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Abstract

Cancer cachexia (CC) is a complex metabolic syndrome that accelerates muscle wasting and affects up to 80%
of patients with cancer; however, timely diagnostic methods and effective cures are lacking. Although a consid-
erable number of studies have focused on the mechanism of CC-induced muscle atrophy, few novel therapies
have been applied in the last decade. In recent years, noncoding RNAs (ncRNAs) have attracted great attention
as many differentially expressed ncRNAs in cancer cachectic muscles have been reported to participate in the
inhibition of myogenesis and activation of proteolysis. In addition, extracellular vesicles (EVs), which function
as ncRNA carriers in intercellular communication, are closely involved in changing ncRNA expression profiles
in muscle and promoting the development of muscle wasting; thus, EV-related ncRNAs may represent poten-
tial therapeutic targets. This review comprehensively describes the process of ncRNA transmission through EVs

and summarizes the pathways and targets of ncRNAs that lead to CC-induced muscle atrophy.
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Introduction

Cancer cachexia (CC) is a severe systemic syndrome
that is characterized by tissue wasting, decreased energy
intake, weight loss, fatigue, metabolic abnormalities,
systemic inflammation, and chemotherapy intolerance.?
Furthermore, CC is reported to be responsible for at
least 20% of cancer-related deaths and affects 50%-80%
of patients in advanced stages.? Low chemotherapeutic
efficacy and chemotherapy tolerance as a result of CC
are major factors leading to a poor prognosis, decreased
survival, and reduced quality of life for patients.®* CC-
induced muscle wasting is a severe problem, as it is
related to low treatment tolerance and effectiveness, and

one in four cancer-related deaths possibly results from
muscle atrophy instead of the tumor burden.”> Therefore,
a considerable amount of research has been performed
to elucidate the molecular mechanisms of muscle atro-
phy in CC. Despite its clinical relevance, CC is seldom
diagnosed and treated early.®’ Because of the hetero-
geneous manifestations of CC and the scarcity of diag-
nostic methods, CC is not detected until the refractory
stage, in which therapeutic agents have limited efficacy.®
As CC is a response to host-tumor interactions caused
by tumor-derived mediators,® effective CC biomarkers
would contribute to the early identification of patients
at risk of CC.° Nucleic acid biomarkers can be detected
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Figure 1. Diagram depicting the mechanism of cancer-induced muscle atrophy by releasing ncRNAs. CC is associated with muscle wasting
induced by the release of EVs. DNA is transcribed into ncRNAs, including miRNAs, IncRNAs, and circRNAs, which in turn regulate transcription
and translation. Following the biogenesis, release, and uptake of EVs, ncRNAs are transferred into muscle cells and induce muscle wasting

through ERS transfer.

more rapidly and less expensively than protein biomark-
ers, and the techniques are easier to perform.'® In addi-
tion, although curing cancer is an effective approach
to treat CC, its application is limited.!! Therefore, pro-
longing survival is the next treatment aim, and this can
be achieved by blocking the procachexia signaling path-
way.'>13 Thus, noncoding RNAs (ncRNAs) were thought
to have potential clinical utility in the treatment of CC-
induced muscle wasting.

Extracellular vesicles (EVs) are enriched in numer-
ous bioactive molecules, including nucleic acids and pro-
teins, and can relay signals not only into the tumor
microenvironment but also into the circulatory system.*
ncRNAs are defined as heterogeneous RNA transcripts
that feature a low protein-coding capability.’> Based on
their size, ncRNAs are categorized into short RNAs of
< 200 nucleotides, including small interfering RNAs,
microRNAs (miRNAs), and piwi-interacting RNAs, and
long noncoding RNAs (IncRNAs) of > 200 nucleotides.
Over the past decade, a number of ncRNAs have been
identified in large-scale analyses. For instance, miR-
NAs have been identified in endosomal sorting com-
plexes required for transport (ESCRTs) involved in the
biogenesis, release, and uptake of exosomes, which can
be absorbed by adjacent or distant cells after release.
Therefore, miRNAs are thought to participate in tumor

immunity, growth, invasion, and metastasis via exo-
somes.'® In addition, ncRNAs are involved in control-
ling gene expression and intercellular communication
required for skeletal muscle growth by regulating mul-
tiple signaling pathways.’

Although numerous ncRNAs are reported to be
expressed at abnormal levels in skeletal muscle cells of
patients with CC,'®% few studies have attempted to elu-
cidate their complete mechanisms of action and path-
ways in CC and muscle wasting. In the present review, we
focus on the impact of ncRNAs on the process of muscle
wasting induced by CC, briefly describe recent studies of
several ncRNAs in CC, and discuss their potential thera-
peutic applications (Fig. 1).

EVs as ncRNA carriers in intercellular
communication
Biogenesis of EVs

EVs can be divided into three types according to their
diameter: exosomes (30-100 nm), microvesicles (100-
1000 nm), and large oncosomes (1-10 pm).?° Among
these types of EVs, exosomes have been studied exten-
sively and found to participate in the intercellular trans-
port of ncRNAs, which have been confirmed to be related
to cancer cachexia.'® Therefore, regarding the biogenesis
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of EVs, we focused on exosomes in the present study. The
endosomal system has been demonstrated to be the ori-
gin of exosomes.? First, the inward budding of the mem-
brane of late endosomes generates multivesicular bod-
ies (MVBs), which contain intraluminal vesicles (ILVs).
Then, MVBs can fuse with either the lysosome or the
cellular plasma membrane. The latter pathway results
in release of ILVs. The released ILVs are identified as
exosomes.??

RNA sorting mechanism of EVs

The sorting of RNAs is a highly selective and compli-
cated part of the biogenesis of EVs. The ESCRT machin-
ery contains protein complexes that are central for EV
packaging. The roles of ESCRT-0, ESCRT-I, and ESCRT-II
are to recognize and conceal ubiquitinated membrane
proteins in endosomal membranes, while ESCRT-III pro-
motes cleavage and inward budding.?

In addition to the ESCRT machinery, several other
factors are involved in the sorting of RNAs into exo-
somes. A specific sequence (GGAG) in exosomal miR-
NAs was identified as the EXO motif, a characteristic
recognition sequence of heterogeneous ribonucleopro-
tein A1 (hnRNPA1) and heterogeneous ribonucleoprotein
A2B1 (hnRNPA2B1), thus regulating the sorting of miR-
NAs into EVs.?* However, as numerous miRNAs within
EVslack specific EXO motifs, the specification of RNAs for
secretion requires other pathways. Cha et al. found that
oncogenic KRAS selectively altered the miRNA profile in
exosomes and that ceramide depletion selectively pro-
moted miRNA accumulation in KRAS mutant colorectal
cancer cells.?> The RNA-binding protein Y-box protein I
(YBX1) was identified to participate in the sorting of miR-
223.%6 Additionally, the loading of microRNAs into EVs is
affected by ectopic changes in the levels of microRNAs or
target mRNAs.?

Transport of EVs

The RAB family of small GTPase proteins and solu-
ble NSF-attachment protein receptor (SNARE) complexes
play a key role in promoting exosome release. The RAB
proteins are involved in vesicle budding, vesicle and
organelle migration, and docking to the target. In addi-
tion, RAB proteins play a key role in the docking pro-
cess between the multivesicular body (MVB) and plasma
membrane, which allows vesicles to be generated in this
compartment.?®

The EV content exerts an impact on cell behavior by
entering the cytoplasm and possibly even the nucleus.
Three main mechanisms for the interaction of EVs with
target cells for the delivery of RNAs or other proteins into
recipient cells have been proposed: receptor-mediated
uptake, direct fusion with the plasma membrane, and
endocytosis via phagocytosis.?’ Different cell types take
up EVs through various mechanisms, leading to func-
tional transfer or degradation of EV contents.?’

EVs drive CC via the endoplasmic reticulum
stress (ERS) response

Tumor-derived EVs contribute to disease progression,
and the cargo transferred by EVs might influence cel-
lular processes in some distant tissues, such as skele-
tal muscles.*® ERS is characterized by the impairment
of physiological functions and the protein-folding envi-
ronment of the endoplasmic reticulum, and therefore,
unfolded proteins accumulate in the endoplasmic retic-
ulum lumen.?* The possibility that ERS-related proteins
are overexpressed in cancer cells because of low nutri-
tion, low vascularization, and hypoxia has been sug-
gested.3? The unfolded protein response (UPR) signal-
ing cascade is initiated in cells to restore homeostasis.
Some components of the UPR induced by ERS are acti-
vated in the skeletal muscle of patients with CC.>* How-
ever, the role of ERS in muscle atrophy is poorly studied.
Recently, our research group found that exosomal miR-
181a-3p regulates the transmissible endoplasmic retic-
ulum stress (TERS) pathway and induces the activation
of the UPR, which subsequently accelerates muscle cell
atrophy.?* This finding indicates that UPR activation may
participate in the regulation of skeletal muscle quality
along with other signaling pathways. The revealed role
for EVs in the ERS response in CC strongly indicates the
urgency of analyzing the mechanism and application
potential of their contents.

The role of ncRNAs in muscle wasting
induced by CC

Muscle mass loss induced by CC is a combined result of
the inhibition of myogenesis and activation of muscle
protein degradation.?® Because the effect of EVs on the
progression of CC is a topic of special concern, ncRNAs
are categorized into EV-related and other ncRNAs, and
both types are differentially expressed in cancer cachec-
tic muscle. Through the investigation of the upregu-
lated or downregulated ncRNAs, clear evidence has been
obtained that these ncRNAs regulate pathways impli-
cated in muscle wasting in patients with cancer (Figs. 2
and 3).

The role of EV-related ncRNAs during muscle
wasting in CC

Recently, many studies have revealed a number of EVs
containing ncRNAs with a potential impact on distant
tissues that regulate the progression of cachexia® by per-
forming in vitro experiments, mouse models, and human
studies.'®3” Exosomal ncRNAs are presumed to regulate
gene expression in recipient cells by targeting mRNAs
and directly binding to proteins, thereby modulating
inflammatory pathways and degradation pathways in
skeletal muscle (Table 1).



The role of ncRNAs in mascle wasting in cancer cachexia | 139

miR-206 |

myofibers

, CX43, Fstl1,

7N

miR-27 miR-486
Pax 3

Pax7

Utrn

[IncRNAH19F——{ let-7d-3p }—
T

L SRF —

MyoD
v

Basal lamina @ i ;?

Satellite cell —P23-Pax7! Committed
MyoD! satellite cell

miR- 3184-

BMPR1B — TGFB, BMP —

IncRNA miR-133
MD1
C|RS 133
miR-199
GREM1

IncRNA
CCAInc1

= Twist-1 F

Whnt/B-catenin —

HuR —

el

IncRNA MyoD

DNA pol a

miR-195/miR-497

Cdc25a/b,

l CCEI Ds

IncRNA
Dum
1
MEF2¢c —
| miR-27 |—|myostatin —

miR-181 Hox-A11 —>
Smad 3 —»

Smad1, Smad 4 —

Ezh2 — PcG —

myoblasts

my:ytes‘“

Figure 2. Roles of ncRNAs in pathways and processes regulating CC-induced inhibition of myogenesis. Myogenesis is a result of the combination
of several factors, including the activation of satellite cells, myoblast proliferation, cell cycle exit, and terminal differentiation. Evidence clearly
indicates that the upregulation or downregulation of ncRNAs regulates the inhibition of myogenesis in patients with cancer. The role of ncRNAs
in the myogenic process is visually illustrated. The underlined ncRNAs are related to EVs.
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Figure 3. Roles of ncRNAs in pathways regulating CC-induced muscle atrophy. Four pathways regulating the process of CC-induced muscle
wasting were identified: protein degradation, anomalous conversion, protein synthesis inhibition, and muscle cell apoptosis. Most studies on
the relevant topic have focused on the roles of ncRNAs that regulate the expression of Atrogin-1 and MuRF-1, thereby promoting the activation

of the UPS and autophagy-lysosome system (ALS). In particular, ncRNAs related to EVs are underlined.
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miR-1
The presence of miR-1 was reported in glioblastoma-
derived EVs, and miRNA is downregulated in CC.*® In
addition, miR-1 can inhibit Pax3/7, which can induce the
formation of muscle fibers when muscles are damaged
but remains in an inactive state under normal physio-
logical conditions.>>->*® Moreover, miR-1 can bind to YY1
(a transcription factor) and eIF4E3 (a translation initia-
tion factor), thereby interfering with muscle formation.>3
Furthermore, miR-1 is thought to downregulate histone
deacetylase 4 (HDAC4), which represses the expression of
MEF2C, a key muscle-related transcription factor, thereby
inhibiting the expression of muscle-related genes.”’
Additionally, increased miR-1 expression was shown
to promote a reduction in the activity of heat shock pro-
tein 70 (HSP70), which is critical for Akt phosphorylation
(p-Akt). The decrease in HSP70 expression was related to
decreased levels of p-Akt. The reduction in p-Akt levels
promoted a decrease in the level of FoxO3 phosphory-
lation, thereby promoting the upregulation of Atrogin-1
and MurF-1, eventually contributing to muscle atrophy.>®

miR-27

Oncogenic miR-27 was detected in large quantities in
the EVs of patients with oral squamous cell carcinoma
(OSCC) and was downregulated in muscle cells.>*:>3 Addi-
tionally, miR-27 was found to participate in the regu-
lation of Pax3 expression in embryonic myotomes and
stimulated myogenic robustness by activating satellite
cells.*® Furthermore, miR-27a/b participates in promot-
ing myogenic differentiation by targeting the 3'UTR of
myostatin and increases its levels, but it decreases
myoblast proliferation.®®

miR-486

PTEN phosphatase, a negative regulator of p-Akt, is
downregulated by miR-486, thereby repressing FoxO1
protein translation and increasing FoxO1l phosphory-
lation.®* These reactions prevent the translocation of
FoxO1l into the nucleus, thereby suppressing skeletal
muscle proteolysis by the ubiquitin-proteasome system
(UPS).%! Additionally, miR-486 exerts its inhibitory effect
on differentiation by suppressing the activity of MyoD,
which targets the Pax7 3’ UTR in satellite cells to main-
tain the muscle stem cell status.®? A recent study fur-
ther supported a relationship among miR-486, EVs, and
cancer cachexia, although the mechanisms are not com-
pletely understood. Reports have indicated that miR-486
expression is significantly increased in EVs from patients
with lung adenocarcinoma.*

ciRS-133 and miR-133

A previous study showed that circulating exosomal ciRS-
133 is overexpressed in gastric cancer and acts as a
miR-133 sponge.*? The upregulation of miR-133 dur-
ing CC inhibits myoblast differentiation and maintains
myoblast proliferation via serum response factor (SRF).>’
As the transcription of miR-133a and miR-1 is directly
regulated by SRF, a negative feedback loop is formed by

miR-133 and SRF that balances myoblast proliferation
and myoblast differentiation.®?

miR-199a-3p

Although reports have indicated that miR-199 family
members are downregulated in exosomes isolated from
cholangiocarcinoma cell lines, miR-199a-3p is upregu-
lated in cancer cachectic muscle.*”*? Upregulated miR-
199a-3p in cancer cachectic muscle likely affects myoge-
nesis and muscle regeneration by regulating the levels
of proteins involved in the Wnt signaling pathway, col-
lectively regulating myoblast proliferation and myoblast
differentiation.®

miR-423-5p

The level of miR-423-5p was reported to be increased in
serum exosomes and cancer cachectic muscle, indicat-
ing that miR-423-5p likely induces apoptosis via direct
targeting of O-GlcNAc transferase (OGT), thereby causing
muscle wasting.?’-%> EIF4EBP1, a target of miR-199a-3p
and miR-423-5p, has been demonstrated to participate
in the mTOR pathway, which is related to muscle protein
synthesis.”’

miR-424-5p

Although miR-424-5p was found to be downregulated
in exosomes derived from cholangiocarcinoma cells,® it
was found to be overexpressed in cancer cachectic mus-
cle.’ In vitro, the synthesis of ribosomal RNA was found
to be inhibited by miR-424-5p via effects on UBTF, PolR1A,
and RRN3. Overexpression of miR-424-5p, therefore, may
lead to a decrease in protein synthesis. In vivo, a signifi-
cant decrease in fiber diameter was observed when miR-
424-5p was overexpressed.®’

miR-203

The upregulation of miR-203 has been investigated in the
humoral circulation of patients with cervical cancer.*®
Similarly, Okugawa et al.®® revealed that overexpressed
miR-203 markedly accelerates apoptosis in human skele-
tal muscle cells, possibly through downregulation of
BIRCS, which inhibits the initiator caspase 9 and execu-
tor caspases 3 and 7, thus suppressing apoptosis.®

miR-195/miR-497

High-throughput sequencing identified the upregulation
of miR-195 in exosomes from patients with osteosar-
coma and the upregulation of miR-497 in exosomes from
patients with bladder cancer.*®> When adult skeletal mus-
cle stem cells were treated with miR-195/497 inhibitors,
the mRNA expression of the cell cycle regulators Cdc25
and Ccnd was induced, and the expression of Pax7
was decreased, subsequently decreasing the regenera-
tive myogenesis of adult skeletal muscle stem cells.”

let-7d-3p

let-7d-3p was reported to be upregulated in serum from
patients with nasopharyngeal carcinoma and in the can-
cer cachectic muscle.?’-* Myogenic differentiation might
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be impaired by downregulation of the transferrin recep-
tor (TFRC), which is a target of let-7d-3p. Thus, let-7d-
3p was proposed to participate in muscle cell prolifera-
tion via downregulation of the target gene TFRC, thereby
affecting muscle cell myogenic differentiation and pro-
liferation and eventually reducing the ability of muscle
to regenerate.”’

miR-205

Reports have indicated that miR-205 from the EV cargo
plays a role in suppressing the metastasis of breast can-
cer cells.*> In CC samples, upregulated miR-205 directly
caused a decrease in the levels of PTEN and PHLPP2 and
simultaneously activated the Akt/FoxO3a and Akt/mTOR
signaling pathways, inducing a negative protein balance
and skeletal muscle loss by disrupting muscle protein
anabolism.8:46

IncRNA H19

Wang et al. validated that exosomal IncRNA H19 is sta-
ble in exosomes derived from the serum of patients
with bladder cancer.*” The reduced expression of MyoD
in muscles of CC directly activates IncRNA H19 tran-
scription, while the IncRNA H19 downregulates expres-
sion of IGF2 during muscle differentiation.”> Addition-
ally, IncRNA H19 contains multiple binding sites for the
let-7 family of miRNAs, and thus acts as a molecular
sponge for most members of the let-7 family of miR-
NAs.”?

miR-203

Notably, miR-203 was found to be upregulated in EVs
in the humoral circulation of patients with cervical
cancer.”® Similarly, Okugawa et al. recently revealed
that upregulated miR-203 in skeletal muscle cells from
patients with colorectal cancer promoted apoptosis,
possibly through downregulation of BIRC5, which may
inhibit apoptosis by inhibiting the initiator caspase-9 and
executor caspases 3 and 7.8 These results demonstrate
that serum miR-203 has potential utility in predicting
cancer cachexia.

miR-21

He et al. demonstrated that miR-21, a miRNA present
in EVs, promotes cell death by activating Toll-like 7/8
receptors (TLR 7/8) on myoblasts. Furthermore, c-Jun N-
terminal kinase activity is required to modulate this
apoptotic response.*® YY1 (a transcription factor) and
elF4E3 (a translation initiation factor) were demonstrated
to be the downstream targets of miR-21.>3

miR-181/miR-181a-3p

Downregulated miRNAs include miR-181,°° which has
been previously studied as an exosomal diagnostic
biomarker for nonsmall-cell lung cancer.’* Moreover,
miR-181 downregulates the homeobox protein Hox-A11l
during cell differentiation, thus participating in the
establishment of the muscle phenotype.”> Recently, exo-
somes containing miR-181a-3p, which are secreted by

OSCC cells, were shown to regulate TERS signaling
in C2C12 myotubes and upregulate the expression of
genes related to muscle atrophy, including MuRF-1 and
Atrogin-1, thus eventually inducing muscle wasting.3*

miR-182

MiR-182 in isolated exosomes was found to decrease the
expression of FoxO3 mRNA by 30% and FoxO3 protein by
67% and to prevent glucocorticoid-induced upregulation
of FoxO3 gene targets, such as Atrogin-1, thereby proba-
bly attenuating protein degradation.>?

miR-29b

miR-29b was found to be overexpressed in CC-induced
muscle atrophy models.”>>? The levels of IGF-1, PI3K
(p85a), and downstream targets were decreased in CC
models in vitro and were reduced by miR-29b in vivo.
Moreover, miR-29b reduced the levels of IGF-1 and PI3K
(p85a) to decrease the phosphorylation of FoxO3a, thus
inducing the expression of Atrogin-1 and Murf-1 and
eventually promoting muscle loss.>?

miR-26

The epidermal growth factor receptor (EGFR) is trans-
ferred to liver cells by exosomes derived from gastric
cancer cells and then regulates the microenvironment
of liver cells via downregulation of miR-26a/b.>* Intrigu-
ingly, the level of miR-26 is also decreased in muscle cells
from patients with CC.>* Downregulation of miR-26 pro-
motes the expression and function of the PCG complex in
muscle cells, thereby inhibiting the expression and dif-
ferentiation of muscle-specific genes in CC.”® Addition-
ally, miR-26a mediates myoblasts by targeting and sup-
pressing enhancer of zeste homolog 2 (Ezh2).”” Similarly,
downregulation of miR-26 inhibits myogenic differentia-
tion by inhibiting the expression of Smad 1 and Smad 4,
both of which are repressed in CC.>376

The roles of other ncRNAs in CC-induced muscle
wasting

Although direct evidence that ncRNAs are transported
by EVs is lacking, ncRNAs are differentially expressed
in cancer cachectic muscles and regulate the process
of muscle formation, and their inherent biological func-
tions remain stable (Table 2).

miR-206

In rats with CC, MyoD expression was found to be
decreased in the diaphragm and gastrocnemius.®! Low
expression of MyoD upregulates miR-206 expression.’
Similar to miR-1, miR-206 also inhibits Pax3/7 and binds
to the transcription factor YY1 and translation pro-
moter elF4E3 to regulate muscle wasting.>>->® Addition-
ally, miR-206 overexpression downregulates the level of
Twist-1, promotes the differentiation of skeletal mus-
cle cells, and induces myogenesis.”® Notably, in immor-
talized myoblastic cell systems, the overexpression of
Twist-1 inhibits MyoD activity and further suppresses



Table 2. ncRNAs mentioned above and their targets in skeletal muscle wasting induced by CC.

Function

Target(s)

Expression

ncRNA

Organism (reference)

activation of quiescent satellite cells

Pax3/7, YY1, EIF4E3
MyoD, Twist-1

upregulated

miR-206

Pancreatic ductal adenocarcinoma’®7?

myoblast proliferation and differentiation

maturation of skeletal muscle

CX43, Fstl1, Utrn

myoblast proliferation and differentiation

Wnt/B-catenin signaling, BMPR1B,

GREM1, TGF-8

upregulated

miR-3184-3p/miR-1296-5p

Pancreatic and colorectal cancer?”

activation of UPS and ALS

NOV, COL1A1, CYR61

Cox6a2

upregulated

miR-345-5p

Pancreatic and colorectal cancer?”
Pancreatic and colorectal cancer®”

Breast cancer®
Liver cancer®!

ATP regulation and myogenic differentiation

protein anabolism

upregulated

miR-423-3p

Akt/mTOR

upregulated

miR-147-3p

myoblast proliferation and differentiation

IMP2-Mediated mRNA

Dppa2

downregulated
downregulated
downregulated
downregulated
upregulated

IncMyoD

myoblast proliferation and differentiation

myoblast differentiation

IncDum
IncCAA1/miR-330

Liver cancer®!.82

HuR/STAT3

Location undetermined??

Colon carcinoma®?

myogenesis and atrophy
myogenesis and atrophy

IRS1, IGF1/PI3K/AKT signal
miR-15, Atrogin-1, MuRF1

miR-15
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IncIRS1

Colon carcinoma®38#

myoblast differentiation.® Intriguingly, in another study,
the level of Twist-1 was decreased in skeletal mus-
cle, and Twist-1 was found to regulate muscle cachexia
via activin/myostatin signaling.”® The overexpression
of miR-206 activates the p180 subunit of DNA poly-
merase alpha and the subsequent differentiation of mus-
cle cells.®® Moreover, neuromuscular junctions (NMJs)
are enriched in miR-206,%” which regulates various other
muscle-specific genes, such as Connexin 43 (CX43),
Follistatin-like 1 (Fstl1), and Utrophin (Utrn). These genes
are key to the maturation of skeletal muscle and promote
the formation of NMJ endplates.®¢:88,8

miR-3184-3p/miR-1296-5p

Both miR-3184-3p and miR-1296-5p are upregulated
in human cachectic muscle tissue and participate in
Wnt/g-catenin signaling to impair myogenic differentia-
tion. °° BMPR1B and GREM1 are the targets of miR-3184-
3p, which may contribute to CC and participate in TGF-
B and BMP signaling.®” Additionally, HTR2A, one target
of miR-1296-5p, plays a role in serotonin signaling. Sero-
tonin was found to promote the longitudinal growth of
muscle fibers, thus participating in myogenesis.®!

miR-345-5p

miR-345-5p is upregulated in patients with CC and sub-
sequently downregulates the expression of NOV and
COL1A1 and upregulates the expression of CYR61 in
muscle cells.’” NOV and CYR61 are postulated to medi-
ate protein synthesis via the IGF-1, Akt, and mTOR path-
ways. In animal models, downregulation of COL1A1 is
related to muscle wasting. Both let-7d-3p and miR-345-
5p are proposed to mediate the expression of genes asso-
ciated with CC-related muscle atrophy, such as TFRC and
COL1A1.37:%2

miR-423-3p

MiR-423-3p was found to be upregulated in skeletal mus-
cle from individuals with CC and to be involved in myo-
genic differentiation. During myogenic differentiation in
vitro, the level of miR-423-3p was increased and thus dra-
matically reduced the levels of Cox6a2 and ATP, thereby
negatively influencing myogenic differentiation.?”-%3

miR-147-3p

In breast cancer cells, ectopic expression of miR-147
was found to decrease the levels of components of the
Akt/mTOR protein synthesis cascade, indicating a poten-
tial approach by which overexpression of miR-147-3p
induced by CC may repress protein anabolism in cachec-
tic muscle.'8:80

IncRNA MyoD/Dum/CAAlnc1

IncMyoD is a downstream target identified for MyoD,
which is downregulated in CC2' regulates cell cycle
exit and participates in myogenesis. MyoD also reduces
the expression of the IncRNA Dum and is reported to
act as a promyogenic factor in the process of muscle
regeneration.®?
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IncCAA1/miR-330

Shen et al. found that the knockdown of CAAlnc1 in mice
with CC enhances the binding of Hu antigen R (HuR)
to RNAs, thereby stabilizing the mRNAs encoding some
myogenic factors in the process of muscle differentia-
tion.23 Another study indicated that HuR prevents the
translation inhibition regulated by miR-330, thus pro-
moting the translation of the signal transducer and acti-
vator of transcription 3 (STAT3) mRNA and inducing mus-
cle loss.**

IncRNA IRS1/miR-15

IncIRS is a novel IncRNA that functions as a sponge
for members of the miR-15 family (miR-15a, miR-15b-
5p, and miR-15c-5p), activates IRS1, and regulates the
IGF-1 signaling pathway, thereby participating in skeletal
muscle myogenesis.>*#* Moreover, the overexpression of
IncIRS1 decreases the levels of Atrogin-1 and MuRF-1,
thus attenuating muscle wasting.

Clinical applications of ncRNAs in CC

Because of the differences in the clinical manifestations
of CC and the lack of effective testing criteria, mus-
cle wasting cannot be diagnosed in a timely manner.
Recently, the level of miRNA-130a was shown to con-
tribute to improving the accuracy of Subjective Global
Assessment (SGA) in predicting the risk of CC in patients
with head and neck cancer.’> Notably, miRNAs identified
59.5% of the patients who lost more than 10% of their
body mass, while the SGA score identified 33.3% of these
patients (P = 0.049). By promoting inflammation medi-
ated by TNF-«, patients with HNC presenting low miRNA-
130a expression are more prone to cachexia.

Liang et al. silenced the SpHK2 gene in HCC cells
to inhibit the sorting of miR-21 into exosomes through
nanoparticle transport, thus inhibiting tumor cell migra-
tion and the tumorigenic function of exosomes.”® Addi-
tionally, the antitumor miRNA let-7a was able to be deliv-
ered to breast cancer tissue in Rag? (-/-) mice via exo-
somes, revealing the therapeutic potential of exosomes
carrying nucleic acids.”

Conclusions and perspectives

Recent studies have explored the molecular mecha-
nisms related to muscle wasting in CC.%3'% This review
summarizes recent research advances in determining
the roles of ncRNAs in promoting muscle atrophy and
inhibiting myogenesis during CC and highlights the
involvement of EVs, thereby providing a new oppor-
tunity for the recognition of CC-induced muscle loss.
Although the understanding of CC is increasing, the role
of ncRNAs in muscle wasting in CC remains a promising
field of research because the roles of most differentially
expressed ncRNAs in the muscle of patients with CC are
still unknown. An integrative meta-analysis may be a
promising approach for further research. For instance,

miR-145a was identified as a novel potential FoxO1 regu-
lator during muscle wastingin CC by an integrative meta-
analysis.”® Additionally, ncRNAs appear to be targets for
the design of specific therapeutic treatments to attenu-
ate the negative impact of muscle wasting on the quality
of life of patients with various cancers. In clinical prac-
tice, a further challenge is to exploit the critical roles
of EV-related ncRNAs. Specific EV-related ncRNAs may
become not only markers for clinical diagnosis but also
targets for anticancer drugs. By blocking the transmis-
sion of key ncRNAs through EVs, desirable alleviation of
CC progression would be achieved.
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