac®**® and in skeletal muscle!®3733,
However, the evidence concerning skeletal muscle is inconsistent: not all studies report significant impairments
in the markers of mitochondrial function in response to doxorubicin treatment®2. In addition, Gouspillou and
colleagues'® did not observe any significant or sustained impairment in skeletal muscle mitochondrial respiratory
function after two cycles of doxorubicin treatment (cumulative dose 20 mg/kg) in mice. However, four cycles of
treatment (cumulative dose 40 mg/kg) resulted in impaired mitochondrial respiration that was sustained over a
12-week period after the last cycle!”. In that study mice were also treated with dexamethasone, so the contribution
of each drug to the effects cannot be confirmed!?. Furthermore, impaired mitochondrial respiration has been
reported 2-72 hours after a single high dose of doxorubicin (20 mg/kg) in rats®. According to the present and
these previous studies, the dosage of doxorubicin used and the time-points investigated may play important roles
in doxorubicin-induced alterations in skeletal muscle mitochondrial function.

As a novel finding of the present study, doxorubicin treatment did not alter muscle capillary density and thus,
decreased capillarization cannot explain the impaired running capacity. Also limb muscle independent factors
can lie behind the persistently impaired running performance. Systemic doxorubicin administration has previ-
ously been shown to cause weakness and contractile dysfunction in diaphragm!"'?, the principal respiratory mus-
cle. Doxorubicin-induced cardiotoxicity can also have an effect on whole body exercise capacity. Interestingly,
sACVR2B-Fc could not prevent doxorubicin-induced cardiac atrophy (data not shown). This was, however,
achieved by vascular endothelial growth factor-B (VEGF-B**) gene therapy in the same experimental setting
(Résédnen et al. unpublished observations). The present study also showed that doxorubicin administration can
reduce blood oxygen carrying capacity consistent with earlier reports®>. However, this did not persist anymore
two weeks after the cessation of doxorubicin administration. Thus, this effect probably does not play a major role
in the persistently impaired running performance. It is likely that multiple factors, rather than just one, contribute
to impaired exercise capacity by doxorubicin.

Contrary to previous results in wild type and dystrophic mice'®?, systemic sSACVR2B-Fc administration did
not cause any further impairment in running performance or mitochondrial content or function. Some more
specific effects were, however, noticed. Unlike in wildtype or mice with muscular dystrophy!'®%, citrate syn-
thase activity and the content of a mitochondrial channel protein porin/VDAC1% were increased in doxoru-
bicin treated mice administered with sACVR2B-Fc compared with doxorubicin alone. However, sSACVR2B-Fc
administration decreased mitochondrial respiratory chain subunit proteins CI-NDUFB8 and CV-ATP5A. This
suggests that blocking ACVR2B ligands may have specific effects on mitochondrial proteins even though overall
mitochondrial capacity or function may be unaltered. Previously, sACVR2B-Fc administration has decreased
electron transport chain and oxidative phosphorylation gene sets in mdx mice?. As no effects on mitochondrial
function or further decrease in running capacity were detected, these specific effects of blocking ACVR2B ligands
have probably only minor physiological significance. Our laboratory has previously published evidence of inter-
action effects of exercise and sSACVR2B-Fc in muscles'®?2. Future studies should investigate the effects of blocking
activin receptor ligands also in active mice.

Musculoskeletal system plays an important role in e.g. enabling locomotion. Bone can serve as an ion reserve
to maintain serum ion concentrations of e.g. calcium and magnesium. Mechanical and molecular interaction
between muscles and bone has got lots of attention during the last few years*®. Many studies have shown that
improving muscle size and strength can improve bone quantity or quality””. For instance, blocking myostatin/
activins has improved bone mass, quality and strength®®. On the other hand, bone parameters have been reported
to be decreased in rodents after doxorubicin administration®. The present study showed that the decrease in
BMD and BMC by doxorubicin was prevented by sSACVR2B-Fc and that the bone results are strongly related to
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muscle mass. Therefore, it is speculated that changes in bone adaptation were secondary to muscle showing the
importance of muscle per se on certain markers of health. However, the possible existence of other direct or indi-
rect effects of SACVR2B-Fc on bone cannot be excluded?®.

In conclusion, unlike in many other cachexia-inducing diseases, our findings show that doxorubicin chemo-
therapy induces skeletal muscle atrophy without markedly increasing typical atrogenes or protein degradation
pathways. In contrast, muscle atrophy induced by doxorubicin is probably mainly mediated by decreased protein
synthesis, and this effect is prevented by blocking ACVR2B signalling. In addition, the current results suggest
that blocking ACVR2B signalling may be a promising strategy to counteract chemotherapy-induced muscle and
bone loss without further damage to skeletal muscle oxidative capacity or mitochondria or the actual treatment
of malignancies.

Methods

Animals. C57BL/6] male mice (Envigo), aged 9-10 weeks, were used in all experiments. Mice were main-
tained under standard conditions (temperature 22 °C, 12:12h light/dark cycle) with free access to food and water.
The protocols were approved by the National Animal Experiment Board, and all the experiments were carried out
in accordance with the guidelines of that committee.

Experimental design. Five experiments were conducted: 1-2) two four-week experiments, 3) a two-week
experiment, 4) an acute experiment, and 5) a tumour experiment. In experiments 1-4, the mice were ran-
domly assigned into one of three groups: 1) vehicle (PBS) treated controls (Ctrl), 2) doxorubicin hydrochlo-
ride treated mice (Dox), and 3) doxorubicin treated mice administered intraperitoneally with sSACVR2B-Fc
(Dox + sACVR2B). In the tumour experiment (exp 5), the mice were randomized into five groups: 1) healthy
controls (Ctrl), 2) LLC-tumour bearing mice (LLC + PBS), 3) LLC- mice treated with doxorubicin (LLC + Dox),
4) LLC-mice treated with sSACVR2B-Fc (LLC + sACVR2B), and 5) LLC-mice treated with doxorubicin and
sACVR2B-Fc (LLC+ Dox 4+ sACVR2B).

Experimental treatments. In experiments 1-3, all doxorubicin administered mice received a total of four
intraperitoneal injections of doxorubicin (6 mg/kg in PBS), administered every third day during the first two
weeks of the experiment. Control mice were administered with an equal volume of PBS. In the four-week exper-
iments (1 and 2), the mice were euthanized four weeks after the first and 19 days after the last doxorubicin injec-
tion. In the two-week experiment (3), the mice were euthanized two weeks after the first and 4 days after the last
doxorubicin injection. In these experiments, SACVR2B-Fc (5 mg/kg in PBS) was administered intraperitoneally
for half of the doxorubicin treated mice twice a week during the first two weeks of the experiment and once a
week after that (in the 4-week experiments). sSACVR2B-Fc administration was started before the first doxorubicin
injection and the last dose was administered seven days before euthanasia.

In the acute experiment, doxorubicin treated mice received a single intraperitoneal injection of doxorubicin
(15mg/kg in PBS) and controls an equal volume of PBS. SACVR2B-Fc treated mice received a single intraperito-
neal injection of SACVR2B-Fc (10 mg/kg in PBS) 48 hours before doxorubicin administration, a time-point when
sACVR2B-Fc shows increased muscle protein synthesis'. The mice were euthanized 20 hours after doxorubicin/
PBS administration.

In the tumour experiment, mice were subcutaneously inoculated with 0.5 x 10° LLC cells (a kind gift from
Dr. Alitalo) in 100 ul of PBS or with an equal volume of vehicle only (controls) into the right abdominal region.
Doxorubicin was administered intraperitoneally twice during the experiment on the sixth and eleventh day after
tumour inoculation (cumulative dose 12 mg/kg). sSACVR2B-Fc (5 mg/kg in PBS) was administered intraperito-
neally twice a week starting from third day after tumour inoculation and the last injection being two days before
euthanasia. The mice were euthanized 14 days after tumour inoculation.

Tissue collection. At the end of all experiments, the mice were anaesthetized and then euthanized by heart
puncture followed by cervical dislocation. Hindlimb muscles TA, gastrocnemius and soleus as well as epididymal
fat pads were immediately excised and weighed. The left TA was snap-frozen in liquid nitrogen and the right TA
muscle was mounted in O.C.T. embedding medium (Tissue Tek) and snap-frozen in isopentane cooled with lig-
uid nitrogen. All tissue weights were normalized to the length of the tibia (mm).

SACVR2B-Fc production. The recombinant fusion protein was produced and purified in house as described
earlier in detail'®. Briefly, the ectodomain of human ACVR2B was fused with a human IgG1 Fc domain and the
fusion protein was expressed in Chinese hamster ovary cells grown in a suspension culture. The protein is similar,
but not identical to that originally generated by Lee and colleagues!”.

Tumour cell line and cell culture. LLC cells were originally purchased from American Type Culture
Collection (Manassas, VA) and maintained in complete Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 2 mmol/L L-glutamine, penicillin (100 U/mL), streptomycin (100 ng/mL), and 10% FBS.

Dual-energy X-ray absorptiometry (DXA). For the DXA analysis, mice were anaesthetized with a com-
bination of ketamine and xylazine and imaged with Lunar PIXImus II densitometer (GE Healthcare). The images
were analysed using standard procedures.

Treadmill running protocol. The mice ran first at 9, 12 and 15 m/min for 5 minutes each, after which the
velocity was increased by 2m/min every 2 minutes until exhaustion. All mice were familiarized with treadmill
running on a separate day prior to the test.
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Muscle protein synthesis: in vivo surface sensing of translation. Muscle protein synthesis was ana-
lysed using surface sensing of translation (SUnSET) method®*** as earlier in our laboratory'. At exactly 25 min
after puromycin (Calbiochem) administration, mice were euthanized by heart puncture followed by cervical
dislocation. Left TA muscle was isolated, weighed and snap-frozen in liquid nitrogen exactly 30 minutes after
puromycin administration.

Mitochondrial function analysis.  Skeletal muscle mitochondrial function was analysed with OROBOROS
Oxygraph-2k high-resolution respirometer with similar procedures as earlier®. Briefly, a thin cross-section of
5-10mg from the middle of the left TA muscle was removed and temporarily stored in Biops buffer. The sample
was then homogenized with a shredder and carbohydrate SUIT protocol was used to analyse mitochondrial
function as previously described®.

RNA analysis. Total RNA was extracted from the TA muscle with TRIsure reagent (Bioline) and further
purified with NucleoSpin® RNA II columns. For gPCR RNA was reverse transcribed to cDNA using iScript™
Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad Laboratories) according to the manufacturer’s instruc-
tions. Real-time qPCR was performed according to standard procedures using iQ SYBR Supermix (Bio-Rad
Laboratories) and CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). Data analysis was carried
out by using efficiency corrected AACt method. More information on qPCR is given in Supplementary methods.

RNA samples of five mice from each group were analysed with Illumina Sentrix MouseRef-6 v2 Expression
BeadChip containing 45281 transcripts (Illumina Inc.) by the Functional Genomics Unit at Biomedicum
Helsinki, University of Helsinki, Finland. Before the analysis, sample RNA was analysed for integrity and quality
with Agilent Bioanalyzer 2100. Raw data were normalized with quantile normalization and data quality was
assessed using Chipster software (IT Center for Science, Espoo, Finland)®. The complete data set is publicly
available in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE77745).
More detailed description is provided in Supplementary methods.

Protein extraction and content. TA muscle samples were homogenized in ice-cold buffer with proper
inhibitors and further treated as earlier'>*® with slight modifications. Total protein content was determined
using the bicinchoninic acid (BCA) protein assay (Pierce, Thermo Scientific) with an automated KoneLab device
(Thermo Scientific).

Citrate synthase activity. Citrate synthase activity was measured from TA muscle homogenates using a kit
(Sigma-Aldrich) with an automated KoneLab device (Thermo Scientific).

Western blotting. Western immunoblot analyses were performed as previously reported'®*, with slight
modifications in the quantification of ubiquitinated proteins and puromycin incorporation: In the case of the
analysis of puromycin-incorporated proteins and ubiquitinated proteins, the intensity of the whole lane was
quantified. Ponceau S staining and GAPDH were used as loading controls and all the protein level results were
normalized to the mean of Ponceau S and GAPDH, except for the puromycin-incorporated proteins that were
normalized only to Ponceau S. The antibodies used are listed in the supplementary methods online.

Muscle immunohistochemistry. Cross-sections (10um) were cut from TA muscle with a cryomicrotome.
To analyse muscle fibre cross-sectional area (CSA), the sarcolemmas were visualized using antibodies against
Dystrophin (Abcam) with Alexa Fluor 555 secondary antibody (Molecular Probes). This was combined with
PECAM-1/CD31 (BD Pharmingen) staining with Alexa Fluor 488 secondary antibody (Molecular Probes) to
visualize capillaries and DAPI for the nuclei. The stained sections were imaged with a confocal microscope (Zeiss)
and ZEN software. The mean fibre CSA was quantified from 1,065 & 58 fibres representing both the deep and
the superficial regions of the muscle. For the analysis of fibre size distribution, 550 fibres were randomly picked
from each muscle sample. Muscle fibre CSA, capillary density (capillaries/mm?) and capillary-to-fibre ratios were
analysed with Image]J software (NIH).

Statistical analyses. Values are presented as means + SEM. The data from experiments 1 and 2 was pooled
when there were no differences between the experiments. Data was checked for normality and differences
between groups were analysed with general linear model ANOVA with Bonferroni post-hoc test, when appro-
priate. Western blot results were analysed with general linear model ANOVA with Bonferroni post-hoc test or
with non-parametric Kruskal-Wallis test with Holm-Bonferroni corrected Mann-Whitney U as post-hoc when
appropriate. Correlations were analysed using Pearson’s Product Moment Coeflicient. Differences were consid-
ered statistically significant at P <0.05. Statistical analyses were performed with IBM SPSS Statistics version 22
for Windows (SPSS, Chicago, IL).
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Abstract

Background Toxicity of chemotherapy on skeletal muscles and the heart may significantly contribute to cancer cachexia,
mortality, and decreased quality of life. Doxorubicin (DOX) is an effective cytostatic agent, which unfortunately has toxic
effects on many healthy tissues. Blocking of activin receptor type IIB (ACVR2B) ligands is an often used strategy to prevent
skeletal muscle loss, but its effects on the heart are relatively unknown.

Methods The effects of DOX treatment with or without pre-treatment with soluble ACVR2B-Fc (sACVR2B-Fc) were investi-
gated. The mice were randomly assigned into one of the three groups: (1) vehicle (PBS)-treated controls, (2) DOX-treated mice
(DOX), and (3) DOX-treated mice administered with SACVR2B-Fc during the experiment (DOX + sACVR2B-Fc). DOX was admin-
istered with a cumulative dose of 24 mg/kg during 2 weeks to investigate cachexia outcome in the heart and skeletal muscle.
To understand similarities and differences between skeletal and cardiac muscles in their responses to chemotherapy, the tis-
sues were collected 20 h after a single DOX (15 mg/kg) injection and analysed with genome-wide transcriptomics and mRNA
and protein analyses. The combination group was pre-treated with sACVR2B-Fc 48 h before DOX administration. Major
findings were also studied in mice receiving only sACVR2B-Fc.

Results The DOX treatment induced similar (¥10%) wasting in skeletal muscle and the heart. However, transcriptional
changes in response to DOX were much greater in skeletal muscle. Pathway analysis and unbiased transcription factor analysis
showed that p53-p21-REDD1 is the main common pathway activated by DOX in both skeletal and cardiac muscles. These
changes were attenuated by blocking ACVR2B ligands especially in skeletal muscle. Tceal7 (3-fold to 5-fold increase), transfer-
rin receptor (1.5-fold increase), and Ccl21 (0.6-fold to 0.9-fold decrease) were identified as novel genes responsive to blocking
ACVR2B ligands. Overall, at the transcriptome level, ACVR2B ligand blocking had only minor influence in the heart while it had
marked effects in skeletal muscle. The same was also true for the effects on tissue wasting. This may be explained in part by
about 18-fold higher gene expression of myostatin in skeletal muscle compared with the heart.

Conclusions Cardiac and skeletal muscles display similar atrophy after DOX treatment, but the mechanisms for this may dif-
fer between the tissues. The present results suggest that p53-p21-REDD1 signalling is the main common DOX-activated path-
way in these tissues and that blocking activin receptor ligands attenuates this response, especially in skeletal muscle
supporting the overall stronger effects of this treatment in skeletal muscles.
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Introduction

Cancer cachexia is associated with increased mortality.* This
may, in part, be related to increased toxicity of chemotherapy
on skeletal muscles and the heart.™ The maintenance of skel-
etal* and cardiac® muscle mass and function predicts better re-
sponse to treatment and survival in diseases. Therefore, it is
crucial to discover and develop effective strategies to counter-
act pathological skeletal and cardiac muscle loss.

Doxorubicin (DOX, Adriamycin®) is an anthracycline cyto-
static agent, which acts through arresting cell cycle, and thus
blocks proliferation of malignant cells.” Unfortunately, DOX
has deleterious effects also on many healthy tissues. Large
doses of DOX have been shown for decades to induce
cardiotoxicity through various mechanisms.>®° In addition,
DOX induces adverse effects on skeletal muscle tissue includ-
ing muscle weakness, fatigue, dysfunction, and atrophy.'®
Some studies have suggested that the heart may be more
sensitive to DOX than skeletal muscle,> but the degree of
skeletal muscle dysfunction can be comparable to or even
higher than that of heart.?*?

Skeletal and cardiac muscles are very similar in several as-
pects; both are striated and composed of myofibrils. How-
ever, cardiac cells are smaller, more circular, branched, and
have junctions between cells called intercalated discs
connecting cardiomyocytes (CMCs) together. This complexity
in the heart may be an advantage, but also a disadvantage re-
garding regeneration, which has been thought to be among
the weakest in the adult mammalian body.**** In comparison
to the heart, skeletal muscles have a remarkable regenera-
tion capacity even after very severe injury.15

Skeletal muscle size is negatively regulated by myostatin,
GDF11, and activins, which belong to the TGF-B superfamily
of proteins.'®™*® They exert their effects through binding to
activin receptor type IIB (ACVR2B). An often used strategy
to increase muscle size and to prevent muscle loss is to block
these ACVR2B ligands by administration of a soluble ligand
binding domain of ACVR2B (sACVR2B-Fc).**9! In addition,
sACVR2B-Fc treatment has been found to prolong survival
and to reverse cancer cachexia in mice.?*** Activin receptor
signalling is important for heart growth regulation and ho-
meostasis as well, 2224729 put the effects of blocking activin
receptor ligands in the heart have not been investigated in
chemotherapy-induced cardiac atrophy.

Previous studies have evaluated the effects of DOX and
ACVR2B blocking either on the heart or skeletal muscle. In
the present study, we compared the effects of DOX-treatment
with or without pre-treatment with sSACVR2B-Fc on cardiac and
skeletal muscles. We show here that cardiac and skeletal mus-
cle masses were similarly decreased by DOX chemotherapy
treatment. However, transcriptional changes in response to
DOX were much greater in skeletal muscle. Furthermore, we
show that blocking of activin receptor ligands had more
pronounced effect on skeletal muscle than cardiac wasting.

Materials and methods
Animals

C57BL/6) male mice (Envigo), aged 6-10 weeks were main-
tained under standard conditions (temperature 22°C,
12:12 h light/dark cycle) with free access to food and water.
The protocols were approved by the National Animal Experi-
ment Board, and all the experiments were carried out in ac-
cordance with the guidelines of the committee and the
ethical standards of the Declaration of Helsinki.

Experimental design

The mice were randomly assigned into three groups: (1) vehicle
(PBS)-treated controls (CTRL), (2) DOX hydrochloride treated
mice (DOX), and (3) DOX-treated mice administered with
SACVR2B-Fc intraperitoneally (DOX + sACVR2B) (Figure 1A).

In the long-term treatment experiments, both DOX groups
received four intraperitoneal injections of DOX (each 6 mg/kg
in PBS), administered every third day during the first 2 weeks
of the experiment.*> Control mice were administered with an
equal volume of PBS. The mice were euthanized at 2 weeks
and at 4 weeks after the first DOX injection. Half of the DOX
mice were injected with sACVR2B-Fc (5 mg/kg in PBS) twice a
week during the first 2 weeks of the experiment and once a
week after that. The DOX treatment protocol was designed to
mimic the treatment of human patients with low DOX doses
to induce cardiotoxicity but no treatment-related deaths.>°

In the acute experiment, a single intraperitoneal injection
of DOX (15 mg/kg in PBS) or an equal volume of PBS was ad-
ministered. SACVR2B-Fc-treated mice received a single intra-
peritoneal injection of sACVR2B-Fc (10 mg/kg in PBS) 48 h
before DOX administration, as we have previously shown that
sACVR2B-Fc increases muscle protein synthesis 48 h after its
administration.’’ The mice were euthanized 20 h after
DOX/PBS administration. To analyse the effects of SACVR2B-
Fc alone, another experiment was conducted in which
SACVR2B-Fc (10 mg/kg in PBS) or PBS were administered
48 h before sample collection into wild-type mice.?°

Tissue collection

At the end of the experiment, the mice were anaesthetized
with ketamine and xylazine and then euthanized by cardiac
puncture followed by cervical dislocation. Hindlimb muscle
tibialis anterior (TA), gastrocnemius, soleus, and the heart
were immediately excised and weighed. The left TA and gas-
trocnemius muscles and part of the heart (apex) were snap-
frozen in liquid nitrogen. Blood was fully drained from hearts
prior to tissue weighing. All tissue weights were normalized
to the length of the tibia (mm). TA muscle was used in
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Figure 1 (A) Experimental design. The study included acute as well as 2 and 4 week experiments. (B) Adjusted mass (control = 1, adjusted to tibial
length) of skeletal muscle and the heart after 4 weeks of cumulative 24 mg/kg doxorubicin administration (mean + SD). Skeletal muscle mass is a
sum of tibialis anterior, gastrocnemius, and soleus masses. n = 15, 16, and 17 in skeletal muscle and n = 14, 16, and 16 in heart in CTRL, DOX, and
in DOX + sACVR2B, respectively. General linear model analysis of variance with Bonferroni post hoc test was used. * or *** = significant (P < 0.05
or P < 0.001, respectively) difference to respective CTRL. ### = significant (P < 0.001) difference to respective DOX.
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subsequent analyses, except when analysing the effects of
SACVR2B-Fc alone®® and DOX-measurements, in which gas-
trocnemius was used.

Puromycin injection for protein synthesis
measurement

Puromycin incorporation assay>! was conducted as earlier*?%32
with small modifications. In brief, mice were intraperitoneally
injected with 0.040 pmol/g (21.78 mg/kg) puromycin
(Calbiochem, Darmstadt, Germany) dissolved in 200 plL of
PBS. At exactly 25 min after the injection of puromycin, mice
were euthanized by cervical dislocation and heart was collected
and snap-frozen at exactly 30 min after puromycin injection.

SACVR2B-Fc production

The recombinant fusion protein was produced and purified as
described earlier in detail.?*® The ectodomain of human
ACVR2B was fused with a human IgGl Fc domain and
expressed in Chinese hamster ovary cells grown in a suspen-
sion culture. The protein is similar but not identical to that
originally generated by Lee and colleagues.®

RNA analysis

Total RNA was extracted from muscle and the heart with
TRIsure reagent (Bioline) and further purified with
NucleoSpin® RNA I columns. For quantitative polymerase
chain reaction (qPCR), RNA was reverse transcribed to cDNA
by using iScript” Advanced cDNA Synthesis Kit for real-time
gPCR (Bio-Rad Laboratories) according to the manufacturer’s
instructions. Real-time gPCR was performed according to
standard procedures by using iQ SYBR Supermix (Bio-Rad

Laboratories) and CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories). Quantification was carried out by
using standard curve or efficiency corrected AACt method.
The relative mRNA expressions were normalized by using
36b4 as a reference gene, as it was the most stable (lowest
intergroup and intragroup variances) from three candidate
reference genes (36b4, Gapdh, and Rn18S). Primer sequences
are listed in Online Resource 1: Supplementary Methods.

Microarray analysis

RNA from the TA and the heart samples of the acute experi-
ment were analysed with Illumina Sentrix MouseRef-6 v2 Ex-
pression BeadChip containing 45 281 transcripts (lllumina
Inc., San Diego, CA, USA) by the Functional Genomics Unit
at Biomedicum Helsinki, University of Helsinki, Finland ac-
cording to the manufacturer’s instructions. Five muscle and
heart samples from control and DOX groups and five muscle
and three heart samples from DOX + sACVR2B-Fc group were
analysed. RNA was analysed for integrity and quality on
Agilent Bioanalyser 2100. lllumina’s GenomeStudio software
was used for initial data analysis and quality control. Raw
data were normalized with quantile normalization (including
log2-transformation of the data), data quality was assessed,
and statistical analyses were performed by using Chipster
software (IT Center for Science, Espoo, Finland).>? Statistically
significant differences in individual genes between the groups
were tested by using Empirical Bayes statistics and the
Benjamini-Hochberg algorithm controlling false discovery
rate (FDR). FDR values of <0.05 with >1.2-fold change differ-
ence were considered significant. MIAME guidelines were
followed during array data generation, pre-processing, and
analysis. The complete data set is publicly available in the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/geo/; accession no. GSE77745 and GSE97642). Heatmap
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illustrations were performed with GENE-E software (Broad In-
stitute, Cambridge, USA).

Transcription factor analysis

Transcription factor (TF) analysis is usually conducted in cul-
tured cells rather than actual tissue samples, and it focuses
on a single a priori chosen TF at a time. When the TF is not
known in advance, or when only gene expression profiling is
available, regulatory relationships can be uncovered by
reverse-engineering a gene regulatory network starting from
the expression data. A-genome-wide ranking-and-recovery
approach using iRegulon software®* was used to detect
enriched TF motifs and their optimal set of direct target
genes. This analysis also links these candidate motifs to TFs
by using motif2TF procedure.

Pathway analysis

Enrichment of functionally related genes in four different
gene set collections was first performed by using a non-
biased method by gene set enrichment analysis software
(GSEA; Version 2.0)**> as previously done in our labora-
tory.*3537 The collections used were the Canonical Pathways,
Biocarta, KEGG, and Reactome (http://www.broadinstitute.
org/gsea/msigdb/collections.jsp). The number of permuta-
tions by gene set was set to 1000 and gene sets with at least
10, and no more than 500 genes were taken into account in
each analysis. The statistical significance was calculated by
using FDR, and the level of significance was set at FDR<0.05.

Doxorubicin measurement

The DOX concentration from gastrocnemius muscle was mea-
sured with an Agilent 1100 HPLC system (Agilent Technolo-
gies, Waldbronn, Germany) coupled to an AB Sciex API 2000
tandem mass spectrometer (Framingham, MA), as previously
described.’

Tissue processing for the protein analysis

Muscle and heart samples were homogenized and treated
with proper inhibitors as previously reported.*> One part of
the heart homogenate was taken for the puromycin incorpo-
ration examination. For that purpose, the sample was centri-
fuged at 500 g for 5 min to remove cell debris. For the
analysis of individual proteins, the rest of the homogenate
was centrifuged at 10 000 g for 10 min. Total protein content
was determined by using the bicinchonic acid protein assay
(Pierce Biotechnology, Rockford, USA) with an automated
KonelLab analyser (Thermo Scientific, Vantaa, Finland).

Western immunoblot analyses

Western immunoblot analyses were performed as previously
reported.*> Ponceau S staining and GAPDH were used as
loading controls, and all the results are normalized to the
mean of Ponceau S and GAPDH. The quantification of GAPDH
normalized to Ponceau S was similar among the groups, indi-
cating that GAPDH protein content remained stable under
the experimental conditions. The antibodies used are listed
in the Online Resource 1: Supplementary Methods.

Immunohistochemistry

Cardiac and skeletal muscle (TA) tissue sections were cut with
cryomicrotome and fixed with ice-cold acetone. Masson
trichrome staining was performed to analyse the amount of fi-
brosis in the tissues. Immunohistochemistry was performed to
measure CMC cross-sectional area by using mouse-anti-
dystrophin antibody (1:500 dilution, NCL-Dys 2, Novocastra).
Rabbit-anti-Ki67 antibody (1:300, ab1667, Abcam) was used
to evaluate the effects of DOX and sACVR2B-Fc on the cell pro-
liferation. Sections were imaged with Zeiss Axioimager micro-
scope, and CMC size was calculated using Cell Profiler software.

Statistical analysis

Multiple group comparisons except microarray (see details
above) were conducted with general linear model analysis of
variance followed by Bonferroni post hoc test or by non-
parametric Kruskal-Wallis test followed by Holm-Bonferroni
corrected Mann—-Whitney U-test as post hoc when appropriate.
For two-group comparisons, a two-tailed unpaired Student’s t-
test or non-parametric Mann-Whitney U-test was used. Data
were checked for normality and for the equality of variances.
The level of significance in these analyses was set at
P < 0.05. Data are expressed as means = SEM if not otherwise
mentioned. Statistical analyses were performed with 1BM spss
STATISTICS version 24 for Windows (SPSS, Chicago, IL).

Results

ACVR2B blocking can prevent
chemotherapy-induced skeletal muscle but not
cardiac atrophy

At 4 weeks, chemotherapy-induced atrophy was almost iden-
tical between skeletal and cardiac muscles (Figure 1B). In
skeletal muscle, sSACVR2B-Fc treatment effectively prevented
the loss of muscle mass and was able to even increase muscle
mass (Figure 1B). However, sSACVR2B-Fc was unable to fully
block the cardiac atrophy, although the weight loss was
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slightly less consistent in DOX + sACVR2B (P = 0.165) when
compared with DOX alone (P = 0.030). Furthermore, CMC
cross-sectional area was not increased by sACVR2B (Online
Resource 2: Supplementary Figure S1A).

Larger transcriptomic changes in skeletal muscle
than in the heart in response to doxorubicin
chemotherapy

Whole-genome microarray analysis using FDR < 0.05 and
fold change > 1.2 criteria showed that 485 and 40 annotated
transcripts were up-regulated and 473 and 24 were down-
regulated by DOX in skeletal muscle and heart, respectively,
at 20 h after a single DOX injection. Out of these genes,
there were 21 and 6 genes that were up-regulated or
down-regulated, respectively, by DOX in both muscle and
the heart (Online Resource 3: Supplementary Figure S2A
and S2B). In addition to having much larger number of genes
altered, the genes with largest changes showed more robust
response in skeletal muscle as compared with the heart
(Figure 2A-2D).

Of the most up-regulated genes, a well-known cell-cycle in-
hibitor p21/Cdknl1a was highly up-regulated by DOX injection
in both muscle and the heart (Figure 2A and 2C), and this was
validated by gPCR (Figure 3A). Interestingly, this response
was significantly decreased by sSACVR2B-Fc treatment preced-
ing DOX administration in skeletal muscle (Figure 3A).
SACVR2B-Fc alone did not, however, decrease p21/Cdknla
below healthy controls (Figure 3A). Moreover, DNA-damage
response indicator Redd1/Ddit4 was up-regulated in both
skeletal and heart muscle as published earlier,** and blocking
ACVR2B ligands attenuated this response in skeletal muscle
as published earlier* without an effect in the heart (Online
Resource 2: Supplementary Figure S1B).

Tceal7 and Ccl21 mRNAs are regulated by sACVR2B-Fc

One hundred eighteen and 1 annotated transcripts were up-
regulated, and 84 and 2 transcripts were down-regulated in
DOX + sACVR2B-Fc-treated mice when compared with DOX
alone in muscle and the heart, respectively. In skeletal
muscle, the gene with the highest increase by sACVR2B-Fc
in microarray (Figure 2E) was Tceal7 [transcription elongation
factor Al, a protein involved in skeletal muscle development
and regeneration,*® and this finding was further confirmed
by gPCR (Figure 3B). The expression level of Tceal7 in the
heart was very low and could not be analysed reliably.
The only significantly up-regulated gene by sACVR2B-Fc in
the heart was Vsig4 (3.52-fold, FDR < 0.001), which
remained unchanged in skeletal muscle. Of the five anno-
tated probes down-regulated by sACVR2B-Fc in the heart,
four were probes for Ccl21 gene and the response of this
gene was also validated by gPCR in both tissues (Figure
3C). sACVR2B-Fc treatment alone also increased the

expression of Tceal7 and decreased the expression of
Ccl21 (Figure 3B and 3C), confirming that these effects
are due to the blocking of activin receptor type IIB ligands.
Potassium voltage-gated channel, Isk-related subfamily,
member 1 (Knel) was another gene decreased by
SACVR2B-Fc in the heart (0.55-fold, FDR = 0.01) without
an effect in skeletal muscle. Transcripts, which showed
the largest down-regulation by sACVR2B-Fc in muscle, are
shown in Figure 2F.

There were 22 and 17 genes that were up-regulated or
down-regulated, respectively, by DOX in skeletal muscle,
and whose expression was normalized by sACVR2B-Fc treat-
ment (Online Resource 3: Supplementary Figure S2C and
S2D). An interesting gene among these was transferrin recep-
tor, as iron metabolism has been shown to be affected and to
play a role in DOX-induced toxicity.3 In both muscle and the
heart transferrin receptor mRNA decreased by DOX and in
both tissues, but especially in skeletal muscle, this was res-
cued by sACVR2B-Fc (Figure 3D). The increase in transferrin
receptor by sACVR2B-Fc was translated into protein level as
well, especially in skeletal muscle (Figure 3E).

PGC-1 gene expression

As microarray platforms do not have probes for most of the
recently identified PGC-1a isoforms, we analysed them by
gPCR. In skeletal muscle, Pgc-1o. exon 1a (Ppargcla exon
la) and Pgc-la exon 1c isoforms as well as Pgc-1f
(Ppargclb) mRNA decreased by DOX (P < 0.05), and only
the N-truncated Pgc-la isoforms remained unchanged
(Figure 4A—4D). In contrast, in the heart, there was an over-
all increase by DOX in Pgc-lo isoforms (Figure 4A—4D). No
effect of sACVR2B-Fc was observed in either tissue type
(Figure 4A—4D).

Heart protein synthesis and ubiquitin ligases

We recently reported that skeletal muscle protein synthesis
was decreased by DOX and this could be restored by
SACVR2B-Fc.* In this study, we analysed protein synthesis
in the heart in response to DOX and sACVR2B-Fc. Unlike in
skeletal muscle, there was no consistent effect of either
DOX or sACVR2B-Fc on puromycin incorporation into
proteins, a marker of protein synthesis, in the heart (Figure
5A). The level of ubiquitinated proteins was also unchanged
in the heart (Figure 5B) similarly as previously published in
skeletal muscle.* E3 ubiquitin ligase Atroginl mRNA in-
creased by DOX in both tissues, but more robustly in the
skeletal muscle (Figure 5C). Interestingly, sACVR2B-Fc
prevented the increase in Atroginl mRNA in muscle
(Figure 5C). Murfl mRNA showed a small decrease by DOX
in the heart (Figure 5C), while as previously published in
skeletal muscle, Murfl mRNA was unaltered by DOX, but de-
creased due to sACVR2B-Fc.?
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Muscle doxorubicin content is unaltered by
SACVR2B-Fc

To analyse whether the strong effects of SACVR2B-Fc were
simply due to attenuated DOX levels in the combination
group, DOX concentration in gastrocnemius muscle after
the acute DOX treatment was analysed. We found that DOX
content at 20 h post-injection did not differ between the
DOX and DOX + sACVR2B administered mice (Figure 5D),

suggesting that SACVR2B-Fc effects are not due to altered tis-
sue concentration of DOX.

Pathway analysis shows similar responses in
skeletal muscle and the heart

To identify affected pathways, further analyses were con-
ducted by using an unbiased gene clustering analysis with

Figure 2 Top 10 genes with largest response to doxorubicin in skeletal muscle (A and B) and in the heart (C and D). Top 10 genes with largest change
by sACVR2B-Fc in skeletal muscle (E and F). C = CTRL, D = DOX, A = DOX + sACVR2B. *, ** or *** = significant (P < 0.05, P < 0.01, or P < 0.001,

respectively) adjusted difference (false discovery rate). n = 5 per group.
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Figure 3 Doxorubicin alters the gene expression of (A) Cdknla (p21), while SACVR2B-Fc increases (B) Tceal7 in skeletal muscle and attenuates (C) Ccl21
mRNA levels. (D) Doxorubicin decreases transferrin receptor (Tfrc) mRNA in both tissues while its mRNA and protein (E) levels are increased by
SACVR2B-Fc. Tceal7 was expressed in heart only very weakly, and thus, it was not analysed. The values are presented as fold changes compared with
the control group. For multiple group comparisons, general linear model analysis of variance with Bonferroni post hoc test (A and B) or Kruskal-Wallis
test with Holm-Bonferroni corrected Mann-Whitney U post hoc test (C—E) were used. For two-group comparisons, the Student’s t-test (A—C) or non-
parametric Mann—Whitney U-test (E) were used. *, **, or *** = significant (P < 0.05, P < 0.01, or P < 0.001, respectively) difference to respective
CTRL. # or ### = significant (P < 0.05 and P < 0.001, respectively) difference to respective DOX. n = 7-9 per group in the doxorubicin experiment

and n = 5-6 per group in the SACVR2B-Fc alone vs. PBS experiment.
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GSEA.*®* In GSEA analysis, 72 and 51 gene sets were up-
regulated and 17 and 0 down-regulated (FDR < 0.05) in skel-
etal muscles and hearts of DOX-injected mice, respectively
(Online Resource 4: Supplementary Figure S3A and S3B). It
was evident that p53/p63 pathways/gene sets were activated
in both skeletal muscle and the heart (Figure 6A and 6B).
Also, pathways related to RNA polymerase and transcription
were up-regulated in both tissues (Figure 6A and 6B). In skel-
etal muscle the most down-regulated pathways were related
to extracellular proteins, collagens, and their regulation (Fig-
ure 6A). Same pathways tended to be decreased also in the
heart after DOX-injection, but less significantly than in skele-
tal muscle (FDR > 0.05). No sign of fibrosis was observed
with Masson trichrome staining either in skeletal muscle or

in the heart at 4 weeks (Online Resource 2: Supplementary
Figure S1C).

Correspondingly, nine gene sets were up-regulated and six
down-regulated (FDR < 0.05) in DOX + sACVR2B when com-
pared with DOX alone in skeletal muscle without any affected
gene sets in the heart (Figure 6C). In muscle, the most acti-
vated gene sets were related to translation capacity and effi-
ciency, and the most down-regulated ones to extracellular
proteins, and especially proteoglycans and extracellular ma-
trix glycoproteins. Of the gene sets that were down-regulated
by DOX in skeletal muscle, p38-MAPK pathway was signifi-
cantly increased by DOX + sACVR2B when compared with
DOX alone (Figure 6C and Online Resource 4: Supplementary
Figure S3C and S3D).
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Figure 4 (A-D) Doxorubicin differentially alters the gene expression of Ppargcl (PGC-1) mRNA isoforms in muscle and the heart. Notice that in (C)
Ppargcla exon 1c, the * in S. muscle with lines depicts the doxorubicin effect of both doxorubicin groups pooled when compared with control without
treatments. General linear model analysis of variance with Bonferroni post hoc test was used. *, **, or *** = significant (P < 0.05, P < 0.01, or

P < 0.001, respectively) difference to respective CTRL. n = 6-9 per group.
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As sACVR2B prevented the DOX-induced increase in the
cell cycle inhibitor p21, we stained muscle and heart sections
with Ki67 antibody. DOX treatment had no significant effect
on the number of Ki67-positive nuclei, but surprisingly,
sACVR2B significantly increased Ki67-positivie nuclei in both
muscle and the heart (Online Resource 2: Supplementary Fig-
ure S1D).

Transcription factor analysis

Next, to gain insight into the key mediators of the effects of
DOX and sACVR2B-Fc, a TF analysis was conducted. For this
analysis, the gene lists of FDR < 0.05 up-regulated or
down-regulated genes with at least 1.5-fold change were
loaded to iRegulon software. As a common TF up-regulated
by DOX in both the muscle and the heart, p53 was again iden-
tified (Online Resource 5: Supplementary Table S1). mRNA ex-
pression changes of genes containing p53 targeted motifs in
microarray (>1.5-fold increase DOX vs. Control) are shown
in Figure 7A and 7B. p21/Cdknla and Redd1/Ddit4 rankings
were high in both tissues suggesting that p53-REDD1-p21
pathway is the main common pathway activated by DOX in
skeletal and cardiac muscles. p53 itself is mainly post-
transcriptionally regulated, and indeed, its protein content
was increased in both tissues after DOX (Figure 7C). However,

sACVR2B-Fc completely blocked this response in both tissues
(Figure 7C). This is in line with the expression changes down-
stream of p53, as p21/Cdknla mRNA up-regulated in re-
sponse to DOX was attenuated by sACVR2B-Fc, especially in
skeletal muscle (Figure 3A).

Other notable TFs affected by DOX were MyoD in skeletal
muscle and Stat3 in the heart. MyoD binding site was
enriched in iRegulon by DOX (Online Resource 5: Supplemen-
tary Table S1). This result was associated with increased
Myod1 mRNA by DOX in both microarray and in gPCR (Online
Resource 6: Supplementary Figure S4A). On the other hand,
Stat3 binding site was strongly enriched in the heart, but
not in skeletal muscle (Online Resource 5: Supplementary Ta-
ble S1) without changes in the phosphorylation of Stat3 (On-
line Resource 6: Supplementary Figure S4B).

Gene expression of ACVR2B and its ligands in
muscle and in heart and in response to doxorubicin
and sACVR2B-fc

The difference in the response to ACVR2B ligand blocking be-
tween skeletal muscle and the heart could be explained by
different expression level of activin receptor IIB or its ligands
or their responses to DOX. First, we compared the mRNA
levels in muscle and heart tissues of young healthy mice
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Figure 5 (A) Doxorubicin administration and SACVR2B-Fc treatment did not alter heart protein synthesis. Protein synthesis relative to doxorubicin was
analysed with puromycin incorporation method. Representative blot (left) with Ponceau S staining (right). (— = negative control for puromycin). Doxo-
rubicin administration had no effect on the amount of ubiquitinated proteins in the heart (B) despite minor changes in the mRNA expression of E3
ubiquitin ligases MuRF1 and Atroginl (C). (D) sACVR2B-Fc treatment did not alter doxorubicin levels in gastrocnemius muscle at the 20 h timepoint
after doxorubicin-administration, when the RNA and protein samples were also taken. Kruskal-Wallis test with Holm-Bonferroni corrected Mann-Whit-
ney U post hoc test (A and B), and general linear model analysis of variance with Bonferroni post hoc test (C and D) were used. Doxorubicin effect in
Atroginl expression in the heart was evaluated with Student’s t-test. n = 7-9 per group in the doxorubicin experiment. Regarding doxorubicin exper-

iment, muscle results of Murfl can be found as Supporting Information in earlier publication.*
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(n = 12). Myostatin (Gdf8) mRNA expression was ~18-fold
higher in skeletal muscle than in the heart (P < 0.001; Figure
8A). The expression levels of Activin A (Inhibin pA), Gdf11,
and activin receptor Ilb (Acvr2b) mRNAs were relatively low
in both tissues, especially in skeletal muscle that had lower
mMRNA of these genes than the heart (P < 0.005; Figure 8A).
Next, we analysed the responses of these ligands to the
treatments. SACVR2B-Fc increased Gdf8 mRNA but de-
creased Acvr2b mRNA exclusively in skeletal muscle without
effects on Activin A or Gdfll mRNA (Figure 8B—8E). DOX
slightly decreased Activin A and Gdf11 mRNA in skeletal
muscle without an effect on Gdf8 or Acvr2b mRNA expres-
sion (Figure 8B—8E).

Discussion

The present study reports common and unique changes in
skeletal muscle and the heart after DOX chemotherapy alone
and in combination with activin receptor ligand blocking.
DOX treatment induced similar tissue wasting in both heart
and skeletal muscles; however, changes in the whole-genome

transcriptome were much greater in skeletal muscle. We
identified p53-p21-REDD1 as the main common pathway ac-
tivated by DOX in both skeletal and cardiac muscles, and this
was attenuated by blocking the activin receptor IIB ligands.
Although a few novel targets were found in the heart, the
blocking of sACVR2B ligands had markedly stronger effects
in skeletal muscle than in the heart.

To the best of our knowledge, this was the first omics-
based study comparing the effects of chemotherapy and
activin receptor ligand blocking in the heart and skeletal mus-
cle. Previously, the effects of DOX on heart transcriptome
have been investigated®*® and the effects of cancer cachexia
without chemotherapy have been compared in cardiac and
skeletal muscles.** Moreover, we and others have investi-
gated skeletal muscle transcriptome after blocking or delet-
ing activin receptor ligands with different strategies.**%3”
However, we are unaware of any omics-based DOX studies
in skeletal muscle. Here we found that after a cumulative
dose of 24 mg/kg of DOX, skeletal muscle and heart wasting
at 4 weeks after starting the treatment were almost identical,
supporting previous findings in rats.** Regarding quality and
functional aspects, previous studies comparing the degree
of toxicity in skeletal muscle and in the heart have provided
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Figure 6 Gene set enrichment analysis was conducted from the microarray results. Positive and negative enrichment scores denote a large number of

genes up-regulated or down-regulated, respectively, in the given gene set.
bicin effects in muscle (A) and the heart (B). Normalized enrichment score (

Gene sets with false discovery rate < 0.001 are presented for the doxoru-
NES)-values of up-regulated gene sets in doxorubicin-treated mice (DOX vs.

CTRL) are expressed as red bars and NES-values of down-regulated gene sets as blue bars. There was no significant enrichment of gene sets down-

regulated by doxorubicin in the heart (B). For the sACVR2B-Fc effects, ge

ne sets with false discovery rate < 0.05 are presented (C). NES-values of

up-regulated gene sets in treated mice (DOX + sACVR2B vs. DOX) are expressed as red bars and NES-values of down-regulated gene sets as blue bars.
There was no significant enrichment of gene sets altered by SACVR2B-Fc at false discovery rate < 0.05 in the heart.
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contrasting results.>>**? Perhaps surprisingly, in our study,

skeletal muscles showed much more robust changes in tran-
script expression after DOX administration when compared
with the heart. Interestingly, in line with our findings, a recent

study reported that muscle transcriptome was much more re-

sponsive to C26 cancer cachexia than that of the heart.*
Why the DOX-induced changes, especially in transcripto-

mics, were much larger in skeletal muscle even though the
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Figure 7 mRNA expression changes of genes containing p53 targeted motifs (DOX vs. CTRL fold change > 1.5 and false discovery rate < 0.05) (A) in
skeletal muscle and (B) in the heart. C = control, D = DOX, and D + A = DOX + sACVR2B. Sig. designates p-adjusted false discovery rate of the difference
between the doxorubicin and controls (* = false discovery rate < 0.05, ** = false discovery rate < 0.01, *** = false discovery rate < 0.001). Rank = the
rank number (all genes in the genome) of likelihood of being a p53 target. Motifs = the number of p53 associated motifs found in regulatory sequence.
The table presents results of mean of probes with multiple transcripts. n = 5 per group. (C) The effects of DOX and combined DOX + sACVR2B on p53
protein level. Kruskal-Wallis test with Holm-Bonferroni corrected Mann—-Whitney U post hoc test was used. n = 8-9 in heart and 4-6 in skeletal muscle.
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loss of tissue mass was equal? Skeletal muscle tissue has a
tremendous regeneration capacity after muscle damage com-
pared with the heart.”®** One of the most important factors
in skeletal muscle regeneration/restoration is a skeletal
muscle-specific protein MyoD that activates skeletal muscle-
specific transcription,*? and is required for muscle regenera-
tion after injury.*®> MyoD target genes and Myod mRNA itself
were induced in skeletal muscle in DOX-injected mice, possi-
bly reflecting regeneration process in skeletal muscle by

activated satellite cells.** This response is probably second-
ary to the myocyte damage,>*° as at least in vitro in myo-
blasts, DOX per se can inhibit MyoD expression.** Tceal7
was the most induced gene by sACVR2B-Fc in skeletal mus-
cle. TCEAL7 is a protein expressed mainly in skeletal muscle,
and it is up-regulated after muscle injury serving as an en-
hancer of muscle cell differentiation.*® This may be one of
the mechanisms how new myofibre nuclei can be acquired
with SACVR2B.?
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Figure 8 (A) Activin receptor type II1B and its major ligands are differentially expressed in the heart and skeletal muscle. The effects of doxorubicin and
SACVR2B-Fc administration on mRNA expression of (B) Gdf8 (myostatin), (C) Acvr2b, (D) Activin A, and (E) Gdf11 in skeletal muscle and the heart.
n =12 per group in muscle and heart comparison (A), n = 6-9 per group in the doxorubicin experiment (B—E). For multiple group comparisons, general
linear model analysis of variance with Bonferroni post hoc test was used (B—E). For two-group comparisons, the non-parametric Mann-Whitney U-test

(A) or Student’s t-test (doxorubicin effect in D) were used.
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REDD1% and p21“® are downstream targets of p53. The
present results suggest that p53-p21-REDD1 is the main path-
way activated by DOX in both skeletal and cardiac muscles.
DOX has been shown to increase nuclear accumulation and
DNA binding of p53,%” which at least in part mediates cardiac
wasting.*® Interestingly, SACVR2B-Fc completely prevented
DOX-induced increase in p53 protein in both tissues and at-
tenuated the increase in p21 mRNA in skeletal muscle. Our
results show that SACVR2B-Fc does not induce its effect via
modulating DOX-levels in muscles. Instead, decreased level
of ACVR2B ligands such as myostatin can directly affect cell
cycle regulation.”® We found that sACVR2B-Fc increased
Ki67-positive cells in both tissues. In skeletal muscle, this
may indicate increased proliferation of at least satellite
cells,** although most of the Ki67 staining was observed in
myofibre and CMC nuclei. In addition to changes in prolifer-
ating cells, the increased Ki67 staining by sACVR2B-Fc may
also reflect ribosomal RNA transcription.® In our pathway
analyses, gene sets related to translation capacity or effi-
ciency were enriched in skeletal muscle by sACVR2B-Fc.
Knowing the importance of mTOR and ribosomes and their
biogenesis in muscle protein synthesis and in muscle hyper-
trophy,®® this may be causally linked with the increased
muscle protein synthesis and mTORC1 signalling that we
showed earlier.*

Downstream of p53, cell cycle arrest and increased
reactive oxygen species are thought to be mediated, at least
in part, by cyclin-dependent kinase inhibitor p21*® and
REDD1/DDIT4.%**? These responses can be important in

preventing proliferation of cells with harmful alterations in
their DNA. This may, however, also be detrimental as some
of the proliferating cells would aid recovery of skeletal mus-
cle and the heart.>® In the heart, absence of p53 may prevent
at least part of the DOX-induced injury.>® In skeletal muscle,
overexpression of p53 is sufficient to induce muscle atrophy
and muscle is partially resistant to certain types of atrophy
stimuli in the absence of p53.°® Interestingly, Fox et al.
showed that p53 specifically targeted to muscle fibres medi-
ates atrophy through p21, and that p21 alone is sufficient
to decrease muscle fibre size.>® Thus, the evidence suggests
that increased p53 and its downstream signalling in skeletal
muscle mainly acts by provoking muscle loss and injury rather
than being protective. Our present results indicate that
sACVR2B-Fc acts in part via inhibiting increased p53 signalling
and thus may have a protecting role in the muscles and the
heart.

Another common effect of SACVR2B-Fc was decreased ex-
pression of Cc/l21 mRNA. CCL21 is a chemokine that is in-
creased in the heart and in serum of clinical and pre-
clinical heart-failure, and its high levels are associated with
increased all-cause mortality in patients with heart patholo-
gies.”®” Thus, our results indicate that activin receptor
ligand blocking attenuates pathological cytokine responses
in both tissues. However, based on the present data, we can-
not conclude the effect of this directly on heart or skeletal
muscle function.

Blocking of activin receptor ligands had only minor effects
in the heart. However, it may still have certain protective
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effects in CMCs, as indicated by the effects on p53 and Cc/21.
The ~18-fold higher myostatin expression in skeletal muscle
(see Figure 8A) may be one important reason why
sACVR2B-Fc has more pronounced effects in skeletal muscle
than in the heart. The difference is not, however, explained
by different protein'® or gene expression levels of activin re-
ceptor 1IB or its other ligands activin A and GDF11, as their
mRNA levels were low in these tissues and if anything, higher
in the heart. Also, their gene expression was not affected by
DOX. Myostatin is activated after cleavage of its prodomain
by BMP1/tolloid proteinases.?® Our microarray data suggest
that the expression level of these (TLL1, TLL2, and
TLD/BMP1 found on our array chip) did not differ between
skeletal muscle and the heart (http://www.ncbi.nlm.nih.
gov/geo/; accession no. GSE77745 and GSE97642).

One of the main reasons for DOX-induced cardiotoxicity is
thought to be mitochondrial iron accumulation.3® DOX-
induced iron uptake has been shown to be mediated, in
part, by transferrin receptor-dependent mechanism.>®
Muscle-specific lack of transferrin receptor leads to de-
creased muscle growth and other metabolic changes, and
surprisingly, many other tissues are affected as well.>® Our
present study showed that transferrin receptor mRNA was
decreased by DOX in both tissues. Surprisingly, especially
in skeletal muscle and to a small extent also in the heart,
sACVR2B-Fc was able to increase the transferrin receptor
mRNA and protein levels. This opens up interesting ideas
for further studies to elucidate the role of transferrin recep-
tor in muscle wasting and the role of activin receptor ligands
in this regulation.

Interestingly, some of the responses were to the opposite
directions between the tissues. Most of the PGC-1 mRNA iso-
forms were decreased by DOX in skeletal muscle, while in the
heart, they tended to increase. PGC-1a regulates for instance
mitochondrial biogenesis, angiogenesis, and to some extent
also muscle hypertrophy.®° The observed differences support
the recent evidence suggesting that PGC-1a may have differ-
ent functions in skeletal muscle and the heart.®* Downstream
genes of Stat3 TF were up-regulated specifically in the heart.
This may reflect heart’s response to attenuate cardiotoxicity
as Stat3 overexpression in the heart has been shown to de-
crease DOX-induced cardiomyopathy.®?

The importance of ACVR2B ligands in skeletal muscle is
rather well studied. In addition, severe cardiac defects are
observed in ACVR2B knockout mice®* showing that ACVR2B
signalling is important also for the heart development. In
many pathological conditions or when cardiac load is in-
creased, myostatin expression is induced in the heart,2%%’
which may be sufficient to decrease both cardiac and skeletal
muscle size.?> Myostatin inhibition has had variable effects
on heart size depending on the model used.'®%>® Based
on recent evidence, GDF11 that has high homology with
myostatin, and is also a ligand for ACVR2B, may be more po-
tent in inducing cardiac atrophy than myostatin.'® Of other

ACVR2B ligands, also elevated serum activin A levels have
been reported in heart failure,® and heart size is decreased
in situations with large increases in systemic activin A
levels.2>*® Moreover, activin A and cancer-induced decrease
in heart size can be prevented with strategies that block
ACVR2B ligands.?? In the present study, SACVR2B-Fc treat-
ment increased skeletal muscle mass without a significant ef-
fect on heart mass. The small effect of SACVR2B-Fc in the
heart supports earlier findings, in which blocking of activin re-
ceptor ligands in mice without cardiac atrophy had very small
or no effect on heart size.?>®>®® The present study showed
that there was also no effect of DOX or sACVR2B-Fc on car-
diac protein synthesis or CMC size unlike in skeletal muscle.?
In skeletal muscle, also large de novo increase in size by
blocking or deleting activin receptor ligands is possible with-
out endogenous changes in myostatin, GDF11, or activin A ex-
pression as shown in the present study. Identifying the
receptor and ligand preference in the heart vs. muscle will
be of importance, as several pre-clinical and clinical experi-
ments with blockers of these ligands and their receptors are
currently ongoing.

In conclusion, the present results demonstrate that cardiac
and skeletal muscles displayed similar atrophy due to the
DOX treatment. However, the transcriptional changes were
much greater in skeletal muscle, which may be attributed
to the different regeneration capacity of these two tissues.
On the other hand, p53-p21-REDD1 signalling was strongly in-
duced in both tissues, and this could be attenuated by activin
receptor ligand blocking, especially in skeletal muscle.
Smaller effect of blocking these ligands in the heart may be
explained in part by higher gene expression of myostatin in
skeletal muscle. Taken together, the present study empha-
sizes that therapeutic strategies should not assume that skel-
etal and cardiac muscles show similar responses to different
atrophy conditions.
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Figure S1. (A) Cardiomyocyte size at 2 weeks, (B) Redd1
(Ddit4) mRNA acutely, (C) fibrosis at 4 weeks, and (d) ki67
at 2 weeks (both tissues, left panel) and acutely (right panel)
in the heart after single doxorubicin and sACVR2B-Fc injec-
tion. In Figure 1C, representative images of stained trans-
verse heart section and tibialis anterior muscle of different
groups show no marked fibrosis at this timepoint (scalebar
50 um). In Figure 1D, lower panel shows representative
Ki67 staining in muscle and in the heart (scalebar 100 um).
The n = 4-8 per group in cardiomyocyte and ki67, n = 9-10
in fibrosis, and in REDD1 n = 6-9 per group). Bonferroni post
hoc tests. *, **, or *** = significant (P < 0.05, P < 0.01, or
P < 0.001, respectively) difference to respective CTRL. # or
### = significant (P < 0.05, P < 0.001, respectively) differ-
ence to respective doxorubicin. Notice that muscle results
of Redd1 can be found from a previous publication [4].

Figure S2. Venn graphs for individual gene transcripts
changed by doxorubicin (A) in skeletal muscle (tibialis ante-
rior) and (B) in the heart and (C—F) the effects of SACVR2B-
Fc in tibialis anterior at adjusted false discovery rate < 0.05,

fold change > 1.2.

Figure S3. Venn graphs for comparison of gene set enrichment
analysis identified gene sets and pathways in skeletal muscle
and the heart (false discovery rate < 0.05) (A-C and E). p38
MAPK pathway was down-regulated by doxorubicin and re-
stored by sACVR2B-Fc treatment in skeletal muscle as (D).
Table S1. These tables present top 10 identified transcription
factors that may be involved in regulation of co-expressed
genes in question. The program searched the regulatory motifs
from each gene 500 bp upstream from transcription start site.
Motif collection involved 9713 position weight matrices.
D = doxorubicin, C = CTRL, A = doxorubicin + sACVR2B-Fc.
NES = enrichment score threshold.

Figure S4. (A) Myod mRNA levels in skeletal muscle (n = 8 per
group) and (B) p-STAT3(Tyr750)/total STAT3 protein levels in
skeletal muscle and the heart (n = 7-9 per group).
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Abstract

Background Cancer cachexia increases morbidity and mortality, and blocking of activin receptor ligands has improved
survival in experimental cancer. However, the underlying mechanisms have not yet been fully uncovered.

Methods The effects of blocking activin receptor type 2 (ACVR2) ligands on both muscle and non-muscle tissues were
investigated in a preclinical model of cancer cachexia using a recombinant soluble ACVR2B (sACVR2B-Fc). Treatment with
SACVR2B-Fc was applied either only before the tumour formation or with continued treatment both before and after tumour
formation. The potential roles of muscle and non-muscle tissues in cancer cachexia were investigated in order to understand
the possible mechanisms of improved survival mediated by ACVR2 ligand blocking.

Results Blocking of ACVR2 ligands improved survival in tumour-bearing mice only when the mice were treated both before
and after the tumour formation. This occurred without effects on tumour growth, production of pro-inflammatory cytokines
or the level of physical activity. ACVR2 ligand blocking was associated with increased muscle (limb and diaphragm) mass and
attenuation of both hepatic protein synthesis and splenomegaly. Especially, the effects on the liver and the spleen were
observed independent of the treatment protocol. The prevention of splenomegaly by sACVR2B-Fc was not explained by
decreased markers of myeloid-derived suppressor cells. Decreased tibialis anterior, diaphragm, and heart protein synthesis
were observed in cachectic mice. This was associated with decreased mechanistic target of rapamycin (mTOR) colocalization
with late-endosomes/lysosomes, which correlated with cachexia and reduced muscle protein synthesis.

Conclusions The prolonged survival with continued ACVR2 ligand blocking could potentially be attributed in part to the
maintenance of limb and respiratory muscle mass, but many observed non-muscle effects suggest that the effect may be more
complex than previously thought. Our novel finding showing decreased mTOR localization in skeletal muscle with
lysosomes/late-endosomes in cancer opens up new research questions and possible treatment options for cachexia.
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Introduction decreased tolerance to cancer therapies and increased mor-

tality.”* Skeletal muscle has been an underappreciated tissue
Cancer cachexia is a debilitating condition without an effec- in health and disease,’ but a growing body of evidence sug-
tive treatment. It is usually associated with marked loss of gests a beneficial role for treating muscle tissue in cachectic
muscle and fat mass, reduced physical activity and function, conditions associated with different diseases, such as cancer.*
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Muscle wasting in cancer cachexia is a consequence of de-
creased muscle protein synthesis,>® impaired regeneration’
and/or increased protein degradation,® but their relative im-
portance and mechanisms are not well known. One possible
mechanism for muscle wasting in cachexia is increased signal-
ling through activin receptor ligands, such as myostatin and
activins.®™** Myostatin and activins negatively regulate muscle
mass through binding to their receptors activin receptor type 2
(ACVR2) A and B.*2*3 Blocking these ligands or their receptors
can increase muscle mass and prevent muscle wasting in vari-
ous animal models,*?7*® but also in humans.'”"*®

Prevention of cancer associated cachexia by blocking
ACVR2 ligands with either soluble receptor (sACVR2B)%*® or
neutralizing antibody against the receptors'* has previously
been shown to improve survival without an effect on primary
tumour growth in preclinical animal models. In addition,
many other strategies to prevent muscle loss in different
experimental models suggest causality between reduced
muscle loss and survival in cachexia. For example, inhibition
of NF-kB signalling reduced denervation- and Lewis lung
carcinoma (LLC) tumour-induced muscle loss which was
associated with improved survival rate.’® Blocking GDF15,
and consequently cachexia, significantly improved survival
in fibrosarcoma (HT-1080) and in LNCaP tumour-bearing
mice.?® Furthermore, preventing the loss of muscle mass in
C26 tumour-bearing mice by histone deacetylace inhibitor®*
and by inhibiting TWEAK/Fn14 signalling in the tumour®?
have prolonged survival.

If indeed treating cachexia and especially muscle loss by
strategies such as blocking ACVR2 ligands can improve sur-
vival in cancer, this may occur at least in part through
preventing the loss of respiratory muscle mass and func-
tion.?®> However, also other factors, such as haematological
changes, acute phase response (APR), inflammatory cyto-
kines, and myeloid-derived suppressor cells (MDSCs), have
recently been identified as potential contributors to either
the development of cancer cachexia or to the poor prognosis
associated with it.>*2® The contribution of these factors to
the improved survival, when treating cachexia by blocking
of ACVR2 ligands, is unknown.

In the present study, we aimed to study the effects of
blocking ACVR2 ligands in a preclinical model of cancer
cachexia on both muscle and non-muscle tissues. Two differ-
ent treatment protocols were applied to compare the effects
of blocking ACVR2 ligands only before the tumour formation,
and thus increasing muscle size only prior to the onset of
cachexia, or continued treatment both before and after the
onset of cachexia. This comparison was performed to investi-
gate whether increased muscle mass alone before the onset
of cachexia is enough for the improved survival or if the con-
tinued treatment is crucial. We aimed to gain more insight
into the potential mechanisms of muscle wasting and the role
of non-muscle tissues in cancer cachexia, in order to under-
stand the sACVR2B-mediated improved survival.

Materials and methods
Animals

BALB/c (BALB/cAnNCrl) male mice aged 5-6 weeks (Charles
River Laboratories, Germany) were used in all experiments.
Mice were housed under standard conditions (temperature
22°C, 12:12 h light/dark cycle) with free access to food pellets
(R36; 4% fat, 55.7% carbohydrate, 18.5% protein, 3 kcal/g,
Labfor, Stockholm Sweden) and water.

The treatment of the animals was in strict accordance with
the European Convention for the protection of vertebrate
animals used for experimental and other scientific purposes.
The protocols were approved by the National Animal
Experiment Board, and all the experiments were carried out
in accordance with the guidelines of that committee (permit
number: ESAVI/10137/04.10.07/2014) and with the ethical
standards laid down in the 1964 Declaration of Helsinki and
its later amendments.

Tumour cell culture

Colon 26 carcinoma (C26) cells (provided by Dr Fabio Penna,
obtained from Prof. Mario P. Colombo and originally charac-
terized by Corbett et al.*®) were maintained in complete
Dulbecco’s Modified Eagle’s Medium (high glucose,
GlutaMAX™ Supplement, pyruvate, Gibco™, Life Technologies)
supplemented with penicillin (100 U/mL), streptomycin
(100 pg/mL), and 10% FBS. Our pilot experiments showed
that injecting mice with C26 cells (5 x 10°), resulted in
marked cachexia and considerably higher tumour gene ex-
pression of Activin A, Interleukin-6 (II-6) and Myostatin in
comparison to our previously conducted experiment using
the LLC tumour model (Online Resource 1: Figure S1) with
the same number of cells injected (5 x 10°), but larger tu-
mour®® (data not shown).

Experimental design

The mice were randomized into one of four groups (matched
by body weight): (i) healthy control mice (CTRL), (ii) C26
tumour-bearing mice receiving vehicle treatment throughout
the experiment (C26 + PBS), (iii) C26 tumour-bearing mice
receiving sACVR2B-Fc treatment before tumour formation
(until Day 1 after C26 cell inoculation) followed by vehicle
treatment until the end of the experiment (C26 + sACVR/
b), and (iv) C26 tumour-bearing mice receiving continued
sACVR2B-Fc treatment throughout the experiment
(C26 + sACVR/c). The experimental design and the treatment
protocols are shown in Figure 1. Body mass and food intake
of the mice were monitored daily in all the experiments.
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Figure 1 Schematic representation of the experimental design and the treatments. C26 cells were injected on Day 0, and sACVR2B-Fc or PBS vehicle

were administered on Days -11, -7, -3, 1, 5, and 9 in all experiments.
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Survival experiment

The mice were followed until the predetermined humane
end-point criteria were fulfilled, or until 3 weeks after C26
cell inoculation at the latest, to investigate survival. The
end-point criteria combined the body mass loss and the over-
all condition of the mice. In the evaluation of the overall
health status of the mice, the following aspects were taken
into account in addition to the body mass loss: appearance
and posture (lack of grooming, piloerection, and hunched
posture), natural and provoked behaviour (inactivity, im-
paired locomotion, and reduced reactivity to external stim-
uli), and food intake/ability to eat and drink. Mice were
euthanized when two researchers confirmed the fulfilment
of the end-point criteria. During the experiment, seven mice
needed to be euthanized due to reasons unrelated to study
purposes (e.g. tumour ulceration or self-mutilation), and
three mice were excluded from analysis due to delayed
tumour growth. This did not have any major effect on
the results.

Short-term experiments

To study the potential mechanisms, another experiment was
conducted with a predetermined end-point at Day 11 after
C26 cell inoculation (Figure 1). This experiment was repeated
with three groups: CTRL, C26 + PBS and C26 + sACVR/c
groups in order to replicate the findings of the first short-
term experiment and to collect more samples and data for
further analysis.

Experimental treatments

An intraperitoneal injection of SACVR2B-Fc (5 mg/kg) or PBS
(100 pl) was administered twice a week, three times before
and three times after C26 cell inoculation (on Days -11, -7, -
3,1, 5, and 9) in all experiments (Figure 1). On Day 0, mice
were anaesthetized by intraperitoneal administration of keta-
mine and xylazine (Ketaminol® and Rompun®, respectively)
and inoculated with 5 x 10° C26 cells in 100 pl of PBS (tu-
mour-bearing mice) or with an equal volume of vehicle
(PBS) only (CTRL) into the intrascapular subcutis.

The production of soluble ACVR2B

The ectodomain of ACVR2B was fused with an IgG1 Fc do-
main and the fusion protein was expressed in house in Chi-
nese hamster ovary cells grown in a suspension culture as
explained earlier in detail.®® The protein is similar but not
identical to that originally generated by Lee and colleagues.*?

Home cage physical activity

Home cage physical activity was recorded by our validated
force plate system as previously described®*? at baseline
and on Day 10 after C26 cell inoculation (22 h recording).
The mice were housed in pairs and the activity index of each
cage reflects the total locomotive activity in all directions (y,
x, and z axes) of the two mice housing the same cage (from
the same experimental group).
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Tissue collection

At the end of each experiment, the mice were anaesthetized
by an intraperitoneal injection of ketamine and xylazine
(Ketaminol® and Rompun®, respectively) and euthanized by
cardiac puncture followed by cervical dislocation. A sample
of the collected blood was taken to EDTA tubes for the anal-
ysis of basic haematology. The rest of the blood was collected
in serum collection tubes, and centrifuged at 2000 g for
10 min (Biofuge 13, Heraeus). The diaphragm, the heart,
tibialis anterior (TA), and gastrocnemius muscles, as well as
the liver, the spleen, epididymal fat pads, and the tumour
were rapidly excised, weighed, and snap-frozen in liquid ni-
trogen. The right TA and a sample of the spleen were embed-
ded in Tissue-Tek® O.C.T. compound and snap-frozen in
isopentane cooled with liquid nitrogen. All tissue masses
were normalized to the length of the tibia (TL, mm), which
was unaltered by the tumour or the continued sACVR2B-Fc
treatment, but slightly increased in the C26 + sACVR/b group
as compared to C26 + PBS (Online Resource 3: Figure S2).

Muscle protein synthesis: in vivo surface sensing of
translation

Muscle protein synthesis was analysed using surface sensing
of translation method**3* as earlier in our laboratory.*>3%3
Briefly, on Day 11 after C26 cell inoculation, mice were anaes-
thetized and subsequently injected i.p. with 0.040 pmol/g
puromycin (Calbiochem, Darmstadt, Germany) dissolved in
200 pl of PBS. At exactly 25 min after puromycin administra-
tion, mice were euthanized by cardiac puncture followed by
cervical dislocation. The left TA muscle and the heart, the
diaphragm, as well as a sample of the median lobe of the liver
were isolated, weighed and snap-frozen in liquid nitrogen at
exactly 30, 35, and 40 min, respectively, after puromycin
administration.

Basic haematology

Basic haematology was analysed from whole blood (EDTA)
samples diluted 1:25 in saline solution with an automated
haematology analyser (Sysmex XP 300 analyzator Sysmex
Inc, Kobe, Japan). For the analysis of the platelet count,
whole blood was diluted 1:250 due to high platelet counts
in the samples.

Multiplex cytokine assay

A multiplex cytokine assay (Q-Plex Array 16-plex ELISA,
Quansys Biosciences, Logan, Utah, USA) was performed in

accordance with manufacturer’s instructions from 25 ul of
serum at 11 days post cancer cell inoculation.

RNA extraction, cDNA synthesis, and quantitative
real-time PCR

Total RNA was extracted from tumour, gastrocnemius, and
spleen samples using QIAzol and purified with RNeasy Univer-
sal Plus kit (Qiagen) according to manufacturer’s instructions
resulting in high quality RNA. RNA was reverse transcribed to
complementary DNA (cDNA) with iScriptTM Advanced cDNA
Synthesis Kit (Bio-Rad Laboratories) following kit instructions.
Real-time gPCR was performed according to standard proce-
dures using iQ SYBR Supermix (Bio-Rad Laboratories) and
CFX96 Real-Time PCR Detection System combined with CFX
Manager software (Bio-Rad Laboratories). Data analysis was
carried out by using efficiency corrected AACt method. Based
on the lowest variation between and within the groups of the
potential housekeeping genes (Rn18S, Gapdh, 36b4, or Thp),
Tbp was selected for the spleen whereas 36b4 was chosen
for the tumour and the muscle. Primers used are listed in On-
line Resource 2: Supplementary methods (Table S1).

Protein extraction and content

Tibialis anterior (TA), diaphragm, heart, and liver samples
were homogenized in ice-cold buffer with proper protease
and phosphatase inhibitors and further treated as earlier®®
with slight modifications. The samples were centrifuged at
500 g for 5 min at +4°C for the analysis of the protein synthe-
sis, and at 10 000 g for 10 min at +4°C for other analyses. To-
tal protein content was determined using the bicinchoninic
acid protein assay (Pierce, Thermo Scientific) with an auto-
mated Konelab device (Thermo Scientific).

Citrate synthase activity assay

Citrate synthase activity was measured from TA, diaphragm,
and heart homogenates using a kit (Sigma-Aldrich) with an
automated Konelab device (Thermo Scientific).

Western blotting

Western blot analysis was performed as previously de-
scribed.>3%3¢ Briefly, tissue homogenates containing 30 ug
of protein were solubilized in Laemmli sample buffer and
heated at 95°C (except at 50°C for the analysis of OXPHOS
proteins) to denature proteins, separated by SDS-PAGE and
then transferred to PVDF membrane followed by overnight
probing with primary antibodies at +4°C. Proteins were visu-
alized by enhanced chemiluminescence using a ChemiDoc
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XRS device and quantified with Quantity One software ver-
sion 4.6.3 (Bio-Rad Laboratories, Hercules, California, USA).
In the case of the analysis of puromycin-incorporated pro-
teins and ubiquitinated proteins, the intensity of the whole
lane was quantified. Ponceau S staining and GAPDH were
used as loading controls and all the protein level results
were normalized to the mean of Ponceau S and GAPDH.
Antibodies used are listed in Online Resource 2: Supplemen-
tary methods.

Histology and immunohistochemistry

For histological analysis, 10 um thick frozen sections were cut
from O.C.T.-embedded (Tissue-Tek) TA and spleen samples.
Antibodies used in the immunofluorescence analyses are
listed in Online Resource 2: Supplementary methods.

For mechanistic target of rapamycin (mTOR)-LAMP2
colocalization analysis, TA sections were air-dried and fixed
in —20°C acetone for 10 min. After PBS washes, sections
were blocked with 5% goat serum and 0.3% CHAPS in PBS
for 1 h, washed with PBS, and incubated overnight at +4°C
with primary antibodies against mTOR, dystrophin, and
LAMP?2 diluted in PBS containing 0.5% BSA and 0.3% CHAPS.
After PBS washes, sections were incubated with secondary
antibodies (Goat anti-rabbit Alexa Fluor 555, Goat anti-mouse
Alexa Fluor 405 and Goat anti-rat Alexa Fluor 488) for 1 h at
room temperature, washed and mounted.

Spleen sections were stained using haematoxylin and eosin
for basic histology. For immunofluorescence staining, frozen
sections were air-dried for 15 min and fixed with 4% PFA
for 10 min, followed by washes with PBS. The sections were
blocked with 5% goat serum in PBS for 1 h, washed with
PBS, and incubated with primary antibodies against LY-6G
and LY-6C (GR-1) or CD11b diluted in 0.5% BSA in PBS at
+4°C overnight. After washing, the sections were incubated
with Alexa fluorochrome conjugated secondary antibody
(Goat anti-rat Alexa Fluor 488) diluted in 5% goat serum in
PBS for 1 h.

The samples were mounted with Mowiol-DABCO. Fluores-
cently labelled samples were imaged using Zeiss LSM 700
confocal microscope and analysed from 10 images (mTOR-
LAMP2) or from 6-11 images (CD11b and GR-1) in each sam-
ple using Imagel. The colocalization of mTOR with LAMP2
was analysed according to Costes et al>’ using the
Colocalization Threshold plugin. All the steps were performed
blinded to the sample identification.

Statistical analyses
Differences in survival were analysed with the Kaplan—Meier

method [log-rank (Mantel-Cox) test]. Cox regression analysis
was used to determine factors predicting survival. The C26

cancer effect (CTRL vs. C26 + PBS or CTRL vs. C26 groups
pooled) was examined with Student’s t-test or non-
parametric Mann-Whitney U test, and the effect of
SACVR2B-Fc in the tumour-bearing groups with one-way anal-
ysis of variance or Kruskall-Wallis test followed by Holm—
Bonferroni corrected LSD or Mann—Whitney U post hoc tests,
respectively, when appropriate. Pearson correlation coeffi-
cient was used to analyse correlations. Statistical significance
was set at P < 0.05. All values are presented as means + SEM
unless otherwise stated.

Results

Blocking activin receptor type 2B ligands improves
survival of C26 tumour-bearing mice

Mice treated with sACVR2B started to gain body mass soon
after the beginning of the treatment (Online Resource 3:
Figure S2). The body mass of the tumour-bearing mice
started to decrease after C26 cell inoculation. There was
no significant difference in the survival time between
C26 + PBS and C26 + sACVR/b groups (Figure 2A). However,
the survival was significantly improved when sACVR2B-Fc
administration was continued also after tumour formation
(Figure 2A).

To study the potential mechanisms underlying the im-
proved survival with only the continued sACVR2B-Fc ad-
ministration, another experiment was conducted.
Associations between the body mass change and survival
time were analysed with Cox regression analysis, which
revealed that especially the body weight change from
Day 10 to Day 11 after cancer cell inoculation predicted
survival (B = 1.82, P < 0.001). Thus, Day 11 was deter-
mined as the end-point for the second experiment to tar-
get the early phase of cachexia. At this time point,
vehicle treated tumour-bearing mice exhibited cachexia
manifested by significantly decreased body mass accom-
panied by lower TA, diaphragm, and adipose tissue mass
compared with healthy controls (Figure 2B—F, Body mass
in Online Resource 3: Figure S2). Both sACVR2B-Fc admin-
istered groups had significantly greater TA masses com-
pared with vehicle treated tumour-bearing controls, and
similar trend was also apparent in diaphragm (Figure 2C
and 2D). sACVR2B-Fc administration had no effect on ad-
ipose tissue mass when compared to the PBS-treated
mice, but discontinuation of the treatment seemed to re-
sult in more prominent fat wasting compared with the
continued treatment (ns) (Figure 2F). Increased fat
wasting together with non-significantly smaller muscle
masses compared with continued treatment protocol
probably explains why body mass had started to decrease
especially rapidly in C26 + sACVR/b group. Heart mass
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Figure 2 The effects of SACVR2B-Fc administration on survival, tissue masses and food intake in C26 cancer cachexia. (A) A 3-week Kaplan—Meier sur-
vival curve (log-rank (Mantel-Cox) test). N = 6, 12, 8, and 9 in CTRL, C26 + PBS, C26 + sACVR/b, and C26 + sACVR/c, respectively. (B) Body mass and the
final tumour-free body mass, in the short-term experiment. There was a significant time x group interaction (P = 0.006, repeated measures ANOVA).
Masses of (C) tibialis anterior (TA), (D) diaphragm (DIA), (E) the heart, and (F) epididymal white adipose tissue (eWAT) normalized to the length of
the tibia in mm (TL) at 11 days after C26 cell inoculation. (G) Average food intake during Days 8-10 of the short term experiment, in which N = 3-4
cages/group, 2 mice/cage. (H) Tumour mass on Day 11 after C26 cell inoculation. *, ** and *** = P < 0.05, 0.01 and 0.001, respectively. CTRL vs.
C26 + PBS difference was analysed by Student’s t-test (B—G), and differences between the C26-groups with one-way ANOVA with Holm—Bonferroni
corrected LSD (B—H). Lines without vertical ends show a pooled effect: (D) sSACVR2B-Fc combined and (G) C26-groups combined. N-sizes are depicted

in the bar graphs.
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was unaffected by the tumour and the sACVR2B-Fc admin-
istration at this time point (Figure 2E), although mild car-
diac cachexia was observed in our pilot study at 2 weeks
after cancer cell inoculation (Online Resource 1: Figure
S1). During the last days of the experiment, all tumour-
bearing groups had reduced food intake compared to
healthy controls (Figure 2G).

Administration of sACVR2B-Fc had no effect on tu-
mour mass (Figure 2H). To find out if the mRNA expres-
sion of the potential cachexia-inducing factors was
nonetheless modulated by sACVR2B-Fc administration,
gene expressions were analysed from the tumours. Con-
sistent with no effects on tumour mass, sACVR2B-Fc ad-
ministration had no major effect on tumour Activin A
(Inhibin  SA) mRNA expression, but it increased /-6
mRNA expression independent of the treatment protocol
(Online Resource 3: Figure S2). In the gastrocnemius mus-
cles of the tumour-bearing mice, the mRNA expression of

Activin A slightly, but significantly decreased while //-6
strongly increased and Myostatin (Gdf8) tended to increase
without an effect of the treatment (Online Resource 3:
Figure S2).

Muscle protein synthesis and mTOR signalling are
decreased in C26 cancer cachexia alongside
reduced mTOR localization to
lysosomes/late-endosomes

To clarify the mechanisms underlying C26 cancer-induced
muscle atrophy, muscle protein synthesis was analysed from
TA, diaphragm, and the heart. Tumour-bearing mice had
markedly blunted protein synthesis in all of these tissues
and especially in TA, whereas sACVR2B-Fc administration
had no effect (Figure 3A). The mTOR, a regulator of protein
synthesis, is at least in part regulated by its subcellular
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Figure 3 Decreased protein synthesis is associated with altered mTOR localization in the tumour-bearing mice at 11 days after C26 cell inoculation. (A)
Protein synthesis analysed by SUNSET in TA, diaphragm (DIA) and the heart (left) and the representative blots (right, C = CTRL, P = C26 + PBS,
Ab = C26 + sACVR/b, Ac = C26 + sACVR/c). (B) Quantification of mTOR-LAMP2 colocalization in TA and the representative images (scale bar = 10 pm).

Membranes were excluded from the analysis, but this did not have major
Ser240/244 in TA (left) and the representative blots (right). (D) Correlation
C26 + PBS groups (Pearson correlation coefficient). * and ** = P < 0.05
Mann—-Whitney U (A, C); Student’s t-test (B, C26- and sACVR2B-Fc-effects).
bined. N-sizes are depicted in the bar graphs.
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localization: localization to the lysosomal/late-endosome
membrane is associated with mTOR activation.>®*3° To ana-
lyse whether decreased muscle protein synthesis was associ-
ated with altered mTOR localization, TA cross-sections were
labelled with antibodies against mTOR and a lysosome/late-
endosome marker LAMP2. The results demonstrate that
colocalization of mTOR with LAMP2 was decreased in the
tumour-bearing mice compared with the control group and
restored by continued sACVR2B-Fc administration (Figure
3B), reflecting the levels of phosphorylation of ribosomal

protein S6, a marker of mTOR signalling (Figure 3C). Also
the phosphorylation of S6 kinase 1 at Thr389 was decreased
in the tumour-bearing mice without consistent restoration
by the continued sACVR2B-Fc treatment (Online Resource 4:
Figure S3). The total amount of mTOR analysed with western
blotting was similar between the groups (data not shown). In-
terestingly, mTOR colocalization with LAMP2 correlated well
with muscle protein synthesis (r = 0.751; P < 0.01, Figure
3D) and the body mass change of the last day (r = 0.630;
P < 0.01) in the untreated mice.
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C26 cancer cachexia is associated with elevated
content of ubiquitinated proteins in skeletal muscle

The content of ubiquitinated proteins was slightly but sig-
nificantly increased in TA and diaphragm of the tumour-
bearing mice (Online Resource 4: Figure S3). In line with
this result, the mRNA expression of the major muscle-
specific E3 ubiquitin ligases Murfl and Atroginl was mark-
edly increased in the tumour-bearing mice, similar trend
being observed also in recently characterized muscle ubig-
uitin ligase of the SCF complex in atrophy-1 (Musa1)*®
(Online Resource 4: Figure S3). sACVR2B-Fc administration
did not have significant effects on the markers of
ubiquitin—proteasome system (Online Resource 4: Figure
S3). Other protein degradation pathways may also contrib-
ute to muscle atrophy in tumour-bearing mice.
Indeed, our data suggests potentially increased autophagy
in tumour-bearing mice (Hentild et al. unpublished
observations).

Reduced physical activity in C26 cancer cachexia is
not rescued by soluble ACVR2B and is associated
with minor alterations in skeletal muscle oxidative
properties

Home cage physical activity of the mice was recorded at
baseline and on Day 10 after the injection of cancer cells

or vehicle control. On Day 10, the tumour-bearing mice
were significantly less active compared with the control
mice, and sACVR2B-Fc administration had no effect on
the level of physical activity (Figure 4A). Reduced physical
activity was accompanied by minor decreases in citrate syn-
thase activity, but not in the markers of mitochondrial con-
tent in skeletal muscle and the heart of the tumour-bearing
mice compared with healthy controls (Figure 4B—E, Online
Resource 5: Figure S4). However, OXPHOS complex IV sub-
unit 1 (MTCO1) was increased in tumour-bearing mice in
both skeletal muscle and the heart (Figure 4D and 4E; On-
line Resource 5: Figure S4).

Increased circulating levels of pro-inflammatory
cytokines are not affected by blocking activin
receptor ligands

To investigate the possible effects of C26 cancer and
sACVR2B-Fc administration on circulating cytokines, a
multiplex assay was conducted. Of the 16 cytokines analysed,
the levels of pro-inflammatory IL-6 and monocyte
chemoattractant protein (MCP-1), also known as Chemokine
(C-C  motif) ligand 2 (CCL2), were highly elevated
(P < 0.001) in the sera of the C26 mice while chemokine
RANTES (CCL5) was decreased from already low values of
the healthy mice (Online Resource 6: Table S2). The sACVR2B
treatment did not have any effect on IL-6 (P = 0.67) or on

Figure 4 Home cage physical activity and muscle oxidative properties at early phase of C26 cancer cachexia. (A) Activity indexes (AU) at baseline and at
Day 10 after C26 cell injection. N = 2—3 cages/group, 2 mice/cage. This result was replicated in the second short-term experiment (data not shown). (B)
Citrate synthase activities in TA, diaphragm, and the heart on Day 11 after C26 cell injection. (C) PGC-1a and cytochrome (Cyt) ¢, and (D) mitochondrial
OXPHOS protein content in TA on Day 11 after C26 cell inoculation. (E) Representative blots. * and ** = P < 0.05 and 0.01, respectively. C26-effect was
analysed by Student’s t-test (A, B), and group differences by Kruskall-Wallis with Holm—Bonferroni corrected Mann-Whitney U (C, D). N = 7-9/group.
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RANTES (P = 0.89), while it even further increased MCP-1
(P = 0.042), when the treatment was continued (Online Re-
source 6: Table S2). The treatment with sSACVR2B-Fc also re-
sulted in slightly elevated serum IL-1B (P < 0.05)
independent of the treatment protocol, but its levels were
very close to the detection limit in most of the samples (On-
line Resource 6: Table S2).

Increased hepatic protein synthesis and acute
phase response in tumour-bearing mice are
partially blocked by soluble ACVR2B

Liver mass was unaltered by C26 tumour and the treatments
(Figure 5A). However, C26 tumour-bearing mice had signifi-
cantly increased liver protein synthesis (Figure 5B) supported
by increased phosphorylation of ribosomal protein S6, a
marker of mTOR signalling (Figure 5C). This cancer effect
was attenuated by sACVR2B-Fc administration independent
of the treatment protocol (Figure 5B and 5C). Administration
of SACVR2B-Fc alone in healthy mice did not affect liver pro-
tein synthesis as analysed from our previous experiment°
(data not shown).

In line with increased protein synthesis, the C26 tumour-
bearing mice had increased levels of fibrinogen and
serpinA3N compared to healthy controls together with the
increased phosphorylation of Stat3 indicating activation of
APR (Figure 5C). Increased Stat3 phosphorylation was

partially attenuated by sACVR2B-Fc administration (Figure
5C). The protein contents of fibrinogen and serpinA3N corre-
lated with the body mass loss during the last day in the
tumour-bearing mice (r = —0.659, P = 0.001, and
r=—0.845, P < 0.001, respectively).

C26 cancer associated splenomegaly is partially
prevented by soluble ACVR2B independent of
splenic myeloid-derived suppressor cells

C26 tumour-bearing mice treated with PBS had significantly
(over 2.5-fold) increased spleen mass compared with healthy
control mice, which was partially prevented by sACVR2B-Fc
administration independent of the treatment protocol
(Figure 6A). We replicated the experiment with all groups ex-
cept the discontinued sACVR2B-Fc treatment and showed
again the same effects (Online Resource 7: Figure S5). Analy-
sis of the spleen histology from this experiment revealed
well-organized and clear red and white pulp areas in the con-
trol mice whereas in the tumour-bearing mice, moderate
structural disorganization of the white pulp areas occurred,
especially in sACVR2B treated mice (Figure 6B). To identify
possible myeloid-derived suppressor cell (MDSC) expansion,
spleen tissue was more specifically labelled with antibodies
against GR-1 (LY-6C/G) and CD11b and the expression of
typical MDSC marker genes was analysed by gPCR.** The
density of CD11b positive cells (count/area) was increased

Figure 5 Liver mass, protein synthesis and markers of acute phase response on Day 11 after C26 cell injection. (A) Liver mass normalized to the length
of the tibia (TL). (B) Liver protein synthesis (left) and representative blots (right). (C) Phosphorylation of rpS6 on Ser240/244 and Stat3 on Tyr705, and
protein contents of fibrinogen and serpinA3N in liver (left) and the representative blots (right). N = 6-9/group. ** and *** = P < 0.01 and 0.001, re-
spectively. Student’s t-test and one-way ANOVA with Holm—Bonferroni corrected LSD (A), Kruskall-Wallis with Holm—Bonferroni corrected Mann—
Whitney U (B, C). Lines without vertical ends in (C) show a pooled effect of both SACVR2B-Fc groups combined. N-sizes are depicted in the bar graphs.
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Figure 6 Administration of SACVR2B-Fc attenuates C26 cancer-induced splenomegaly independent of splenic MDSCs. (A) Spleen mass normalized to
the length of the tibia (TL) on Day 11 after C26 cell injection. (B) Haematoxylin and eosin staining of the spleen on Day 13 after C26 cell injection. (C)
CD11b and GR-1 (LY-6C/G) count in spleen on Day 13 after C26 cell injection and representative immunofluorescence images. Scale bar = 100 pm. The
mMRNA expression of MDSC markers (D) interleukin-10 (//-10, (E) S100 calcium binding protein A8 (S100a8), and (F) the splice variant of X-box Binding
Protein 1 (Xbpls) as well as (G) Interferon Regulatory Factor 8 (/rf8), a negative regulator of MDSCs,** on Day 13 after C26 cell injection. *, **, and
*¥** = p < 0.05, 0.01, and 0.001, respectively. Student’s t-test and one-way ANOVA with Holm—Bonferroni corrected LSD (A, C, D), Mann-Whitney
U (E=G). Lines without vertical ends show a pooled effect of all C26-groups combined. N-sizes are depicted in the bar graphs. N = 7-9/group in (E-G).
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in the C26 tumour-bearing mice compared with the control
mice without changes in the density of GR-1 (LY-6C/G) pos-
itive cells (Figure 6C). As spleen size was increased in the
tumour-bearing mice, counts/area were multiplied by the
spleen mass to get an idea of the total abundance of
CD11b and GR-1 (LY-6C/G) positive cells. This analysis
showed a more pronounced increase in both CD11b and
GR-1 (LY-6C/G) positive cells in the tumour-bearing mice
(Online Resource 7: Figure S5).

The expression of genes previously related to presence
and development of MDSCs** was increased in the
tumour-bearing mice, and this effect was even more pro-
nounced in the sACVR2B-Fc treated mice (Figure 6D-G).
These results suggest an increased abundance of splenic
MDSCs in the tumour-bearing mice, and this effect is even
accentuated by sACVR2B administration. Thus, changes in
MDSCs do not explain the effect of sACVR2B-Fc on the

spleen mass, and the cell population responsible for this
effect is still to be identified. Nevertheless, as a possible
mechanism, sACVR2B-Fc treated group showed increased
mRNA expression of Cyclin Dependent Kinase Inhibitor
1A (Cdknla/p21), an inhibitor of proliferation (Online Re-
source 7: Figure S5).

Activin receptor ligand blocking reverses the mild
anaemia observed in tumour-bearing mice

In  the tumour-bearing mice, red blood cell count,
haemoglobin, and haematocrit were slightly, but signifi-
cantly decreased (Figure 7A—C). All of these parameters
were at least partially restored by sACVR2B-Fc administra-
tion (Figure 7A—C). In contrast, platelet count was robustly
augmented in the tumour-bearing mice independent of
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Figure 7 Haematological parameters in C26 tumour-bearing mice and the effects of SACVR2B-Fc. (A) Red blood cell count (RBC), (B) haemoglobin, (C)
haematocrit, (D) platelet count, and (E) white blood cell count (WBC) on Day 11 after C26 cell injection. *, **, and *** = P < 0.05, 0.01 and 0.001,
respectively. Kruskall-Wallis with Holm—Bonferroni corrected Mann—Whitney U (A—C) or Student’s t-test and one-way ANOVA with Holm—Bonferroni
corrected LSD (D, E). N-sizes are depicted in the bar graphs. These results were replicated in the second short-term experiment (data not shown).

*
A .
* B ok
12 * _ 1604 R 60 o
10 * % =) ;\? 50 *% [ ]
] 120 =
g 8 < £ a0
£ 5 5
=~ 6 % 80 ® 30
9 o €
2 4 € g 2
2 - T 10
9 7 9 7 9 7
0+ . . . (g . . . 0+ : - -

CTRL C26+PBS (€26 + C26 +
sACVR/b sACVR/c

2000
1600

*%
1
1200
800
400
9 7
[ T T .

CTRL C26+PBS (26 + C26 +
SACVR/b sACVR/c

Platelets/L (*10°)

CTRL C26+PBS €26+

C26 +
SACVR/b sACVR/c

E *

P=0.054

CTRL C26+PBS C26+ C26 +
SACVR/b sACVR/c

CTRL C26+PBS C26+ C26 +
SACVR/b sACVR/c

WBC/L (*10°)
O R NWHAUVION

sACVR2B-Fc administration (Figure 7D). White blood cell
count tended to increase by continued sACVR2B-Fc admin-
istration (Figure 7E).

Discussion

In the present study, we show that preventing cachexia by
continued blocking of ACVR2B ligands improved survival in
tumour-bearing mice without affecting primary tumour
growth similarly as earlier.>***® These findings together with
results from treatments affecting other pathways'®™>2 as well
as epidemiological evidence in humans® have led to sugges-
tions for a possible causal link between preservation of mus-
cle mass and improved survival.* This hypothesis is in part
supported by the present study showing that increasing mus-
cle mass and maintaining it by continued blocking of ACVR2B
ligands improves survival. In comparison, the discontinuation
of the treatment before the tumour formation led to a sys-
tematically worse outcome and also shorter survival. This
may be due to the fact that the discontinuation of the treat-
ment may in itself have adverse effects on the host or be-
cause larger muscles at the onset of the disease may result
in more robust cachexia, as shown earlier.** Nevertheless, if
the preservation of muscle per se indeed improved survival,
the exact mechanisms still remain unresolved. It is possible,
for instance, that the preservation of some specific vital mus-
cles, such as the major respiratory muscles,***® is paramount

rather than muscle tissue in general. Indeed, diaphragm atro-
phy and weakness accompanied by ventilatory dysfunction
have been reported in C26 tumour-bearing mice.***” Inter-
estingly, ACVR2 ligand blocking restored diaphragm mass in
the present study, which may at least in part have explained
the prolonged survival of these mice, although the differ-
ences between the treatment protocols were quite marginal
at the time point investigated.

In addition to skeletal muscles, cardiac cachexia and asso-
ciated pathological changes such as arrhythmias may be
linked to survival in cancer cachexia.*®**° In our hands, how-
ever, the C26 tumour burden resulted in only mild cardiac ca-
chexia and sACVR2B treatment did not affect heart size,
similarly as earlier.3® This differs from the results of Zhou
et al. who reported significant cardiac atrophy which was fully
reversed by sACVR2B. This may be explained by more severe
cachexia that was treated with higher doses of SACVR2B-Fc.’
However, we have recently demonstrated that sACVR2B-Fc
has markedly smaller effects on cardiac than skeletal muscle
in chemotherapy-induced cachexia model.>® Future studies
should better elucidate the effects of blocking ACVR2 ligands
on the heart and the importance of cardiac cachexia on can-
cer prognosis.

Liver acute phase response (APR) has been associated with
impaired survival in cancer cachexia in humans.?® It is an
early-defence system driven by cytokines such as IL-6, which
induces Stat3 activation and consequently increased expres-
sion of acute phase proteins.?®*° We showed induced he-
patic APR in tumour-bearing mice supporting previous
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findings.> Also the liver protein synthesis was increased in
the tumour-bearing mice, a finding that is consistent with
an earlier study with C26 cancer,”® and also with human
cancer cachexia, assuming that increased synthesis of circu-
lating fibrinogen reflects mainly increased liver protein syn-
thesis.>® Increased liver protein synthesis in tumour-bearing
mice may reflect increased synthesis of exported APR pro-
teins, because no significant changes in liver mass were ob-
served in any of the experiments. Both ACVR2 ligand
blocking protocols reduced the increased protein synthesis
and Stat3 phosphorylation again without an effect on liver
mass. Although no differences in these results were ob-
served between the two treated groups, the discontinued
sACVR2B-Fc treatment was associated with much worse
prognosis perhaps arguing against these hepatic changes
being important for the survival benefit of continued
ACVR2 ligand blocking. Interestingly, however, the level of
hepatic APR proteins correlated with body mass loss sug-
gesting that the importance of these pathways should be
further investigated in the future as well as the mecha-
nisms of blocking ACVR2 ligands on liver protein synthesis
in cancer.

Pro-inflammatory cytokines are thought to be important
for the development of cancer cachexia®® and on its progno-
sis.2”>* Of multiple cytokines analysed, IL-6 and MCP-1 were
strongly elevated in the sera of the C26 tumour-bearing mice,
which is in agreement with previous findings in the same ex-
perimental model.®?® In humans, high levels of MCP-12” and
IL-6°% have been related to shorter survival time in pancreatic
ductal adenocarcinoma and lung cancer, respectively. Re-
cently, elevated MCP-1 was associated with cachexia in treat-
ment naive pancreatic cancer patients.>> However, in the
present study, these responses were not attenuated by the
sACVR2B treatment suggesting that continued blocking of
ACVR2B pathway enhances survival and prevents muscle loss
independent of the elevated circulating pro-inflammatory cy-
tokines similarly as suggested by Zhou et al. based on IL-6, IL-
1B, and TNF-a.° Continued SACVR2B-Fc treatment even in-
creased serum MCP-1 and IL-1B, but the mechanism and
physiological importance of this effect is unknown and fur-
ther studies are needed. We also analysed sera from the sur-
vival experiment at the day of euthanasia (n = 4-5 per
group), where MCP-1 was even further elevated in the
C26 + sACVR/c group of mice. This may be due to prolonged
survival and thus more advanced disease at euthanasia (data
not shown).

Interestingly, increased spleen size (splenomegaly) typi-
cally observed in experimental cancer,®°%°” was attenuated
in SACVR2B-Fc treated mice. In addition, expansion of splenic
MDSCs has previously been associated with potential effects
on cachexia development and survival.®® Interestingly, al-
though the increase in spleen size was prevented, the
markers of MDSCs in spleen were not decreased with ACVR2
ligand blocking. Moreover, the increase in spleen size was

prevented by sACVR2B-Fc treatment independent of the
treatment protocol suggesting that spleen may not play a
major role in enhanced survival with the continued ACVR2
ligand blocking. Nevertheless, an overall reduction in red
pulp area by sACVR2B was recently observed in an animal
model of B-thalassemia intermedia, and this was associated
with alleviation of anaemia and splenomegaly.”® We found
that the white pulp areas were clearly visible in healthy
control mice, whereas in the tumour-bearing mice, these
areas were disorganized, and this tended to occur especially
in SACVR2B treated mice. We also found changes in basic
haematological parameters such as decreased blood
haemoglobin and haematocrit in C26 tumour-bearing mice,
which is in line with previous studies,”® and those were re-
versed in the sACVR2B treated mice. Importantly, however,
these factors did not differ between the treated groups, at
least at this time point where the loss of body mass had al-
ready started with the discontinued treatment, suggesting
that the attenuation of anaemia unlikely results in improved
survival with continued ACVR2 ligand blocking. However,
the effect of preventing anaemia per se may have other
benefits as erythropoietin can improve health in C26
tumour-bearing mice.?**°

Physical activity has been shown to be beneficial for
health and also for cancer incidence and potentially for tu-
mour host survival.?*%% Our results showed that tumour-
bearing mice were less active than healthy controls
supporting earlier evidence of decreased physical activity in
tumour-bearing mice.*®°%%3 Decreased physical activity was
not due to muscle wasting per se as preventing muscle
wasting by blocking ACVR2 ligands did not prevent the de-
crease in physical activity. Our results also argue against
physical activity being an important factor for improved sur-
vival with continued sACVR2B-Fc treatment. Similar results
of the effects of SACVR2B treatment on physical activity have
been reported earlier in LLC tumour-bearing mice.'® The re-
duction in physical activity was associated with only minor
changes in some of the mitochondrial markers in skeletal
muscle and the heart.

Similarly to Zhou et al.,’ we report that SACVR2B-Fc did not
affect C26 tumour mass showing that C26 tumour growth is
not regulated by ACVR2 ligands. We extended this finding
by showing that the gene expression of Activin A and 1/-6,
which are important proteins in cachexia,® were not reduced
by sACVR2B-Fc further showing that sACVR2B-Fc improved
survival in this experimental model of cancer without
marked effects on the tumour. However, the circulating
ACVR2 ligands may also be directly or indirectly related to
the cancer prognosis at least in part independent of ca-
chexia. High circulating Activin A levels predict poor progno-
sis in colorectal and lung cancer patients.’®®* This may be
explained by increased Activin A levels reflecting the severity
or the extent of the cancer or cachexia. However, also direct
effects of Activin A,%>®® and perhaps of other ACVR2 ligands,
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on non-muscle tissues may also affect survival in cancer ca-
chexia, and thus more studies are needed to further investi-
gate this phenomenon.

Muscle wasting in cancer cachexia can be attributed to de-
creased protein synthesis,>® impaired regeneration’ as well
as increased protein degradation® in skeletal muscle. At the
time point in which body mass loss started to accelerate
and predicted survival, increased mRNA expression of muscle
specific E3 ubiquitin ligases and the content of ubiquitinated
proteins were observed, suggesting increased protein degra-
dation via the ubiquitin-proteasome system. At the same
time, robustly decreased muscle protein synthesis in TA,
diaphragm, and the heart of the tumour-bearing mice was
observed. In the present study, as predicted from decreased
mTOR signalling activity, mTOR colocalization with the
lysosomes/late-endosomes was decreased in skeletal mus-
cles of C26 tumour-bearing mice. Interestingly, our correla-
tion data suggests that this novel finding may explain at
least in part the cachexia and decreased muscle protein syn-
thesis in the untreated tumour-bearing mice. Targeting of
mTOR to lysosomes/late-endosomes has previously been
shown to be sufficient to activate mTOR signalling while
mTOR inactivation by, e.g. amino acid starvation is associ-
ated with mTOR dissociation from lysosomes/late-
endosomes.3®3° Even though continued sACVR2B-Fc admin-
istration had no effect on protein synthesis at this time
point, it was able to partially restore S6 phosphorylation
and the colocalization of mTOR with the lysosomes/late-
endosomes. The reason for this discordance is unknown,
but may be due to decreased food intake or simply the re-
fractory nature of cancer cachexia at this time point in most
of the animals.®” Indeed, the increased skeletal muscle
masses with ACVR2B ligand blocking are probably due to
earlier changes in protein synthesis and/or degradation, as
we have previously reported increased protein synthesis
with ACVR2B ligand blocking in healthy and chemotherapy
receiving mice.*>3°

In conclusion, we showed that increased muscle size with
ACVR2 ligand blocking was associated with improved survival
in C26 tumour-bearing mice only when the treatment was
continued after the tumour formation. The prolonged sur-
vival could potentially be attributed in part to maintenance
of muscle mass and, in theory, the respiratory muscle mass.
However, more specific strategies in preventing total and
specific loss of muscle (limb, respiratory, and heart) without
possible non-muscle effects should be investigated in the
future. Moreover, our results suggest that circulating pro-
inflammatory cytokines, physical activity, or altered hepatic
and splenic physiology may not be determining factors for
improved survival with activin receptor ligand blocking. In ad-
dition, our novel result of decreased muscle protein synthesis
and mTOR localization with lysosomes/late endosomes opens
up possible future research questions and treatment options
for cachexia.
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Figure S1 C26 cancer decreases (a) body mass (time x group
interaction P < 0.001) and masses of (b) tibialis anterior
(TA), (c) gastrocnemius (GA), (d) heart and (e) epididymal
fat (eWAT). TL = tibial length. C26 tumour expresses substan-
tially higher levels of (f) Activin A, (g) /-6, and (h) Myostatin
MRNA than LLC tumour. *, ** and *** = P < 0.05, P < 0.01
and P < 0.001, respectively. Students t-test (a—e), Mann-
Whitney U (f-h). N-sizes are depicted in the bar graphs, ex-
cept in (a) where N = 8 per group. Data is presented as means
+ SEM, except in (a), where data is presented as mean * SD.
Supplementary Table S1 Primer information for qPCR anal-
yses.

Figure S2 The effects of C26 cancer and sACVR2B-Fc admin-
istration on body mass and tumour and muscle gene ex-
pression. (a) Length of the tibia on day 11 after C26 cell
inoculation. (b) Body masses in the survival experiment. Tu-
mour (c) Activin A (Inhibin SA) and (d) /-6 mRNA expres-
sion. Gastrocnemius (e) Activin A (Inhibin SA), (f) Il-6 and
(g) Myostatin (Gdf8) mRNA expression at day 11 after tu-
mour inoculation. C26 cells were inoculated at day O.
mRNA-results were normalized to 36b4 mRNA. FC = fold
change. * and ** = P < 0.05, and P < 0.01, respectively.
Student’s t-test and one-way ANOVA with Holm-Bonferroni
corrected LSD (a, e—g). Kruskall-Wallis with Holm-Bonferroni
corrected Mann-Whitney U (c, d). N-sizes are depicted in
the bar graph except in (b) in which n = 6, 12, 8, and 9
in CTRL, C26 + PBS, C26 + sACVR/b, and C26 + sACVR/c, re-
spectively.

Figure S3 (a) Phosphorylation of S6K1 at Thr389 was de-
creased in tumour-bearing mice on day 11 after C26 cell in-
oculation. C26 cancer cachexia was associated with
increased ubiquitinated proteins in (b) tibialis anterior and
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(c) diaphragm, and increased mRNA expression of ubiquitin
ligases (d) Murfl, (e) Atroginl and (f) Musal, which were
not affected by sACVR2B-Fc administration in gastrocne-
mius on day 11 after C26 cell inoculation. C = CTRL, P =
C26 + PBS, Ab = C26 + sACVR/b, Ac = C26 + sACVR/c. EC
= fold change. * and ** = P < 0.05 and P < 0.01, respec-
tively. Kruskall-Wallis  with Holm-Bonferroni corrected
Mann-Whitney U (a—e), Student’s t-test and one-way
ANOVA with Holm-Bonferroni corrected LSD (f). N-sizes
are depicted in the bar graphs.

Figure S4 Mitochondrial markers in the heart on day 11 af-
ter C26 cell injection. (a) PGC-1a and cytochrome ¢ (Cyt ¢)
protein levels were not altered by the C26 tumour or the
sACVR2B-Fc treatment in the heart. N-sizes are depicted
in the bar graphs. (b) OXPHOS complex IV (MTCO1) was
significantly increased in the hearts of the vehicle treated
tumour-bearing mice (C26 + PBS). In addition, when all
C26 tumour-bearing groups were pooled, a significant in-
crease was seen also in complexes Cl (NDUFB8) and CllI
(UQCRC2) as well as the sum of all complexes (total). This
pooled C26-effect is depicted by the lines without vertical
ends. N = 7-9/group. C = CTRL, P = C26 + PBS, Ab = C26
+ sACVR/b, Ac = C26 + sACVR/c. * and *** = P < 0.05
and P < 0.001, respectively (Mann-Whitney U).
Supplementary Table S2 Serum cytokine levels at 11 days
after C26 cell injection. N = 8, 7, 6 and 8 in CTRL, C26 +
PBS, C26 + sACVR/b and C26 + sACVR/c groups, respec-
tively. The values are presented in pg/ml. If over half of
the values in the group were below or close to the detec-

tion limit, the concentration is not presented (depicted as
N/A in the table). Cytokines with at least 3/4 of all values
below or close to the detection limit are not shown (IL-
1a, IL-2, IL-3, IL-4, IL-10, IL-17, IFNy, TNF-0, MIP-1a and
GM-CSF). In statistical analysis, the C26-effect was analysed
by pooling all the tumour-bearing groups. The sACVR-effect
P-value designates the lowest SACVR2B-Fc P-value in com-
parison to C26 + PBS and if the significance is found, the
SACVR2B-Fc group significantly different compared with
C26 + PBS is indicated with *.

Figure S5 Effects of C26 tumour and sACVR2B-Fc on the
spleen on day 13 after C26 cell inoculation. (a) C26 can-
cer-induced splenomegaly is attenuated by sACVR2B-Fc ad-
ministration. Splenic (b) CD11b and (c) GR-1 contents were
increased in C26 cancer when multiplied by spleen mass to
reflect the total abundance of CD11b and GR-1 positive
cells. (d) sACVR2B-Fc administration resulted in increased
splenic Cdknla (p21) mRNA. * and ** = P < 0.05 and P
< 0.01, respectively. C26 and sACVR2B-Fc effects were
analysed with Student’s t-test (a, b, d) or Mann-Whitney
U test (c). N-sizes are depicted in the bar graphs.
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