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Abstract: Cancer-associated cachexia is a metabolic syndrome that causes significant reduction in
whole-body weight due to excessive loss of muscle mass accompanied by loss of fat mass. Reduced
food intake and several metabolic abnormalities, such as increased energy expenditure, excessive
catabolism, and inflammation, are known to drive cachexia. It is well documented that cancer cells
secrete EVs in abundance which can be easily taken up by the recipient cell. The cargo biomolecules
carried by the EVs have the potential to alter the signalling pathways and function of the recipient
cells. EV cargo includes proteins, nucleic acids, lipids, and metabolites. Tumour-secreted EVs have
been found to alter the metabolic and biological functions of adipose and muscle tissue, which aids
in the development of the cachexia phenotype. To date, no medical intervention or FDA-approved
drug exists that can completely reverse cachexia. Therefore, understanding how cancer-derived EVs
contribute to the onset and progression of cancer-associated cachexia may help with the identification
of new biomarkers as well as provide access to novel treatment alternatives. The goal of this review
article is to discuss the most recent research on cancer-derived EVs and their function in cellular
crosstalk that promotes catabolism in muscle and adipose tissue during cancer-induced cachexia.
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1. Cancer-Associated Cachexia

Cancer-associated cachexia is a complex multifactorial wasting syndrome that affects
up to 80% of patients with advanced cancer [1,2]. Around 9 million patients around
the world suffer from this phenomenon every year [3]. Depletion of skeletal muscle
and adipose tissue and ongoing weight loss are some of the major hallmarks of cancer-
associated cachexia [4]. The underlying mechanisms of the loss of host muscle and fat
mass induced by the tumour are often multifactorial and complex [5]. Several seminal
studies suggest that various pro-cachectic factors, such as proteolysis-inducing factor (PIF),
myostatin, and activin A; inflammatory cytokines, such as interleukin 1, 6, and 10; and
interferon gamma secreted by the primary tumour drive pro-atrophic signals and promote
substantial metabolic changes. This primarily leads to loss in skeletal muscle mass and
fat mass, irreversible by conventional nutritional support [6]. Noteworthily, it is strongly
associated with poor patient prognosis, decreased functional activity, and reduced quality of
life [7,8]. It also weakens patients to an extent that neither chemotherapy nor surgery can be
tolerated [5,9]. Overall, cancer-associated cachexia is known to account for approximately
one third of all cancer-related deaths worldwide [9].

Based on the degree of recduction in body mass index, energy stores, and the extent of
ongoing weight loss, cancer-associated cachexia is classified into three stages: pre-cachexia,
cachexia, and refractory cachexia. Patients with less than 5% weight loss, along with
anorexia and metabolic changes, are considered to be in the pre-cachexia stage. This stage
is often followed by cachexia, where patients undergo weight loss of more than 5% within
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a span of six months and body mass index (BMI) is also known to reduce beyond 20 kg/ m?,
along with reduced food intake and increased systemic inflammation. Finally, patients
reach the refractory stage of cachexia where the chance of survival becomes as little as three
months, owing to higher levels of active catabolism. Weight loss management at this stage
is no longer possible and the patients stop responding to any treatment [1].

2. Skeletal Muscle Wasting during Cancer-Associated Cachexia

Skeletal muscle wasting and atrophy is a prominent feature of cancer-associated
cachexia [10,11]. In a healthy individual, skeletal muscle comprises approximately 30-40%
of the total body mass and contributes to maintaining metabolic homeostasis of the
body [12,13]. These muscles not only serve as a reservoir of the body’s amino acids needed
for protein synthesis and energy production, but also act as a primary site for glucose
uptake and storage [14]. Therefore, maintenance of muscle protein homeostasis is crucial
for healthy muscle function and the regulation of energy—protein balance throughout the
body [15]. Abnormalities in protein synthesis, protein degradation, amino acid metabolism,
apoptosis, and an impaired capacity for regeneration together are known to contribute to
muscle wasting [16]. Muscle wasting is also characterized by a substantial loss of myofib-
rillar proteins, decrease in muscle fibre cross-sectional area, and myonuclear number [17].
Cancer cells secrete various pro-inflammatory and pro-cachectic factors which tend to
wreck the balance between the anabolism and catabolism of proteins, thus resulting in nega-
tive energy—protein balance and muscle loss [18,19]. Along with reduced protein synthesis,
cancer-induced muscle wasting is mediated by the activation of the ubiquitin—proteasome
system (UPS), lysosome-dependent degradation, apoptosis, and autophagy, leading to
increased protein degradation [20-22] (Figure 1A).

Circulating tumour-derived factors activate various intracellular signalling pathways
that mediate muscle protein degradation and reduce protein synthesis in the process [23,24].
Inflammatory cytokines, PIF, activin A, and myostatin induce ubiquitin—proteasome degra-
dation and autophagy pathways in muscles via transcription factors such as the forkhead
box (FOXO) family [2,21,25]. This leads to the induction of E3 ubiquitin ligases (muscle
atrophy F-box protein 1 (MAFbx)/atrogin-1 and the muscle RING finger-containing protein
1 (MuRF1) that promotes muscle protein degradation and wasting [26]). Tumour necrosis
factor-alpha (TNF-«) is one of the most prominent pro-inflammatory cytokines that is
involved in muscle wasting. It functions by activating NF-kB and ubiquitin E3 ligase
pathways to promote muscle protein breakdown [27]. NF-«B has also been found to be
activated in cachectic muscles, which dysregulates the expression of paired box7 (PAX7),
impairing muscle cell differentiation and repair during cancer-induced muscle atrophy [28].
Interleukin-6 (IL-6) is another well-studied cytokine known to play an important role in
cancer cachexia progression. IL-6 has been found to mediate muscle atrophy though the
Janus kinase/signal transducers and activators of transcription (JAK/STAT3) signalling
pathway [29]. Transforming growth factor- (TGF-) and members of its superfamily
myostatin and activin have been reported to promote muscle catabolism by stimulating
FOXO, which is followed by the upregulation of the UPS pathway in muscle [20]. Fur-
thermore, TNF-like weak inducer of apoptosis (TWEAK) and interferon-y (INF-y) were
found to activate the p38 mitogen-activated protein kinases (p38-JAK-MAPK) signalling
pathway which in turn activates caspases to induce programmed cell death, apoptosis
of muscle cells, and promote proteolysis of myofibrillar proteins [21]. In addition to the
activation of catabolic pathways, the inhibition of anabolic pathways is reported during
cancer-associated muscle wasting. Insulin-like growth factor 1(IGF-1), for example, is
known to activate phosphoinositide 3 kinase/Akt/mammalian or mechanistic target of
rapamycin mTOR (PI3K-AKT and mTOR) signalling in muscle and promote protein syn-
thesis. However, during cancer-associated cachexia, the level of IGF-1 has been found to
decrease, which subsequently reduces protein turnover in the muscle and perturbs muscle
mass [23]. Additionally, cytokines released from cancer cells can also phosphorylate and ac-
tivate peroxisome proliferator-activated receptor-y co-activator 1o (PGC-1) via p38 MAPK.
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Cytokine-induced activation of PGC-1 in muscle cells results in increased respiration and
expression of genes involved in mitochondrial uncoupling, and energy expenditure [30].
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Figure 1. Schematic diagram of the most common signalling pathways active in muscle and
adipocytes during cancer-associated cachexia. (A) During cancer-associated cachexia, several pro-

inflammatory cytokines are secreted by the cancer cells. TWEAK, IFN-y, TNF-«, IL-6, and

LIF were

found to enhance muscle catabolism via the p38/MAPK, NF-«kB, and JAK/STAT pathways. TGFf
and members of its superfamily, including myostatin and activin, have been shown to induce muscle
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atrophy by stimulating FOXO, which in turn activates proteosome pathways. IGF-1 tends to trigger
PIBK-AKT and mTOR signalling in muscle, enhancing protein synthesis. However, IGF-1 levels
reduce during cancer-associated cachexia, which in turn affects muscle protein turnover and con-
tributes to muscle atrophy. (B) Inflammatory cytokines, LIF, ZAG, and PTHrP released by the tumour
cells also participate in adipose tissue wasting during cancer-induced cachexia. TNF-o mediates
adipose wasting by decreasing GLUT4 expression, which results in inhibition of glucose transport
and lipogenesis. Similarly, IFN-y and PPAR« stimulate lipolysis by inducing insulin resistance
through recduction in glucose uptake. IL-6 and LIF were found to induce adipose lipolysis by
activating the JAK/STAT signalling pathway, which causes HSL phosphorylation and therefore fat
degradation. PTHrP activates UCP-1 in adipocytes, which results in browning of adipose tissue, and
phosphorylation of HSL, which causes lipolysis. ZAG acts as a lipid mobilizing factor and stimulates
adipose tissue wasting. Overall, inflammatory cytokines and cachectic factors released by the cancer
cells activate various signalling pathways that lead to muscle and adipose wasting and together
contribute to body weight loss during cancer-associated cachexia.

Of note, along with muscle catabolism, tumour-secreted factors also impair mus-
cle stem cell function, resulting in a reduction in the regenerative ability of skeletal
muscle [31,32]. Hogan and colleagues reported that tumour-derived chemokine ligand 1
(CXCL1) suppresses myogenesis and alters the skeletal muscle immune microenvironment,
and these two phenomena together contribute to cancer-associated muscle wasting [33].
CXCL1 has particularly been found to inhibit muscle cell differentiation by promoting
satellite cell proliferation and antagonizing cell cycle exit. In addition, CXCL1 stimulates
the expansion of neutrophil-macrophage in skeletal muscle, which also leads to the impair-
ment of the regenerative ability of muscle cells [33]. The cytokine-induced degeneration of
muscle cells is further known to partake in overall muscle wasting during cancer-associated
cachexia [34,35]. The activation of NF-kB by the cytokine TNF-« has also been shown
to participate in inhibiting skeletal muscle differentiation by suppressing MyoD mRNA
at the post-transcriptional level. Suppression of MyoD expression in muscle inhibits the
formation of new myofibers and causes the degeneration of newly formed myotubes [34].
TNF-a and TGF-f3 cytokines have also been reported to upregulate metal-ion transporter
ZRT- and IRT-like protein 14 (ZIP14) in the cachectic muscle, which obstructs muscle-cell
differentiation. ZIP14-mediated zinc accumulation in progenitor and differentiated muscle
cells results in repression of the expression of MyoD and Mef2, and the loss of myosin
heavy chain [35].

3. Adipose Tissue Lipolysis and Browning during Cancer-Associated Cachexia

Loss of whole-body fat is another key feature of cancer-associated cachexia. Fat
constitutes almost 90% of the total fuel reserve of the body [36]. The role of adipose tissue
is to regulate body temperature through thermogenesis and maintain the energy status of
the body by storing lipids and supplying free fatty acids to tissues in need of calories [7,37].
Cancer patients undergoing cachexia have been reported to have both increased plasma
fatty acids and glycerol concentrations, suggesting increased lipolysis compared to weight-
stable cancer patients [38,39]. Loss of adipose tissue often precedes muscle loss and is
now therefore considered to be an independent predictor for the survival of cachectic
patients [40]. The mechanisms driving the loss of adipose tissue in cancer patients are
thought to be multifactorial [41,42]. Activation of lipolysis in white adipose tissue (WAT) is
accompanied by a reduced adipogenesis rate and browning of adipose tissue. These, in
turn, lead to loss of fat mass during cancer-associated cachexia [43] (Figure 1B).

Loss of WAT during cancer-associated cachexia is influenced by various mediators,
cytokines, and hormones [42,44]. IL-6 secreted from cancer cells has been shown to induce
lipolysis. Binding of IL-6 to its receptor IL-6R/gp130 activates the protein kinase A (PKA),
G (PKG), and JAK/STAT pathways, which results in the phosphorylation of hormone-
sensitive lipase (HSL). HSL then mediates triglyceride hydrolysis and releases free fatty acid
and glycerol into the circulation [45-47]. LIF, a member of the IL-6 cytokine family, has also
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been found to induce lipolysis by binding to the LIFR receptor and activating the JAK/STAT
pathway [48]. Furthermore, the decreased rate of lipogenesis triggered by peroxisome
proliferator-activated receptor-a (PPARw) has also been reported during cancer-associated
cachexia by inducing insulin resistance and decreasing or inhibiting glucose transporter
4 (GLUT4), which in turn inhibits glucose transport and lipogenesis [49]. Additionally,
TNF-« and IFN-y also contribute to cancer cachexia-associated adipocyte wasting through
reduction in glucose uptake and promoting insulin resistance [50,51].

Brown adipose tissue (BAT) is known to play an important role in thermogenesis and
energy balance [52,53]. Several studies have implicated the activation of (BAT) in the patho-
genesis of cancer-associated cachexia owing to the increased activity of uncoupling protein
1 (UCP-1) [54,55]. Tumour-derived IL-6 and parathyroid hormone-related protein (PTHrP)
activate thermogenic gene expression in adipose tissue and increases UCP-1 expression in
WAT [43,56]. UCP-1 decouples mitochondrial respiration from ATP synthesis and directs
it towards thermogenesis, increasing lipid mobilization and energy expenditure [43,57].
Tumour-derived lipolytic factor zinc-a2-glycoprotein (ZAG) has been found to act as a
lipid mobilizing factor and stimulate adipose tissue wasting [58]. Moreover, it was also
found to induce adipose tissue browning by promoting the recruitment of peroxisome
proliferator-activated receptor y (PPARy) to UCP-1, subsequently resulting in an increased
expression of UCP-1 [59].

Overall, cancer cachexia research throughout the years has improved our knowledge
of the mediators and processes that regulate this metabolic syndrome. However, targeting
these various pro-cachectic and pro-inflammatory mediators with anti-cachectic and anti-
inflammatory drugs have shown little to no clinical benefit in combatting cancer-associated
cachexia [60-62]. Most of the drugs that provided protection in pre-clinical models either
exhibited relative inconsistency in clinical trials or revealed significant adverse effects [63].
The complex pathophysiology of cancer cachexia syndrome is the fundamental reason for
the disparity in pre-clinical-to-clinical transition [64]. Therefore, battling cachexia with
a single therapy may not be the most effective form of treatment. From this perspective,
therapies involving different combinations might prove to be more effective [64]. Addi-
tionally, expanding our knowledge on cancer-derived extracellular vesicles (EVs) and its
content might open novel avenues for developing targeted therapies for cancer-associated
cachexia, as EVs have recently been found to participate in both muscle and adipose tissue
wasting [65,66].

4. Overview of Extracellular Vesicles

Extracellular vesicles (EVs) are nano-sized membrane enclosed vesicles produced by
all cell types, including cancer cells. EVs are released into the circulation and they transport
functional information to distant sites [67]. Extracellular vesicles have been classified into
different categories based on their origin, size, and mode of biogenesis [68,69]. EVs can be
broadly classified into small and large EVs [70]. Small EVs include exosomes (30-150 nm)
and ectosomes or shedding microvesicles (100-1000 nm), and large EVs include apoptotic
bodies (1000-5000 nm), migrasomes (500-3000 nm), exophers (3500-4000 nm), and large
oncosomes (1000-10,000 nm) [71] (Figure 2).

Exosomes originate from intraluminal vesicles (ILVs) that are generated by inward
budding of endosomal membranes as part of multivesicular bodies (MVBs). MVBs either
fuse with lysosomes for degradation or with the plasma membrane for them to be secreted
as exosomes [72,73]. However, little is known about the mechanism that determines the fate
and cargo sorting of MVBs [74]. The main components needed for exosome biogenesis are
found in the ESCRT machinery, which consists of endosomal sorting complexes (ESCRT)-0,
I, II, and III. They function sequentially to assemble, group, and arrange ubiquitinated
proteins into late endosomes [75]. An ESCRT-independent pathway can also produce MVBs,
which is known as the ceramide-dependent pathway. During this process, sphingomyelin
builds up in lipid microdomains (lipid rafts), where sphingomyelinases transform it into
ceramide. The structural imbalance between ceramide-rich domains and the lipid mono-
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leaflets prevents the membrane from reverse budding [76]. Tetraspanins such as CD81,
CD9, CD37, and CD63 and Ras-associated binding (Rab) GTPases such as Rab27 are also
known to be involved in the biogenesis and release of exosomes [77,78].
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Figure 2. Schematic representation of extracellular vesicle subtypes. Cells are known to release heteroge-
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neous populations of EVs with overlapping sizes. Small EVs such as exosomes (30-100 nm) are derived
from intracellular endosomal compartments. ILVs are formed within MVBs which are subsequently re-
leased upon fusion with the plasma membrane as exosomes. Microvesicles or ectosomes (100-1000 nm)
are larger in size and are directly budded off from the plasma membrane. Large EVs such as exophers
(35004000 nm) are large membrane-bound vesicles that maintain homoeostasis of the cells by removing
cellular waste, protein aggregates, and damaged organelles. Migrasomes (500-3000 nm) are another type
of large EV released by the migrating cells as they move. Apoptotic bodies (1000-5000 nm) are produced
by apoptotic or dying cells. On the other hand, micrometre-sized large oncosomes (1000-10,000 nm) are
secreted from the membrane bleb of cancer cells.

Microvesicles or ectosomes are generated by outward budding of the plasma mem-
brane at the specific site followed by fission and the subsequent release of the vesicles into
the extracellular space [71,79]. Originally thought to be large EVs (200-1000 nm), ectosomes
can also be produced by outward budding and they can fall under the small EV range
(<150 nm) [80,81].

Apoptotic bodies are large EVs formed by outward blebbing of the plasma mem-
brane during apoptosis of dying cells [69]. Migrasomes are large vesicles released by
migrating cells. Migrasomes are composed of numerous small vesicles found at the tip
of retraction fibre which are long tubular strands that migrating cells leave on their way
as they move [82,83]. Exophers are recently identified vesicles that remove cellular waste,
damaged organelles such as mitochondria, lysosomes, and protein aggregates to maintain
homoeostasis of the cells. They are large membrane-bound vesicles distinct from exosomes
or apoptotic bodies since they are produced independently of the ESCRT machinery and
do not have phosphatidylserine on their surface. The production of exophers increases
in proteostasis-impairing conditions and with the suppression of autophagy or protein
turnover [84-87]. Large oncosomes are micrometre-sized cancer cell-derived large EVs
that originate from the plasma membrane of amoeboid cancer cells [88]. The definition of
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these subtypes of Evs are often overlapping and conflicting across various studies, and
hence the International Society for Extracellular Vesicles (ISEV) recommends using the
term “extracellular vesicle” as a general nomenclature for vesicles released by the cells [70].

EV cargo is highly heterogenous and includes proteins, lipids, messenger RNAs
(mRNAs), micro RNAs (miRNAs), DNA, and metabolites [89]. These cargo biomolecules
are either expressed on the surface or packaged inside the EVs which presumably reflects
the dynamic status of the secreting cells [90,91]. The content of the EVs is thought to
modulate the signalling of the recipient cells by either transferring their content into the
recipient cells directly [92], or by interacting with the extracellular matrix [93]. Interestingly,
cancer cells tend to secrete more EVs than non-cancerous cells [94], which are readily
available in the circulation and can be easily taken up by the recipient cells. This, in
turn, alters the biological function of the recipient cells [95]. Studies have already shown
that EVs play a significant role in cancer progression [96], premetastatic niche formation,
metastasis [97,98], chemoresistance [99,100], and immune evasion [101]. Moreover, it is
now being considered that EVs could also possibly serve as an important mediator in the
development of cancer-associated cachexia. This notion is supported by a wide variety of
studies showing that cancer cell-derived condition media containing EVs can induce muscle
atrophy and lipolysis in vitro [102,103]. In addition, several other seminal studies have
demonstrated the role of EVs in promoting muscle and adipose tissue wasting [66,104-106],
making EVs an ideal candidate to be investigated for their function in the pathogenesis of
cancer-associated cachexia.

5. Cancer Cell-Derived EV Protein and Muscle Wasting

Research is yet to uncover the mechanism through which tumour or cancer cells
communicate with distal muscle and adipose tissue during cancer-associated cachexia. In
recent years, EVs have attracted a lot of attention for their intrinsic ability to participate in
intracellular communication and involvement in various physiological and pathological
conditions [107-109]. Tumour-derived EVs have emerged as a novel route through which
cancer cells can communicate with remote organs and tissues such as skeletal muscle and
adipose tissue and thereby can influence their function (Figure 3 and Table 1) [105,110].

Mu et al. reported that exosomes secreted by osteosarcoma cells contain notch-
activating factors such as miRNA199b-5p, miRNA-21, and notch ligands (DLLs, Jagged).
These factors activate the notch-dependent signalling in muscle progenitors, which sub-
sequently results in excessive proinflammatory signalling, impaired myogenesis, and
mediated muscle atrophy [104]. Furthermore, along with the Notch gene, the expression
of proinflammatory factors such as TNF-« was also found to be upregulated. TNF-« can
activate Notch by inducing Jagged1 expression, which in turn hampers the function of
muscle stem cells and muscle regeneration [104]. Hu and colleagues demonstrated that
Lewis lung carcinoma (LLC)-derived EVs mediate dose-dependent muscle catabolism and
wasting in cultured myotubes. Mechanistically, LLC-derived EVs contain IL-6 that fuses
with C2C12 by interacting with IL-6R on myotubes. The EV-delivered IL-6 then triggers
myotube atrophy by activating the STAT3 pathway [105]. STAT3 activation leads to the
activation of forkhead box O3 (FOXO3) and atrogin-1, which is a key ubiquitin ligase that
drives the process of muscle wasting [105]. Interestingly, IL-6-mediated activation and the
phosphorylation of STAT3 enhances glycolytic effect in C26 colon cancer, which in turn
amplifies EV secretion that can further contribute to the induction of skeletal muscle and
adipose tissue atrophy, leading to the development of cancer cachexia [111].
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Figure 3. Cachexia induced by cancer-derived EVs. When EVs secreted by cachectic cancer cells are
taken up by the muscle cells, it can promote muscle atrophy by decreasing myogenesis and increasing
muscle apoptosis and proteolysis. Similarly, cachectic cancer-derived EVs can decrease adipogenesis
and preadipocyte differentiation and increase lipolysis and browning of white adipose tissue, which
together results in loss of adipose tissue. The resultant loss of muscle mass and adipocytes leads to
loss of whole-body weight, which is known as cancer-associated cachexia.

Cachectic cancer cells such as C26 murine colon cancer cells and LLC cells were
found to release heat shock protein (Hsp) 70 and 90, expressing EVs that promote mus-
cle catabolism via activating the TLR4-p383-MAPK-C/EBPf catabolic signalling path-
way [65]. Activation of p38-mitogen-activated protein kinase (p38-MAPK) by Toll-like
receptor 4 (TLR4) results in the activation of the ubiquitin—proteasome pathway (UPP)
and autophagy-lysosome pathway (ALP), both of which result in the loss of myofibrillar
proteins, muscle strength, and ultimately muscle mass [65]. p383-MAPK also activates the
transcription factor C/EBPf3 in muscles, causing upregulation of muscle atrophy marker
atrogin-1 and UBR2, which leads to myofiber atrophy and inhibition of muscle regener-
ation [112]. This was further supported by a study showing that zinc transporter ZIP4
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stimulates RAB27B-mediated release of Hsp70- and Hsp90-positive EVs, which in turn acti-
vates p38 MAPK-mediated muscle catabolism and promotes pancreatic cancer-associated
cachexia [113]. The presence of Hsp70/90 Evs were also found to cause an increase in the
expression of autophagy marker LC3 in both in vitro and in vivo models. Additionally,
the activation of TLR4 by Hsp70/90 Evs has also been found to be responsible for the
systemic rise in the levels of inflammatory cytokines, including TNF-« and IL-6, during
cancer cachexia [65].

A study conducted by Zhang et al. further strengthened the role of tumour-secreted
EVs in proteolysis [114]. Growth differentiation factor 15 (GDF-15) packed within EVs has
been demonstrated to induce myotube atrophy via BCL-3/caspase-3-mediated apoptotic
pathways. GDF-15 has been found to be enriched in exosomes derived from cachexia-
inducing C26 cells compared to exosomes derived from non-cachectic MC38 cells. Knock-
down of GDEF-15 in C26 cells significantly reduced the ability of C26-derived exosomes to
cause muscle atrophy. In contrast, overexpressing GDF-15 in MC38 cells significantly en-
hanced muscle atrophy-inducing ability of MC38-derived exosomes [114]. In addition, EVs
produced by oesophageal squamous cell carcinoma (ESCC) were reported to induce apop-
tosis in muscle cells through releasing prolyl 4-hydroxylase subunit beta (P4HB), which
activates the ubiquitin-dependent proteolytic pathway. Activation of ubiquitin-dependent
proteolytic pathway results in increasing the ubiquitination level of phosphoglycerate de-
hydrogenase (PHGDH) which downregulates its stability and subsequently downregulates
the level of anti-apoptotic protein Bcl-2 [115]. Taken together, these findings highlight that
EVs from tumours contain various signalling molecules and proteolysis-inducing factors
that lead to muscle mass wasting during cancer-associated cachexia.

Table 1. Cancer-derived EV contents and their role in cancer-associated cachexia.

EV Content EV Source Cancer Type Function Reference
Proteins
. Adipose
Patient serum . .
ZAG MAC16 tlssw.e brovx'fnmg, [58,59]
lipolysis
C26 Colon cancer Muscle catabolism,
HSP70/90 LLC Lung cancer systemic inflammation [65,113]
Patient
Adrenomedullin plasma and Pancreatic cancer Lipolysis [66]
Panc-1
NOtC}}:CCt::atmg K7M2 Osteosarcoma cells Impaired myogenesis [104]
IL-6 LLC Lung cancer Musd.e catak}ohsm, [105]
lipolysis
GDF15 C26 Colon cancer Muscle atrophy [114]
P4HB ESCC Oesophageal cancer Muscle wasting [115]
PTHrP LLC Lung cancer _ Adipose [116]
tissue browning
Panc-1
ITGB1 Miapaca-2 Pancreatic cancer Lipolysis [117]
Capan-2 POy
Patient serum
Panc-1
ITGA6 Miapaca-2 Pancreatic cancer Lipolysis [117]
Capan-2 POty

Patient serum
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Table 1. Cont.
EV Content EV Source Cancer Type Function Reference
miRNAs
Adipose
tissue browning,
miR-425-3p NSCLC Lung cancer inhibits proliferation [118]
and differentiation of
preadipocytes
HEK293T Adipose
miR-146b-5p HCT-116 Colorectal cancer . p . [119]
. . tissue browning
Patient tissue
miR-410-3p Patient Gastric cancer Inhibits adipogenesis [120]
plasma
MDMB231
. SK-BR-3 Lipolysis,
miR-204-5p 4T1 Breast cancer WAT browning [121]
E0771
. Lipolysis,
miR-155. MCE-7 Breast cancer WAT browning [122]
PC1
Panc-2 Pancreatic cancer
miR-21 Miapaca-2 Muscle catabolism [123]

Lung cancer

LLC

A549
miR-125b-1-3p C26 Colon cancer Muscle wasting [124]
miR-195a-5p C26 Colon cancer Muscle wasting [124]

6. Cancer-Derived EV Proteins and Lipolysis

In addition to proteolysis and muscle wasting, Evs could also be involved in the
crosstalk between tumour cells and adipocytes that causes lipolysis, browning of adipocytes,
energy expenditure, and ultimately fat loss during cancer-associated cachexia (Figure 2
and Table 1). A recent study by Sagar et al. revealed that pancreatic cancer (PC)-derived
exosomes can promote lipolysis in both human and murine adipose tissue [66]. The
levels of the lipolysis-inducing factor adrenomedullin (AM) was found to be higher in
PC-derived EVs isolated from patients’ plasma compared to EVs isolated from non-PC
control subjects. AM was found to interact with adrenomedullin receptors (ADMRs) on
the surface of adipocyte and stimulate the ERK1, ERK2, and p38-MAPK pathways and
promote lipolysis. When PC-derived exosomes were internalised through caveolin- or
micropinocytosis-mediated endocytosis, exosomal AM modulates its impact by interacting
with ADMRs and increasing the expression of lipolysis marker phosphorylated hormone-
sensitive lipase (p-HSL) and phosphorylated perilipinl. This lipolytic effect of PC-derived
exosomes was abrogated by ADMR blockers or inhibitors of p38 and MAPK [66]. A
similar mechanism to muscle wasting is also triggered in adipose tissue by LLC-derived
exosomal IL-6, where it fuses with IL-6R on adipocytes and induce lipolysis via activation
of STAT3 [105]. Furthermore, EVs released by LLC and C26 tumour cells have also been
demonstrated to contain IL-8, which can induce lipolysis via the extracellular IL-8-mediated
NF-«B signalling pathway [125].

Hu et al. have recently reported that LLC-derived EVs can induce adipocyte browning
and lipolysis in both in vivo and in vitro [116]. LLC-derived EVs transfer PTHrP and
activate the protein kinase A (PKA) signalling pathway in 3T3-L1 adipocytes, which in turn
results in the phosphorylation of HSL and causes lipolysis. It is also responsible for the
browning of adipose tissue by activating UCP-1. Blocking of PTHrP activity in LLC-derived
EVs using a neutralizing antibody and by knocking down parathyroid hormone receptor
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(PTHR) expression abrogated the lipolytic effect of LLC-derived EVs on adipocytes [116].
Another interesting study conducted by Shibata and colleagues found that pancreatic
cancer-derived EVs carry adipocyte-targeting integrins, integrin subunit beta 1 (ITGB1) and
integrin subunit alpha 6 (ITGA6), that aid in inducing lipolysis during pancreatic cancer-
associated cachexia. ITGB1 and ITGA6 present on pancreatic cancer-derived EVs were
found to control the EV tropism toward adipocytes where these EVs stimulate lipolysis via
the cyclic adenosine monophosphate (cAMP)-PKA)-HSL pathway [117]. Collectively, these
studies demonstrate the clear role of tumour-derived EVs in several aspects of adipocyte
functions during cancer-associated cachexia.

7. EV-Associated MicroRNAs and Cancer-Associated Cachexia

It is of no surprise that different types of tumours or cancer cells produce numerous
tumour-derived EVs with a variety of distinct cargoes that are implicated in controlling
various biological processes, disease progression, and the metabolic state of the body [126].
There is a growing body of evidence to support the idea that tumour-derived EVs can initi-
ate adipocyte browning, lipolysis, and muscle atrophy during cancer-associated cachexia
via noncoding RNA cargo contained within EVs (Figure 3 and Table 1).

Exosomes secreted by non-small-cell lung tumours (NSCLC) contain miR-425-3p,
which has been demonstrated to initiate white adipose tissue browning. Additionally, it has
also been shown to inhibit both the proliferation and differentiation of preadipocytes [118].
Adipose tissue browning has also been demonstrated to be induced by exosomal miR-
146b-5p that is produced from colorectal cancer cells. Exosomal miR-146b-5p directly
binds and represses the downstream gene homeodomain-containing gene C10 (HOXC10),
which then stimulates WAT browning and hypermetabolism of lipids, thereby controlling
lipolysis [119]. miRNA analysis of subcutaneous adipose tissue and serum exosomes
from gastric cancer-associated cachexia patients unfold the upregulation of miR-410-3p
expression. miR-410-3p inhibits adipogenesis and lipid accumulation through inhibition or
downregulation of insulin receptor substrate 1 (IRS-1) and adipose differentiation factors
such as C/EBP-a and PPAR-y [120]. Exosomal miR-204-5p secreted by breast cancer cells
have been reported to promote lipolysis and WAT browning by inducing the hypoxia-
mediated leptin signalling pathway [121]. Moreover, breast cancer exosomes have recently
been demonstrated to shuttle miR-155 to adipocytes where it can induce WAT browning
and lipolysis by suppressing ubiquitin 1 (UBQLNT1) [122].

In addition to adipose tissue wasting, miRNAs have also been shown to regulate
muscle wasting [123,127]. For instance, miR-21-containing EVs secreted by lung cancer
and pancreatic cancer cells can stimulate TLR7 or TLR8 on mouse and human myoblasts,
which accelerates muscle catabolism. Activated TLR7/8 causes muscle apoptosis via c-Jun
N-terminal kinase, resulting in muscle mass loss or atrophy [123]. Interestingly, C26-
secreted exosomes were revealed to be enriched with miR-195a-5p and miR-125b-1-3p by
miRNA, which have been found to induce muscle wasting via Bcl-2-mediated apoptosis
during colon cancer-associated cachexia [124]. Altogether, these studies provide strong
evidence that cancer-derived EVs are enriched with miRNAs that can induce atrophy in
both muscle and fatty tissues. EV miRNA research is now considered to be a promising
field for advancing our understanding and knowledge of cancer-associated cachexia.

8. Future Perspective

It has been well established that cancer cells produce more EVs than healthy cells
and the cargo of EVs secreted by the cancerous cells differs from that of non-malignant
cells [128-130]. Researchers aim to take advantage of this fact to identify circulating EV
cargoes that can serve as biomarkers for the early diagnosis of various diseases. The benefits
of EVs are their abundance, unique DNA /RNA /protein profiles, and most effective transfer
of information in their target cells. The role of EVs in cancer-associated cachexia holds
great interest since these nano-sized vesicles have the ability to facilitate communication
across various tissues and organs by transporting proteins and miRNAs. Given that cancer-
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associated cachexia is a systemic metabolic syndrome, EVs play a crucial role in aiding
tissue crosstalk. Therefore, improved knowledge about the function of EVs and their
contents can be utilized for identifying potential biomarkers involved in cancer-associated
cachexia. Additionally, such information can also be employed for therapeutic benefits.
This knowledge can also help future researchers in the development of targeted anti-cancer
drugs to decrease the release of inflammatory cytokines and atrophy-inducing factors that
promotes proteolysis and lipolysis during cancer-induced cachexia.

Author Contributions: A.L.M. and S.V.C. conceptualised and drafted the manuscript. Writing;:
A.L.M., original draft preparation; S.V.C., review and editing. A.L.M. prepared the figures. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

*®

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.;
et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489-495. [CrossRef]
[PubMed]

Argilés, ].M.; Busquets, S.; Stemmler, B.; Lopez-Soriano, EJ. Cancer cachexia: Understanding the molecular basis. Nat. Rev. Cancer
2014, 14, 754-762. [CrossRef]

Carson, M.A; Reid, ]J.; Hill, L.; Dixon, L.; Donnelly, P.; Slater, P,; Hill, A.; Fitzsimons, D. An exploration of the prevalence and
experience of cardiac cachexia: Protocol for a mixed methods cross-sectional study. BMC Palliat. Care 2019, 18, 82. [CrossRef]
Capozzi, L.C.; McNeely, M.L.; Lau, H.Y.; Reimer, R.A.; Giese-Davis, J.; Fung, T.S.; Culos-Reed, S.N. Patient-reported outcomes,
body composition, and nutrition status in patients with head and neck cancer: Results from an exploratory randomized controlled
exercise trial. Cancer 2016, 122, 1185-1200. [CrossRef]

Aoyagi, T.; Terracina, K.P; Raza, A.; Matsubara, H.; Takabe, K. Cancer cachexia, mechanism and treatment. World ]. Gastrointest
Oncol. 2015, 7, 17-29. [CrossRef]

Fearon, K.; Arends, ].; Baracos, V. Understanding the mechanisms and treatment options in cancer cachexia. Nat. Rev. Clin. Oncol.
2013, 10, 90-99. [CrossRef]

Tisdale, M.]. Biology of cachexia. J. Natl. Cancer Inst. 1997, 89, 1763-1773. [CrossRef]

Law, M.L. Cancer cachexia: Pathophysiology and association with cancer-related pain. Front. Pain Res. 2022, 3, 971295. [CrossRef]
Ni, J.; Zhang, L. Cancer Cachexia: Definition, Staging, and Emerging Treatments. Cancer Manag. Res. 2020, 12, 5597-5605.
[CrossRef]

Dolly, A.; Dumas, J.E; Servais, S. Cancer cachexia and skeletal muscle atrophy in clinical studies: What do we really know?
J. Cachexia Sarcopenia Muscle 2020, 11, 1413-1428. [CrossRef]

Aversa, Z.; Costelli, P.; Muscaritoli, M. Cancer-induced muscle wasting: Latest findings in prevention and treatment. Ther. Adv.
Med. Oncol. 2017, 9, 369-382. [CrossRef] [PubMed]

Rolfe, D.F,; Brown, G.C. Cellular energy utilization and molecular origin of standard metabolic rate in mammals. Physiol. Rev.
1997, 77, 731-758. [CrossRef] [PubMed]

Frontera, W.R.; Ochala, J. Skeletal muscle: A brief review of structure and function. Calcif. Tissue Int. 2015, 96, 183-195. [CrossRef]
Feraco, A.; Gorini, S.; Armani, A.; Camajani, E.; Rizzo, M.; Caprio, M. Exploring the Role of Skeletal Muscle in Insulin Resistance:
Lessons from Cultured Cells to Animal Models. Int. J. Mol. Sci. 2021, 22, 9327. [CrossRef]

Anthony, T.G. Mechanisms of protein balance in skeletal muscle. Domest Anim. Endocrinol. 2016, 56 (Suppl. S1), S23-S32.
[CrossRef]

Penna, F.; Ballaro, R.; Beltra, M.; De Lucia, S.; Costelli, P. Modulating Metabolism to Improve Cancer-Induced Muscle Wasting.
Oxid. Med. Cell Longev. 2018, 2018, 7153610. [CrossRef]

Schiaffino, S.; Dyar, K.A.; Ciciliot, S.; Blaauw, B.; Sandri, M. Mechanisms regulating skeletal muscle growth and atrophy. FEBS J.
2013, 280, 4294-4314. [CrossRef]

Patel, H.; Patel, B. TNF-« and cancer cachexia: Molecular insights and clinical implications. Life Sci. 2016, 170, 33. [CrossRef]
Petruzzelli, M.; Wagner, E.F. Mechanisms of metabolic dysfunction in cancer-associated cachexia. Genes Dev. 2016, 30, 489-501.
[CrossRef]

Wildi, S.; Kleeff, ].; Maruyama, H.; Maurer, C.A.; Biichler, M.W.; Korc, M. Overexpression of activin A in stage IV colorectal cancer.
Gut 2001, 49, 409-417. [CrossRef]

Yang, W.; Huang, J.; Wu, H.; Wang, Y; Du, Z,; Ling, Y.; Wang, W.; Wu, Q.; Gao, W. Molecular mechanisms of cancer cachexia-
induced muscle atrophy (Review). Mol. Med. Rep. 2020, 22, 4967-4980. [CrossRef]

Sandri, M. Protein breakdown in muscle wasting: Role of autophagy-lysosome and ubiquitin-proteasome. Int. J. Biochem. Cell
Biol. 2013, 45, 2121-2129. [CrossRef] [PubMed]


https://doi.org/10.1016/S1470-2045(10)70218-7
https://www.ncbi.nlm.nih.gov/pubmed/21296615
https://doi.org/10.1038/nrc3829
https://doi.org/10.1186/s12904-019-0471-0
https://doi.org/10.1002/cncr.29863
https://doi.org/10.4251/wjgo.v7.i4.17
https://doi.org/10.1038/nrclinonc.2012.209
https://doi.org/10.1093/jnci/89.23.1763
https://doi.org/10.3389/fpain.2022.971295
https://doi.org/10.2147/CMAR.S261585
https://doi.org/10.1002/jcsm.12633
https://doi.org/10.1177/1758834017698643
https://www.ncbi.nlm.nih.gov/pubmed/28529552
https://doi.org/10.1152/physrev.1997.77.3.731
https://www.ncbi.nlm.nih.gov/pubmed/9234964
https://doi.org/10.1007/s00223-014-9915-y
https://doi.org/10.3390/ijms22179327
https://doi.org/10.1016/j.domaniend.2016.02.012
https://doi.org/10.1155/2018/7153610
https://doi.org/10.1111/febs.12253
https://doi.org/10.1016/j.lfs.2016.11.033
https://doi.org/10.1101/gad.276733.115
https://doi.org/10.1136/gut.49.3.409
https://doi.org/10.3892/mmr.2020.11608
https://doi.org/10.1016/j.biocel.2013.04.023
https://www.ncbi.nlm.nih.gov/pubmed/23665154

Cells 2023, 12, 2598 13 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Glass, D.J. Signaling pathways perturbing muscle mass. Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 225-229. [CrossRef]
[PubMed]

Siff, T.; Parajuli, P.; Razzaque, M.S.; Atfi, A. Cancer-Mediated Muscle Cachexia: Etiology and Clinical Management. Trends
Endocrinol. Metab. 2021, 32, 382-402. [CrossRef]

Cai, D.; Frantz, ].D.; Tawa, N.E,, Jr.; Melendez, P.A.; Oh, B.C.; Lidov, H.G.; Hasselgren, P.O.; Frontera, WR; Lee, J.; Glass, D.J.;
et al. IKKbeta/NF-kappaB activation causes severe muscle wasting in mice. Cell 2004, 119, 285-298. [CrossRef] [PubMed]
Moore-Carrasco, R.; Busquets, S.; Almendro, V.; Palanki, M.; Lépez-Soriano, EJ.; Argilés, ]. M. The AP-1/NF-kappaB double
inhibitor SP100030 can revert muscle wasting during experimental cancer cachexia. Int. J. Oncol. 2007, 30, 1239-1245.

Moylan, ].S.; Smith, J.D.; Chambers, M.A.; McLoughlin, T.].; Reid, M.B. TNF induction of atrogin-1/MAFbx mRNA depends on
Foxo4 expression but not AKT-Foxol/3 signaling. Am. J. Physiol. Cell Physiol. 2008, 295, C986—C993. [CrossRef]

He, W.A ; Berardj, E.; Cardillo, V.M.; Acharyya, S.; Aulino, P.; Thomas-Ahner, J.; Wang, J.; Bloomston, M.; Muscarella, P.; Nau, P,;
et al. NF-kB-mediated Pax7 dysregulation in the muscle microenvironment promotes cancer cachexia. J. Clin. Investig. 2013, 123,
4821-4835. [CrossRef]

Eskiler, G.G.; Bezdegumeli, E.; Ozman, Z.; Ozkan, A.D.; Bilir, C.; Kucukakca, B.N.; Ince, M.N.; Men, A.Y.; Aktas, O.; Horoz, Y.E,;
et al. IL-6 mediated JAK/STAT3 signaling pathway in cancer patients with cachexia. Bratisl Lek Listy 2019, 66, 819-826. [CrossRef]
Puigserver, P; Rhee, J.; Lin, J.; Wu, Z.; Yoon, J.C.; Zhang, C.Y.; Krauss, S.; Mootha, V.K.; Lowell, B.B.; Spiegelman, B.M. Cytokine
stimulation of energy expenditure through p38 MAP kinase activation of PPARgamma coactivator-1. Mol. Cell 2001, 8, 971-982.
[CrossRef]

Inaba, S.; Hinohara, A.; Tachibana, M.; Tsujikawa, K.; Fukada, S.I. Muscle regeneration is disrupted by cancer cachexia without
loss of muscle stem cell potential. PLoS ONE 2018, 13, e0205467. [CrossRef]

Arneson, P.C.; Doles, ].D. Impaired Muscle Regeneration in Cancer-Associated Cachexia. Trends Cancer 2019, 5, 579-582. [CrossRef]
Hogan, K.A.; Cho, D.S.; Arneson, P.C.; Samani, A.; Palines, P.; Yang, Y.; Doles, ].D. Tumor-derived cytokines impair myogenesis
and alter the skeletal muscle immune microenvironment. Cytokine 2018, 107, 9-17. [CrossRef]

Guttridge, D.C.; Mayo, M.W.; Madrid, L.V.; Wang, C.Y.; Baldwin, A.S., Jr. NF-kappaB-induced loss of MyoD messenger RNA:
Possible role in muscle decay and cachexia. Science 2000, 289, 2363-2366. [CrossRef]

Wang, G.; Biswas, A.K.; Ma, W,; Kandpal, M.; Coker, C.; Grandgenett, PM.; Hollingsworth, M.A_; Jain, R.; Tanji, K.; Lépez-Pintado,
S.; et al. Metastatic cancers promote cachexia through ZIP14 upregulation in skeletal muscle. Nat. Med. 2018, 24, 770-781.
[CrossRef]

Melzer, K. Carbohydrate and fat utilization during rest and physical activity. e-SPEN Eur. e-]. Clin. Nutr. Metab. 2011, 6, e45—e52.
[CrossRef]

Church, C.; Horowitz, M.; Rodeheffer, M. WAT is a functional adipocyte? Adipocyte 2012, 1, 38-45. [CrossRef]

Shaw, J.H.; Wolfe, R.R. Fatty acid and glycerol kinetics in septic patients and in patients with gastrointestinal cancer. The response
to glucose infusion and parenteral feeding. Ann. Surg. 1987, 205, 368-376. [CrossRef]

Drott, C.; Persson, H.; Lundholm, K. Cardiovascular and metabolic response to adrenaline infusion in weight-losing patients with
and without cancer. Clin. Physiol. 1989, 9, 427-439. [CrossRef]

Fouladiun, M.; Korner, U.; Bosaeus, 1.; Daneryd, P.; Hyltander, A.G.; Lundholm, K.G. Body composition and time course changes
in regional distribution of fat and lean tissue in unselected cancer patients on palliative care—Correlations with food intake,
metabolism, exercise capacity, and hormones. Cancer 2005, 103, 2189-2198. [CrossRef]

Ebadi, M.; Mazurak, V.C. Evidence and mechanisms of fat depletion in cancer. Nutrients 2014, 6, 5280-5297. [CrossRef]

Tisdale, M.]. Mechanisms of Cancer Cachexia. Physiol. Rev. 2009, 89, 381-410. [CrossRef]

Petruzzelli, M.; Schweiger, M.; Schreiber, R.; Campos-Olivas, R.; Tsoli, M.; Allen, J.; Swarbrick, M.; Rose-John, S.; Rincon, M.;
Robertson, G.; et al. A switch from white to brown fat increases energy expenditure in cancer-associated cachexia. Cell Metab.
2014, 20, 433-447. [CrossRef] [PubMed]

Malla, J.; Zahra, A.; Venugopal, S.; Selvamani, T.Y.; Shoukrie, S.I.; Selvaraj, R.; Dhanoa, R.K.; Hamouda, R.K.; Mostafa, ]. What
Role Do Inflammatory Cytokines Play in Cancer Cachexia? Cureus 2022, 14, €26798. [CrossRef]

Okazaki, H.; Osuga, J.; Tamura, Y.; Yahagi, N.; Tomita, S.; Shionoiri, F.; lizuka, Y.; Ohashi, K.; Harada, K.; Kimura, S.; et al.
Lipolysis in the absence of hormone-sensitive lipase: Evidence for a common mechanism regulating distinct lipases. Diabetes
2002, 51, 3368-3375. [CrossRef]

Dalal, S. Lipid metabolism in cancer cachexia. Ann. Palliat. Med. 2018, 8, 13-23. [CrossRef]

Lass, A.; Zimmermann, R.; Oberer, M.; Zechner, R. Lipolysis—A highly regulated multi-enzyme complex mediates the catabolism
of cellular fat stores. Prog. Lipid. Res. 2011, 50, 14-27. [CrossRef]

Arora, G.K,; Gupta, A.; Narayanan, S.; Guo, T.; Iyengar, P.; Infante, R.E. Cachexia-associated adipose loss induced by tumor-
secreted leukemia inhibitory factor is counterbalanced by decreased leptin. JCI Insight 2018, 3, 121221. [CrossRef]

Mangano, G.D.; Fouani, M.; D’Amico, D.; Di Felice, V.; Barone, R. Cancer-Related Cachexia: The Vicious Circle between
Inflammatory Cytokines, Skeletal Muscle, Lipid Metabolism and the Possible Role of Physical Training. Int. J. Mol. Sci. 2022,
23, 3004. [CrossRef]

Honors, M.A; Kinzig, K.P. The role of insulin resistance in the development of muscle wasting during cancer cachexia. J. Cachexia
Sarcopenia Muscle 2012, 3, 5-11. [CrossRef]


https://doi.org/10.1097/MCO.0b013e32833862df
https://www.ncbi.nlm.nih.gov/pubmed/20397318
https://doi.org/10.1016/j.tem.2021.03.007
https://doi.org/10.1016/j.cell.2004.09.027
https://www.ncbi.nlm.nih.gov/pubmed/15479644
https://doi.org/10.1152/ajpcell.00041.2008
https://doi.org/10.1172/JCI68523
https://doi.org/10.4149/BLL_2019_136
https://doi.org/10.1016/S1097-2765(01)00390-2
https://doi.org/10.1371/journal.pone.0205467
https://doi.org/10.1016/j.trecan.2019.07.010
https://doi.org/10.1016/j.cyto.2017.11.006
https://doi.org/10.1126/science.289.5488.2363
https://doi.org/10.1038/s41591-018-0054-2
https://doi.org/10.1016/j.eclnm.2011.01.005
https://doi.org/10.4161/adip.19132
https://doi.org/10.1097/00000658-198704000-00005
https://doi.org/10.1111/j.1475-097X.1989.tb00997.x
https://doi.org/10.1002/cncr.21013
https://doi.org/10.3390/nu6115280
https://doi.org/10.1152/physrev.00016.2008
https://doi.org/10.1016/j.cmet.2014.06.011
https://www.ncbi.nlm.nih.gov/pubmed/25043816
https://doi.org/10.7759/cureus.26798
https://doi.org/10.2337/diabetes.51.12.3368
https://doi.org/10.21037/apm.2018.10.01
https://doi.org/10.1016/j.plipres.2010.10.004
https://doi.org/10.1172/jci.insight.121221
https://doi.org/10.3390/ijms23063004
https://doi.org/10.1007/s13539-011-0051-5

Cells 2023, 12, 2598 14 of 17

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Siddiqui, J.A.; Pothuraju, R.; Jain, M.; Batra, S.K.; Nasser, M.W. Advances in cancer cachexia: Intersection between affected organs,
mediators, and pharmacological interventions. Biochim. Biophys. Acta Rev. Cancer 2020, 1873, 188359. [CrossRef]

Cypess, A.M.; Kahn, C.R. The role and importance of brown adipose tissue in energy homeostasis. Curr. Opin. Pediatr. 2010, 22,
478-484. [CrossRef]

Chan, P.C; Hsieh, P.S. The Role and Regulatory Mechanism of Brown Adipose Tissue Activation in Diet-Induced Thermogenesis
in Health and Diseases. Int. J. Mol. Sci. 2022, 23, 9448. [CrossRef]

Beijer, E.; Schoenmakers, J.; Vijgen, G.; Kessels, F.; Dingemans, A.M.; Schrauwen, P.; Wouters, M.; van Marken Lichtenbelt, W.;
Teule, J.; Brans, B. A role of active brown adipose tissue in cancer cachexia? Oncol. Rev. 2012, 6, e11. [CrossRef]

Tsoli, M.; Moore, M.; Burg, D.; Painter, A.; Taylor, R.; Lockie, S.H.; Turner, N.; Warren, A.; Cooney, G.; Oldfield, B.; et al. Activation
of thermogenesis in brown adipose tissue and dysregulated lipid metabolism associated with cancer cachexia in mice. Cancer Res.
2012, 72, 4372-4382. [CrossRef]

Kir, S.; White, ].P; Kleiner, S.; Kazak, L.; Cohen, P; Baracos, V.E.; Spiegelman, B.M. Tumour-derived PTH-related protein triggers
adipose tissue browning and cancer cachexia. Nature 2014, 513, 100-104. [CrossRef]

Wang, G.; Meyer, ].G.; Cai, W.; Softic, S.; Li, M.E.; Verdin, E.; Newgard, C.; Schilling, B.; Kahn, C.R. Regulation of UCP1 and
Mitochondrial Metabolism in Brown Adipose Tissue by Reversible Succinylation. Mol. Cell 2019, 74, 844-857.e847. [CrossRef]
Bing, C.; Bao, Y.; Jenkins, J.; Sanders, P.; Manieri, M.; Cinti, S.; Tisdale, M.].; Trayhurn, P. Zinc-alpha2-glycoprotein, a lipid
mobilizing factor, is expressed in adipocytes and is up-regulated in mice with cancer cachexia. Proc. Natl. Acad. Sci. USA 2004,
101, 2500-2505. [CrossRef]

Elattar, S.; Dimri, M.; Satyanarayana, A. The tumor secretory factor ZAG promotes white adipose tissue browning and energy
wasting. FASEB ]. 2018, 32, 4727-4743. [CrossRef]

Mantovani, G.; Maccio, A.; Madeddu, C.; Serpe, R.; Massa, E.; Dessi, M.; Panzone, F.; Contu, P. Randomized phase III clinical trial
of five different arms of treatment in 332 patients with cancer cachexia. Oncologist 2010, 15, 200-211. [CrossRef]

Cerchietti, L.C.; Navigante, A.H.; Peluffo, G.D.; Diament, M.]; Stillitani, I.; Klein, S.A.; Cabalar, M.E. Effects of celecoxib,
medroxyprogesterone, and dietary intervention on systemic syndromes in patients with advanced lung adenocarcinoma: A pilot
study. J. Pain Symptom. Manag. 2004, 27, 85-95. [CrossRef]

Loprinzi, C.L.; Kugler, JJW,; Sloan, J.A.; Mailliard, J.A.; Krook, J.E.; Wilwerding, M.B.; Rowland, K.M.,, Jr.; Camoriano, ]J.K,;
Novotny, PJ.; Christensen, B.J. Randomized comparison of megestrol acetate versus dexamethasone versus fluoxymesterone for
the treatment of cancer anorexia/cachexia. J. Clin. Oncol. 1999, 17, 3299-3306. [CrossRef]

Anderson, L.J.; Albrecht, E.D.; Garcia, ] M. Update on Management of Cancer-Related Cachexia. Curr. Oncol. Rep. 2017, 19, 3.
[CrossRef] [PubMed]

Tazi, E.; Errihani, H. Treatment of cachexia in oncology. Indian |. Palliat Care 2010, 16, 129-137. [CrossRef] [PubMed]

Zhang, G.; Liu, Z.; Ding, H.; Zhou, Y.; Doan, H.A_; Sin, KW.T.; Zhu, Z.].; Flores, R.; Wen, Y.; Gong, X.; et al. Tumor induces muscle
wasting in mice through releasing extracellular Hsp70 and Hsp90. Nat. Commun. 2017, 8, 589. [CrossRef]

Sagar, G.; Sah, R.P; Javeed, N.; Dutta, S.K.; Smyrk, T.C.; Lau, J.S.; Giorgadze, N.; Tchkonia, T.; Kirkland, J.L.; Chari, S.T.; et al.
Pathogenesis of pancreatic cancer exosome-induced lipolysis in adipose tissue. Gut 2016, 65, 1165-1174. [CrossRef]

Pitt, ].M.; Kroemer, G.; Zitvogel, L. Extracellular vesicles: Masters of intercellular communication and potential clinical interven-
tions. J. Clin. Investig. 2016, 126, 1139-1143. [CrossRef]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell Mol. Neurobiol. 2016, 36, 301-312. [CrossRef]

Kalra, H.; Drummen, G.P,; Mathivanan, S. Focus on Extracellular Vesicles: Introducing the Next Small Big Thing. Int. ]. Mol. Sci.
2016, 17, 170. [CrossRef]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K,; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of
the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. |. Extracell Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

Fonseka, P.; Marzan, A.L.; Mathivanan, S. Introduction to the Community of Extracellular Vesicles. In New Frontiers: Extracellular
Vesicles; Mathivanan, S., Fonseka, P., Nedeva, C., Atukorala, I., Eds.; Springer International Publishing: Cham, Switzerland, 2021;
pp. 3-18. [CrossRef]

Piper, R.C.; Katzmann, D.]. Biogenesis and function of multivesicular bodies. Annu. Rev. Cell Dev. Biol. 2007, 23, 519-547.
[CrossRef] [PubMed]

Kowal, J.; Tkach, M.; Théry, C. Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 2014, 29, 116-125. [CrossRef]

Peng, X.; Yang, L.; Ma, Y.; Li, Y; Li, H. Focus on the morphogenesis, fate and the role in tumor progression of multivesicular
bodies. Cell Commun. Signal 2020, 18, 122. [CrossRef] [PubMed]

Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P; Manel, N.; Moita, L.E; Théry, C.; Raposo, G. Analysis of
ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. . Cell
Sci. 2013, 126, 5553-5565. [CrossRef] [PubMed]

Wollert, T.; Hurley, J.H. Molecular mechanism of multivesicular body biogenesis by ESCRT complexes. Nature 2010, 464, 864-869.
[CrossRef]


https://doi.org/10.1016/j.bbcan.2020.188359
https://doi.org/10.1097/MOP.0b013e32833a8d6e
https://doi.org/10.3390/ijms23169448
https://doi.org/10.4081/oncol.2012.e11
https://doi.org/10.1158/0008-5472.CAN-11-3536
https://doi.org/10.1038/nature13528
https://doi.org/10.1016/j.molcel.2019.03.021
https://doi.org/10.1073/pnas.0308647100
https://doi.org/10.1096/fj.201701465RR
https://doi.org/10.1634/theoncologist.2009-0153
https://doi.org/10.1016/j.jpainsymman.2003.05.010
https://doi.org/10.1200/JCO.1999.17.10.3299
https://doi.org/10.1007/s11912-017-0562-0
https://www.ncbi.nlm.nih.gov/pubmed/28138933
https://doi.org/10.4103/0973-1075.73644
https://www.ncbi.nlm.nih.gov/pubmed/21218002
https://doi.org/10.1038/s41467-017-00726-x
https://doi.org/10.1136/gutjnl-2014-308350
https://doi.org/10.1172/JCI87316
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.3390/ijms17020170
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.1007/978-3-030-67171-6_1
https://doi.org/10.1146/annurev.cellbio.23.090506.123319
https://www.ncbi.nlm.nih.gov/pubmed/17506697
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.1186/s12964-020-00619-5
https://www.ncbi.nlm.nih.gov/pubmed/32771015
https://doi.org/10.1242/jcs.128868
https://www.ncbi.nlm.nih.gov/pubmed/24105262
https://doi.org/10.1038/nature08849

Cells 2023, 12, 2598 15 of 17

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575-581.
[CrossRef]

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F; Schauer, K.; Hume, A.N.; Freitas, R.P;
et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 2010, 12, 19-30, sup pp. 11-13.
[CrossRef]

Stein, J.M.; Luzio, J.P. Ectocytosis caused by sublytic autologous complement attack on human neutrophils. The sorting of
endogenous plasma-membrane proteins and lipids into shed vesicles. Biochem. J. 1991, 274 Pt 2, 381-386. [CrossRef] [PubMed]
Fordjour, FK.; Guo, C.; Ai, Y.; Daaboul, G.G.; Gould, S.J. A shared, stochastic pathway mediates exosome protein budding along
plasma and endosome membranes. ]. Biol. Chem. 2022, 298, 102394. [CrossRef]

Mathieu, M.; Névo, N.; Jouve, M.; Valenzuela, J.I.; Maurin, M.; Verweij, FJ.; Palmulli, R.; Lankar, D.; Dingli, F.; Loew, D.
Specificities of exosome versus small ectosome secretion revealed by live intracellular tracking of CD63 and CD9. Nat. Commun.
2021, 12, 4389. [CrossRef]

Ma, L,; Li, Y.; Peng, J.; Wu, D.; Zhao, X; Cui, Y.; Chen, L.; Yan, X.; Du, Y,; Yu, L. Discovery of the migrasome, an organelle
mediating release of cytoplasmic contents during cell migration. Cell Res. 2015, 25, 24-38. [CrossRef]

Liang, H.; Ma, X.; Zhang, Y.; Liu, Y,; Liu, N.; Zhang, W.; Chen, J; Liu, B.; Du, W.; Liu, X,; et al. The formation of migrasomes
is initiated by the assembly of sphingomyelin synthase 2 foci at the leading edge of migrating cells. Nat. Cell Biol. 2023, 25,
1173-1184. [CrossRef]

Banasiak, K.; Turek, M.; Pokrzywa, W. Preparation of Caenorhabditis elegans for Scoring of Muscle-derived Exophers. Bio Protoc.
2023, 13, e4586. [CrossRef] [PubMed]

Melentijevic, I.; Toth, M.L.; Arnold, M.L.; Guasp, R.J.; Harinath, G.; Nguyen, K.C; Taub, D.; Parker, ].A.; Neri, C.; Gabel, C.V,; et al.
C. elegans neurons jettison protein aggregates and mitochondria under neurotoxic stress. Nature 2017, 542, 367-371. [CrossRef]
Cram, E.J. Exophers to feed them all. EMBO Rep. 2021, 22, €53265. [CrossRef]

Buzas, E.I. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 2023, 23, 236-250. [CrossRef]
Minciacchi, V.R.; You, S.; Spinelli, C.; Morley, S.; Zandian, M.; Aspuria, PJ.; Cavallini, L.; Ciardiello, C.; Reis Sobreiro, M.; Morello,
M.; et al. Large oncosomes contain distinct protein cargo and represent a separate functional class of tumor-derived extracellular
vesicles. Oncotarget 2015, 6, 11327-11341. [CrossRef]

Anand, S.; Samuel, M.; Kumar, S.; Mathivanan, S. Ticket to a bubble ride: Cargo sorting into exosomes and extracellular vesicles.
Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 140203. [CrossRef]

Li, S,; Lin, Z; Jiang, X.; Yu, X. Exosomal cargo-loading and synthetic exosome-mimics as potential therapeutic tools. Acta
Pharmacol. Sin. 2018, 39, 542-551. [CrossRef]

Vlassov, A.V.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their composition, biological functions,
and diagnostic and therapeutic potentials. Biochim. Biophys. Acta 2012, 1820, 940-948. [CrossRef]

Tian, T.; Zhu, Y.-L.; Hu, F-H.; Wang, Y.-Y.; Huang, N.-P; Xiao, Z.-D. Dynamics of exosome internalization and trafficking. J. Cell.
Physiol. 2013, 228, 1487-1495. [CrossRef] [PubMed]

Karampoga, A.; Tzaferi, K.; Koutsakis, C.; Kyriakopoulou, K.; Karamanos, N.K. Exosomes and the extracellular matrix: A
dynamic interplay in cancer progression. Int. ]. Dev. Biol. 2022, 66, 97-102. [CrossRef] [PubMed]

Bebelman, M.P; Janssen, E.; Pegtel, D.M.; Crudden, C. The forces driving cancer extracellular vesicle secretion. Neoplasia 2021, 23,
149-157. [CrossRef]

D’Souza-Schorey, C.; Clancy, ].W. Tumor-derived microvesicles: Shedding light on novel microenvironment modulators and
prospective cancer biomarkers. Genes Dev. 2012, 26, 1287-1299. [CrossRef]

Chang, W.H.; Cerione, R.A.; Antonyak, M. A. Extracellular Vesicles and Their Roles in Cancer Progression. Methods Mol. Biol.
2021, 2174, 143-170. [CrossRef]

Liu, Y.; Mao, D.; Wang, H.; Che, X.; Chen, Y. Formation of pre-metastatic niches induced by tumor extracellular vesicles in lung
metastasis. Pharmacol. Res. 2023, 188, 106669. [CrossRef]

Kong, J.; Tian, H.; Zhang, F,; Zhang, Z.; Li, J.; Liu, X,; Li, X,; Liu, J.; Li, X,; Jin, D.; et al. Extracellular vesicles of carcinoma-associated
fibroblasts creates a pre-metastatic niche in the lung through activating fibroblasts. Mol. Cancer 2019, 18, 175. [CrossRef]

Zhu, X; Shen, H.; Yin, X.; Yang, M.; Wei, H.; Chen, Q.; Feng, F; Liu, Y.; Xu, W.; Li, Y. Macrophages derived exosomes deliver
miR-223 to epithelial ovarian cancer cells to elicit a chemoresistant phenotype. J. Exp. Clin. Cancer Res. 2019, 38, 81. [CrossRef]
Chen, W.T,; Yang, Y.J.; Zhang, Z.D.; An, Q.; Li, N.; Liu, W.; Yang, B. MiR-1307 promotes ovarian cancer cell chemoresistance by
targeting the ING5 expression. J. Ovarian Res. 2017, 10, 1. [CrossRef]

Chen, G.; Huang, A.C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W,; Yu, Z,; Yang, J.; Wang, B.; Sun, H.; et al. Exosomal PD-L1
contributes to immunosuppression and is associated with anti-PD-1 response. Nature 2018, 560, 382-386. [CrossRef]

Guigni, B.A ; van der Velden, |.; Kinsey, C.M.; Carson, ].A.; Toth, M.]. Effects of conditioned media from murine lung cancer cells
and human tumor cells on cultured myotubes. Am. |. Physiol. Endocrinol. Metab. 2020, 318, e22-e32. [CrossRef] [PubMed]
Chitti, S.V.; Kang, T.; Fonseka, P.; Marzan, A.L.; Stewart, S.; Shahi, S.; Bramich, K.; Ang, C.S.; Pathan, M.; Gummadi, S.; et al.
Proteomic analysis of the small extracellular vesicles and soluble secretory proteins from cachexia inducing and non-inducing
cancer cells. Proteomics 2023, 23, €2100314. [CrossRef] [PubMed]

Mu, X.; Agarwal, R.; March, D.; Rothenberg, A.; Voigt, C.; Tebbets, J.; Huard, J.; Weiss, K. Notch Signaling Mediates Skeletal
Muscle Atrophy in Cancer Cachexia Caused by Osteosarcoma. Sarcoma 2016, 2016, 3758162. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1038/ncb2000
https://doi.org/10.1042/bj2740381
https://www.ncbi.nlm.nih.gov/pubmed/1848755
https://doi.org/10.1016/j.jbc.2022.102394
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1038/cr.2014.135
https://doi.org/10.1038/s41556-023-01188-8
https://doi.org/10.21769/BioProtoc.4586
https://www.ncbi.nlm.nih.gov/pubmed/36789085
https://doi.org/10.1038/nature21362
https://doi.org/10.15252/embr.202153265
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.18632/oncotarget.3598
https://doi.org/10.1016/j.bbapap.2019.02.005
https://doi.org/10.1038/aps.2017.178
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.1002/jcp.24304
https://www.ncbi.nlm.nih.gov/pubmed/23254476
https://doi.org/10.1387/ijdb.210120nk
https://www.ncbi.nlm.nih.gov/pubmed/34549792
https://doi.org/10.1016/j.neo.2020.11.011
https://doi.org/10.1101/gad.192351.112
https://doi.org/10.1007/978-1-0716-0759-6_10
https://doi.org/10.1016/j.phrs.2023.106669
https://doi.org/10.1186/s12943-019-1101-4
https://doi.org/10.1186/s13046-019-1095-1
https://doi.org/10.1186/s13048-016-0301-4
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1152/ajpendo.00310.2019
https://www.ncbi.nlm.nih.gov/pubmed/31689144
https://doi.org/10.1002/pmic.202100314
https://www.ncbi.nlm.nih.gov/pubmed/37309723
https://doi.org/10.1155/2016/3758162
https://www.ncbi.nlm.nih.gov/pubmed/27378829

Cells 2023, 12, 2598 16 of 17

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Hu, W.; Ru, Z; Zhou, Y.; Xiao, W.; Sun, R.; Zhang, S.; Gao, Y.; Li, X,; Zhang, X.; Yang, H. Lung cancer-derived extracellular vesicles
induced myotube atrophy and adipocyte lipolysis via the extracellular IL-6-mediated STAT3 pathway. Biochim Biophys Acta Mol.
Cell Biol. Lipids 2019, 1864, 1091-1102. [CrossRef]

Chitti, S.V.; Fonseka, P.; Mathivanan, S. Emerging role of extracellular vesicles in mediating cancer cachexia. Biochem. Soc. Trans.
2018, 46, 1129-1136. [CrossRef]

Marzan, A.L.; Nedeva, C.; Mathivanan, S. Extracellular Vesicles in Metabolism and Metabolic Diseases. In New Frontiers:
Extracellular Vesicles; Mathivanan, S., Fonseka, P., Nedeva, C., Atukorala, I., Eds.; Springer International Publishing: Cham,
Switzerland, 2021; pp. 393-410. [CrossRef]

Busatto, S.; Morad, G.; Guo, P.; Moses, M.A. The role of extracellular vesicles in the physiological and pathological regulation of
the blood-brain barrier. FASEB Bioadv. 2021, 3, 665-675. [CrossRef]

Marzan, A.L.; Stewart, S.E. Elucidating the Role of Extracellular Vesicles in Pancreatic Cancer. Cancers 2021, 13, 5669. [CrossRef]
Pin, F; Beltra, M.; Garcia-Castillo, L.; Pardini, B.; Birolo, G.; Matullo, G.; Penna, F; Guttridge, D.; Costelli, P. Extracellular vesicles
derived from tumour cells as a trigger of energy crisis in the skeletal muscle. ]. Cachexia Sarcopenia Muscle 2022, 13, 481-494.
[CrossRef]

Fan, M.; Sun, W.; Gu, X; Lu, S.; Shen, Q.; Liu, X.; Zhang, X. The critical role of STAT3 in biogenesis of tumor-derived exosomes
with potency of inducing cancer cachexia in vitro and in vivo. Oncogene 2022, 41, 1050-1062. [CrossRef]

AlSudais, H.; Rajgara, R.; Saleh, A.; Wiper-Bergeron, N. C/EBPf3 promotes the expression of atrophy-inducing factors by tumours
and is a central regulator of cancer cachexia. J. Cachexia Sarcopenia Muscle 2022, 13, 743-757.

Yang, J.; Zhang, Z.; Zhang, Y.; Ni, X,; Zhang, G.; Cui, X,; Liu, M.; Xu, C.; Zhang, Q.; Zhu, H.; et al. ZIP4 Promotes Muscle Wasting
and Cachexia in Mice With Orthotopic Pancreatic Tumors by Stimulating RAB27B-Regulated Release of Extracellular Vesicles
From Cancer Cells. Gastroenterology 2019, 156, 722-734.e726. [CrossRef]

Zhang, W.; Sun, W.; Gu, X.; Miao, C.; Feng, L.; Shen, Q.; Liu, X.; Zhang, X. GDF-15 in tumor-derived exosomes promotes muscle
atrophy via Bcl-2/caspase-3 pathway. Cell Death Discov. 2022, 8, 162. [CrossRef]

Gao, X.;; Wang, Y.; Lu, F; Chen, X,; Yang, D.; Cao, Y.; Zhang, W.; Chen, J.; Zheng, L.; Wang, G.; et al. Extracellular vesicles derived
from oesophageal cancer containing P4AHB promote muscle wasting via regulating PHGDH /Bcl-2/caspase-3 pathway. . Extracell
Vesicles 2021, 10, €12060. [CrossRef]

Hu, W,; Xiong, H.; Ru, Z; Zhao, Y.; Zhou, Y.; Xie, K.; Xiao, W.; Xiong, Z.; Wang, C.; Yuan, C.; et al. Extracellular vesicles-released
parathyroid hormone-related protein from Lewis lung carcinoma induces lipolysis and adipose tissue browning in cancer
cachexia. Cell Death Dis. 2021, 12, 134. [CrossRef]

Shibata, C.; Otsuka, M.; Seimiya, T.; Kishikawa, T.; Ishigaki, K.; Fujishiro, M. Lipolysis by pancreatic cancer-derived extracellular
vesicles in cancer-associated cachexia via specific integrins. Clin. Transl. Med. 2022, 12, €1089. [CrossRef]

Liu, A.; Pan, W.; Zhuang, S.; Tang, Y.; Zhang, H. Cancer cell-derived exosomal miR-425-3p induces white adipocyte atrophy.
Adipocyte 2022, 11, 487-500. [CrossRef]

Di, W.; Zhang, W.; Zhu, B.; Li, X.; Tang, Q.; Zhou, Y. Colorectal cancer prompted adipose tissue browning and cancer cachexia
through transferring exosomal miR-146b-5p. |. Cell. Physiol. 2021, 236, 5399-5410. [CrossRef]

Sun, D; Ding, Z.; Shen, L.; Yang, F.; Han, J.; Wu, G. miR-410-3P inhibits adipocyte differentiation by targeting IRS-1 in cancer-
associated cachexia patients. Lipids Health Dis. 2021, 20, 115. [CrossRef]

Hu, Y,; Liu, L.; Chen, Y.; Zhang, X.; Zhou, H.; Hu, S.; Li, X;; Li, M,; Li, ].; Cheng, S.; et al. Cancer-cell-secreted miR-204-5p induces
leptin signalling pathway in white adipose tissue to promote cancer-associated cachexia. Nat. Commun. 2023, 14, 5179. [CrossRef]
Sun, S.; Wang, Z.; Yao, F,; Sun, K; Li, Z; Sun, S.; Li, C. Breast cancer cell-derived exosome-delivered microRNA-155 targets
UBQLNT1 in adipocytes and facilitates cancer cachexia-related fat loss. Hum. Mol. Genet. 2023, 32, 2219-2228. [CrossRef]

He, W.A,; Calore, F.; Londhe, P; Canella, A.; Guttridge, D.C.; Croce, C.M. Microvesicles containing miRNAs promote muscle cell
death in cancer cachexia via TLR7. Proc. Natl. Acad. Sci. USA 2014, 111, 4525-4529. [CrossRef]

Miao, C.; Zhang, W.; Feng, L.; Gu, X.; Shen, Q.; Lu, S.; Fan, M,; Li, Y,; Guo, X.; Ma, Y.; et al. Cancer-derived exosome miRNAs
induce skeletal muscle wasting by Bcl-2-mediated apoptosis in colon cancer cachexia. Mol. Ther. Nucleic Acids 2021, 24, 923-938.
[CrossRef]

Xiong, H.; Ye, ].; Xie, K.; Hu, W,; Xu, N.; Yang, H. Exosomal IL-8 derived from Lung Cancer and Colon Cancer cells induced
adipocyte atrophy via NF-«kB signaling pathway. Lipids Health Dis. 2022, 21, 147. [CrossRef]

MacDonagh, L.; Gray, S.G.; Finn, S.P,; Cuffe, S.; O'Byrne, K.]J.; Barr, M.P. The emerging role of microRNAs in resistance to lung
cancer treatments. Cancer Treat. Rev. 2015, 41, 160-169. [CrossRef]

Zhou, X.; Hu, S.; Zhang, Y.; Du, G.; Li, Y. The mechanism by which noncoding RNAs regulate muscle wasting in cancer cachexia.
Precis Clin. Med. 2021, 4, 136-147. [CrossRef]

Liu, S.L.; Sun, P; Li, Y; Liu, S.S.; Lu, Y. Exosomes as critical mediators of cell-to-cell communication in cancer pathogenesis and
their potential clinical application. Transl. Cancer Res. 2019, 8, 298-311. [CrossRef]


https://doi.org/10.1016/j.bbalip.2019.04.006
https://doi.org/10.1042/bst20180213
https://doi.org/10.1007/978-3-030-67171-6_15
https://doi.org/10.1096/fba.2021-00045
https://doi.org/10.3390/cancers13225669
https://doi.org/10.1002/jcsm.12844
https://doi.org/10.1038/s41388-021-02151-3
https://doi.org/10.1053/j.gastro.2018.10.026
https://doi.org/10.1038/s41420-022-00972-z
https://doi.org/10.1002/jev2.12060
https://doi.org/10.1038/s41419-020-03382-0
https://doi.org/10.1002/ctm2.1089
https://doi.org/10.1080/21623945.2022.2108558
https://doi.org/10.1002/jcp.30245
https://doi.org/10.1186/s12944-021-01530-9
https://doi.org/10.1038/s41467-023-40571-9
https://doi.org/10.1093/hmg/ddad055
https://doi.org/10.1073/pnas.1402714111
https://doi.org/10.1016/j.omtn.2021.04.015
https://doi.org/10.1186/s12944-022-01755-2
https://doi.org/10.1016/j.ctrv.2014.12.009
https://doi.org/10.1093/pcmedi/pbab008
https://doi.org/10.21037/tcr.2019.01.03

Cells 2023, 12, 2598 17 of 17

129. Skog, J.; Wiirdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T,, Jr.; Carter, B.S.; Krichevsky, A.M.;
Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470-1476. [CrossRef]

130. Al-Nedawi, K.; Meehan, B.; Micallef, J.; Lhotak, V.; May, L.; Guha, A_; Rak, J. Intercellular transfer of the oncogenic receptor
EGEFRVIII by microvesicles derived from tumour cells. Nat. Cell Biol. 2008, 10, 619-624. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/ncb1725

	Cancer-Associated Cachexia 
	Skeletal Muscle Wasting during Cancer-Associated Cachexia 
	Adipose Tissue Lipolysis and Browning during Cancer-Associated Cachexia 
	Overview of Extracellular Vesicles 
	Cancer Cell-Derived EV Protein and Muscle Wasting 
	Cancer-Derived EV Proteins and Lipolysis 
	EV-Associated MicroRNAs and Cancer-Associated Cachexia 
	Future Perspective 
	References

