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ABSTRACT

Lautaoja, Juulia 2017. Effects of the cancer andsaleugrowth on lipid metabolism in
adipose tissue and skeletal muscle. Faculty of tSpod Health Sciences, University of
Jyvaskyla, Master’s thesis in Exercise Physiolat®ypp.

Introduction . Cancer cachexia affects multiple cancer patibypta/asting the adipose tissue
and skeletal muscle. Weight loss of the cachectiepts decreases survival expectancy and
tolerance to the anti-cancer treatments thus lmgethe quality of life. Adipose tissue
atrophy is associated with white adipose tissue TYArowning which enhances the
thermogenic ability of the white adipocytes to asle energy as heat. This theory has recently
been criticized and the aim of this study is tcedmine if WAT browning does occur in the
early cachexia. Secondly, we investigate if trigbyderol (TG) accumulate into skeletal
muscle in early cachexia. Blockade of heVR2B pathway by it soluble forrsACVR2B-F¢

is shown to maintain lean mass without preventidig@se tissue atrophy. In this study, we
also determine the effects of this treatment oid lipetabolism in adipose tissue and skeletal
muscle.

Methods. Colon-26 carcinoma (C26) tumor-bearing BALB/c enwwere used in the study.
The mice were randomized to healthy control grad@pRL, n = 9), placebo treatment group
(C26 + PBS, n = 9) or two of the groups receiveRCVR2B-Fctreatment, either to the
continued treatment group (C26 + ACVR c, n = 9)aly before C26 inoculation treated
group (ACVR b, n = 9). WAT browning markers, mitactdrial function, lipolysis and

lipogenesis as well as inflammation signaling weetermined by Western blot protein
analysis and/or RT-gPCR. Intramyocellular TG cohteas measured by Konelab device.

Results Signs of enhanced WAT browning markers at protewel were not observed in
subcutaneous white adipose tissue (SCWAT), and shght increases at mRNA level
suggesting that WAT browning may not occur in eardchexia. C26 caused significant
adipose tissue atrophy via some other pathway(towi additional effect of theACVR2B-

Fc treatment. Lipolysis and lipogenesis remained enadt in early cachexia with a
decreasing trend in mitochondrial protein levelscémulation of TGs into skeletal muscle
was not observed in early cachexia without anycetésACVR2B-Fctreatment.

Conclusions These observations support the less significate of WAT browning on
adipose tissue wasting in cancer cachexia. Lipaueilation into skeletal muscle may not
occur in early cachexia due to normal mitochondmalkers sACVR2B-Fctreatment has no
effect on lipid metabolism in adipose tissue oilleted muscle in early cachexia

Key words. sACVR2B-F¢ C26 tumor-bearing mice, cancer cachexia, lipiduawlation,
tissue wasting, WAT browning
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1 INTRODUCTION

Cancer kills millions of people worldwide every yaaaking it a second most common cause
of death in 2013 and the number is growing fast éug to ageing and growing population
(Naghavi et al. 2015). Cachexia is related to maapcers and it decreases treatment
tolerance and survival expectancy of the patigbéshexia causes involuntary tissue wasting
which cannot be treated with nutritional suppoAci{aryya et al. 2004; Petruzzelli et al.
2016). At the moment, there is no cure for caneehexia.

If body weight and skeletal muscle mass are maiathiduring cachexia, tolerance to anti-
cancer therapies increases and prognosis for sliriwproves. Blocking of the Activin
receptor type 2B (ACVR2B) pathway inhibits the effe of myostatin and activins thus

preventing muscle mass loss without effecting askpiissue wasting rate (Zhou et al. 2010).

SACVR2B-Fc is a recombinant protein which is congeb®f the human ectodomain of
ACVR2B and human IgG1 Fc domain to produce requiusdn protein (Hulmi et al. 2013).
This soluble protein will bind to ACVR2B receptondablock the actions of transforming
growth factorp (TGF{f)) family members like Activin A (ActA) and myostatiin the
circulation. Therefore, the contractile proteins thie skeletal muscle are spared from
ubiquitination and proteolysis and muscle mass vathain the same or even increase in
cancer cachexia. This stabilization of the bodyghtihas been shown to be important to
survival. (Zhou et al. 2010). Usage of SACVR2B-Featment may enhance white adipose
tissue (WAT) browning and adipose tissue wastingnducachexia thus changing the body
composition of the cachectic patients. (Shan €2Gil3; Tsuchida 2014).

Based on this information there are two aims f@ thesis. The primary aim is to study WAT
browning markers in early cachexia and determirgAIEVR2B-Fc treatment alters the gene
expression of WAT browning regulators. The secopdam is to determine if triacylglycerol

accumulates into skeletal muscle in early cachari determine the effect of SACVR2B-Fc

administration on lipid storage in skeletal muscle.



2 CANCER CACHEXIA

Cancer cachexia is a multi-organ disease that faignily decreases the curability of the
patients, at least in part due to a lowered tolezdn anti-cancer treatments (Kir et al. 2014).
Many cancers are featured with cachectic symptonth @s adipose tissue wasting and
skeletal muscle loss. Atrophy of the skeletal maigein occur with or without the loss of the
adipose tissue deposits (Evans et al. 2008; Boss@h 2016). Loss of the adipose tissue can

also occur even in the absence of the muscle osaricer patients (Tsoli et al. 2015).

2.1 Definition and features of cancer cachexia

Most human cancers will at some point develop testalled cancer cachexia (Greek: kakos
hexis — bad condition). Cancer cachexia affectsia®0 % and is the cause of death of 15-30
% of the all cancer patients with advanced statthefdisease (Zhou et al. 2010; Das et al.
2011; Chen et al. 2014; Petruzzelli et al. 2014nc¢er cachexia is a metabolic syndrome that
has symptoms of anorexia, anemia, increased li{glyssulin resistance and systemic
inflammation (Acharyya et al. 2004; Petruzzelli &t 2016). This disease tremendously
decreases the quality of life of the cancer pagibytwasting white WAT and skeletal muscle
leading to significant involuntary weight loss ipéadently of nutritional support (Petruzzelli
et al. 2014). Loss of the adipose tissue occutbenvery early state of the cachexia as it is

observed even prior to a noticeable tumor (PetizzaVanger 2016).

On average, extremely cachectic patients have bstéimated to lose 32 % of their original
body weight accompanied with skeletal muscle lgs3%H% and adipose tissue loss by 85 %
(Das & Hoefler 2013). By these means cachexia cbeldeferred as “autocannibalism” as
while other tissues are wasted the tumor survitFesuon et al. 2012). Additionally, the size
of the tumor is unrelated to severity of cancerhex@ as usually small tumors, e.qg.
pancreatic tumor, cause more wasting than largeots (Petruzzelli & Wagner 2016). Also,
the type and location of the tumor affects the ggvef cancer cachexia as sarcomas and
breast cancer cause only small weight loss whepaasreatic and gastric cancers cause
significant weight loss to 80-90 % of the patiefitsoli & Robertson 2013).



One other feature of the cachexia is that it mayelothe appetite and food intake and lead to
negative protein and energy balance that cannovbecome by nutritional supplementation
to stop the wasting phenomenon (Das et al. 201hetP& Bhujwalla 2015). These
individuals have reduced ability to tolerate giteratments, response to anti-cancer therapies
and they have lowered survival rate (Kir et al. 20Figure 1 illustrates the complexity of

cancer cachexia as it affects multiple differergfamrs via multiple pathways and mediators.
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FIGURE 1. Metabolic impairments of various tissaesl organs feature the progression of cancer
cachexia. Cancer cachexia is a multi-organ disaadeabnormal function of e.g. the skeletal muscle,

adipose tissue, liver and heart can be observeddhnectic patients. (Petruzzelli & Wagner 2016).

Cancer cachexia can be divided to three stagestsbyrogression; milder precachexia,
cachexia and severe refractory cachexia (FigureM3in indicator of the stages is the
percentage of the weight loss as it independem#gipts mortality of the cachectic patients.
Pathways by which the weight loss occurs are irsa@aenergy expenditure, decreased
appetite and malfunctions of the metabolic mecmasigPetruzzelli & Wagner 2016). The
first stage, precachexia, is featured with mildheatic symptoms e.g. moderate weight loss
(<5 %), anorexia and abnormal glucose tolerancegf& Bhujwalla 2015). In addition,
metabolic alternation e.g. elevated lipolysis levial activity of protein kinase A (PKA) is
observed and overall energy production starts ltom®re heavily on fat oxidation. (Murphy
et al. 2012; Kliewer et al. 2015). Colon-26 careima (C26) tumor bearing mice show
increased muscle fatigability and lower grip stténgesulting a decreased quality of life.

Development towards cachexia requires greater wéighs (>5 %) but also other symptoms



are observed e.g. skeletal muscle atrophy. (Mugthgl. 2012). In refractory cachexia, the
weight loss cannot be controlled due to the highlwaic rate nor does the nutritional support
reverse the weight loss. Significantly decreasedtinent tolerance with severe metabolic
dysfunctions shortens the life expectance of thHieactory state patient to less than three
months. (Penet & Bhujwalla 2015). Another set parbss of the original body weight by 30

%, after which death is very likely (Vaughan et2013). Symptoms of decreased mobility,
VO,, locomotor speed and peak muscle strength in Ce&xifg mice emphasize the

detrimental effects of cancer cachexia on sketatacle (Murphy et al. 2012).

Precachexia Cachexia . Refractory cachexia

Normal i Death

Weight loss Weight loss >5% " Variable degree of cachexia

<5% ' or BMI <20 and ' Cancer disease both
Anorexia and | weight loss >2% procatabolic and not
metabolic orsarcopeniaand | responsive to anticancer
change weight loss >2% | treatment
Often reduced food ! Low performance score
intake/systemic ' <3 months’ expected
inflammation ' survival

FIGURE 2. Progression of cancer cachexia and digndools to evaluate disease severity.
Precachexia is featured with less than 5 % weiggg bnd as disease proceeds to cachexia weight loss
is greater than 5 %. Body mass index (BMI) <20 @aites with the body weight reduction and
lowered appetite. At the stage of refractory cahematients are too weak to tolerate various anti-
cancer treatments and due to altered metabolisin lifee expectancy is significantly decreased.
(Anandavadivelan & Lagergren 2016).

2.2 Hypermetabolism and thermogenesis in cancer daexia

Tumors activate interscapular brown adipose tigB&T) thermogenesis in an unknown
manner and increase heat production which is thiolaglead to hypermetabolism (Kir et al.
2014; Petruzzelli et al. 2014). Mitochondrial unptig proteins (UCPSs) in brown and beige
adipocytes have been presented to be explanatibgparmetabolism in cancer cachexia as
when the expression of uncoupling protein 1 (UGB Blevated in the mitochondria of BAT,
a switch from the adenosine triphosphate (ATP) Isssis towards heat release occurs.

(Fearon et al. 2012). Hypermetabolism increasesgexyconsumption and decreases
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respiratory exchange ratio (RER) even though plysactivity is not increased nor food
intake is decreased. This suggests that fat isspe#f as an energy source thus leading to
increased energy consumption, negative energy taland weight loss in cachectic patients.
(Kir et al. 2014).

Energy balance of the body is composed of the dgatadories from food and the lost calories
by energy consumption. Total energy expenditure)Téan be divided to three parts; resting
energy expenditure (REE), diet-induced energy edipere (DEE) and activity-induced
energy expenditure (AEE). One additional type adrgg expenditure is non-exercise activity
thermogenesis (NEAT) which includes all the otheergy requiring tasks except sleeping,
eating and sports-like activity (Levine 2002). Canpatients have higher REE at certain body
weight than healthy people (REE > 110% of predigted part due to the high energy
demands of the tumor (Fearon et al. 2012). Itss plossible that tumorkines, referring here
to the cytokines produced by the tumor, such asrlgukins and tumor necrosis factor
(TNF-0), could activate BAT thermogenesis. This couldrease the energy expenditure
observed in cancer cachexia. (Tsoli et al. 2016).cachectic C26 tumor bearing mice
comparable results were obtained; resting energgrkiture (REE) increased, total energy
expenditure (TEE) decreased and carbohydrate asidatecreased while fat oxidation

increased. (Murphy et al. 2012).

Weight losing cancer patients have also increasgéctbgeogenesis and glycogenolysis rates
which are related to increased energy expendiftrs. phenomenon is most likely caused by
a combination of abnormal mitochondrial functiorveexpression of hexokinase Il and
oncogenes (e.g. Ras and Akt), loss of tumor suppreactivity (e.g. p53) and hypoxic
surroundings of the tumor. (Fearon et al. 2012he® possible way how cancer cachexia
affects glucose and amino acid metabolism is thatamotes oxidation of branched-chain
amino acids, e.g. leucine, from skeletal muscleettome a substrate for gluconeogenesis thus
resulting increased energy expenditure. (Vaughaal.€2013). Increased adrenergic activity
and systemic inflammation are also related to hyeeabolic state of the cancer patients.
(Fearon et al. 2012). Futile cycles also increamgy expenditure in cachexia, e.g. the Cori
cycle between the tumor and the liver. In this paty, lactic acid from the tumor is converted
to pyruvate and further to glucose in the liveretthe newly formed glucose is transported
back to the tumor where again lactate is produceatl the high energy demanding cycle
continues. (Vaughan et al. 2013). As well, othethpays between anabolic and catabolic

reactions seem to cause hypermetabolism in camoiesgia. (Argilés et al. 2015). Impaired
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glucose metabolism and insulin resistance areaiserved in many cancer patients (Tsoli &
Robertson 2013).

Tumors consume considerable amounts of glucoskegsproduce ATP by glycolysis which

is not as efficient way to produce energy as islatkve phosphorylation. Uptake of glucose
by colon carcinoma tumor is 30-fold and the releafskactate is 43-fold when compared to
peripheral tissues emphasizing the role of the tua® a high energy and high glucose
consumer. (Tisdale 1997). In contrast, mMRNA levelsthe glucose transporter type 4
(GLUT4) in WAT is decreased in cachectic mice immtination with decreased insulin

levels. This suggests that that overall glucosdlit@ion into adipose tissue decreases in

cancer cachexia (Bing & Trayhurn 2009).
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3 LIPID METABOLISM OF THE ADIPOSE TISSUE IN CANCER
CACHEXIA

The roles of the white and brown adipose tissuenargy homeostasis are varied as white
adipocytes store energy as triglycerides (TGs)evhibwn adipocytes use large extent of TGs
to heat production. White and brown adipocytesaaiginated from the different precursors
and their mitochondrial physiology differs which ght explain their different primary
functions. (Bournat & Brown 2010; Tsoli et al. 2Q01Bipid metabolism in the adipose tissue
is thought to be altered in cancer cachexia adylincreases and lipogenesis is impaired
e.g. due to the WAT browning phenomenon in whichtevadipocytes are turned to UCP1
expressing beige cells with thermogenic propeifieli et al. 2016). With other so called
browning markers, such as peroxisome proliferatbrated receptoy-coactivator & (PGC-
la), peroxisome proliferator-activated recepjo(PPARy) and parathyroid hormone related
protein (PTHrP), UCP1 switches the energy productioheat release in mitochondria of the
brown and beige adipocyte. This promotes adipaseidi wasting and weight loss observed in
cancer cachexia. (Lo & Sun 2013; Ebadi & Mazurak4)0

3.1 Differences between white and brown adipose $ise

White adipose tissue. The main function of the white adipocytes isdket care of the energy
homeostasis and store energy as TGs into intréaellpid droplets when there are excessive
amount of nutrients available. When energy is nde@®AT will release non-esterified fatty
acids (NEFAs) to provide fuel for the ATP productigBournat & Brown 2010). WAT also
acts as a secretory organ releasing adipokines;otiory appetite, inflammation, and insulin
sensitivity (Ebadi & Mazurak 2014White adipocytes are morphologically monolocular
referring to their one large lipid droplet and thase sizewise usually larger than brown
adipocytes. White adipocytes are a heterogenealisvensatile group of cells as they can be
converted into beige adipocytes with higher mitowdh@a content due to multiple
physiological and pathophysiological stimuli. Thegn also expand and shrink depending on
the nutritional status. (Jeanson et al. 2015). rAéiBons in e.g. hormone secretion, insulin

resistance, hyperglucagonemia and proinflammatgigkine release as a result of the tumor
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growth changes the function and metabolism of thé&evadipocytes (Argilés et al. 2015).
Normal function of the WAT is essential for healtlife as it is involved e.g. in lipid and

cholesterol metabolism, function of the immune sysand reproduction (Tsoli et al. 2016).

Brown adipose tissue. Brown adipocytes are highly oxidative and insulsensitive
multilocular cells with numerous small intracellulgid droplets (Orava et al. 2011; Jeanson
et al 2015). They contain multiple mitochondriattgeve BAT its characteristic brown color
and great heat production ability because of theession of the fatty acid (FA) oxidation
enzymes and components of the respiratory chairur(@® & Brown 2010; Cohen &
Spiegelman 2016). Expression leveltld UCP1 in the mitochondria of brown adipocytes is
high and therefore it uncouples the normal ATPasection in the inner mitochondrial
membrane leading to proton leakage and heat priodugfigure 3). This is referred as non-
shivering thermogenesis and it is important forrégulation of the normal body temperature.
(Giralt & Villarroya 2013; Jeanson et al. 2015) ngyathetic nervous system (SNS) is one of
the main regulators of BAT activity vig-adrenergic stimulation (Sanchez-Delgado et al.
2015).

brown adipose tissue | all tissues

H* H* H*

£ A S S

: e =
mitochondrial 5 e =)
inner membrane Rreden Feckeny H o =1 i
1 e
e | | | H0

Heat H*  H* H+ Oz

ADP ATP . .
H* L +PI H* Respiratory chain

FIGURE 3. Uncoupling of the ATPase activity in BAWCP1 impairs mitochondrial proton gradient
formation thus decreasing the activity of ATPaser{lex V). The switch from ATP production to

heat release avails weight loss in cachexia. (Kliggorn & Fromme 2012, p 44).

Demands for the vascularization and blood perfusidBAT are high due to the high nutrient
and oxygen delivery requirements to maintain heatdyction when thermogenesis is
activated (Orava et al. 2011; Betz & Enerbéck 20Daying prolonged thermogenic activity,

e.g. in cancer cachexia, the increased blood perfus BAT is important for FA and glucose

14



uptake from the circulation as the TG content ofTBi& insufficient to maintain long heat
production. (Sanchez-Delgado et al. 2015). For aaleqglucose uptake, BAT has more
GLUT4 than WAT which also emphasizes the differenoé the two tissues (Orava et al.
2011).

At a pleasant temperature, di- and triphosphatéentides inhibit the function of the UCP1 in
BAT and thus only small amount of heat is produdedhe cold conditions, SNS is activated
and noradrenaline is released to promote lipolgsid thermogenesis in brown and beige
adipocytes. Also, increased lipolysis itself istinalus to promote BAT thermogenesis via
increased number of FAs available from WAT and wation for heat release (Tsoli et al.
2016). Another effect of noradrenaline in resporise prolonged cold exposure is
mitochondriogenesis. This increases thermogene84AIT as higher number of mitochondria
enables greater oxidation of FAs. (Jeanson et0d5@ In addition to cold activation of BAT,
glucose activates brown adipocytes as well buebfiitly than cold. Insulin-mediated glucose
uptake increases without elevated blood perfusgafter cold exposure activation of BAT

thermogenesis is dependent on increased perfysioava et al. 2011).

3.2 Adipose tissue wasting

Cancer cachexia wastes both skeletal muscle apdsaltissue. The latter is lost faster in part
due to altered food intake and hormonal circulafieouladiun et al. 2005). Several pathways
have been suggested to be the cause the adipese tisss during cancer cachexia, e.g.
enhanced lipolytic actions, decreased activityipbprotein lipase (LPL), lower level afe
novo lipogenesis and browning of the white adipocytéth wcreased level of inflammatory
actions. (Henriques et al. 2017). Most likely tmegsessively increasing catabolic activity via
lipolysis is the major pathway of the adipose tisatrophy during the development of cancer
cachexia (Bing & Trayhurn 2009: Henriques et all120 Besides, lipolysis also impairs
lipogenesis and dysfunctions in lipid-storage medras can also affect adipose tissue
atrophy. (Bing & Trayhurn 2009). Indeed, at caclestate both in murine models and
human studies have shown adipocyte atrophy, fisrasd infiltration of the inflammatory
cells into adipose tissue. These factors can camogairments in normal WAT function and
decrease the ability of the tissue to e.g. mairtpid-derived hormone metabolism as human

studies have shown hypogonadism in male cancezmpatwith advanced disease. (Strasser et
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al. 2006; Henriques et al. 2017). In addition, streicture of the adipocytes alters in cancer
cachexia as adipocytes become smaller but thestitiak space expands. As the conformation
of the adipocyte cell membrane goes through renmgiekccompanied with increased number
of mitochondria in the cytosol of the adipocyteereing to WAT browning, alternation of the

primary function of the tissue occurs. (Bing & Tiayn 2009).

Mechanism of lipolysis is straight forward; oneglyceride is hydrolyzed to one glycerol and
three FAs by different lipases. (Fearon et al. 20A2lipose triglyceride lipase (ATGL), the
first enzyme of the catabolic pathway in lipolydiseaks down the triacylglycerol to one FA
and diacylglycerol (DAG). In the next step, hormaosensitive lipase (HSL) releases the
second FA as it hydrolyses the formed DAG to mowglgdycerol (MAG) which is further
processed to glycerol and a third FA by MAG lip@8AGL). (Tsoli et al. 2016). ATGL has

a dominant role in the initiation of lipolysis arnidacts as a rate limiting enzyme in the
breakdown of the triglycerides. Sympathetic stinsuland noradrenaline act vif-
adrenoreceptors to activate PKA to initiate lipgdyga ATGL. Also, AMP-activated protein
kinase (AMPK) activates ATGL to increase the raftéipnd deposit breakdown. (Petruzzelli
et al. 2014). It is shown that both C26 and Walk&6 tumor-bearing rats have increased
AMPK activity at the early stage of cachexia thuggesting impairede novo lipogenesis
rate as the uptake and/or intracellular handlintitalof the FAs has decreased. (Henriques et
al. 2017).

Loss of the WAT in cachectic mice was preventedubing an AMPK-stabilizing peptide
(ACIP) which blocks the interaction between Cellattteinducing DFFA-like effector A
(CIDEA) and AMPK. In fact, as ACIP encoding sequent adeno-associated virus (AAV)
was injected to the inguinal WAT (iWAT) of the CR@imor bearing mice, iWAT weight was
on average 30 % greater than control mice with grAgtV. As well, lipid droplets of ACIP
C26 tumor-bearing mice were larger than in controte with empty AAV. AMPK is
activated by low ATP levels, a state observed incea cachexia e.g. due to high rates of
energy consuming futile cycles. Previously mentibnele of the UCP1 and BAT
thermogenesis in adipose tissue wasting has rgdee¢in questioned as UCP1 knockout did
not show prevention of adipose tissue loss in candas suggests that WAT browning at
least through UCP1 may not be an important mediafocachexia. In addition, UCP1
mediated WAT thermogenesis due to WAT browning feso been under critical

consideration as mMRNA and protein levels of UCRlawer than in BAT and thus possibly
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do not have large relevance. Due to these newtsesuUCP1 actions in cancer cachexia and
adipose tissue wasting, the role of WAT thermogsngsould maybe be rethought. (Rohm et
al. 2016).

If the ATGL and HSL are inhibited during cancer lcaxia, the release of FAs and glycerol
will decrease by 85 % at least from gonadal WATice (Petruzzelli et al. 2014). In another
study, ATGL and HSL knockout mice with Lewis lungrcinoma (LLC) or B16 melanoma
were used and the inhibition of ATGL protected thize from adipose tissue and muscle
loss. FA release from WAT decreased in both ligaseckout groups when compared with
control group. Inhibition of HSL showed similar bigss significant results as the ATGL
knockout model. (Das et al. 2011). At this poineanust take into consideration that most
likely this kind of lipase blockade can possibltealthe energy homeostasis regulation of the
body as also other tissues than just adipose tisave lipases e.g. liver and skeletal muscle
can break down triglycerides. (Doolittle et al 19B&din et al. 2011).

Interleukin-6 (IL-6) and TNFe are released from the tumor and they may incrépskysis
and fat depletion in cancer patients (Tsoli & Rekem 2013). In cachectic patients with
advanced colo-rectal cancer, WAT is lost most dgmgproximately within the three months
prior to death when monitored by retrospective cotap tomography. The amount of FAs in
the plasma can rise as much as 5-fold due to logdipose deposits in cancer cachexia (Tsoli
et al. 2014). The amount of glycerol also incredmxsause of the increased lipolysis and IL-6
(Tsoli & Robertson 2013). Cachectic patients haighdr turnover rate of the released FAs
and glycerol when compared with the cancer patiettsout cachectic symptoms suggesting
enhanced utilization of fat (Bing & Trayhurn 2008pth inflammatory cytokines that either
inhibit lipogenesis or promote lipolysis as well fagadrenergic activation have a promoting
effect on the WAT wasting rate in cancer cachekiaafon et al. 2012; Petruzzelli et al.
2014). More precisely, lipolysis is more importamtwasting of WAT than inhibition of the
lipogenesis (Tsoli & Robertson 2013; PetruzzelWsagner 2016).

In cancer cachexia, at least part of the adipassedi wasting has been suggested to be a result
of the UCP1 mediated BAT thermogenesis and WAT biog. As activity of BAT
mitochondria increases via multiple pathways, éugorkines, more TGs from WAT are
broken down and released to the circulation tdl refiergy needs of BAT. (Petruzzelli et al.
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2014). Figure 4 shows the pathways and mediatolipalysis and adipose tissue atrophy in

cancer cachexia.
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FIGURE 4. Regulatory pathways and mediators of WW&T wasting during cancer cachexia. In
cancer cachexia, formation of the new TG store®isnregulated due to increased lipolysis. As well,
impaired lipogenesis via altered function of fatyd synthase (FAS), acetyl-CoA carboxylase (ACC)
and sterol regulatory element binding protein-1REBP1c) decrease TG formation. Thus, greater
amount of FFAs are released into the circulationf@wther processing e.g. f@oxidation or heat
production in the BAT. Cell death-inducing DFFA4dik effector A (CIDEA), carnitine
palmitoyltransferased (CPT1o). (Modified, Ebadi & Mazurak 2014).

3.3 White adipose tissue browning

During WAT browning phenomenon, white adipocytes &rned into “beige” or “brite”

(brown in white) cells thus gaining features of thhwn adipocytes. There are multiple
mechanisms that can activate WAT browning includimigg cold exposure, cancer related
tumorkines, high redox pressure, stress, irisin g8wdrenergic agonist (Lo & Sun 2013;
Petruzzelli et al. 2014; Jeanson et al. 2015). Fdifferent adipose tissue deposits, UCP1
expression and browning of WAT are most plausibleévelop into iWAT or subcutaneous
WAT (scWAT) than to visceral or epididymal WAT (vWAand eWAT, respectively) (Lo &

Sun 2013; Jeanson et al. 2015). Brown and beigpoegles have similarities in their
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metabolism as they have more mitochondria and tipaghlets than white adipocytes and they
both express UCP1 (Sidossis & Kajimura 2015}P1 is upregulated by IL-6 which is a pro-
inflammatory cytokine. (Penet & Bhujwalla 2015).s8| other markers are related to WAT
browning e.g. PGC+l, PPRAR, PTHrP, CIDEA and PR domain containing 16 (PRDM16)
(Petruzzelli et al. 2014; Jeanson et al. 2015;iHall. 2016).

Despite the similarities of the brown and beiggadytes, they differ in origin. In Figure 5 is
shown how brown adipocytes are originated fromdéenomyotomes meaning that they are
more closely related to skeletal muscle developrtteart to WAT development. (Sidossis &
Kajimura 2015). The common precursor of brown adypes and myocytes expresses
myogenic factor 5 (Myf5) which is a myogenic lineagharker and makes the metabolic
profiles of BAT and skeletal muscle very similarofBnat & Brown 2010; Giralt &
Villarroya 2013). Similarly to white adipocytes, ige adipocytes are originated from
mesodermes and they are related to WAT formatiadogSis & Kajimura 2015). These beige
cells that undergo functional change during WAT vimng are Myf5 negative which
highlights their different primary origin when coamed to ‘classical brown adipocytes’
(Myf5 positives). Brown adipose tissue is develogabistantially earlier than white adipose
tissue as the formation of BAT begins during féital Development of WAT starts after birth

when energy storage is required. (Giralt & Villaaa2013).
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FIGURE 5. Origins of the adipocytes. (A) Brown autiptes differ from beige and white adipocytes
(B) as they are originated from dermomyotomal preots instead of mesodermal stem cells.
Developmental differences may explain functionaffedences between adipose tissue types.
Production of UCP1, PGCeland CIDEA by brown and after WAT browning also bgige
adipocytes is an indicator of thermogenesis in rifimchondria. (Modified, Sidossis & Kajimura

2015).
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One theory of the WAT browning in cancer cachegiassociated with elevated intracellular
reduction-oxidation (redox) pressure in white adiyges via high plasma lactate
concentration as a response to non-specific stvghen lactate is transported into WAT by
monocarboxylate transporters (MCTS) it is convettegyruvate by lactate dehydrogenase B
(LDHB). This increases the NADH/NADatio as well as intracellular redox pressure duisl t
elevated redox state promotes WAT browning via UCKTter respiratory chain function is
uncoupled, oxidation of NADH increases in the mitoedria of WAT and this lowers the
NADH/NAD™ ratio towards normal. In this sense, WAT brownirsg thought to be an
alternative way to decrease high redox pressurereéd in white adipocytes during cancer
cachexia. Additionally, oxidative stress and higidax state can also be thought to be
regulators of the UCP1 expression in adipocytes. TWiowning could also be an adaptive
thermoregulatory response to maintain normal bagyperature during cancer cachexia.
(Jeanson et al. 2015). Alternatively, exogenousofaccan also activate browning of WAT,
more about this in chapter 3.4.

Ways to identify different adipocyte types are ffisient as now the phenotype of WAT is
described as a lack of markers of the beige or brasipocytes. This is extremely
problematic for e.g. at the beginning of WAT bromgpiwhen part of the cells are already
turned into beige but still whole tissue is chagazed as WAT (Jeanson et al. 2015). Insulin
sensitivity of the brown and beige adipocytes ighkr than the white adipocytes thus
enabling them to use glucose as a source of era@rgyhigher rate (Argilés et al. 2015).
Therefore, WAT browning phenomenon has interestedical companies from the obesity
and type 2 diabetes mellitus point of view. Medécotevelopment to obesity related diseases
is under intense research nowadays and dissipatienergy as heat by BAT is one of the hot
topics. This emphasizes how in some cases browsfifgAT can be beneficial and in others
it can be devastating. (Chondronikola et al. 20Btchida 2014).

3.4 Regulators of the white adipose tissue browning

There are multiple markers involved in WAT brownifigo & Sun 2013). Some of the most
important regulators are PGG;1PRDM16, PPRAR, IL-6, type Il iodothyronine deiodinase
(DIO2) and PTHrP (Kir et al. 2014; Petruzzelli €t2014; Betz & Enerbéack 2015; Jeanson et
al. 2015). Also, other pathways that cause WAT Miog are found, e.gp-adrenergic
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pathway and systemic inflammation but they are presented here in detail (Petruzzelli &
Wagner 2016). It is worth to mention and remembet &ll the above mentioned browning
regulators have also other functions in multipleeotpathways in cellular metabolism so they
are not only specific to brown adipocytes, UCP1regpion or the white adipose tissue
browning (Jeanson et al. 2015). This highlights ¢benplexity of the metabolic pathways

related to cancer cachexia and the difficulty teediep treatment for the disease.

PGC-1la. PGC-Ii promotes expression of the uncoupling proteinsadipocytes thus
controlling mitochondriogenesis, oxidative phosptetion and thermogenesis via UCP1 (Lo
& Sun 2013; Tsoli et al. 2016). In addition, PG&+4 thought to promote the release of irisin
protein which also may have a positive effect on Wkrowning (Argilés et al. 2015).
Function of the PGC+lin WAT browning is also to be a coactivator of HBAt0 increase
lipolysis and FA oxidation in cachectic patienteewuring increased caloric intake (Lo &
Sun 2013; Ebadi & Mazurak 2014).

PRDM16. At first it was thought that PRDM16 is only expsed in BAT but now it is shown
to be present in SCWAT as well (Seale et al. 20kbli et al. 2016). In fact, PRDM16 has a
vital role in promotion of the WAT browning as tiiges the cell fate of an adipocyte towards
a beige phenotype and it downregulates white agitpogenes (Cao et al. 2011; Giralt &
Villarroya 2013; Lo & Sun 2013). Expression of thewn-fat like genes e.g. PPARNd
PGC-X is promoted by PRDM16 as it acts as their co-r&gul (Giralt & Villarroya 2013).

In dermomyotomal precursors, PRDM16 is a co-regulat the selection whether the cell
will become a skeletal muscle cell or a brown adjype as in the absence of PRDM16 the
cells will become skeletal muscle cells. If PRDM%6expressed in brown adipocyte it will
upregulate UCP1 and CIDEA expression thus promatiregmogenesis and adipose tissue

wasting in cancer cachexia. (Tsoli et al. 2016).

PPARy. PPAR is a vital transcription factor in all adipocytasd it greatly promotes UCP1
expression at transcriptional level in adiposeuts§Lo & Sun 2013; Jeanson et al. 2015).
Similarly to PRDM16, PPAR upregulates BAT related genes while downregulavyT
related genes (Lo & Sun 2013). Another role of PRAR the regulation of the lipid
metabolism occurs via gene expression as BPA&8htrols the genes involved in FA
synthesis, oxidation, transport, uptake and rel¢dseshaw et al. 2007PPARy forms a
WAT browning regulatory complex with PRDM16 and a&ctivate the PPAR sirtuin 1
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(SIRT1) deacetylation is required (Figure 6). As tomplex is activated, WAT browning
occurs and expression of the brown-fat-like gesagpregulated and white-fat-like genes are
downregulated in white adipocytes. (Lo & Sun 201B)the function of the PPARIis
abnormal in BAT, brown adipocytes have monoloclifad droplets and thus they look like a
white adipocyte accompanied with decreased UCPlresgwn when exposed to cold
environment. This emphasizes the importance of RPA&RRa key mediator of the normal
BAT function. (Jeanson et al. 2015). PRABtomotes lipolysis also by regulating levels of
the ATGL via PPAR responsive element as therepgsitive correlation between PPRnd
ATGL mRNA and protein expression in adipose tisfGershaw et al. 2007; Das & Hoefler
2013).

White Adipocyte

/" White
Genes

FIGURE 6. PPAR-PRDM16 complex promotes WAT browning in cancerheaga. PPAR is
deacetylated via Sirtuinl (Sirtl) prior to PPARRDM16 complex activation. As a result, the
complex promotes the expression of the brown aghtgelike genes thus inducing WAT browning

and thermogenesis in cancer cachex@iang et al. 2012).

IL-6. Skeletal muscle, adipose tissue and tumor(s) grotirer organs produce IL-6 so it can
be defined either as a myokine, adipokine or tuinerkrespectively (Tsoli et al. 2016). IL-6
drives the systemic inflammation during the deveiept of cancer cachexia and it promotes
acute phase response of which the liver is resplenfitearon et al. 2012). In cancer cachexia,
the tumor derived IL-6 release is continuous anereghno longer exist normal feedback
mechanisms to control it. This most likely altére hormal IL-6 function towards a mediator

of tissue wasting in cancer cachexia. IL-6 hasois metabolic pathways in each above-
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mentioned organ but at the same time it also &t link between them to maintain energy
homeostasis of the body. The networks in which Itakes part are both catabolic (efg.
adrenergic pathway) and anabolic (e.g. insulin a&igg pathway) so this emphasizes the
importance of IL-6 as an energy balance reguldsw i cancer cachexia. (Tsoli et al. 2016).
Total blocking of IL-6 release by short hairpin RNShRNA) in C26 tumor-bearing mice
prevented total body weight loss. In addition, bition of the UCP1 expression in SCWAT
was simultaneously observed thus inhibiting WAT vimong. (Petruzzelli et al. 2014).
Increased amount of IL-6 in the circulation hasaaifive correlation with weight loss and
reduced survival rate (Fearon et al. 2012, Petiietal. 2014). By inhibiting IL-6, cachectic
symptoms like anemia and anorexia can be treatethisuwill not prevent the loss of skeletal
muscle. Side effects of the IL-6 inhibition are eevand that is why anti-IL-6 therapy is not

recommended for patients with early stage of cacaehexia. (Petruzzelli et al. 2014).

DIO2. DIO2 is closely related to energy homeostasisitasonverts tyroxine (T4) to
triiodothyronine (T3). Thyroid hormones have thealigbto make BAT more sensitive for
adrenergic stimulation by SNS which activates ttwdd cinduced BAT thermogenesis.
(Christoffolete et al. 2004; Betz & Enerback 2015)02 knockout mouse model has shown
an activation of the cyclic adenosine monophospha®MP) responsive genes thus

suggesting impaired thermogenesis in these micagiGfiolete et al. 2004).

PTHrP. Parathyroid hormone (PTH) and its related proteiHrP are structurally quite
similar regulators of the calcium homeostasis. iitan difference between these two is that
PTHrP acts as a para- or autocrine manner inste®ird which is a classical hormane
(Schluter 1999). Abnormal regulation of PTHrP ited to skeletal metastasis development
which is why PTHrP could be considered as an iterglet for cancer treatment. (Kremer et
al. 2011, pp 145). Many tumors express PTHrP awgdntdirectly activate thermogenic gene
expression in adipose tissues as it upregulateslUBDRD2 and PGCt mRNA production.
PTHrP and PTH both increase oxygen consumptiontlauns they act as a regulators of the
cellular respiration. (Kir et al. 2014). Hyperoafsia is a commonly observed metabolic
dysfunction in cancer patients and this phenomeaaaelated to increased PTHrP activity
(Porporato 2016). By blocking PTHrP, adipose tisbwewning and loss of the skeletal
muscle and adipose tissue mass have been blockaiténwithout affecting the tumor size.
(Penet & Bhujwalla 2015). Also, the inhibition o RrP decreased the expression of UCP1
and PGCi which could lead to WAT browning inhibition (Tsat al. 2016). Other features

observed improving the cachectic symptoms were dedeoxygen consumption and
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thermogenesis combined with increased overall igtiwat increased the quality of life. This
suggests that inhibition of PTHrP reduces WAT brimgrand adipose tissue wasting. (Kir et
al. 2014).

Summary. As can be seen, multiple regulators are invoivethe adipose tissue metabolism
during cancer cachexia. It is good to notice thasé browning mediators do not act alone.
Most likely their combined actions to WAT browniage greater together than the effect of a
single mediator alone. (Tsoli et al. 2016). The WB#Ydwning as a phenomenon in cancer has
also received conflicting results (Rohm et al. 20d4/6d thus more research is needed. Figure
7 summarizes the factors related to WAT browningdiators of thermogenesis in BAT and

other features closely in related to pathways agdlation of cancer cachexia.
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FIGURE 7. Summary of the mediators in the WAT browgnand BAT thermogenesis during the
development of the cancer cachexia. Tumor derive® land PTHrP alter the adipose tissue
metabolism by promoting lipolysis and heat releasdipose tissue atrophy observed in cancer
cachexia is caused by the increased lipolysis inTWiAda ATGL, HSL and AMPK activity. In

addition, heat release from BAT also avails lossadipose deposits. Multiple factors cause WAT
browning as expression of UCP1, PRDM16, type Ibtbgronine deiodinase (DIO2) and PG&-ih

beige adipocytes increases. In BAT, PRARIO2 and PGC-l cause heat release similarly as in

beige adipocytes. (Modified, Tsoli et al. 2016).
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4 LIPID METABOLISM OF THE SKELETAL MUSCLE IN
CANCER CACHEXIA

Increased lipolysis in adipose tissue during caceehexia alters also the metabolism of the
skeletal muscle. As increased number of FAs aeaseld from the white adipocytes into the
circulation, uptake of these lipid products ince=asn the skeletal muscle. (Petruzzelli &
Wagner 2016). This leads to a formation of largéraimyocellular lipid droplets of cachectic
patients if the usage of FAs does not increaseeddd cachectic gastrointestinal cancer
patients have shown an increase in lipid storatgeskeletal muscle in comparison to weight-
stable cancer patients. As the skeletal muscld tpntent increases, it may be a signal of an
impaired mitochondrial FA utilization and/@roxidation which may be related to reduced
survival rate. (Turner et al. 2007; Stephens eR@ll). Increased FA uptake also activates
synthesis of ceramides and decreases activityeomiimmalian target of rapamycin (mMTOR)
pathway thus inhibiting the protein synthesis (&@etruzzelli & Wagner 2016).

4.1 Lipid accumulation into skeletal muscle in caner cachexia

Lipid droplets in the skeletal muscle have an ingoar role as energy storage for the
mitochondrial FA oxidation e.g. during prolongedeise or increased energy demand. They
are commonly located next to the mitochondria tovafast energy transportation. (Stephens
et al. 2011). Infiltration of FAs into skeletal nules during cachexia may alter the function of
the tissue as it may reduce muscle strength (Ligirdundal 2016). In addition, function of
the skeletal muscle may already be impaired as Im@stigue and weakness are observed due
to muscle atrophy. Ubiquitin-dependent proteasowribveay is shown to be upregulated in
cachexia and that causes degradation of the ctitgrpmteins. Accumulation of FAs into the
skeletal muscle disturbs the normal function of twomtractile system and downregulates
protein synthesis possibly by inhibiting mTOR pasiywExpression of atrophy-related genes,
atrogens, e.g. Atroginl and muscle RING-finger @rdt (MuRF1) is increased because of

the increased lipid influx into skeletal muscleetf@zzelli & Wagner 2016).

Human studies have shown that the size of the nmtoaellular lipid droplets positively

correlates with severity and progression stateachexia (Stephens et al. 2011). Similarly,
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murine models have shown that intramyocellulardligiroplets become larger and their
number increases during the development of theecagachexia. (Julienne et al 2012; Das &
Hoefler 2013). Mice with LLC induced cancer caclaekas been shown to have higher TG
concentrations in the gastrocnemius muscle whenpaosd to the control mice. This is
possibly due to the alternations of the lipid meten as well as increased lipolysis in the
adipose tissue. (Das & Hoefler 2013). It is sugegdty Tsoli and Robertson (2013) that the
increase of the intramyocellular lipid droplet cemt is caused by impaired instead of
increased lipolysis in cachectic mice. Indeed, sa@nsuggested by Petruzzelli & Wagner
(2016) as they report that murine models of cachésive shown decreased FA uptake and
TG synthesis in WAT. Difference in human cachesidhat it is also related with enhanced

lipolysis but accompanied with unaltered lipogeseate. (Petruzzelli & Wanger 2016).

Inhibition of mMTOR pathway and protein synthesis dancer cachexia may be in part
mediated by increased FA uptake into to skeletakateu (Petruzzelli & Wagner 2016).
Therefore, utilization of lipids increases in thetonhondria. By inhibiting both mTOR
complexes, mammalian target of rapamycin compleand 2 (MTORC1 and mTORC?2),
lipid-utilization is observed but if only the mTORGs blocked the same observation is not
seen. This suggests that the mTORC2 regulatestlastipid metabolism as it does glucose
metabolism in the skeletal muscle via PerilipinPRIN3). Overexpression of PLIN3 in the
skeletal muscle leads to an increase of the irlittd@e TG content. Importance of the
MTORC?2 is shown by using knockout mice lackingdhgvity of mTORC2. These knockout
mice had lower RER meaning that they were moramelon lipid metabolism as an energy
source than the wildtype mice. One of the othemnfiaidings was that mTORC2 knockouts
had similar body weight as the wildtypes but theidy composition differed significantly;
knockouts had lower skeletal muscle mass and appataly 30 % higher fat mass when
compared to wildtypes. Increased fat mass was wbdearliso in the skeletal muscle as the
intracellular triglyceride content increased 65®he mTORC2 knockout mice. (Kleinert et
al. 2016).
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4.2 Fatty acids and lipid derivatives as regulatorsof the skeletal

muscle mass and function

As lipolysis increases in cancer cachexia due tolvé&ophy, increased number of FAs are
released into the circulation. When infiltratediskeletal muscle, FAs and their lipid derived
metabolites can change the normal function and nofisthe target tissue. These lipid
molecules can alter muscle cell growth, prolifematias well as their differentiation thus

leading to abnormal muscle function. (Lipina & Hah@016).

Saturated and unsaturated FAs have opposite funsctiorelation to muscle mass regulation.
One of the most common circulating saturated FAsnjate (C16:0), is shown to upregulate
expression of atrogens, leading to increase ofhieaki box O3 (FOXO3) nuclear localization
when administered to muscle cells. Palmitate alsables the accumulation of toxic lipid
intermediates such as ceramide thus inhibiting gmmosynthesis and PKB/Akt pathway.
Promotion of muscle atrophy also occurs when pabaiis given to C2C12 cells as after this
treatment myotube diameter has decreased. Skeletale nutrient status can be endangered
as amino acid availability may decrease due tatt®ns of ceramide as it downregulates the
expression of the sodium-dependent neutral amimb taansporter 2 (SNAT2). (Lipina &
Hundval 2016). In addition, ceramide downregulgt@sspholipase D (PLD) which is an
MTOR activator and it is shown that inhibition @ramide synthesis could preserve the size
of the myocyte in cachexia and other muscle wagtimgnoting diseases (De Larichaudy et
al. 2012). In contrast, unsaturated FAs like dobegaenoic acid (DHA) do not seem to
promote muscle atrophy. On the contrary, when C@&nacarcinoma tumor-bearing mice
were fed with linoleic acid, an omega-6 polyunsated fatty acid (PUFA), gastrocnemius
muscle mass was not reduced and expression of end$¢Fo receptor was decreased.
Observed data suggests that the usage of PUFAsinhdyt muscle atrophy and suppress
TNF-o actions in the skeletal muscle. In fact, humadistihave shown that omega-3 PUFAs
e.g. eicosapentaenoic acid (EPA) and omega-6 PUHA Bhay be related to promotion of
increased lean muscle mass and improved musclegitrat least in the long term use.
(Mantovani et al. 2006; Ma et al. 2015; Smith et2415).As well, unsaturated FAs may
counter the effects of saturated FAs as e.g. PURAmstrocnemius muscle can reduce the

amount of TNFe. and Toll-like receptor 4 (TLR4) that promote prflammatory actions.
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TLR4 activation is shown to promote protein catédmlin C2C12 cells as it enhances the
actions of both ubiquitin-proteasome system anephagy-lysosome pathway. (Lipina &
Hundval 2016).

4.3 Crosstalk between adipose tissue and skeletauiatle

Endocrine activity of the WAT is high as white aoljytes produce many adipokines e.qg.
leptin, TNFe and IL-6 that can have auto-, para-, and endodunetions (Kim & Moustaid-
Moussa 2000; Das & Hoefler 2013). WAT produces asdocrine and nuclear hormones,
cytokines and catecholamines and it controls afgpatid nutrient metabolism (Das & Hoefler
2013; Tsoli & Robertson 2013). In the same way etieélmuscle acts as an endocrine organ
by secreting myokines with para- and endocrine tians as well as other factors such as
hormones, cytokines and FAs. (Das & Hoefler 20TBese mediators continue passing their
effects also during cancer cachexia (Fearon 2(Hl2). High levels of FAs, ceramides and
DAG from WAT can have lipotoxic effects in the s&tl muscle as there is a possibility that
they cause lipid overload due to dysfunctions podienesis, lipolysis and/or lipid oxidation.
Therefore, these FAs may induce insulin resistamzeimpair muscle development. Same is
true for the products of the skeletal muscle; tbay alter WAT metabolism and mass of the

target tissue. (Das & Hoefler 2013).

Understanding the crosstalk between the adiposeetiand skeletal muscle (Figure 8) as well
as other organs linked to cancer cachexia is aroritapt part of the development of
diagnostics tools and therapeutic interventions WAAT is wasted may be wasted prior to
skeletal muscle in cancer cachexia, blocking thpcs@ tissue weight loss could potentially

slow down the loss of skeletal muscle. (Das & Heref013).
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FIGURE 8. Crosstalk pathways between WAT, tumor akdletal muscle in cancer cachexia.
Adipokines from WAT and myokines from skeletal mesbave auto-, para- or endocrine functions
that affect other organs related to cachexia. @&wefler 2013).
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5 ACTIVINS AND MYOSTATIN IN CANCER CACHEXIA

Activin A (ActA) and myostatin are important regtdes of the skeletal muscle mass and
growth. They bind to an activin receptors type 2&l 2B (ACVR2A/B) on cell membrane
and mediate their functions signaling via smad fammember type 2 (Smad2) and FOXO3a
to promote quiescence of the skeletal muscle stdis &nd protein degradation via ubiquitin-
proteasome pathway. By blocking the ACVR2B receptith its soluble form (SACVR2B-
Fc), further muscle wasting can be prevented asd & skeletal muscle can be reversed.
(Zhou et al. 2010).

5.1 Activin A and myostatin mediating skeletal musie wasting

ActA and myostatin are ligands of the transformgrgwth factorp (TGF-) family that act
via ACVR2A and 2B receptors. This pathway has arkdg in regulating the skeletal muscle
growth, overall muscle mass and skeletal muschdlgatcell quiescence via ACVR2B-Smad
pathway. (Zhou et al. 2010). ACVR2B pathway is imed in the skeletal muscle atrophy as
it promotes ubiquitin-proteasome mediated myofi@rilprotein degradation and decreases
Akt/mTOR related protein synthesis. (Tisdale 20C@gen et al. 2014; Loumaye et al. 2015).
As ActA or myostatin binds to ACVR2B receptor o ttell membrane, activity of Smad2/3
and FOXO3a increases. Phosphorylation of Smad2¢3edses the muscle cells growth
ability by various ways such as by inhibiting tteedlite cells activity. Another result is that
activated Smad2/3 dephosphorylates FOXO3a to aetMaRF1 and Atroginl expression in
the nucleus, leading to higher ubiquitination ratecontractile proteins, especially myosin
(Figure 9). Ubiquitination is a signal to proteiegiladation via proteasome system and this
leads to skeletal muscle wasting in cancer cachdXiaou et al. 2010). Thus, ACVR2B
pathway has been suggested to be one of the mpsttant signaling pathways both in the
development and progression of the cancer cacli€kian et al. 2014).
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FIGURE 9. Pathway of the ubiquitin-proteasome mediamuscle degradation via ActA and
myostatin in cancer cachexia (on the left) actirgACVR2B. Activation of the Smad2 and FOX03a
keeps the satellite cells quiescent and promotéguilin ligases Atrogin-1 and MuRF1 expression
thus wasting the skeletal muscle. Blockade of Aabl myostatin activity e.g. bACVR2B-Fc (on

the right) decreases the activity of smad2 and F@xus reversing the skeletal muscle wasting due
to inhibited protein degradation and promoting atlgsis of new skeletal muscle by activating
satellite cells. (Tisdale 2010).

Concentration of the circulating ActA increases éngacute inflammation, renal failure and
some cancers thus promoting muscle atrophy andoselifissue wasting even without a
tumor. Correlation between increased ActA and deswd strength of the skeletal muscle in
cachectic patients demonstrates the importancaeACtA as a disturbing mediator of the
normal muscle function. This loss of strength isimyadue to alternations in the skeletal
muscle function via ActA as well as increased icgflular lipid accumulation into skeletal

muscle cells. Similarly to ActA, increased expreasbf the negative muscle growth regulator
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myostatin may also lead to wasting of the skeletascle in cancer cachexia. (Loumaye et al.
2015; Lee et al. 2016After birth, myostatin is expressed predominantlythe skeletal
muscle but it is also detected in the circulatitinis still under debate if the circulating
myostatin has endocrine activity or could it erker active protein pool in the skeletal muscle
and thus regulate muscle mass. To the date, it s¢bat myostatin has both para- and
endocrine functions. Locally in the muscle produceybstatin determines the mass of that
specific muscle referring to paracrine activity.déarine activity of myostatin is shown by a
mosaic mice model in which myostatin productionnisibited in the posterior muscles but
not in the anterior muscles. The mass of the piostaruscles was significantly decreased due

to circulating myostatin expressed in the antamoscles. (Lee et al. 2016).

Myostatin inhibits muscle growth by decreasing AKIOR pathway activity and protein
synthesis in the skeletal muscle (Tsuchida 201y)udng specific antibodies, e.g. follistatin,
function of myostatin can be blocked leading toré@ased muscle mass and decreased fat
accumulation in mice (Rebbapragada et al. 2003cHAida 2014). In myostatin knockout
mice the same is observed as hypertrophy and higséapis detected (Tsuchida 2014).
Human response is identical as inhibition or a-lfsBinction mutation in myostatin protein
increases the number and size of myofibrils indrkih and muscle mass in the adults
(Hatakeyama et al. 2016).

5.2 Blocking of the ACVR2B pathway

It is suggested that in the development of canaehexia, ActA could be the key regulator
over the classical cytokines due to mostly inefiectreatment of patients with anti-TNF-
and/or anti-IL-6 antibodies when compared to mdfecéve method by using SACVR2B-Fc
to block ActA (Zhou et al. 2010; Loumaye et al. 3Dlindeed, as shown in Figure 10, muscle
atrophy decreases and the survival rate increagebldzking the ActA and myostatin
pathways in murine models (Loumaye et al. 2015 Hlso shown that muscle wasting can
be fully reversed in mice (Chen et al. 2014). Trestment was effective even without tumor
growth inhibitors accompanied with unaltered levefsadipose tissue wasting and pro-
inflammatory cytokine production. The rate of pintedegradation via the ubiquitin-
proteasome system decreases by the ACVR2B blockéie the growth of muscle stem
cells has increases. Timing of the first SACVR2Bédese for cachectic C26 mice can be in

even in the advanced state of cachexia as the sRBMWR is able to reverse skeletal muscle
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atrophy in mice with more than 10 % weight loss sthincreasing the survival rate

tremendously. (Zhou et al. 2010).

Tumor-Bearing Mice

ol
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Muscle Wasting

&
ActRIIB
@ . Antagonist

Progressive Reversal of
fasting Muscle Loss

Survival

FIGURE 10. Blockade cACVR2B pathwaycan reverse and prevent the loss of skeletal muscl
murine models by inhibiting the ubiquitin-proteasoeystem. The treatment does not affect the tumor

growth and still the life expectancy has increasigdificantly. (Zhou et al. 2010).

Treatment of the cachectic and healthy mice witlC8R2B-Fc show comparable results.
Blocking of the ACVR2B pathway by sACVR2B-Fc enhascprotein synthesis in the
skeletal muscle already one or two days after #ginming of the treatment thus promoting
muscle growth in healthy mice. (Hulmi et al. 201Sjmilarly, cachectic mice have shown to
increase skeletal muscle mass with sACVR2B-Fc rreat (Zhou et al. 2010). As well,
SACVR2B-Fc treatment has been shown to prevent ottearapy-induced muscle atrophy

via restoration of muscle protein synthesis leyllissinen et al. 2016).

Contradictorily, SACVR2B-Fc treatment can cause W#&®wning that promotes function of
the mitochondria. This increases thermogenesisgépesis, energy expenditure and weight
loss of the cancer patients. This also raises atigmewhether it is more important to preserve
the skeletal muscle mass than adipose tissue méahe itreatment of cachexia as by saving
and increasing lean mass survival rate of canceerga has increased even when adipose
tissue is lost. (Tsuchida 2014).
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6 RESEARCH QUESTIONS AND HYPOTHESES

Lack of effective cure for cancer cachexia in humamakes the research of the topic very
vital. Currently, the cause of cachexia is unknaawm traditional methods (e.g. nutritional
support) have not been able to deliver the wantgdome it is important to seek the answer
from multiple tissues and tissue interactions. e lbss of the white adipose tissue is clearly
shown to occur in cancer cachexia in multiple meiramd human cancer models (Das et al.
2011; Petruzzelli et al. 2014) it makes the tissteresting from the treatment point of view.
Weight loss in cancer cachexia is an undesirabigpsym and if adipose tissue atrophy could
be prevented it would be interesting to see how diffects metabolism at whole body level

and does it have effect on cancer survival.

6.1 Research questions

1) Does WAT browning occur in experimental C26 alwes the blocking of the ACVR2B
pathway by the SACVR2B-Fc change the gene expressid function of the white adipose
tissue. Changes of WAT browning markers are obseatenRNA and protein level by RT-
gPCR and Western blot.

2) Does lipid accumulation into skeletal muscle wcm experimental C26 and does the
blocking of ACVR2B pathway by the SACVR2B-Fc altgrid metabolism in the skeletal
muscle. Changes in lipid metabolism in the skeletakcle are observed by measuring the

triacylglycerol content of the gastrocnemius muscle

6.2 Hypotheses

1. WAT browning occurs in cancer cachexia as maifferdnt browning regulators e.g.
tumorkines and myokines are secreted into circutatand taken up by WAT. These
regulators switch the gene expression of white ajies towards genes of the brown
adipocytes thus making them beige and giving thkeemntogenic ability. Inhibition of the
ACVR2B pathway activates WAT browning and oxidativeapacity of the WAT
mitochondria thus increasing thermogenesis, enesgenditure and weight/adipose tissue
loss in cancer cachexia.
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Arguments: Adipose tissue metabolism during cameehexia has been studied in multiple
rodent models e.g. C26, LCC, MAC16, Walker 256, L4 B16 (Das et al. 2011; Tsoli et
al. 2015) and browning of WAT has been shown in ynearlier studies including murine
models with LCC, C26 and B16 cancers (Kir et all&@Petruzzelli et al. 2014). On the other
hand, by using the same cancer models e.g. C26, WéWning was not observed by others
(Kliewer et al. 2015). A switch from the white adgyte phenotype towards the beige
adipocytes expressing UCP1 occurs due to many atgsl e.g. PGCel PPAR and
PRDM16 (Lo & Sun 2013; Pertuzzelli et al. 2014)efdare some controversial results about
the role of the UCP1 mediated adipose tissue thgemesis and weight loss during cancer
cachexia as UCP1 knockout did not show preventioadgose tissue loss in cancer (Rohm
et al. 2016). Blockade of the ACVR2B pathway inse=askeletal muscle protein synthesis
and decreases adipose tissue mass (Zhou et al. P&dc¢hida 2014). Use of the SACVR2B-
Fc in C26 tumor-bearing mice prevented the losthefskeletal muscle but simultaneously
adipose tissue was wasted thus suggesting nonepiveteole of this treatment on adipose
tissue (Zhou et al. 2010). In addition, administratof the SACVR2B-Fc can increase
expression of the UCP1 and PGE-dignificantly thus suggesting enhanced thermogenic
ability of beige cells due to WAT browning at leasthigh-fat diet consuming mice. This
might be a result of inhibiting binding of SACVRZB: to ligands of the thermogenic
repressors. (Koncarevic et al. 2012). As well,chémle of ACVR2B pathway promotes
mitochondrial functions and thermogenesis in BATstrenabling the FA usage to heat

production. (Fournier et al. 2012).

2. Lipid accumulation into the skeletal muscle asdn cancer cachexia as a consequence of
increased lipolysis and FA release from the WATIisTimcreases intramyocellular lipid
droplet content in the skeletal muscle thus impgifFA utilization and3-oxidation leading

the impaired muscle function. (Stephens et al. ROGITOR pathway is impaired due to
increased FA uptake leading to inhibited proteintsgsis. (Petruzzelli & Wagner 2016).
Overall, the sACVR2B-Fc treatment is known to daseeadipose tissue mass (Koncarevic et

al. 2012), but less is known how it affects intracwlar lipid droplet content.

Arguments: Previous studies have shown the dettahaffect of lipid accumulation into
skeletal muscle and how it affects muscle streragiti function (Lipina & Hundal 2016;

Petruzzelli & Wagner 2016). During muscle wastiige ubiquitin-proteasome system
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requires a lot of ATP to breakdown proteins. Thid ather high energy consuming pathways
of cancer cachexia, e.g. futile Cori cycle due dotdte production, are a great burden to
mitochondria. To deal with this high ATP demandtanhondria must decrease the efficiency
which is related with energy wasting as all the gety is not used to ATP production. If

efficiency decrease of mitochondria does occurhie skeletal muscle, it could increase
energy expenditure significantly, even 15-30 % lué basic metabolic rate. As well, the

decreased oxidative capacity of the muscle isedlad accumulation of intramyocellular lipid

droplets and insulin resistance. (Van Herpen & &aWwen-Hinderling 2008julienne et al.

2012).

On the other hand, total lipid accumulation int@ tskeletal muscle in the early state of
cachexia has not been observed in other studigewii et al. 2015). On the whole-body
level SACVR2B-Fc treatment does not prevent adigssee loss, in fact blockade of myosin
activity can even decreases body fat mass, butevemts lipid accumulation into liver
preventing liver steatosis at least in high-fattidg mice (Koncarevic et al. 2012). At the
moment, little is known and more research is neeadedut the effect of SACVR2B-Fc

treatment on skeletal muscle lipid accumulation.
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7 MATERIALS AND METHODS

7.1 Animals

In the study BALB/c (BALB/cAnNNCrl) male mice aged6weeks from Charles River

Laboratories (Germany) were used. They were housdatde groups of three in standard
conditions (temperature 22°C, 12-h dark, 12-h ligyttle). Free access to food pellets (R36;
4% fat, 55.7% carbohydrate, 18.5% protein, 3 k¢dl@pfor, Stockholm Sweden) and tap

water was provided during the entire experiments.

C26 was selected to be the cancer type as theséb&fhg mice develop severe cachexia
with significant decrease in body, muscle and askptissue mass in a short period of time as
well as they show increases in inflammation marlerd ubiquitin ligases. Due to skeletal

muscle fiber atrophy this model also shows decreaseuscle strength and physical activity

accompanied with fast muscle fatigue. All the didma symptoms are observed also in
human cancers so this murine model is close tacelirconditions of cancer patients. (De

Larichaudy et al. 2012; Murphy et al. 2012).

7.2 Ethics statement

The treatment of the animals was in strict accardamith the European Convention for the
protection of vertebrate animals used for expertaeand other scientific purposes. The
protocol was approved by the national animal expent board, permit number:
ESAVI1/10137/04.10.07/2014.

7.3 Experimental design

The aim of the study was to determine if the SACBREX administration to C26 bearing
mice until the cancer or until death would decreadgose tissue atrophy, affect WAT
browning and prevent TG accumulation into the dkél®muscle. Duration of the study was 11
days and the mice were randomized into one of iheetgroups (n = 9 in each): PBS with
C26 (PBS + C26), SACVR2B-Fc before C26 injectiolfC{R b) and continuous sACVR2B-
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Fc (ACVR c). Additionally, healthy control group @ 9) was included and they were
injected with PBS (Figure 11). Five outlier micerfr cancer groups (two from PBS + C26,
two from C26 + ACVR b and one from C26 + ACVR cjldiot grow a prober tumor so they
had to be excluded from the statistical determimegtiresulting 7, 7 and 8 mice per group,
respectively. From this onward if not mentionedentiise number of the mice per group in

figures is 7-8 as described above.

SACVR2B-Fc (5 mg/kg) or PBS was injected 100 piaperitoneally three times before C26
(or PBS for control) inoculation and three timeteafcancer cell transplant. Activity of the

mice was measured with force plate at basal lelag) (13, 13 days before C26 (or PBS) cell
inoculation) and a second time one day before tiokoé the study (day 10, 10 days after C26
(or PBS) cell inoculation). Mice and the eaten fawere weighted daily. None of the mice

had to be euthanized prematurely. At day 11, dfftermice were anesthetized by mixture of
ketamine and xylazine (Ketamiffoland Rompufi, respectively), the heart puncture was
taken and euthanization followed by cervical dialean. Next, the tissue samples (GA
(gastrocnemius), soleus, TA (tibialis anteriorjntu, and subcutaneous and epididymal WAT
(white adipose tissue)) were collected, weighted stored into liquid nitrogen as quickly as
possible. Tibia length was measured to normalizdes&l muscle weights. Muscle weights
reported in this thesis are an average of the u@ighthe right and left leg. In Figure 11 is

shown a schematic presentation of the study design.
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FIGURE 11. Study design. Mice were randomized te ohthe groups; control (CTRL), PBS with
C26 (PBS + C26), SACVR2B-Fc before C26 (ACVR b) amhtinuous sACVR2B-Fc treatment
(ACVR c). Before C26 cell (or PBS to CTRL) inoctiten, mice were injected with PBS (CTRL and
C26 + PBS) or SACVR2B-Fc (C26 + ACVR b and C26 +\ALc). After this, PBS was injected to
CTRL, C26 + PBS and C26 + ACVR b groups. sACVR2BtEatment was continued for the C26 +
ACVR c group. In the beginning of the study n =€ group.

7.4 Force plate measurements

Activity of the mice was determined by 24 h fordatp measurement at their own home gage.
At day -13, 13 days prior to cancer cell (or PB&®)culation, gage was placed on the force
plate surface and all the movement above the tblésfibackground was removed) was

summed together from 24 h period and divided byntlass of the mouse. By these means the
activity index data was collected. Measurement repeated at day 10, 10 days after cancer

cell inoculation.

7.5 SACVR2B-Fc production

In this study, a recombinant fusion protein thasvpaoduced and purifieth house in the
University of Helsinki by O. Ritvos and A. Pastethaas described by Hulmi et al. (2013)
was used. Shortly, ectodomain of human ACVR2B wgtied to the human IgG1 FC domain
to produce required fusion protein SACVR2B-Fc. fjrsPCR was used to amplify the
human ectodomain. The sequences of the primers ms&®CR of sACVR2B were the
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following; 5-GGACTAGTAACATGACGGCGCCCTGG-3 and 5
CCAGATCTGCGGTGGGGGCTGTCGG-3Secondly, the human IgG Fc domain with a
COOH-terminal His6 tag was amplified and the primeequences were; -5
GCAGATCTAATCGAAGGTCGTGGTGATCCCAAATCTTGTGAC-3and
5-TCCCTGTCTCCGGGTAAACACCATCACCATCACCATTGAGCGGCCGCTI- as
previously shown by Hulmi et al. (2013). Chinesenkter ovary cells were used to produce
the final protein product. His-tag was used toexilbn of the recombinant protein from*Ni
loaded HiTrap Chelating column and purity of theag¢ was determined to be > 90 % by
silver-stained SDS-PAGE.

7.6 Triacylglycerol extraction from gastrocnemius nuscle

Gastrocnemius muscle samples were pulverized wndigitrogen and further homogenized
into chloroform-methanol (2:1) in relationship dd 81g sample in 4 ml of buffer added by
weight as previously described by Bruce et al. 20@rganic and non-organic phases were
separated by adding 0.9 % (wt/vol) NaCl as dematesdr by Bruce et al. (2007) and the
lower organic phase was evaporated by vacuum eatgorAbsolute ethanol was used to
dissolve the dried triacylglycerol and the concaintn was measured by Triglycerides kit
(#981786, Thermo Scientific) with KoneLab measurdeyice (Thermo Scientific, Vantaa,
Finland).

7.7RNA extraction and RT-gPCR

RNA extraction. Total RNA was extracted from the pulverized scWgamples with QIAzol
Lysis Reagent (1023537, QIAGEN) by the protocotl® RNeasy Plus Universal Mini Kit
(73404, QIAGEN,). Concentration and purity of thetracted RNA was determined
spectrophotometrically by NanoDrop as absorbance260/280 nm wavelengths was
measured. Mean A260/A280 in CTRL group was 2.09C26 + PBS group 2.11, in C26 +
ACVR b 2.09 and in C26 + ACVR c 2.1. To convert RWACDNA for RT-gPCR analysis,
iScript” Adv cDNA kit for RT-gPCR (#172-5038, Bio-Rad Lahtories) was used by the
protocol of the manufacturer.
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RT-gPCR. Real-time quantitative polymerase chain react{®T-gPCR) was used to
determine the expression of UCP1, DIO2, PRDM166/IRGC-hl and housekeeping genes
TATA-box binding protein (TBP), 18S ribosomal RNR{18S), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), ribosomal phosphoproteigRRLPO, a.k.a 36B4) (Table 1). The
thermocycling protocol of the RT-gPCR consistece¢hstages; firstly, at high temperature
DNA strands were separated as they denaturate altleet heat. As the temperature was
decreased, the primers bounded to the templatesecwhd temperature rise will begin the
elongation in which new strand is synthesized byAQdlymerase. One whole cycle of the
three steps will double the copied DNA number. r{Ban & Avashia 2013). In this study
SYBR green, a double stranded DNA-binding dye, wsed to detect the products. (Real-
time PCR handbook, 12). All the preparation stepstlie RT-gPCR were conducted in the
laminar to minimize the possibility of contaminatg Firstly, primers, samples and reagents
were melted on ice and SYBR green was protectad fight. Samples were diluted 1:10 so
that the total concentration was 8.5 ng/ul. Mastetes of the genes with BioRad ready-to-
use primers consisted 10l of Q" SYBR® Green Supermix (#170-8882, Bio-Rad
Laboratories), gl of primer (both 5 and 3’ primers included) angl RNase free water per
one reaction. Master mixes of TBP, IL-6 and PG(Q-tonsisted 1@l iQ SYBR Supermix,
1yl 5° primer, 1l 3" primer and il RNase free water per one reaction. These la@lr s
designed primers were diluted 1:10 from the stédier pipetting 18 ul of the master mix to
the 96 well plate, 2 pul (17 ng) of the sample wddeal making the total volume of one
reaction to be 20 ul. To seal the plate, micro&&alilm was used and plate was centrifuged
1000 rpm for 1 minute. For the UCP1, PRDM16 and DliBe temperature cycles were 2
minutes at + 95 °C, 45 cycles of 5 seconds at %9t denaturate and 30 seconds at + 60 °C
to anneal, elongate and detection. For IL-6, PGC-1TBP, GAPDH and 36B4 the
temperatures cycles were 10 minutes at + 95 °Cgydtes of 10 seconds at + 95 °C to
denaturate, 30 seconds at + 60 °C to anneal a2€ 7o extension and detection. After this
amplification protocol, melting curve for each gem@as determined by measuring the
fluorescence between temperatures +65 °C and +9BitC0.5 °C increments for every 5
seconds. CFX96 RealTime PCR Detection System (Bid-Raboratories) was used to
quantify the results. Efficiency correcte&dCt method was used in the study to analyze the

obtained data.

cDNA gel electrophoresis. TBP results were used to normalize the dataeswlere round the

most stable between the groups of the tested heapelg genes (Figure 12A, all data not
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shown). In Figure 12B is shown the DNA gel elechogesis of the TBP showing that the
product from RT-gPCR is the same size (89 bp) aeeed. To start with the DNA gel

electrophoresis, the 3 % agarose gel was prepartalaws; 3.75 g of agarose was diluted to
0.5 X TBE buffer in the microwave and 2.5 pl ofidthm bromide was added and then the
mixture was placed to set into the running devidext, the cDNA samples were diluted 1:4
to water so that the total volume is 20 pl and ®fyidample loading buffer was added to the
mixture. After mixing and spinning the samples 1&fithe sample and 12 pl of Trackilt 50

bp DNA ladder (#10488-043, Invitrogen) and was tigxk on the gel. 0.5 X TBE running

buffer containing 16 pl of ethidium bromide was eddo the running chamber and the
samples were run at 100 V for 1 hour and 30 minl&d V. Quantity One 4.6.3. - software

(Bio-Rad Laboratories) was used for the detection.

TABLE 1. Primers used in the study. UCP1, PRDM1d BO2 were purchased from the BioRad®

and the manufacturer does not provide the sequerficks transcripts.

Isoform/Transcript | Forward 5> 3’ Reverse 52 3’

GAPDH AACTTTGGCATTGTGGAAGG| GGATGCAGGGTGATGTTCT,
IL-6 CTGATGCTGGTGACAACCAC CAGAATTGCCATTGCACAAC
PGC-1ul CATGTGCAGCCAAGACTCTG ACACCACTTCAATCCACCCA
Rn18S GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
TBP GAAGCTGCGGTACAATTCCAG | CCCCTTGTACCCTTCACCAAT
36B4 GGCCCTGCACTCTCGCTTTC TGCCAGGACGCGCTTGT

Isoform/Transcript | Unique Assay ID, BioRa®

DIO2 gMmuCID007430
UCP1 gMmuCID0005832
PRDM16 gMmuCIiD0010482
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FIGURE 12. A) TBP group averageCt values expressed as + SE shown no statistifferelices
between groups. B) The DNA gel electrophoresis BP Bhowing that the synthetized product is the
right size (89 bp). Tracklt 50 bp DNA ladder wagsdigs a marker.

7.8 Citrate synthase activity

Activity of the citrate synthase (CS) was deterrdifim the diluted scWAT homogenates
(2:20) by using a specific kit (CS0720-1KT, SigmhbhAch) and an automated KonelLab
measuring device (Thermo Scientific, Vantaa, Fid)an

7.9 Western blot protein analysis

To prepare the scWAT and gastrocnemius sampley feadhe Western blot analysis, they
were first pulverized into liquid nitrogen and fuet homogenized as previously described by
Hulmi et al. (2013) and diluted to dd®i so that protein content was 8@ in 15ul of a
sample. To determine the protein quantity of thedisd genes from scWAT and
gastrocnemius muscle Western blot was conductedeiRrconcentrations of the both tissues
were determined by Pierce™ BCA Protein Assay Ki3@25, Thermo Scientific) and
KonelLab device. Genes of interest from scWAT w&€C, p-ACC (Ser79), ATGL, Cyt,
p-HSL (Ser660), HSL, OXPHOS, PGG;1PLIN5, STAT3, p-STAT3 (Tyr705), UCP1 and

43



a-Tubulin. More details about the antibodies arewshan appendix. Control of the protein

loading and transfer in the study was PonceauiSirsga

DSpage. Protein samples were first diluted to the wargedcentration (3@g of protein in
15 pl of sample) and mixed with 2 x Laemmli sample buff(#161-0737, Bio-Rad
Laboratories) with 5 98-mercaptoethanol. In the next step, samples werglgltentrifuged
and placed on the heat block (95 °C) for 10 minuwtestrifuged shortly again and put on ice
for 5 minutes. Prior to the sample loading (25f each sample to the well),.6 of molecular
marker (Precision Plus ProteinDual Color Standards, #161-0374, Bio-Rad Laborasyr
was added to the gel (4-20 % CriterionTGX " Precast Gels, #567-1094, Bio-Rad
laboratories). Protein samples were separated dwtrephoresis in electrophoresis running
buffer (2.5 mM Tris Base, 19.2 mM glycine, 0.01 B ddH20) with 270 V for 35 minutes
at +4 °C on ice. SDS denaturates the proteinsrtfakéng them negatively charged. This way

proteins will move from the anode towards the cdébased on only their molecular weights.

Blotting. After SDS-page, proteins were blotted from thé e the PVDF membrane
(Amersham' Hybond" P 0.45 PVDF, GE Healthcare Life Sciences, 106Q0B8jore that
the gel was placed into blotting buffer (2.5 mMsTBase, 19.0 mM glycine, (pH adjusted to
8.3 with HCI), 10% methanol, ddH20) for 30 minutaed in the mean while PVDF
membrane was activated in the methanol for 10 skxarext in the ddH20 for 2 minutes and
finally in the blotting buffer for 15-20 minutesri®r to building the blotting cassette, blotting
buffer was added to wet the scotch-brite pads dotlirfy papers. Inside the cassette there
were following components in this order; a scotciteb pad, a blotting paper, the
electrophoresis gel, the PVDF membrane, a blogiager and a scotch-brite pad. Cassettes
were placed into blotting chamber with magneticatid ice brick. Blotting buffer was added
and blotting was conducted with 300 mA for 2.5 tsoair +4 °C on ice.

Ponceau S staining, blocking and primary antibodies. After blotting the membranes were
stained in Ponceau S for 10 minutes, washed wiH2@and imaged with Molecular Imager
ChemiDoc XRS System (Bio-Rad) and Quantity One34-&oftware (Bio-Rad). In the next
step, membranes were cut so that only one profeinterest was on one strip and then the
strips were blocked at room temperature for 2 houBS + 0.1 % Tween-20 + 5 % non-fat
milk in slow rocking. Meanwhile, primary antibodi¢appendix 1) were prepared and then

added to strips and they were incubated overnight@ with gentle rocking.
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Secondary antibodies and protein detection. The membranes were washed 4 x 5 minutes by
TBS-Tween and incubated for 1 hour at room tempegatwvith the secondary antibodies
(appendix 1) with slow rocking. After 5 x 5 minute$ washing with TBS-Tween, the
membranes were incubated with detection kit satuffBuperSignal West Femto Maximum
Sensitivity Substrate, Pierce Protein Biology Pddu#34096, Thermo Scientific) for 5
minutes and images were taken by 45 Molecular Im&emiDoc XRS System (Bio-Rad

Laboratories) and Quantity One 4.6.3.-software {B&wl Laboratories).

Stripping. Stripping was done for those membranes that Wwadptoteins of interest and this
way the first protein could be removed (p-STAT3 waipped to detect STAT3 and PLINS
was stripped to deteai-Tubulin). To do so, the strips were incubated irestférn Blot
stripping buffer (#21059, Thermo Scientific) for B@inutes at the room temperature with
rocking. The stripping solution was removed byingshe membranes 5 x with dgBl and 3
x 5 minutes of TBS-Tween. To avoid unspecific birgdi blocking was conducted again.

After this the strips were incubated with the newnary antibody as early described.

Quantification and notifications. Quantification and determination of relative qitées of the
proteins of interest was done with Quantity One3}.6 software (Bio-Rad Laboratories). To

normalize the data mean of the wells of PonceaaiSisg were used.

Note. OXPHOS differed in protocol from the other stutlgienes in SDS-page as the samples
were heated for 7 minutes at 50 °C instead of Iutas in 95 °C. Same is true for PCé&abk

it was done in the same run as OXPHOS.

7.10 Data processing and statistical analyses

To analyze the data with statistical tests, lB®PS$ Statistics program version 24 was used
(SPSS, Chicago, IL, USA). Data was tested for néitynand equality of variances. Results
were analyzed by Mann-Whitney U-test and correetétd Holm-Bonferroni except tissue
weights were analyzed by one-way Anova LSD Post-best corrected with Holm-
Bonferroni. One other exception was CTRL vs. C2BBS group as it was analyzed with t-
test. Pooled cancer effect was analyzed with Marmitvey U-test (CTRL vs. all C26 mice
pooled). Pearson correlation was used to deterthmeelation of sSCWAT RNA and protein

yield to sScWAT mass per tibial length. Statistisgnificance was set at p < 0.05.
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8 RESULTS

8.1 Body composition, physical activity and food asumption

In agreement with previous studies, the C26 al@#6(+ PBS) caused an expected decrease
in the body weight, adipose tissue deposits antbsiemuscle mass when compared to the
control group (Figures 13A, 15A-B and 16A-C, resdpety). Cancer decreased the body
weight of the C26 + PBS group when compared toGR&L group (p < 0.05, Figure 13A)
but the receptor blocker treatment reversed thketstanuscle atrophy of both SACVR2B-Fc
groups, statistically non-significantly in C26 + X& b group and significantly in C26 +
ACVR c group (p < 0.01) when compared to C26 + RfB&Ip (Figure 13A). Tumor size of
the C26 bearing mice does not explain the chamgbedy weight as it did not differ between

the cancer groups (Figure 13B).
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FIGURE 13. A) Body weight* or ** depicts significant difference between tlggoups
designated by lines (p < 0.05 and p < 0.01, resmdyg}). B) Tumor weights do not show

differences between cancer groups.

Three days (days 8-10) prior to the end of thesttltere was decrease in eating in all C26
groups (p < 0.05) (Figure 14A). The group treatéith wACVR2B-Fc only before to the C26
inoculation showed greater decrease in eating wberpared to the continued sACVR2B-Fc
treated group. There was also an expected negaiveer effect in the activity of the tumor-
bearing mice when compared to control (p < 0.0bwshg decreased physical activity in all

cancer groups (Figure 14B).
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FIGURE 14. A) Food consumption at baseline (daysatd -12), days 5-7 and days 8-10 after C26
inoculation. # with line depicts cancer effect aysl 8-10, p < 0.05, n =4 in CTRL group, 3 in other
B) Activity of the mice at baseline (day -13) aridday 10. ## depicts cancer effect at day 10, p <
0.01, n=3in C26 + PBS group, 2 in others.

The C26 has a significant cancer effect on adipissae mass as both sScWAT and eWAT are
decreased tremendously (p < 0.001) (Figure 15A &bH, respectively). SACVR2B-Fc
treatment did not have additional effect on thee raf adipose tissue atrophy, although
continued sACVR2B-Fc treatment maintained the scWAdss slightly better than if the
treatment was ended after cancer cell injection (p05). The loss of the adipose tissue also
decreased the amount of Perilipin 5 (PLIN5), ampasié cell surface protein which is related
to homeostasis of lipogenesis and lipolysis by latgn of FA oxidation, storage and release
(Dalen et al. 2007), showing a negative cancerceffe< 0.05) (Figure 15C). Decrease in the
skeletal muscle mass was prevented by the sACVR2BrEatment and there was a
statistically significant increase in the masshaf studied muscles over the PBS level (Figure
16A-C).
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significant difference between the groups desighdig lines, p < 0.01B) Tibialis anterior
(TA) weight normalized to tibial length (mg/mm¥* or *** depicts significant difference
between the groups designated by lines (p < 0.@Lpar 0.001, respectively) Soleus
weight normalized to tibial length (mg/mn#¥).depicts significant difference between the groups
designated by lines, p < 0.0B6.all the muscle figures n = 9 in CTRL group, h&thers.

The significant decrease in sSC(WAT mass due to tAé €hanges the proportion of RNA,
protein and TGs in the adipose tissue (Figure 16é B/A-B). There is a significant cancer
effect in the increase of RNA (p < 0.001) and pirofp < 0.01) yield as when the adipose
tissue mass decreases the proportion of RNA an@iprancreases in the fat tissue (Figure
17A-B). Pearson correlation between RNA yield ac/AT/TL was -0.522 (p < 0.003,%R-

0.472 and protein yield and scWAT/TL -0.329 (p < 0.024,-R0.264). Pearson correlation

results are shown in Figure 17C-D.
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correlation of RNA yield and scWAT/TL, p = 0.003% R 0.472. D) Pearson correlation of protein
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8.2 White adipose tissue browning markers

The results of WAT browning markers show variatatrthe mRNA level. Browning outcome
marker UCP1 is significantly decreased in all thaaer groups showing a cancer effect (p <
0.001) (Figure 18A). At protein level the UCP1 réda similar; there is a clear negative
cancer effect compared to the control (p < 0.0iyufe 18C). Continued SACVR2B-Fc
treatment increased UCP1 protein expression sjightien compared to PBS group (p <
0.05), yet remaining at lower level than the cangn@up (significance not shown in Figure
18C). At mRNA level, PGCdl isoform and PRDM16 were increased in the candenw
compared to control group (p < 0.001 and p < Or8Spectively) (Figure 18B and Figure
19A). Increase of PGCel at mMRNA level did not cause any changes at prdwiel of
PGC-In (Figure 18D). DIO2 showed no significant differeacbetween groups at mRNA
level (Figure 19B).
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FIGURE 18. WAT browning markers at mRNA and prot&mel. A) UCP1 at mRNA level. ###
depicts significant negative cancer effect, p <00.0B) PGC-&1 at mRNA level. ### depicts
significant positive cancer effect, p < 0.001. GJRL at protein level. ## depicts significant negati
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Ponceau S.
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8.3 Mitochondrial function

Citrate synthase activity remained stable in cameet the SACVR2B-Fc treatment did not
have any effect on it (Figure 21). Oxidative phasptation remained functional but there
was a decreasing trend (p < 0.052) in total OXPHD§gesting a slight negative cancer
effect at this time point (Figure 22A). SACVR2B-Eeatment had no additional effect on
total OXPHOS. Complex V of the OXPHOS showed a midjative cancer effect (p < 0.05,
data not shown). Cytochromewas in line with other mitochondrial results shogvino

significant changes between study groups (Figui@)2kh skeletal muscle (TA) there were
not significant differences between groups in t@xPHOS, Cytochrome, ACC or PDK4

(data not shown).
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FIGURE 21. Citrate synthase activity of sCWAT theeriment showed no differences between
groups at the end of the study. In CTRL group n %8 in others.
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8.4 Lipolysis and lipogenesis

Phosphorylation of the lipases (ATGL and HSL) was ¢changed nor had the sACVR2B-Fc
treatment any effect on it. SACVR2B-Fc treatmerfolbe C26 cell injection showed a slight
but not significant decrease in ATGL protein lewdien compared to cancer alone (C26 +
PBS) but the continued treatment did not have #Hmeseffect (Figure 23A). Similarly to
ATGL, HSL phosphorylation remained at control leirehll the groups without showing any
significant changes (Figure 24A). Only p-HSL (S&p@as slightly decreased in continued
SACVR2B-Fc treatment group compared to cancer al@26 + PBS), p < 0.05. The
phosphorylation of the acetyl CoA carboxylase (AQ@CRIl the cancer groups remained at

the same level as the control group without showimg significant differences (Figure 25A).
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normalized to Ponceau S.
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C26 + ACVR b, 7-8 in others. B) p-ACC and ACC nolized to Ponceau S.

8.5 Inflammation and IL-6

In agreement with previous studies with the sameimaumodel, there was a significant
positive cancer effect of IL-6 and p-STAT3 signglim C26 cancer. At protein level
phosphorylation of STAT3 had a clear positive caneféect between groups (p < 0.001)
(Figure 26A). Changes in total STAT3 was not obsdnwhich explains a significant increase
of p-STAT3 per STAT3 in cancer groups vs. controbup (p < 0.001) (Figure 26C).
Upstream to STATS3, IL-6 expression at mRNA levelswagnificantly higher due to the
cancer effect (p < 0.01) (Figure 26D). A signifitamcrease in IL-6 expression in the tumor
itself and skeletal muscle was found thus sugggstiat in C26 IL-6 is not only a tumorkine
but also a myokine and an adipokine as is prewoakeady been shown (data not shown).
SACVR2B-Fc treatment seems to increase IL-6 exprsst MRNA level but has no effect
on protein levels of STAT3, but p-STAT3 increasbs\& the cancer effect in before treated

SACVR2B group than in continued treatment group.
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FIGURE 26. A) p-STAT3 and total STAT3. ### depidignificant positive cancer effect of p-

STATS3, p < 0.001. B) p-STAT3 and STAT3 normalizedPionceau S. C) p-STAT3 per STAT3. ###
depicts significant positive cancer effect, p <00.0D) IL-6 mRNA expression, n =7 in CTRL group,
n =7 in others. ## depicts significant positive@areffect, p < 0.01.

8.6 Intramyocellular triacylglycerol content

To investigate the effects of C26 and blockadenefACVR2B pathway on intramyocellular

lipid content, gastrocnemius muscle TGs were meas@26 caused a significant decrease in
the GA triacylglycerol content when all the cangeoups together were compared to the
control group (p < 0.01) (Figure 273ACVR2B-Fc treatment did not have any effect on
triacylglycerol accumulation into the skeletal mlesibeyond the cancer effect, at least at this
time point, although results suggest that contisusCVR2B-Fc treatment preserved TGs

better than if treatment was ended at the timé®fd26 cell inoculation (p < 0.05).
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9 DISCUSSION

The primary aim of the study was to determine if WBrowning occurs in early cachexia
and if the SACVR2B-Fc treatment has any effectlos phenomenon. Secondary aim was to
determine whether TGs accumulate into skeletal taust early cachexia and does
SACVR2B-Fc treatment affect this. Three C26 turbhearing mice groups (C26 + PBS, C26
+ ACVR before cancer cell inoculation and C26 + A¥Q@ontinued after cancer cell
inoculation) and a healthy control group (n = 9 geup) were observed for 13 days before
and 11 days after C26 cell inoculation resultingrall duration of the experiment to be 24
days. The main result of this experiment was theither WAT browning nor TG
accumulation were observed in early C26 preclinicathexia and that sACVR2B-Fc
treatment does not have any additional effectsithrerephenomenon. These results support
the theory that WAT browning may not yet occur aymmot be as important in adipose tissue
atrophy and weight loss in early cachexia as ptshohas been assumed. Significant adipose
tissue atrophy was observed at day 11 in C26 lgpamice with decreased physical activity

levels accompanied with no consistent effects dochbndrial count.

Body composition, activity and food consumption. C26 alone caused significant changes in
body composition by causing skeletal muscle wastimg) especially adipose tissue atrophy as
it has previously been shown with this same mobDel I(arichaudy et al. 2012; Murphy et al.
2012). Muscle atrophy caused by C26 was prevenyedACVR2B-Fc treatment and this
increased the body weight of the cachectic miceasexpected and shown previously (Zhou
et al. 2010). WAT was wasted at same rate with ibhout the receptor blocker treatment
which suggests that SACVR2B-Fc treatment does ae¢ lany additional enhancing effect on

lipolysis and lipid metabolism in adipose tissuaroskeletal muscle in early cachexia.

Physical activity and food consumption followedimitar pattern as when food consumption

started to decrease so did the activity, a findilngady observed previously by others (Toledo
et al. 2015). As well, physical activity decreasesancer in animals and in humans (Toledo
et al 2011; Moses et al. 2004). Many of the cadbgettients may have to stay in bed rest due
to illness which decreases physical activity, meigahction and suppresses protein synthesis.
This may also explain muscle atrophy in cachexithasrate of protein degradation exceeds

the protein synthesis due to e.g. increased catabm@chanism and lack of anabolic stimuli
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(Gullet et al. 2011; Gould et al. 2013). As wether factors such as decreased plasma insulin
level and/or insulin sensitivity of the skeletal sole, lowered protein translation rate or
inadequate pool of different amino acids due todmd appetite may downregulate muscle
protein synthesis. Physical activity decreasesamfhation, improves muscle strength and
function and increases quality on life and as thehectic mice become less active towards
the end of the study, it suggests that benefith®fexercise are lost in cachexia if activity is
not voluntarily maintained. (Gould et al. 2013).tiidugh the number of clinical trials is
small, a few human studies have shown that cachpatients benefit from resistance training
which prevents muscle atrophy and loss of the neufahction which occurs in non-
exercising cachectic patients (Segal et al. 20@gjaBet al. 2009)It seems that there is a
pattern starting from decreased physical activitg tb lack of adequate nutrient intake and
muscle fatigue in early cachexia developing towamiscle and adipose tissue wasting thus
lowering the survival expectancy (Gullet et al. 2D1This supports the results of physical
activity as decreased activity and food consumppi@bably in part caused muscle atrophy in
placebo cancer group but SACVR2B-Fc treatment prteekthis by preserving the muscle
mass without preventing adipose tissue wasting, d@&trease in eating alone cannot explain
the significant adipose tissue wasting of the cagoeups as also physical activity decreased

to similar extent.

Cachexia cannot be overcome by basic nutritionsrnmentions and cancer patients have
often reduced food consumption due to e.g. altGi@unonal regulation and poor physical
condition. Nutrient and vitamin intake may decredse to nausea and vomiting resulting in
negative energy balance and tissue loss. (Das.e204ll; Gould et al. 2013; Penet &

Bhujwalla 2015). Human studies have shown thatitial support may have even

unwanted outcomes as hyperglycemia is commonlyrebde at least in early studies with

parenteral nutrition. The problem with nutritionstlidies in cancer patients is the lack of
carefully randomized controlled clinical trials. (&t et al. 2011). Decrease in energy intake
partially explains weight loss in cachexia but sootkeer underlying mechanisms interfere
with energy homeostasis as well because e.g. isedepro-inflammatory cytokine release
cannot be explained by anorexia (Mdller et al. 30T0is suggests that futile cycles e.g. Cori
cycle and other energy demanding processes retporenuch energy that normal eating

would be enough to satisfy that need.

As adipose tissue mass was decreased, RNA andrpyiéd increased significantly. This is

logical as when the TG content of the adipocytereleses, the proportion of RNA, protein

59



and DNA increases. Most clearly this was seen mirob group as the greater the fat mass
was, the lower the RNA and protein yield was angk versa. Variation in this could be
explained at some rate by human studies (Batist@.£2015; Alves et al. 2017) showing
infiltration of the inflammatory cells into the WA@ccompanied with increased fibrosis of
adipose tissue during cachexia of gastrointespasients. This could contribute to increased
RNA and protein yield in cachexia. Interestinglyeatest level of phosphorylated STAT3
was in the same group that showed greatest RNApeotdin yield increase. IL-6 expression

at mRNA level was not greatest in this same groupglevated still significantly.

WAT browning markers. Unlike some previous studies with LLC, C26 andRhncers (Kir

et al 2014; Petruzzelli et al. 2014), WAT brownings not observed in this study. UCP1 was
downregulated at protein and mRNA level suggestiag lack of adequate signal for WAT
browning at this time point is missing, but caclaeand adipose tissue wasting have still
occurred. 11 days may be too brief time for UCPhawe been increased at mRNA and
protein level in adipose tissue so that it woultlence WAT browning and atrophy. As well,
if this was the case, now it should have been deguiated and signs of mitohcondriogenesis
should be detectable, which was not the case regrebd. At mRNA level PRDM16 had
slight cancer effect and DIO2 was unaltered soetliemo consistent enhancement of WAT
browning marker gene expression. SACVR2B-Fc treatntid not have any effect on the
expression of the WAT browning markers althoughas previously been shown to enhance
WAT browning (Zhang et al. 2012; Shan et al. 2038igh et al. 2014 Loss of function of
TGF-activated kinase 1 (TAK1) also increases WAT brimgrthus emphasizing the role of
TGF family members and ACVR2B pathway in WAT gene eggion (Sassmann-Schweda
et al. 2016). Fat browning regulator PG&-&as unchanged at protein level accompanied
with slight increase at mRNA level. Supporting gresent results, browning of WAT was not
detected by Kliewer et al. (2015) at early cach@xi@26 mice. This might be due to different
duration of other studies or different ending eréée The results suggest that WAT browning
may not be as common or important phenomenon icecarelated adipose tissue wasting
supporting the theory recently suggested by Rohal.gR016). Instead, loss of the adipose
tissue and increased energy expenditure could dbcough simultaneous induction of both
lipolytic and lipogenic pathways (Rohm et al. 2Q1dpwever, at day 11 it was perhaps too
late to observe the changes in these pathways.

Mitochondrial function. Protein level of Cytochrome and activity of citrate synthase were
unaltered in subcutaneous fat between study grotgial OXPHOS was mildly affected by
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the cancer suggesting possibly slightly decreasigdchondrial oxidative capacity in early
cancer. Overall, mitochondrial count at this tinenp remained normal and sACVR2B-Fc
did not affect the WAT browning or mitochondriogei'e UCP1 production was not
increased so most likely thermogenesis and browhsege not occurred in sSCWAT at this
time point. PGC-& was elevated at mMRNA level but not at protein leeemaybe there was a
signal to enhance mitochondriogenesis but it wahserved at this time point at functional

level of mitochondria.

Lipolysis and lipogenesis. Unlike in other studies (Das et al. 2011; Henesjet al. 2017),
neither lipolysis nor lipogenesis were altered his tstudy, although significant amount of
adipose tissue was lost already at day 11 refetongarly cachexia. ATGL and total HSL
remained unaltered in all the study groups and p-{$8r660) showed even a negative cancer
effect. As the amount of adipose depots was styothetreased in all cancer groups, there is a
possibility that lipolysis was promoted at earlkiene point and now this pathway is silenced
as no more TGs are left in adipose tissue. Lipogisnend acetyl CoA carboxylase were
unaltered in cancer groups compared to contrad asggested by previous studies as lipolysis
is considered to be main contributor of adipossugsloss, not the impaired lipogenesis.
(Tsoli & Robertson 2013; Petruzzelli & Wagner 2016) some other studies, however,
impaired lipogenesis was suggested to also aff#ipibae tissue loss due to WAT browning
markers (Tsoli et al. 2016; Henrigues et al. 2017).

Inflammation and IL-6 signaling. Consistent with previous studies using the C2én€to et

al. 2011; Tsoli et al. 2016), elevated IL-6 signgliat mRNA and protein level via
downstream STATS3 signaling was observed. Simildtlyp mMRNA expression in the tumor
was increased as well (data not shown). Human sp@idyastrointestinal patients has shown
that IL-6 expression in WAT did not increase duringchexia although plasma IL-6
concentration was elevated thus suggesting th&t thay not act as an adipokine in humans
(Rydén et al. 2008).

Increased IL-6 activity in cachexia has been relatemuscle wasting and liver acute phase
response although it is not the only cytokine eslato the phenomenon (Tsoli et al. 2016;
Bonetto et al. 2011; Fearon et al. 2012). Norm#lh6 regulates energy homeostasis and
substrate utilization and if this signaling nowingpaired, it raises a question if IL-6 could

cause imbalances to the energy metabolism duricigexaa. Overexpression of IL-6 has been

shown to increase sympathetic activity in hypothmla and thus enhance UCP1 expression
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and thermogenic ability of BAT increasing energyenditure. (Tsoli et al 2016). In this
study energy expenditure was not measured, butecagmoups showed significantly
decreased physical activity and increased adipgsaet wasting but food intake decreased
only at the end of the study. This suggests thagimcer group either thermogenesis in BAT
or other futile cycles are enhanced, releasingggnéoar e.g. synthesis of liver acute phase
response proteins or some other pathways. On tie¥ band, increased energy expenditure
and altered metabolic rate may not explain bodyaatigose tissue loss as cancer patients can
be hypo-, normo- or hyper-metabolic. Nor does ihe er the energy and fuel demand of the
tumor explain the weight loss as very small tummaa cause cachexia as larger may not.
(Bonetto et al. 2011). In this study tumor size wasll and did not differ between the PBS
and sACVR2B-Fc groups.

Muscle triacylglycerol content. During cancer, lipid accumulation into skeletalisole has
previously been shown in LLC murine model (Das let2811) and upper gastrointestinal
(oesophageal, gastric and pancreatic) cancers nmahs (Stephens et al. 2011). In early
cachexia lipid accumulation was not observed in €a6cer bearing mice (Kliewer et al.
2015). Same way as Kliewer et al. (2015), triagydgtol accumulation into skeletal muscle
in early cachexia was not observed in this studscrBase in intramyocellular TGs is in line
with the overall adipose tissue mass loss in eaathexia suggesting enhanced lipid turnover
and mobilization of all the adipose depots of thdy The decrease in triacylglycerol content
in GA supports these findings and may suggestahale infiltrated muscle FAs are used to

energy demanding processes and no buildup is detect

Limitations and strengths of the study. One limiting aspect of this study is the circadature

of many of the WAT browning markers, e.g. UCP1 &RDM16 (Tsoli et al. 2016). In tissue
collection and other time points this was triedb® overcome so that in the morning and
afternoon euthanization there was a member ofhellstudy groups present. Due to great
deviations of RT-qPCR results all the differencesngen groups were not significant. All the
results were analyzed in SPSS with Mann-Whitne&t-and the results were corrected with

Holm-Bonferroni method to decrease statistical typaror.

Inclusion of one extra group to the study desigrulichave increased the knowledge of
effects of SACVR2B-Fc only on WAT browning, adipasesue atrophy and skeletal muscle
lipid handling as now we had two cancer groups et injected with SACVR2B-Fc either

before or both before and after the C26 cell inattolh. The amount of subcutaneous WAT in
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some of the cachectic mice was very small and tedrgident that the removed sample is
adipose tissue, histological staining could hawslked the problem. This was not done due
to small sample size and prioritization of RT-gP&®Rl Western blots. Similar problem was
with skeletal muscle triacylglycerol content measnents. Histological measurements could
have shown that the sample contained lipid droplets that the results are from
intramyocellular triacylglycerol depots. In the wbrase, there could be some adipose tissue
on the skeletal muscle surface but in this cases ot very likely due to small over all
adipose tissue mass. As well, inclusion of lipishdiang markers from skeletal muscle would

have increased the power of the triacylglyceralites

In Western blots, it would have increased relifypitif the results if BAT sample had been
used as a positive control for UCP1 and PGCUCP1 was tested with SCWAT pool sample
and BAT sample and expected fragments with righe svere observed thus increasing the
reliability. Control of protein loading in Westebfiot was Ponceau S butTubulin was also
tested but it was not used as it did not work iarguun. This may due to same production
animal of the primary antibody as e.g. OXPHOS amh did not strip and as anti-mouse
secondary antibody was used for both, OXPHOS asidubulin, and the sizes of the
OXPHOS complex V and-Tubulin are the same (50 kDa), the latter did stmaw at all.
Also, a-Tubulin was stripped so it produced two fragmentgead of one. To avoid this
problem one run should have been done so thatstneaistripped. This was not done due to
limited amount of samples, as the protein concéatraof the scWAT was low. Ponceau S
normalization has been previously used for adiptissue in Western blots in other
publications, e.g. Higami et al. (2006) aRdmos et al. (2016).

Western blot is a semi-quantitative method dueetative comparison of the protein levels,
not the absolute amount of their quantity as prnokeading and transfer varies and produced
signal in detection is not linear (Mahmood & Yan@l2). Western blot is used to measure
expression as well as protein phosphorylation leyhélp of specifically designed antibodies
(Dittmer & Dittmer 2006). Based on this and smalmber of mice per group the obtained
Western blot results must be considered as a stsaggestion what happens in the early
cachexia in sScWAT. To obtain more support to nowested results of lipid metabolism in
early cachexia, the experiment should be replicatetiredone by us or others with the same

cancer model.
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Future prospects of the cancer cachexia treatment. As the cancer cachexia is a multi-organ
disease, the treatment and prevention must be fauitirial. Treatments targeting only one
aspect or mediator of cachexia have failed to predthe wanted outcome as could be
expected in a complex problem. If multiple mediatare causing the disease and their sum is
greater than their effect alone, how blocking diyane mediator could prevent the abnormal
function of multiple tissues and signaling pathwaytudies of early events of the cancer
cachexia could help us to understand the crosstatk pathophysiology behind the disease

and shed light into host-tumor interactions atyesthge. (Petruzzelli & Wanger 2016).

Shrinkage of the tumor may attenuate the symptdnttseocancer cachexia but at the moment
there is no therapy that could be used to treatamsm(Kir et al. 2014). European Palliative
Care Research Collaboration (EPCRC) has develogaddard recommendations for
treatment of patients with advanced cachexia aadetliake into account the cachectic state
and prognosis of the patient before the start ef tieatment as the response time can be
weeks rather than days. As the removal of the tusiapt possible in many cases, the main
goal of the treatment should then be to prevengkeloss and try to reverse loss of the
skeletal muscle mass. The treatment protocol ig génilar to pre-cachectic patients and
refractory state patients. (Suzuki et al. 2013)thim Table 2 a few potential pharmacological
drugs are shown that could have potential to becoradical protocol in the treatment of

cancer cachexia.

Table 2. Potential treatment strategies in thetfagminst cancer cachexia. Anamorelin has shown
promising results in clinical studies at phase Alll. the listed drugs are in clinical studies ataphs
differing from | to 1ll. (Petruzzelli & Wagner 2016

Agent Mechanism of action Physiological effects

Anamorelin Ghrelin receptor agonist Appetite-enhancing and anabolic activity
Bimagrumab Anti-ActRII monoclonal antibody Prevent skeletal muscle atrophy
Clazakizumab  Anti-IL-6 monoclonal antibody Anti-inflammatory activity

Enobosarm Selective androgen receptor modulator  Anabolic activity

IP-1510 IL-1 receptor antagonist Anti-inflammatory activity

MABpl Anti-IL-1a monoclonal antibody Anti-inflammatory and anti-neoplastic activity
REGN1033 Myostatin antagonizing antibody Prevents skeletal muscle atrophy

Combination of nutrition and exercise as a treatnag@proach is recommended for cachectic
patients. Medication increasing food intake andedipp (e.g. ghrelin agonist) could maintain
tissue mass/function ratio. (Fearon et al. 2012}i-ACVR2B blockade that inhibits activins

has been tested and shown to be effective agaarstec cachexia in mice even when
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combined with anti-cancer therapies which is alsonpsing result from the human
perspective (Penet & Bhujwalla 2015; Hatakeyamal.e2016). By blocking members of the
TGF{ family could prevent further muscle atrophy andreveverse skeletal muscle wasting.
This increases the rate of survival and promotétebguality of life for the cancer patients.
As adipose tissue wasting was not inhibited noaffected the results of anti-ACVR2B
therapy in mice, it seems that preventing skeletascle loss may be more important than
preventing adipose tissue loss. Combination of meus@sting prevention and nutritional
support e.g. appetite increasing factors like ghrebuld possibly increase the survival rate.
Now in this study the skeletal muscle mass wasss®d and maintained by chemical support
but in the future it would be interesting to seavhmuscles build by lifetime of physical
activity and exercise would response to cancer rapemied with SACVR2B-Fc treatment.
Disadvantage of the exercise on adipose tissudait it does not prevent and can even
enhance WAT wasting which could be detrimental orergy homeostasis and normal
hormonal function. Still, the complexity behind tipathophysiology of cancer cachexia
makes it difficult to point out one major regulatbat is causing the disease. Most likely there
are many regulators interfering with each othengaliate their outcome. (Tisdale 2010; Zhou
et al. 2010). In the future human research oneldht@ke into consideration at least three
different perspectives of cachexia; the type/laratf the tumor and tumor derived cytokines,
response of the host (e.g. inflammation and imnah@ges) to tumor burden and additional
effect of the other given anti-cancer treatmentg. (éhemotherapy and/or surgery). Overall
more research effort should be directed in theréuta study WAT browning in humans and
determine if that occurs or if this phenomenondras contribution to human cancer cachexia.
Now the topic is mostly studied by murine cancerdeis and always those results are not
directly usable to human diseases. This emphatizesportance of the research in this area

as well as the difficulty of finding the effectiieatment for the cancer cachexia.
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10 CONCLUSIONS

Cancer cachexia is related to adipose tissue amtetak muscle loss accompanied with

reduced physical activity and feed intake bothnimeal and human (Zhou et al 2010; Segal et
al. 2003; Gould et al. 2013; Petruzzelli et al. £01White adipose tissue browning has
previously been thought to partially cause the @skptissue atrophy but in this study this
phenomenon was not observed in early cachexia ion€26 murine model. The blockade of

the ACVR2B pathway did not cause strong enoughudtismto enhance white adipose tissue
browning nor did it further promote adipose tisstwphy in early cachexia even when the
SACVR2B-Fc treatment was continued. The resultpsrtipghe theory suggested by Rohm et
al. (2016) that WAT browning as an enhancer of eskptissue wasting may not be as

common symptom in cachexia as has previously bepected.

Activity of all the cachectic mice was reduced tosgmathe end of the study regardless of the
muscle or adipose tissue mass gain or atrophyecésply. This suggests that although
muscles remain larger, other factors may decrehseptysical activity. SACVR2B-Fc
treatment did not have any effect on level of ptgisactivity although it reserved skeletal

muscle mass.

Similarly to adipose tissue wasting, triacylglydesocumulation into skeletal muscle did not
occur in early cachexia. The blockade of the ACVR#Bhway did not have any additional

effect on lipid metabolism in the skeletal muscle.
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APPENDIX. LIST OF THE PRIMARY AND SECONDARY

ANTIBODIES USED IN THE STUDY

Protein Primary ab | Manufacturer | Secondary ab Manufacturer
ACC*** Rabbit ab Cell Signaling HRP-conjugated | Jackson ImmunoResear
(1:2000) (280 kDa) #3676 anti-rabbit IgG ab| Laboratories, PA, USA
Phospho-ACC Rabbit ab Cell Signaling HRP-conjugated | Jackson ImmunoResear
(Ser79)** (280 kDa) #3661 anti-rabbit IgG ab| Laboratories, PA, USA
(1:2000)
ATGL** Rabbit ab Cell Signaling HRP-conjugated | Jackson ImmunoResear
(1:1500) (54 kDa) #2138 anti-rabbit IgG ab| Laboratories, PA, USA
Cytc** Goat ab Santa Cruz HRP-conjugated | Jackson ImmunoResear¢
(1:1000) (10-15 kDa) Biotechnology anti-goat 1gG ab Laboratories, PA, USA
sc-8385
a-Tubulin*** Mouse ab Sigma, DM1A- HRP-conjugated | Jackson ImmunoResear¢
(1:3000) (50 kDa) T6199 anti-rabbit IgG ab| Laboratories, PA, USA
HSL** Rabbit ab Cell Signaling HRP-conjugated | Jackson ImmunoResear
(1:2000) (81-83 kDa) #4107 anti-rabbit IgG ab| Laboratories, PA, USA
p-HSL Rabbit ab Cell Signaling HRP-conjugated | Jackson ImmunoResear¢
(Ser660)** (81-83 kDa) #4126 anti-rabbit IgG ab| Laboratories, PA, USA
(1:1000)
STAT3*** Mouse ab Cell Signaling HRP-conjugated | Jackson ImmunoResear¢
(1:3000) (79-86 kDa) #9139 anti-mouse IgG abj Laboratories, PA, USA
Phosph-STAT3 HRP-conjugated | Jackson ImmunoResear
(Tyr705)** Rabbit ab Cell Signaling anti-rabbit IgG ab| Laboratories, PA, USA
(1:1000) (79-86 kDa) #9145
Total OXPHOS Mouse ab Abcam HRP-conjugated | Jackson ImmunoResear
(1:1000) (20-55 kDa)* MS604, ab110413*| anti-mouse IgG abj Laboratories, PA, USA
PGC-I** Rabbit ab Calbiochem HRP-conjugated | Jackson ImmunoResear
(1:5000) (92-105 kDa) 516557 anti-rabbit IgG ab| Laboratories, PA, USA
PLINS** Rabbit ab Novus Biologicals HRP-conjugated | Jackson ImmunoResear¢
(1:3000) (50 kDa) NB110-60509 anti-rabbit IgG ab| Laboratories, PA, USA
UCP1** Rabbit ab Abcam HRP-conjugated | Jackson ImmunoResear¢
(1:3000) (32 kDa) ab10983 anti-rabbit IgG ab| Laboratories, PA, USA
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* Total OXPHOS (ab110413) contains five differenbcam mouse antibodies, Cl subunit
NDUFB8 (ab110242), size 20 kDa, ClI-30kDa (ab1475#e 30 kDa, CllI-Core protein 2

(ab14745), size 48 kDa, CIV subunit | (ab14705fkesd0 kDa and CV alpha subunit
(ab14748), size 55 kDa. All of the antibodies amnotlonal.

** = polyclonal antibody, *** = monoclonal antibody
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