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Abstract: Cachexia is a late consequence of various diseases that is characterized by systemic muscle
loss, with or without fat loss, leading to significant mortality. Multiple signaling pathways and
molecules that increase catabolism, decrease anabolism, and interfere with muscle regeneration are
activated. Non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), long non-coding RNAs
(lncRNAs), and circular RNAs (circRNAs), play vital roles in cachexia muscle atrophy. This review
mainly provides the mechanisms of specific ncRNAs to regulate muscle loss during cachexia and
discusses the role of ncRNAs in cachectic biomarkers and novel therapeutic strategies that could offer
new insights for clinical practice.
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1. Introduction

Cachexia is a complex and multifactorial syndrome characterized by loss of skeletal
muscle and weight with or without loss of fat mass, associated with various chronic
diseases, including cancer, heart failure, kidney disease, chronic obstructive pulmonary
disease (COPD), and AIDS [1]. It is reported that approximately 80 percent of cancer
patients suffer from cachexia, which contributes to 40 percent of deaths linked to cancer [2].
Muscle atrophy is a prominent feature of cachectic syndrome due to the reduction of
muscle fibers and the decrease in muscle mass and strength, relating to poor survival and
significantly diminished quality of life for patients [3]. The mechanism of cachexia muscle
atrophy is regarded as disordered and imbalanced protein and energy metabolism, which
also impacts the functions of muscle repair and regeneration [4]. Meanwhile, inflammatory
factors in cachexia can also promote the breakdown of muscle proteins [5].

The vast majority of DNA sequences in the human genome do not code for proteins,
with about 80% of human genomic DNA transcribed into RNA, of which only 2% is
translated into proteins, and most of the rest is classified as non-coding RNAs (ncRNAs) [6].
Long non-coding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs)
have all been demonstrated to have important regulatory functions in the physiological
and pathological processes of cancer cachexia in recent years [7–9]. Additionally, emerging
studies have shown that ncRNAs are an indispensable regulator of muscle atrophy [10–12].

However, a more extensive understanding of ncRNAs in cachexia muscle atrophy
is necessary. Therefore, this review will overview the mechanisms of ncRNAs through

Cells 2024, 13, 1620. https://doi.org/10.3390/cells13191620 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells13191620
https://doi.org/10.3390/cells13191620
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells13191620
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells13191620?type=check_update&version=1


Cells 2024, 13, 1620 2 of 25

multiple signal pathways in muscle atrophy caused by cachexia and describe the prognosis
indicators and gene therapy, with the hope of expanding our knowledge of cachexia
muscular atrophy and offering potential approaches for clinical practice.

2. Mechanisms of Non-Coding RNA for Muscle Protein Synthesis
2.1. IGF-1-PI3K/AKT-mTOR Pathway

The main etiology of cachectic muscle atrophy is a breakdown of protein metabolism,
characterized by insufficient protein synthesis and excessive proteolysis in muscle [13].
The insulin-like growth factor 1 (IGF-1)-PI3K/AKT-mTOR pathway primarily controls
protein synthesis. Following binding with IGF-1, the insulin receptor substrate1 (IRS1),
an intracellular adaptor protein, recruits PI3K and Akt protein, vital for skeletal muscle
regeneration [14]. As a downstream target of Akt, mTOR is tightly associated with multiple
biological processes, such as protein synthesis, nucleic acid synthesis, glucose metabolism,
and ATP generation. There are two complex forms of mTOR: mTORC1 and mTORC2.
When amino acid levels are high, mTORC1 is activated to induce the phosphorylation of
eukaryotic translation initiation factor 4e-binding protein (4E-BP) and S6 kinase (S6K), thus
promoting protein synthesis and cell growth [14,15]. Therefore, the IGF-1/Akt/mTOR
pathway is critical in regulating protein metabolism in target therapy for cachexia.

Non-coding RNAs have been implicated in regulating the IGF-1-PI3K/AKT-mTOR
pathway in muscle, with some exerting upregulating effects while others exhibit down-
regulating effects. We have summarized the regulation of cachexia by relevant ncRNAs
through the IGF-1-PI3K/AKT-mTOR pathway (Figure 1, Table 1).
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PI3K—AKT—mTOR pathway by targeting IGF-1. lncIRS1 rescues muscle atrophy by upregulating 
the expression of its target gene, IRS1, with the sponge of the miR15 family. miR18 can also inhibit 

Figure 1. Overexpressed miR1, miR18, miR29, miR33a, miR199, miR204, miR483 can inhibit IGF-1—
PI3K—AKT—mTOR pathway by targeting IGF-1. lncIRS1 rescues muscle atrophy by upregulating the
expression of its target gene, IRS1, with the sponge of the miR15 family. miR18 can also inhibit IRS-1
to regulate the IGF-1 pathway. DRAIC can regulate the translation of proteins during tumorigenesis
by influencing the AMPK-mTOR-S6K signaling pathway. Overexpression of miR-322/miR-503 targets
translation initiation factors specifically to decrease protein translation, leading to muscle atrophy.
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2.1.1. ncRNAs That Inhibit IGF-1-PI3K/AKT-mTOR Pathway

Recent research has shown that miR-204 and miR-33a can suppress the expression of
IGF-1 and hence impede the PI3K/Akt-mTOR signaling pathway. It is found that miR-204
can inhibit cell growth and differentiation by targeting IGF-1 3′ UTR regions in C2C12
myoblasts while downregulated following damage to the skeletal muscle in vivo [16].
MiR-204-5p was proven to regulate the leptin signaling pathway and accelerate the degra-
dation of white adipose tissue to deteriorate cachexia in cancer patients [17]. However,
there is currently no relevant study on the regulation of miR-204 in skeletal muscle in the
cachexia model. Since the molecular target of miR-33a/b is the IGF-1 receptor, the high
circulation of miR-33a/b can also block the IGF-1-PI3K signaling pathway [18]. In the duck
myoblast model in vitro, overexpression of miR-33a inhibited the expression of Akt/p-Akt,
mTOR/p-mTOR, and p-S6K after transfection.

According to the research by Martin Connolly et al., miR-424-5p could oppose protein
synthesis and induce muscle loss in COPD or ICU-acquired weakness patients, due to
preventing rRNA synthesis through binding the Pol I pre-initiation complex [19]. It is
noticed that in muscle biopsies from cachectic non-small cell lung cancer (NSCLC) patients,
the level of miR-424-5p is increased compared with control groups [20]. Interestingly, recent
studies have reported that miR-424-5p can target PI3K/Akt signaling to accelerate the
development of some types of cancer [21–23], but whether the enhancement of cancer
cachexia induced by miR-424-5p has a definite connection with the PI3K/Akt signaling
pathway is still unknown. Besides, a miRNAs sequencing test has shown that miR-424-5p
level significantly increases in Duchenne muscular dystrophy (DMD) patients and is related
to the severity of muscle loss [24].

The Cyr61/CTGF/NOV (CCN) proteins are extracellular matrix proteins, which affect
cell proliferation, migration, and tissue repair [25]. It is found that NOV and CYR61
participate in the IGF-1 signaling through the AKT and mTOR pathway [26]. In the analysis
of miRs in the skeletal muscle of cancer patients with cachexia, miR-345-5p is up-regulated.
In contrast, the muscle transcriptome dataset reveals the upregulation of CYR61 and the
downregulation of its targets NOV and COL1A1 [27].

According to earlier research, miR-483 targets IGF-1 signaling and suppresses the ex-
pression of several crucial proteins in the PI3K/AKT signaling pathway (IRS1, PI3K, PDK1,
and AKT) [28], which control the proliferation and development of bovine myoblast cells.
However, additional research is necessary to determine whether miR-483 has comparable
effects on human muscle, given that the investigations have merely relied on samples from
bovine skeletal muscles.

According to the experimental findings, transfection of miR-29b mimics into C2C12
myotubes decreased IGF-1 signaling and PI3K (p85a) protein levels as well as phosphory-
lation of downstream effectors of IGF-1, including mTOR, AKT, and P70S6K. Therefore,
miR-29b targets PI3K and IGF-1 to promote various muscular atrophy in vivo and in vitro,
such as in mouse models with cancer, aging, TNF-α, or denervation [29]. Notably, the
inhibition of miR-29b can bring hope to therapy for cachexia muscle atrophy.

Diabetic cardiomyopathy (DCM) is a common complication of diabetes, independent
of hypertension and coronary artery diseases, and is mainly characterized by cardiomyocyte
hypertrophy, which can eventually lead to heart failure [30]. In the mouse model with
diabetes, the overexpression of miR-203 is found to target the PIK3CA gene to inhibit
the PI3K/Akt signaling pathway, attenuating cardiac hypertrophy. It is suggested that
miR-203 might serve as a cardioprotective regulator in DCM to provide potential targeted
therapeutic options for it [31].

2.1.2. ncRNAs That Activate IGF-1-PI3K/AKT-mTOR Pathway

It has been previously suggested that non-coding RNAs can also positively affect the
IGF-1 signaling pathway, therefore antagonizing muscle wasting. Phosphatase and tensin
homolog (PTEN), a molecular regulator that inhibits the phosphorylation of PIP2 to PIP3,
can prevent the activation of the AKT/mTOR pathway [32]. In skeletal muscle, muscle
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atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1) stand out as the prototypical
E3 ubiquitin ligase, which promotes atrophy-associated protein degradation and enables
these proteins to be degraded through the 26S proteasome [33].

In neonatal rat cardiomyocytes, miR-486 inhibits PTEN expression that activates
AKT/mTOR signaling, promoting protein synthesis. Consequently, the downregulation
of miR-486 elevates PTEN and FoxO1 expression, increasing Atrogin1 and MuRF1 levels
in vivo [34]. Injection of AAV-miR-23a/27a/24-2 in mice with muscle atrophy induced
by chronic kidney disease (CKD) could increase phosphorylation of Akt and FoxO and
reduce muscle loss, meanwhile increasing grip strength and, interestingly, inhibiting PTEN
expression [35].

In gastrocnemius atrophy of rats with diabetes, exogenous miR-23a/27a can inhibit
the myostatin cascade and upregulate the insulin signaling pathway, leading to reduced
muscle loss and improved muscle function [36]. Earlier research found that calcineurin
(Cn) can improve miR-23a expression by activating T cell nuclear factor 3 (NFATc3) in
a rat model of cardiac hypertrophy [37]. Still, overexpression of Cn cannot elevate the
miR-23a levels in skeletal muscle [33]. However, it has been proven that Cn expression
could control the decrease inof miR-23a in the muscle atrophy model induced by Dex [36].
Meanwhile, IGF-I could increase the Cn levels and elevate NFATc1 expression, leading to
muscle growth [38]. The complicated relationship between miR-23a, calcineurin, and NFAT
in different types of muscle tissues and muscle atrophy or hypertrophy models, as well
as the effect of the IGF-1 pathway in them, need further investigation, with the hope of
providing more available methods for muscular atrophy therapy.

The co-transfection experiments revealed that circRILPL1 effectively counteracted the
inhibitory influence of miR-145 on the target gene IGF-1R. Remarkably, circRILPL1 was
found to act as a miR-145 sponge, promoting the IGF-1R/AKT/PI3K signaling pathway’s
activation [39]. Consequently, this activation enhanced muscle proliferation, elevated cell
differentiation, and reduced muscle loss.

Recently, it was discovered that circCCDC91 directly binds to the miR-15 family in
chicken’s skeletal muscle, promoting myoblast development and proliferation while reduc-
ing muscle atrophy. By adsorbing miR-15c-5p, miR-15b-5p, and miR-15a, circCCDC91 reg-
ulates the expression of IRS1 and triggers the IGF-1-PI3K/AKT pathway [40]. Interestingly,
a newly identified lncRNA called lncIRS1 is also a competing endogenous RNA (ceRNA)
in the miR-15 family, acting as a molecular sponge for miR-15c-5p/miR-15b-5p/miR-15a to
raise the expression of the IRS1 gene, resulting in the enhancement of the phosphorylation
level of AKT in myoblasts and promoting muscle abundance in broilers [41].

In summary, non-coding RNAs can regulate multiple steps in the IGF-1-PI3K/AKT-
mTOR pathway, such as CCN proteins, PTEN, FoxO, and MuRF1 expression, to control
protein synthesis or degradation rates and thus muscle mass. Targeting specific ncRNAs
could be a potential therapy to help counter muscle loss in cachexia.
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Table 1. Roles of non-coding RNAs in muscle protein synthesis in muscle atrophy by regulating IGF-1-PI3K/AKT-mTOR pathway.

ncRNAs Type of Study Time Expression Biological Significance References

miR-204 In vitro: C2C12 myoblasts
In vivo: the CTX-injured mouse TA muscle

48 h;
21 d

Inhibited IGF-1, Pax7, and Mef2c expression;
downregulated miR-204 after muscle injury

Downregulated proliferation, migration, and
differentiation in C2C12 myoblasts [16]

miR-33a In vitro: duck myoblasts 36 h Inhibited IGF-1 expression and blocked
PI3K/Akt/mTOR signaling

Suppressed Akt, p-Akt, mTOR, p-mTOR, S6K, and
p-S6K protein expression after transfection [18]

miR-1 In vitro: C2C12 myoblasts / Inhibited IGF-1 expression Downregulated miR-1 results in increased IGF-1 and
Akt protein level [42]

miR-133 In vitro: C2C12 myoblasts 8 d Inhibited IGF-1R expression Suppressed IGF-1/PI3K/Akt signaling in a negative
feedback circuit [43]

miR-206 In vitro: mice muscle with denervated atrophy 0, 7, 14, 28 d Inhibited IGF-1 mRNA expression Improved muscle atrophy of denervated slow and
fast muscles [44]

miR-199 In vitro: Piaractus mesopotamicus fast and slow
muscle fibers / Inhibited IGF-1 and mTOR expression Downregulated IGF-1 and mTOR mRNA expression [45]

miR-345-5p In vitro: skeletal muscle from CC and NCC patients / Downregulated NOV and upregulated CYR61 Inhibited IGF-1 and AKT/mTOR signaling and
suppressed muscle protein synthesis [27]

miR-486
In vivo: miR-486 transgenic TA muscle after CTX

injury and wild-type mice 5 d Decreased levels of PTEN mRNA Upregulated the IGF-1/Akt pathway, reduced
muscle loss, and improved grip strength [46]

In vitro: C2C12 cells
In vivo: myostatin knockout mice 5 d Increased miR-486 expression in myostatin

knockout mice

Myostatin attenuated the IGF-1/Akt pathway by
repressing miR-486 expression and downregulated

skeletal muscle size
[47]

miR-497-5p In vitro: C2C12 myotubes 15 h Inhibited IGF-1r and Insr Decreased the myotubes size [48]

miR-483 In vitro: bovine myoblast cells 24 h Inhibited the IGF-1/PI3K/AKT signaling pathway Prevented bovine myoblast cell proliferation and
differentiation [28]

miR-29b In vivo: mice with six types of muscle atrophy
In vitro: C2C12 myoblasts

2 wk;
6 d Inhibited the IGF-1/PI3K/AKT signaling pathway Promoted various types of muscular atrophy [29]

miR-23a/
miR-27a

In vivo: CKD mice
In vitro: C2C12 myotubes 3 d Increased the phosphorylation of Akt and decreased

PTEN and FoxO1 Improved CKD-induced muscle atrophy [35]

miR-203 In vivo: DM mice 3 d Inhibited PI3K/Akt signaling pathway by targeting
PIK3CA

Reduced myocardial hypertrophy induced by
myocardial fibrosis [31]

lncIRS1
In vitro: chicken primary myoblasts

In vivo: pWPXL/pLKO1-
lncIRS1 chicks

/
Increased IRS1 abundance and promoted the

phosphorylation
of AKT, as a sponge for the miR-15 family

Promoted skeletal muscle myogenesis and
improved atrophy [41]

CircRILPL1 In vitro: bovine primary myoblasts 4 d Inhibited miR-145 and upregulated the
IGF-1-PI3K/AKT pathway Improved muscle atrophy [39]

Circ
CCDC91 In vitro: Dex-induced chicken myoblasts 3 d Activated the IGF-1-PI3K/AKT pathway Upregulated the protein levels of AKT/p-AKT and

Atrogin-1, improved skeletal muscle atrophy [40]
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2.2. AMPK–mTOR Pathway

As a cellular energy sensor, AMP-activated protein kinases (AMPKs) promote the ATP
catabolic pathway while inhibiting energy expenditure to maintain energy balance in cells
when faced with energy challenges [49]. It is found that AMPK attenuates mTORC1, which
contributes to inhibiting protein synthesis and cell growth [50]. AMPK phosphorylates
tuberous sclerosis complex 2 (TSC2) to inhibit Ras homolog enriched in brain (RHEB),
which is a positive regulator of mTORC1. Meanwhile, AMPK can phosphorylate the
regulatory associated protein of mTOR (RAPTOR) to inactivate mTORC1 [49].

As a long non-coding RNA, low expression of DRAIC was a marker for poor prognosis
for these patients in seven different malignancies and gliomas [51]. Shekhar Saha and
colleagues reported that DRAIC exerts its tumor suppressive function by modulating
Glucose transporter 1 (GLUT1) expression to deliver signals from IKK/NF-κB to the
AMPK/mTOR pathway. The inhibition of mTOR by DRAIC results in the suppression of
protein translation, cell invasion, and autophagy activation [51]. Besides, DRAIC stimulates
AMPK and can prevent the phosphorylation of key substrates by mTORC1 [51], thereby
providing a therapeutic approach for the AMPK–mTOR pathway regulation of tumor-
induced cachexia muscle atrophy.

2.3. Eukaryotic Translation Initiation Factors

Eukaryotic translation initiation is a complicated and essentially controlled process
that involves many eukaryotic initiation factors (eIFs) that assemble at the 5′ cap structure
of the mRNA to recruit the 40S ribosomal subunit [52]. This rate-limiting step deter-
mines the protein synthesis rate. eIF4F complex assembly is a key checkpoint targeted
by ncRNAs. It consists of the scaffolding protein eIF4G, the RNA helicase eIF4A, and
the cap-binding protein eIF4E. In particular, eIF4E availability is regulated by 4E-BPs that
sequester eIF4E [53].

It has been reported that H19X-encoded miRNAs, such as miR-542 and miR-424-
5p, exert important effects on regulating the progress of some cachexia diseases [19,54].
Rui Liang et al. showed that in the mouse genetic models, overexpression of miR-322/miR-
503 in the family of H19X miRNAs was found to be a key factor in the stunting of skeletal
muscle growth [54]. In the study, the muscle weight in miR-322/-503 transgenic mice
was only 54.5% of their littermates of wild type. Oppositely, transcriptional disruption at
the H19X gene promoted muscle growth by 14.4–14.9% and decreased the loss of skeletal
muscle mass. They ultimately found that miR-503/miR-322(424) encoded by H19X directly
manages the amount of translation-initiating factors, eIF4E, eIF4G1, eIF4B, eIF2B5, and
eIF3M, to increase protein production and control skeletal muscle atrophy [54].

Patricia S. Pardo et al.’s luciferase assay experiments validated that the mRNA of
eIF5A1 is a target of miR-434-3p based on mutations in binding sites [55]. When miR-434-3p
is overexpressed in myocytes, it suppresses eIF5A1 in response to diverse apoptotic stimuli,
which in turn reverses the situation of reduced mitochondrial transmembrane potential
and activation of caspases-3, -8, and -9. Researchers hypothesize that miR-434-3p may
have therapeutic value in treating muscle wasting induced by various pathophysiological
diseases, due to high levels of eIF5A1 in aging mice’s skeletal muscle [55]. However, there
is currently no conclusive experimental proof supporting the use of miR-434-3p for treating
cachexia muscular atrophy, and related studies are expected to be conducted in the future.

In vivo, it is found that miR-21 and miR-206 play an important role in the atrophy
progress in several muscle-wasting models, including cachexia induced by colon carci-
noma [56]. MiR-21 attenuates the transcription factor YY1 and eIF4E3 levels, while miR-206
downregulates the activity of eIF4E3 to strengthen muscle atrophy. YY1 has been proven to
upregulate in multiple types of cancer, modulating mitochondrial energy metabolism and
enhancing cachectic muscular atrophy [57].

Besides, a previous study has shown that miR-199a-3p regulates the eIF4EBP1 gene
to lower mTOR pathway activity in human skeletal muscle with cancer cachexia, interfer-
ing with protein synthesis and promoting atrophy [27]. Furthermore, it is revealed that
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miR-199a is a potential miRNA that prevents cancer cachexia by suppressing the expression
of JunB and Caveolin 1 protein, which is involved in the proliferation and metastasis of
tumor cells [9].

2.4. SOX6

AngII, H2O2, and TNF-α-induced muscle atrophy are among the several types of mus-
cle atrophy in vivo and in vitro. A recent study has revealed that they have the same com-
mon regulator: an lncRNA called muscle-atrophy-associated transcript, or MAAT [58,59].
Overexpression of lncMAAT can prevent multiple types of muscle atrophy, while down-
regulation of lncMAAT is sufficient to cause atrophy. Mechanistically, lncMAAT uses a
trans-regulatory module to negatively regulate the intranuclear transcription of miR-29b
via the sex-determining region Y-box 6 (SOX6) and a cis-regulatory module to augment
the expression of the nearby gene Mbnl1 [58]. We mentioned that miR-29b is a key mi-
croRNA to modulate PI3K and IGF-1 signaling, deteriorating atrophy in various models in
Section 2.1.1 [29].

3. Mechanisms of Non-Coding RNA for Muscle Protein Degradation
3.1. PI3K-AKT-FOXO Pathway

The essential protein degradation pathways are the ubiquitin-proteasome system
(UPS), autophagy-lysosome system (ALS), and caspase system. As the core member of the
UPS family, both MuRF-1 and MAFbx/Atrogin-1 facilitate proteolysis in muscle and exhibit
an elevation in diverse conditions that contribute to muscle atrophy, including chronic
diseases like cancer and COPD, which are associated with cachexia [15]. Besides, FOXO
transcription factors can activate UPS and ALS, stimulating the expression of MuRF-1 and
Atrogin-1, which is vital to evoke muscle protein catabolism during muscle atrophy [60].

Akt is the downstream protein for PI3K signaling, which can control protein synthesis
and degradation. AKT phosphorylates FoxO to inhibit its transcription activity and thus
reduces the degradation of muscle proteins [61]. In the second chapter, we summarize the
ncRNAs associated with protein synthesis, then we review the ncRNAs involved in protein
catabolism during muscle atrophy.

Chuncheng Liu et al. [62] have reported that miR-18a directly inhibits IGF-1 mRNA
expression in vivo and vitro, reduces the phosphorylation of Akt and FoxO3, and thus
activates MuRF1 and Atrogin-1 levels, contributing to muscle atrophy as a regulator of
protein catabolism. Besides, it is found that the elevation of miR-21 is associated with
FOXO3 nuclear localization. When miR-21 expression is upregulated in myoblasts, FOXO3
translocates into the nucleus, triggering the cellular stress response and apoptosis, which
prevents muscle regeneration [63].

Bin Wang et al. have demonstrated that multiple catabolic responses can be reversed
by miR-23a/27 [35]. Through elevating PTEN 3′ UTR and FOXO1 expression, miR-23a
and miR-27 decrease the activation of AKT, FBXO32/atrogin-1, and MuRF1. In addition,
proteolysis by caspase-3 is an additional mechanism contributing to muscle atrophy in
CKD, and miR-23a/27a can downregulate AKT to reduce caspase-3 activity, resulting in
muscle atrophy alleviation [35].

We have mentioned that miR-29b targets PI3K(p85a) and 3′ UTR of IGF-1, thereby
impairing proliferation of muscle progenitor cells [29]. Moreover, a study showed that
through the PI3K-AKT pathway, miR-29b might restrain FOXO transcription factors and
induce expressions of ubiquitin ligases in NSCLC patients, which is significant for patients’
survival [64].

Besides, in LPS-induced muscle atrophy mice, miR-1290 can downregulate the ex-
pression of MuRF1 and atrogin-1 by targeting Akt/p70/FoxO3 signaling, improving the
atrophy. Notably, the miR-1290 expression in muscular atrophy patients was greatly low-
ered compared to normal level [65].
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3.2. NF-κB Pathway

Muscle atrophy in cancer is also influenced by the transcription factor NF-κB, an
important mediator of inflammatory reactions and apoptosis [66]. NF-κB has been linked
to the activation of skeletal muscle breakdown and particular regulatory transcription
that inhibits IGF-1 muscle-building signaling that responds to the TNF-α pathway [67].
MyoD, a muscle-regulatory factor, is likewise restricted at the transcriptional level by
NF-κB in cancer cachexia after TNF-α activation [68]. Apart from the TNF-α signaling,
NF-κB is known for stimulating higher MuRF-1 production by triggering the proteolysis of
skeletal muscle proteins. Furthermore, upregulated NF-κB-inducible kinase (NIK) advances
Atrogin-1, a muscle-wasting element, augmenting the muscle proteolysis [69].

Previous research indicated that in mice with CKD or cancer and fasting models,
lncRNA Atrolnc-1 enhances muscle atrophy. Overexpression of Atrolnc-1 stimulates the
breakdown of proteins in cultured C2C12 myotubes, whereas knockdown of Atrolnc-1
dramatically reduces the rate of protein degradation accelerated by serum deprivation.
The inhibition of ABIN-1, a protein that inhibits NF-κB signaling, is hindered by Atrolnc-1,
leading to increased NF-κB reactions and MuRF-1 expression [70].

Besides, it was shown that in the cells’ lines of cisplatin-induced bladder cancer, the ac-
tivity of EGFR (epidermal growth factor receptor) and NF-κB signaling was enhanced, and
the expression of ProT was increased. Moreover, ProT and lncRNA HOTAIR transcription
exhibited favorable relationships. Downregulation of EGFR or ProT, or inhibition of the
NF-κB pathway, led to lower expression of lncRNA HOTAIR, impeding muscular wasting
in cachexia with the inflammatory environment [71].

Furthermore, Endothelin-1 stimulation was the most effective in suppressing MiR-let-
7g-5p, which combines with the 3′ UTR binding site of NF-kB and controls both IL-6 and
TNF. Inflammation in the microenvironment and injury to fat cells and skeletal muscles
could be caused by ET-1 [72].

NFKB1 (referred to as p50), a component of the transcription factor NF-κB, named
NFKB1, may particularly bind to the promoter region of miR-532-3p and suppress its
production, increasing BAK1 (BCL2 antagonist/killer 1). Muscle atrophy was ultimately
induced by the apoptotic effects of the accumulation of BAK1 [73]. A study involving
103 COPD patients found a positive connection between muscle nuclear factor κB p50
and plasma miR-499 in early-stage COPD patients but not with p65. Interestingly, the
levels of miR-206 and miR-133 in severe patients are positively correlated with plasma
inflammatory cytokines TNF-α, IL-2, and IL-5, indicating that more advanced disease is
linked to increased levels of specific miRs and circulating cytokines [74].

3.3. IL-6-JAK-STAT3 Pathway

It is reported that via directing the inflammatory response, the cachexia is significantly
influenced by IL-6/JAK/STAT3 signaling [75]. STAT3 phosphorylation, triggered by IL-6
binding to the receptor, results in muscle atrophy and proteolysis of skeletal muscle.
Specifically, the activity of STAT3 increases the expression and activity of CCAAT/enhancer-
binding protein δ (C/EBPδ), which stimulates MURF1, MAFbx, and myostatin levels.
The prototype of cachexia triggered by IL-6 showed that skeletal muscle atrophy was
prevented by blocking JAK/STAT3 signaling [75].

According to a study, the RNA-binding protein HuR stimulates the activity of STAT3
in the muscle atrophy model, whereas upregulated miR-330 dramatically lowers the STAT3
signaling. Interestingly, it is found that HuR interacts directly with STAT3 mRNA-3′UTR,
which is close to the miR-330 seed element, resulting in obstructing the translation regulated
by miR-330, implying that their rival relation could offer novel therapy alternatives for
STAT3-induced muscle atrophy [76].

MiR-21 is upregulated by TNF-α and IL-6 and has a role in regulating myoblast viabil-
ity and differentiation, which in turn controls the SCs’ ability to generate novel myotubes.
To confirm that the downregulation of miR-21 is a potential strategy for muscle atrophy,
more in vivo studies on miR-21 maintaining muscle mass are needed [63]. Furthermore,
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IL-6 decreases miR-497-5p level as a feedback loop, causing the stimulation of IGF-1r and
Insr that link to hypertrophy to offset atrophy [48].

A recent study has demonstrated that an increased miR-5682 level was related to
serious malnutrition in laryngeal cancer (LC) patients treated with radiotherapy [77].
MiR-5682 was reported to involve the regulation of the IL-17 pathway in the inflammatory
microenvironment [78], and IL-17 enables triggering JAK/STAT3 signaling to aggravate
muscle loss [79]. However, the mechanism of how miR-5682 enhances LC-induced muscle
atrophy needs to be explored further.

Besides, a study found that the level of miR-27b-3p was reduced significantly while
IL-15 expression was elevated in muscle tissue from cancer cachexia patients, and miR-
27b-3p was proven to target the IL-15 gene [80]. Previous studies have reported that IL-15
can downregulate protein degradation in skeletal muscle from hepatitis-induced cachexia
rats [81], regarded as an approach for the body to antagonize muscle atrophy during
cachexia [82].

3.4. TNF-α Pathway

As an inflammatory factor, it is stated that TNF-α is necessary for cachexia-induced
muscular atrophy. It has been documented that TNF-α directly impacts the breakdown of
skeletal muscle by causing the UPS to express ubiquitin genes [83]. Furthermore, TNF-α
was substantially engaged in the induction of NF-κB and routinely triggers the activation
of the p38 MAPK pathway [67].

A recent study has shown that miR-155 expression is increased in cachexia patients
suffering from NSCLC or pancreatic cancer. As a factor that promotes cachexia, miR-155
targets upstream genes of the TNF-α pathway to accelerate the procedure of muscular
atrophy [84].

In an NF-κB-dependent way, TNF-α decreased the differentiation of C2C12 myoblasts
and impeded myogenic miRNA production. Upregulation of miR-1, miR-133a/b, or
miR-206 alleviated this TNF-α-induced halt in differentiation [85]. In another study in-
cluding 218 participants, of whom half were sarcopenia patients, the decrease in miR-133b
and miR-206 expression was shown to have a strong correlation with the development of
muscular weakness influenced by the regulation of IL-6 and TNF-α [86].

Ccdc41os1, Gm4117, and 5830418P13Rik were identified as essential lncRNAs for
TNF-α-induced myotube atrophy based on a bioinformatics study. Furthermore, Gm4117
contributes to mediating the TNF and FoxO expression in muscular atrophy, as the sponge
of the miRNA-467/669 family [87].

A genomic profiling investigation revealed a reduction in miR-23, miR-27, miR-1,
miR-133a/b, miR-206, miR-93, and miR-107 due to TWEAK (TNF-like weak inducer of
apoptosis) mediation, resulting in muscular dystrophy through several signaling pathways
like TGF-β (transforming growth factor-β) and NF-κB [48].

3.5. Myostatin

Myostatin, a TGF-β family member expressed in skeletal muscle, has a negative regula-
tory effect on the growth and development of muscle cells [15]. Besides, myostatin combines
with the activin receptor type IIB (ACTRIIB), playing a role as a transmembrane kinase
receptor [88], which shows high expression in mammalian skeletal muscle [89]. Moreover,
myostatin promotes Smad2/3 signaling to regulate FoxO1 and atrogin-1, resulting in the
occurrence of muscle atrophy [90]. Furthermore, myostatin can break the IGF-1-Akt-PI3K
pathway, activating FoxO, MAFbx, and MuRF1 proteins [91]. Thus, the myostatin pathway
contributes greatly to cachexia-associated muscle atrophy via interaction with ACTRIIB,
which involves SMAD2/3 and IGF-1/Akt/PI3K pathways.

Recent studies have proven that ncRNAs play an essential role in muscle atrophy
during cancer cachexia through myostatin pathways, such as miR-23, miR-499, miR-206,
miR-208a/b, and miR-27a [59,92,93].

It is found that miR-23a and miR-27a can attenuate SMAD signaling to inhibit the
expression of SMAD2/3, myostatin RNA, and protein, slowing down the development
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of muscle atrophy [35,94]. It is worth noticing that miR-23a targets TRI63/MuRF and
FBXO32/Atrogin-1 to suppress increased muscular dystrophy during cancer cachexia.
Ji-Xia Kuang et al. have demonstrated that miR-185-5p [48] affects the myostatin-mediated
signaling/SMAD3 pathway to reduce myotube atrophy, which increases the breakdown of
proteins regulated by Atrogin-1 and MuRF-1.

Besides, it is reported that myostatin reduced the level of miR-486-5p, which can
stimulate AKT signaling and reduce the PTEN and FoxO1a expression. In C2C12 cells,
downregulated myostatin increased miR-486-5p levels and alleviated muscle loss [95].

3.6. SDF1/CXCR4 Pathway

The SDF1/CXCR4 pathway is increasingly being connected to muscle atrophy during
cancer cachexia by mediating atrophy-associated protein degradation [96]. The cachectic
muscle consistently displayed downregulation of three genes in this pathway: SDF1,
ADCY7, and PAK1.

CXCR4 is SDF1’s receptor, and when activated, it can enhance protein content by reduc-
ing proteolysis. Furthermore, implications for CXCR4 in muscle differentiation have been
observed in vitro, and a negative correlation exists between CXCR4 and atrogin-1/MuRF1 [96].
Relevant evidence has demonstrated that activating the CXCR4/CXCL12 pathway can pre-
serve muscle mass, whereas the specific mechanism whereby the SDF1/CXCR4 pathway
causes muscle atrophy needs to be researched [96].

An integrative meta-analysis study has revealed that miR-140 downregulated CXCL12
expression to be involved in muscular atrophy during cancer cachexia [9]. However, the
mechanism of how miR-140 modulates CXCL12 to slow down atrophy progress is necessary
to be explored in vivo and in vitro. Here is a compilation of how relevant non-coding RNAs
regulate cachexia through muscle protein degradation (Figure 2, Table 2).
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Figure 2. miR-18a targets IGF-1 3′ UTR to repress IGF-1 expression and, through PI3K-AKT-FOXO
signaling, reduce muscle atrophy. miR-1, miR-206, miR-133a/b, lnc Atrolnc, miR-532-5p, and miR-
let-7g-5p through the NF-Kβ pathway cause muscle atrophy. miR-330 causes muscle atrophy by
affecting myostatin and STAT3 pathways. miR-27a and miR-23a directly affect MuRF-1 and restrain
myostatin to cause muscle atrophy. The overexpression of miR-185-5p promotes muscle atrophy via
the SMAD pathway.
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Table 2. Roles of non-coding RNAs in muscle protein degradation in cachectic muscle atrophy.

Pathway ncRNAs Type of Study Time Results Biological Significance References

PI3K
-AKT

-FOXO

miR-18a In vitro: C2C12 myoblasts / Increased MuRF1, Atrophy-1, and CTSL expression Downregulated the IGF-1 mRNA, and phosphorylation
of Akt/FoxO3 [62]

miR-21 In vitro: C57Bl/6 mice 3 d FOXO3 translocated into the nucleus Accelerated cachexia muscle atrophy [63]

miR-23a/27a In vitro: Sham/CKD/diabetic mice 4 wk
Decreased the activation of AKT, FOXO1, and PTEN,

reduced phosphorylation of SMAD3 and
myostatin level

Reversed CKD-induced catabolic responses, regulated
SMAD, PI3K/AKT signaling, increased dry weight and

grip strength
[35]

NF-κB

miR-532-3p In vitro: human skeletal myoblasts / Increased BAK1 Induced apoptosis and muscle atrophy [73]

lncRNA Atrolnc-1 In vivo: CKD mice; In vitro:
C2C12 myotubes 3 wk Increased MuRF-1, upregulated NF-κB signaling Accelerated protein degradation in muscle cells [70]

lncRNA
HOTAIR

In vivo: mice with MBT-2 tumor
In vitro: bladder cancer cells,

C2C12 myoblasts
30 d Increased IL-6, TNF-α, and MuRF-1 activation Reduced myotube diameter, accelerated muscle atrophy [71]

miR-1, miR-206,
miR-133a/b

In vitro: Human skeletal
muscle myoblasts 48 h Decreased TNF-α signaling Accelerated myotube formation [85]

IL-6-JAK-
STAT 3

miR-497-5p In vitro: C2C12 mouse myoblasts 5 d Increased IGF-1r and Insr expression Accelerated atrophy of C2C12 myotubes [48]
miR-21 In vitro: C57Bl/6 mice, C2C12 myotubes / Overexpressed by IL-6 and TNF-α Accelerated cell death of primary myoblasts [63]

TNF-α miR-155 In vitro: venous blood sample from
NSCLC and pancreatic cancer patients / Targeted upstream genes of TNF-α (SOCS1 and Foxp3) Accelerated cancer cachectic muscle atrophy [84]

Myostatin

miR-486-5p In vivo: SAMP8 mice; In vitro:
C2C12 myoblasts

8 wk;
3 d

Myostatin inhibited miR-486-5p, decreased
phosphorylation of AKT

Inhibited the transcription of MuRF1 and Atrogin-1
genes, FoxO1 level [95]

miR-183-5p In vitro: C2C12 myoblasts 28 d Increased Smad3, myostatin, Atrogin-1, and
MuRF-1 expression

Enhanced myostatin, activated Smad3 signaling
pathway, increased protein degradation [97]

miR-499/
miR-208a In vitro: human muscle biopsies samples / Decreased myostatin and MEF2C Inhibited myostatin to alleviate muscle atrophy [59]
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4. Mechanisms of Non-Coding RNA in Muscle Atrophy for Myoblasts
4.1. TGF-β/SMAD Pathway

Myoblast proliferation and differentiation are significant for regulating skeletal muscle
atrophy, which is connected closely to the TGF-β and SMAD pathways [98]. The factor
beta 1, which is involved in transforming growth, as a polypeptide signaling molecule,
combines with type TGF-β receptors on the cell membrane and then activates type TGF-β
receptors and transmits an extracellular signal into the cell [99]. Furthermore, endogenous
TGF-β1dCas13b-FTO can target the demethylation of TGFβ1 mRNA, activating SMAD2
signaling [100]. As a result, the phosphorylation level of SMAD2 is upregulated, and
myoblast proliferation is promoted. Besides, it is reported that m6A in TGF-β1 enhances
its decay and suppresses its expression, bringing about the blockage of TGFβ1/SMAD2
signaling [100]. Except the SMAD2 relation to the TGF-β/SMAD pathway, TGF-β2/SMAD
signaling associates with SMAD3, modulating target genes’ transcriptional activity as a
complex combines with SMAD4 [101]. In addition, SMAD7 and SMURF1 can restrain the
type I TGF-β receptor [102].

After long non-coding RNA SMUL is translated into protein [103], it disrupts the
stability of SMURF2 mRNA via nonsense-mediated mRNA decay (NMD), which can
inhibit SMURF2 expression and trigger TGF-β/SMAD signaling. Consequently, lncSMUL
promotes myoblast proliferation and suppressed differentiation and induces skeletal muscle
atrophy in vitro and in vivo. In addition, miR-22 [104] targets TGFBR1, the key receptor
of the TGF-β/SMAD pathway, downregulates TGFBR1 expression, and decreases the
Smad3 transmission of signals. Ultimately, C2C12 myoblast proliferation is suppressed,
and myoblast differentiation into myotubes is promoted by the elevated miR-22.

In the skeletal muscle satellite cells (SMSCs), miR-200a-3p [101] targets TGF-β2 and
decreases the phosphorylation of SMAD2 and SMAD3, promoting the differentiation and
proliferation of SMSCs and meanwhile suppressing apoptosis of SMSCs. Therefore, miR-
200a-3p improves the condition of skeletal muscle atrophy in chickens by regulating the
TGF-β2/SMAD signaling pathway. In addition, miR-26a [105] was found to be widely
expressed in mouse and human skeletal muscles. It can directly target SMAD1 and SMAD4
to regulate the TGF-b/bone morphogenetic proteins (BMP) signaling pathway, which
connects closely with myogenesis and participates in the processes of cellular growth
of skeletal muscle. When miR-26a is downregulated, the level of SMAD1/4 is reduced
compared to previous levels, while muscle regeneration is retarded, and the level of
differentiation decreases.

Roser Farre Garros et al. has discovered that miR-542-5p [106] expression can not only
promote phosphorylation of SMAD2/3, thus enhancing muscle atrophy, but also inhibit
the inhibitory components of TGF-β signaling from amplifying signal transduction of the
TGF-β pathway. Moreover, it can improve the level of SMAD2/3 by inhibiting SMAD7
expression, which acts as an inhibitor of SMURF1, and compounds that inhibit type I TGF-β
receptors. Even the phosphatases, limiting TGF-β signaling, were reduced by increasing
the level of miR-542-5p.

Meanwhile, the expression of miR-422a [107] was found in the blood circulation of
patients with COPD-induced muscle loss. The study revealed that miR-422a inhibited TGF-
β signaling and repressed SMAD4 mainly through cell experiments and bioinformatics
analysis, alleviating muscle loss in male patients with COPD. However, due to the lack of
suitable samples, the exact level of SMAD4 protein in muscle biopsy samples from COPD
patients was difficult to determine, and whether the inhibition of this protein is the main
reason for miR-422a maintaining muscle mass cannot be confirmed. The mechanism of
miR-422a opposing muscle atrophy by targeting SMAD4 needs more experiments in vivo
and in vitro to be further proven.

4.2. Wnt/Notch Pathway

Satellite cells, quiescent muscle stem cells, are activated during muscle injury to differ-
entiate into myoblasts, involved in the repair and regeneration of muscle tissue [108]. It has
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been shown that the differentiation of SCs is blocked in the skeletal muscle of cancer pa-
tients with muscle wasting, preventing the regeneration of myofibers [109]. Notch and Wnt
signaling are commonly recognized to control cell fate decisions throughout embryonic de-
velopment, essential in defining the tissue specialization of stem cells [110,111]. Moreover,
Wnt promotes myoblast differentiation and myotube fusion, facilitating postnatal muscle
regeneration [112–114]. In addition, Notch signaling in the skeletal muscle of sarcoma-
bearing mice is overexpressed and contributes to the formation of muscular atrophy with
increased TNF-α levels [115]. However, pro-inflammatory cytokine gene expression was
not demonstrated to be higher in tumor samples from cachexia and non-cachexia groups
in a different study [116]. Due to the complexities between C2C12, murine, and human
models, more research should be carried out on the involvement of Wnt and Notch in
cancer cachexia.

According to a recent study, the Wnt5a protein, shown to be a target of miR-487b
in lung cancer cells, is regulated by a new long non-coding RNA called MAR1 (muscle
anabolic regulator 1, MAR1), acting as the sponge of miR-487b [117] to promote muscular
reconstruction.

The Gtl2-Dio3 locus, the most extensive known mammalian microRNA cluster, is im-
mediately mediated by the transcription factor MEF2A. A portion of the Gtl2-Dio3miRNAs
suppresses the WNT signaling inhibitors known as secreted frizzled-related proteins
(sFRPs), which in turn stimulates myogenic differentiation [118]. In skeletal muscle knocked
out of Mef2a, the level of sFRP2 elevated, while WNT expression downregulated. The study
found that the reorganization of WNT3a and WNT5a could restore the differentiation in
Mef2a-insufficient myoblasts. Moreover, the upregulated miR-433 and miR-410 (from the
Gtl2-Dio3 locus) served a similar role by inhibiting sFRP2 [118].

Additionally, a temporal lag occurs between the production of Notch3 early in differen-
tiation and myoblast stimulation by MyoD, as well as terminal differentiation into myotubes
instructed by the myogenic transcription factor Mef2c. Mef2c triggers microRNAs miR-1
and miR-206, which straightly inhibit Notch3 and facilitate differentiation [119].

4.3. Other Regulators
4.3.1. MyoD/MyoR/MEF2

MyoD affects cachexia muscle atrophy by influencing the growth, development, and
metabolism of skeletal muscle [120] as one of the myogenic regulatory factors (MRFs) [121],
which are crucial for initiating muscle cell differentiation and muscle growth, like myocyte
enhancer factor 2 (MEF2) [122]. In terms of skeletal muscle growth and development,
MyoD affects the differentiation of myogenic cells and the synthesis of related proteins.
Once MyoD is deficient, myoblasts may transform into brown adipocytes [123]. MyoD
also regulates skeletal muscle metabolism to maintain adequate energy for muscle contrac-
tion [124,125].

It is known that the development of skeletal muscle depends on transcriptional pro-
cesses, which the bHLH (basic helix-loop-helix) family mediates [126]. MyoD is a bHLH
transcription factor, which drives the activation of muscle specific gene expression by
binding to bHLH protein. Conversely, MyoR suppresses myogenesis once combined with
bHLH protein as a transcriptional repressor [127].

Some studies have confirmed that lncRNA muscle growth-promoting factor (lncMGPF)
is observed to act as a molecular sponge of miR-135a-5p [122]. It restrains the level of miR-
135a-5p, promoting MEF2C expression and increasing MyoD stability, enhancing myogenic
differentiation and muscle growth. LncMGPF achieves these changes mainly through
post-transcriptional regulation. As a result, the miR-135a-5p/MEF2C axis is an impor-
tant pathway in the lncRNA-mediated network of myogenesis regulation. Researchers
also found that pigs and humans have lncRNAs homologous to mouse lncMGPF, which
positively regulate myogenesis.

It is shown that MyoD raised miR-378 [121] levels in C2C12 cell differentiation, and
miR-378 contributes to the activation of MyoD by targeting its inhibitor, MyoR. However,
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in mice mules during regeneration after cardiotoxin injection, the significantly increased
MyoD levels occurred earlier than the recovery of miR-378 levels, and MyoD levels de-
creased when miR-378 increased. Therefore, this suggests that MyoD is not the sole
regulatory factor of miR-378 in skeletal muscle regeneration.

Zong-Kang Zhang et al. detected that overexpressing miR-762 in C2C12 cells led to
downregulated expression of MyoD, and the formation of myotubes also maintained at a
low level compared to normal conditions. They found an lncRNA mechanical unloading
induced muscle atrophy-related (Lnc MUMA), which acts as a sponge for miR-762 and
inhibits miR-762 in vitro to promote muscle differentiation, attenuating the progress of
muscle atrophy [128].

4.3.2. IGFII

Serving as an embryonic controller of myogenic processes, IGF-II controls the initiation
of skeletal myogenesis and acts as an autocrine factor triggering myoblast differentiation
in vitro [129]. It is reported that miR-125b is regulated by mTOR signaling and targets the
IGFII-3′ UTR, negatively controlling muscle regeneration in vivo and myoblast differentia-
tion in vitro [130].

4.3.3. TLR7

Viral single-stranded RNA (ssRNA) sequences on B lymphocytes and dendritic cells
may be identified and bound by members of the toll-like receptor (TLR) family, including
human TLR8 and murine TLR7 [131], resulting in activating the expression of cells and
cytokines, particularly miR-21 and miR-29a in exosomes derived from lung cancer cells.
They bind to human macrophages’ toll-like receptor 8 (TLR8), which is homologous to TLR7
in mice, to provoke a proinflammatory response that promotes the growth of tumors [132].

Studies indicate that miR-21 from pancreatic and lung cancer cell lines triggers skeletal
muscle apoptosis. Specifically, miR-21 released by MVs stimulates the murine myoblast
TLR7 receptor and induces the cell death of muscular myoblasts via the effect of c-Jun
N-terminal kinase (JNK) [133].

4.3.4. PAX7

The previous study revealed that cancer cachexia is associated with a proliferation
of SCs by observing an elevated production of the satellite cell marker Pax7 in cachexia
models [134]. By reacting to NF-κB, the capacity of stem cells to differentiate in the muscle
milieu was impeded via the constant expression of Pax7, which prevented them from
merging with injured myofibers, leading to exacerbating muscle atrophy in cachexia [134].

MiR-431 directly targets Pax7 to drive satellite-cell variety during muscle growth and
regeneration. Particularly, miR-431 may be a viable therapeutic option in muscular illnesses
since it improves the symptoms of myodystrophy in mdx mice [135]. Besides, by limiting
the ability of satellite cells to proliferate, miR-1 and miR-206 improve their differentiation,
as Pax7 is a primary regulated target of miR-1/miR-206 [136]. Further studies are needed
to identify the fundamental mechanism of miRs regulating cachexia muscular atrophy.

4.3.5. S1PR3

According to a study [137], through stimulating SCs’ differentiation, upregulated
miR-127 greatly improves myofibers’ reconstruction and lowers muscle degeneration
in mdx animals. Furthermore, miR-127 specifically targets the S1PR3 (sphingosine-1-
phosphate receptor 3) gene. In the mdx animal model, genetic excision of S1PR3 dramati-
cally hindered the process of muscular atrophy, suggesting that S1PR3 may inhibit muscle
differentiation [138]. Consequently, one prospective treatment approach for muscle atrophy
could involve utilizing miR-127 to alter the S1PR3 or S1P expression.

4.3.6. SRF

Serum response factor (SRF) is a transcription factor involved in muscle cell prolif-
eration, differentiation, and migration [139]. A study found that the levels of SRF and
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miR-1 in the skeletal muscle of COPD patients were reduced compared with the healthy
control group. When miR-1 expression decreased, SRF and its co-activators MRTFs were
downregulated, and HDAC4 protein as another target of MiR-1 was increased, leading to
COPD-related skeletal muscle atrophy and dysfunction [140].

Below is a collation of how specific ncRNAs modulate muscle cachexia by affecting
myoblasts (Figure 3, Table 3).
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Figure 3. MiR-542-5p inhibits SMAD7/SMURF1, lncSMUL inhibits SMURF2, and miR-22/miR-200a-
3p can inhibit TGF-β signaling to improve muscle atrophy. Gtl2-Dio3miRNAs suppress the WNT
signaling via regulating sFRPs, and lncMAR1 acts as the sponge of miR-487b to promote muscular
reconstruction. LncMGPF (the sponge of miR-135a-5p), lncMUMA (the sponge of miR-762), and
miR-378 improve the MyoD. MiR-21 targets TLR7 to trigger muscle apoptosis. MiR-125b targets IGF-
II, and miR-431 and miR-1/206 target Pax7 to control myoblast differentiation negatively. MiR-127
regulates S1PR3 to affect muscle differentiation.
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Table 3. Roles of non-coding RNAs in muscle atrophy for myoblasts.

Pathway/
Regulators ncRNAs Type of Study Time Results Biological Significance References

TGF-b/
SMAD

lncRNA SMUL
In vitro:

chicken primary myoblast
In vivo: chick gastrocnemius muscle

17 d
Decreased the SMURF2 mRNA and protein,

SMURF2 downregulated TGF-β1 expression, and inhibited
SMAD2/3 phosphorylation

Decreased myogenic differentiation and
induced skeletal muscle atrophy

Activated proteasomal degradation and autophagy
[103]

miR-22 In vitro: Balb/c mice myoblasts 8 d Inhibited TGFBR1, and miR-22 expression was
down-regulated by TGF-β1

Inhibited myoblast proliferation and attenuated
muscle atrophy [104]

MiR-200a-3p In vitro/in vivo:
breast muscle of broilers, layers at embryonic 11 d Decreased p-SMAD2/3 expression, and exogenous TGF-β2

negatively regulates miR-200a-3p
Increased cell differentiation and suppressed

apoptosis in skeletal muscle [101]

miR-26a In vitro: C2C12
myoblasts 7 d Downregulated the TGF-β/BMP signaling pathway, targets

Smad1/4 Promoted muscle differentiation and regeneration [105]

miR-542 In vitro: LHCN-M2 cells
In vivo: mice / Increased SMAD2/3 phosphorylation, suppresses SMAD7 Enhanced muscle atrophy [106]

miR-422a In vitro: C2C12
myoblasts / Inhibited TGF-β signaling Increased cell differentiation [107]

Wnt
lncRNA MAR1 In vivo: C57BL/6J mice

In vitro: C2C12 myoblasts 2 mnth Increased Wnt5a, MAR1, MyoD, MyoG, Mef2c, and Myf5 Promoted skeletal muscle mass/strength [117]

Gtl2-Dio3 miRNAs locus In vitro: C2C12 cells / Downregulated Mef2a and Wnt, increased sFRPs Impaired myotube formation [118]

Notch miR-1,
miR-206 In vitro: C2C12 myoblasts 48 h Downregulated Notch3, upregulated Mef2c Attenuated myoblast differentiation [119]

miR-378 In vitro: C2C12 myoblasts 48 h Modulated MyoD activity by repressing MyoR Promoted muscle differentiation [121]

lnc MGPF In vitro/in vivo: mice/pig muscle cells / Inhibited miR-135a-5p, increased Mef2c and MyoD Promoted myogenic differentiation [122]

Lnc MUMA In vitro: C2C12 myoblasts 71 d Elevated myoD level as a sponge for miR-762 Promoted muscle differentiation, muscle fiber
cross-sectional area, and muscle strength [128]

IGF-II miR-125b In vitro/in vivo: mice 2/3 d Targeted the IGFII-3′ UTR Inhibited myoblast differentiation [130]

TLR7 miR-21 In vitro: TLR7−/− and TLR7+/+ mice
myoblasts 48 h Increased TLR7+/+ myoblasts death rate Triggered apoptosis of muscle progenitor cells [133]

PAX7

miR-431 In vivo: C57BL/6, TG mice; In vitro: C2C12 cells 1, 3, 5 and 7 d Downregulated PAX7, increased SCs Promoted muscle regeneration [135]

miR-1/
miR-206 In vitro: SCs, C2C12 cells / Decreased miR-1/miR-206, upregulated PAX7 Reinforced SCs from proliferation to differentiation [136]

S1PR3 miR-127 In vivo: C57BL/6, TG mice; In vitro: C2C12 cells 2 wk Downregulated S1PR3 Increased the size of myofibers and enhanced
muscle regeneration [137]

SRF miR-1 In vitro: skeletal muscle with COPD patients / Downregulated SRF, MRTFs, and HDAC4 expression Enhanced muscle atrophy and dysfunction [140]
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5. Other Pathway
ZIP4–CREB–miR-373–PHLPP2

ZIP4 is crucial in cancer-related cachexia of pancreatic cancer, which triggers the
activation of CREB, a zinc-dependent transcription factor, stimulating p38 MAPK and FoxO
expression by promoting the release of extracellular vesicles (EVs) [141].

It was found that overexpressing miR-373 in C2C12 myotubes upregulated muscle
atrophy marker expression, and in cachexia with pancreatic cancer, ZIP4 activated miR-373
by increasing phosphorylated CREB [142]. ZIP4/miR-373 axis can target and combine with
PHLPP2, causing the deactivation of AKT by regulating a phosphatase for AKT-Ser473.
In ZIP4 knockout pancreatic cancer cells, the phosphorylation level of AKT consistently de-
creased [142]. Interestingly, Xiuhui Shi et al. noticed that a new circular RNA CircANAPC7,
as a sponge for miR-373, can regulate the expression of PHLLP2 and phosphorylation of
CREB, resulting in downregulated p-AKT, and prevent cancer cachectic muscle atrophy
development. Furthermore, they found that CircANAPC7 can also downregulate TGF-β
expression through dephosphorylation of STAT5 [142]. The study confirmed that the sig-
naling axis involving ZIP4, miR-373, PHLLP2, and CircANAPC7 plays a remarkable role in
pancreatic cancer and relevant cachexia muscle atrophy, suggesting that CircANAPC7 has
the potential to be utilized in pancreatic cancer targeted therapy.

6. Non-Coding RNAs as a Potential Clinical Application for Cachexia Muscle Atrophy

A growing number of studies have reported the important role of ncRNAs in the early
diagnosis of specific cachexia initiated by organ-specific diseases through liquid biopsy or
solid biopsy and have suggested that ncRNAs will be potential targets for novel cachexia
therapy [84,143].

6.1. ncRNAs as Diagnostic Markers of Cachexia

As a representative microRNA indicator of cachexia, miR-21 was upregulated in
colon carcinoma, lung cancer, and pancreatic cancer patients suffering from muscular
atrophy, promoting tumor growth and invasion as well as enhancing muscle loss [144,145].
It is worth mentioning that in serum from cachexia patients who have gastrointestinal
cancer, lower expression of miR-122-5p related to more severe muscle atrophy, and miR-375
and miR-27b-3p were identified playing the same role as miR-122-5p in patients’ muscle
tissue [80]. MiR-424-5p is an outstanding microRNA in several types of cachexia, which
increases in COPD, breast cancer, endometrial cancer, and NSCLC patients to accelerate
the progress of muscle atrophy [20–22], and miR-155 is also closely linked to cachexia
induced by NSCLC or pancreatic cancer [84]. Meanwhile, the level of miR-345-5p increases
significantly in skeletal muscle tissue from colorectal and pancreatic cancer patients [27],
and raised miR-373 is also connected to pancreatic cancer-induced cachexia [142]. MiR-5682
level is positively related to the degree of LC-induced cachexia [79]. Interestingly, the rising
plasma miR-499/miR-1 [74] and decreasing miR-422a [107] are related to muscle loss in
COPD patients, while miR-122 and miR-16 levels do not change between patients and the
healthy group [74].

It is reported that the level of lncRNA HOTAIR increases in cachexia induced by
bladder cancer, and inhibition of lncRNA HOTAIR can decelerate cachectic progress [71].
Similarly, the elevated expression of lncRNA Atrolnc-1 in CKD or cancer mice indicated
the development of cachexia [70]. However, more experiments focusing on human subjects
are needed. Conversely, the low expression of lncRNA DRAIC has been linked to the poor
condition of prostate cancer and glioblastoma [51]. Due to their stability, specificity, and
sensitivity in liquid or solid biopsies, ncRNAs are highly potential diagnostic biomarkers of
multiple types of cachectic muscle atrophy, which gastrointestinal cancer, pancreatic cancer,
NSCLC, COPD, etc., induce. Certainly, the diagnostic evaluation of ncRNAs in many other
types of cachexia needs to be explored further.
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6.2. ncRNAs as Potential Drugs in Cachexia

Due to the ability to target specific molecules and regulate multiple signaling pathways,
the potential of ncRNAs as therapeutic drugs for cachexia, especially induced by cancer,
is gradually gaining attention. The most direct way to alleviate cancer cachexia is to
prevent cancer progression; although there are no drugs based on ncRNAs in clinical
cancer treatment currently, some relevant clinical trials have completed the first phase
(e.g., NCT02369198) or are ongoing (e.g., NCT06307249, NCT02508090). The main approach
for ncRNAs targeted treatment of cancer cachexia is that miRNA can directly bind to mRNA
3′ UTR, leading to mRNA degradation or preventing its translation process, affecting
various signaling pathways. Conversely, lncRNA and circRNA can act as molecular sponges
for miRNA, reducing mRNA degradation induced by miRNA. In accomplished clinical
trial NCT02369198, TargomiR, an intravenous drug containing miR-16 mimetics, targeted
EGFR in lung cancer cells to reverse the development of malignant pleural mesothelioma
(MPM) and NSCLC [146]. At the same time, some trials were forced to be suspended due
to severe immune reactions in patients [147]. We can find that during drug development, it
is crucial to increase the precision of miR targeting molecules, reduce miR interference with
its sponges, and determine the optimal therapeutic dose of miR and delivery methods [148].
In the treatment of cancer cachexia with miR drugs, both prospects and challenges coexist;
therefore, in-depth research is needed continuously.

7. Conclusions and Perspectives

The growing research has recognized that non-coding RNAs are crucial regulators of
muscle atrophy in cachexia, leading to the endeavor to elucidate the underlying mecha-
nisms. As mentioned above, ncRNAs’ signaling pathways in multiple types of cachexia are
currently being studied in depth, including pathways involving muscle protein synthesis,
degradation, and various physiological stages of myoblasts. The intricacy of ncRNAs
and complicated factors that cause target gene upregulation or downregulation are also
gradually being revealed in vitro and in vivo, with the intention of identifying the specific
triggers of this phenomenon of sustained skeletal muscle loss that is difficult to reverse.
By clarifying the specific mechanisms by which ncRNAs affect muscle atrophy during
cachexia, we might be able to find potential targets and identify relevant therapeutic
strategies for this huge clinical challenge.

However, most related studies based on in vitro and animal models might not fully
reflect the complex molecular interactions of cachexia in humans. Besides, the partial
regulatory mechanisms of ncRNAs between cachexia and muscle atrophy initiated by
aging, denervation, and poor nutrition are different; therefore, more research is needed
to distinguish the functions of relevant signaling pathways in them. The understanding
that ncRNAs impact specific tissues or organs and knowledge of their interaction during
cachexia promotes the identification of more diagnostic and prognostic indicators of cachec-
tic muscle atrophy, leading to early treatment interventions and higher quality of life for
patients. Meanwhile, more studies are concentrating on targeted therapies in cachexia to
regulate the expression of ncRNAs, especially miRNAs, by direct combination, regulation
of miRNAs transcription, epigenetics, upstream genes, ceRNAs, intervention of upstream
and downstream signals, and management of medications assembly methods and delivery
systems. It is worth noting that cachexia is a systemic, comprehensive disease; ncRNAs
drug development must consider integrating a series of aspects involving sustained safety,
stability of curative effect, precise mechanisms, and pharmacology.

Future studies can further investigate how non-coding RNAs impact cachexia muscle
atrophy by one or more specific signaling pathways and perform quantitative research to
determine which type of ncRNA or combinations of several ncRNAs could be the optimal
therapeutic targets or diagnostic markers, with the aim of developing safe and effective
treatment for cachexia muscle atrophy.
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109. Brzeszczyńska, J.; Johns, N.; Schilb, A.; Degen, S.; Degen, M.; Langen, R.; Schols, A.; Glass, D.J.; Roubenoff, R.; Greig, C.A.; et al.
Loss of oxidative defense and potential blockade of satellite cell maturation in the skeletal muscle of patients with cancer but not
in the healthy elderly. Aging 2016, 8, 1690–1702. [CrossRef]

110. Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science
1999, 284, 770–776. [CrossRef]

111. Tajbakhsh, S.; Borello, U.; Vivarelli, E.; Kelly, R.; Papkoff, J.; Duprez, D.; Buckingham, M.; Cossu, G. Differential activation of myf5
and myod by different wnts in explants of mouse paraxial mesoderm and the later activation of myogenesis in the absence of
myf5. Development 1998, 125, 4155–4162. [CrossRef] [PubMed]

112. Polesskaya, A.; Seale, P.; Rudnicki, M.A. Wnt signaling induces the myogenic specification of resident cd45+ adult stem cells
during muscle regeneration. Cell 2003, 113, 841–852. [CrossRef] [PubMed]

113. Mermelstein, C.S.; Portilho, D.M.; Mendes, F.A.; Costa, M.L.; Abreu, J.G. Wnt/beta-catenin pathway activation and myogenic
differentiation are induced by cholesterol depletion. Differentiation 2007, 75, 184–192. [CrossRef] [PubMed]

114. Rochat, A.; Fernandez, A.; Vandromme, M.; Molès, J.-P.; Bouschet, T.; Carnac, G.; Lamb, N.J.C. Insulin and wnt1 pathways
cooperate to induce reserve cell activation in differentiation and myotube hypertrophy. Mol. Biol. Cell 2004, 15, 4544–4555.
[CrossRef] [PubMed]

115. 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]

116. Lu, F.; Osei-Hwedieh, D.; Mandell, J.B.; Morales-Restrepo, A.; Hankins, M.L.; Crasto, J.A.; Ma, R.; Dinh, V.V.; Watters, R.J.; Weiss,
K.R. Comparison of cachectic and non-cachectic sarcoma patients reveals an important role of notch signaling in metastasis and
myogenesis. Am. J. Cancer Res. 2019, 9, 1746–1756. [PubMed]

117. Zhang, Z.; Li, J.; Guan, D.; Liang, C.; Zhuo, Z.; Liu, J.; Lu, A.; Zhang, G.; Zhang, B. A newly identified lncrna mar1 acts as a
mir-487b sponge to promote skeletal muscle differentiation and regeneration. J. Cachexia Sarcopenia Muscle 2018, 9, 613–626.
[CrossRef]

118. Snyder, C.M.; Rice, A.L.; Estrella, N.L.; Held, A.; Kandarian, S.C.; Naya, F.J. Mef2a regulates the gtl2-dio3 microrna mega-cluster
to modulate wnt signaling in skeletal muscle regeneration. Development 2013, 140, 31–42. [CrossRef]

119. Gagan, J.; Dey, B.K.; Layer, R.; Yan, Z.; Dutta, A. Notch3 and mef2c proteins are mutually antagonistic via mkp1 protein and
mir-1/206 micrornas in differentiating myoblasts. J. Biol. Chem. 2012, 287, 40360–40370. [CrossRef]

120. Hu, X.; Sun, M.; Chen, Q.; Zhao, Y.; Liang, N.; Wang, S.; Yin, P.; Yang, Y.; Lam, S.M.; Zhang, Q.; et al. Skeletal muscle-secreted dlpc
orchestrates systemic energy homeostasis by enhancing adipose browning. Nat. Commun. 2023, 14, 7916. [CrossRef] [PubMed]

121. Gagan, J.; Dey, B.K.; Layer, R.; Yan, Z.; Dutta, A. Microrna-378 targets the myogenic repressor myor during myoblast differentiation.
J. Biol. Chem. 2011, 286, 19431–19438. [CrossRef] [PubMed]

122. Lv, W.; Jin, J.; Xu, Z.; Luo, H.; Guo, Y.; Wang, X.; Wang, S.; Zhang, J.; Zuo, H.; Bai, W.; et al. Lncmgpf is a novel positive regulator
of muscle growth and regeneration. J. Cachexia Sarcopenia Muscle 2020, 11, 1723–1746. [CrossRef] [PubMed]

123. Wang, C.; Liu, W.; Nie, Y.; Qaher, M.; Horton, H.E.; Yue, F.; Asakura, A.; Kuang, S. Loss of myod promotes fate transdifferentiation
of myoblasts into brown adipocytes. Ebiomedicine 2017, 16, 212–223. [CrossRef] [PubMed]

124. Shintaku, J.; Peterson, J.M.; Talbert, E.E.; Gu, J.-M.; Ladner, K.J.; Williams, D.R.; Mousavi, K.; Wang, R.; Sartorelli, V.; Guttridge,
D.C. Myod regulates skeletal muscle oxidative metabolism cooperatively with alternative nf-kappab. Cell Rep. 2016, 17, 514–526.
[CrossRef] [PubMed]

125. Hodge, B.A.; Zhang, X.; Gutierrez-Monreal, M.A.; Cao, Y.; Hammers, D.W.; Yao, Z.; Wolff, C.A.; Du, P.; Kemler, D.; Judge, A.R.;
et al. Myod1 functions as a clock amplifier as well as a critical co-factor for downstream circadian gene expression in muscle. Elife
2019, 8, e43017. [CrossRef] [PubMed]

126. Yu, L.; Mikloucich, J.; Sangster, N.; Perez, A.; McCormick, P.J. Myor is expressed in nonmyogenic cells and can inhibit their
differentiation. Exp. Cell Res. 2003, 289, 162–173. [CrossRef] [PubMed]

127. Lu, J.; Webb, R.; Richardson, J.A.; Olson, E.N. Myor: A muscle-restricted basic helix-loop-helix transcription factor that antagonizes
the actions of myod. Proc. Natl. Acad. Sci. USA 1999, 96, 552–557. [CrossRef]

128. Zhang, Z.-K.; Li, J.; Guan, D.; Liang, C.; Zhuo, Z.; Liu, J.; Lu, A.; Zhang, G.; Zhang, B.-T. Long noncoding rna lncmuma reverses
established skeletal muscle atrophy following mechanical unloading. Mol. Ther. 2018, 26, 2669–2680. [CrossRef]

129. Florini, J.R.; Ewton, D.Z.; Coolican, S.A. Growth hormone and the insulin-like growth factor system in myogenesis. Endocr. Rev.
1996, 17, 481–517. [CrossRef]

130. Ge, Y.; Sun, Y.; Chen, J. Igf-ii is regulated by microrna-125b in skeletal myogenesis. J. Cell Biol. 2011, 192, 69–81. [CrossRef]
131. Heil, F.; Hemmi, H.; Hochrein, H.; Ampenberger, F.; Kirschning, C.; Akira, S.; Lipford, G.; Wagner, H.; Bauer, S. Species-specific

recognition of single-stranded rna via toll-like receptor 7 and 8. Science 2004, 303, 1526–1529. [CrossRef] [PubMed]
132. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.; et al. Micrornas

bind to toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110–E2116.
[CrossRef] [PubMed]

133. 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] [PubMed]

https://doi.org/10.18632/aging.101006
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1242/dev.125.21.4155
https://www.ncbi.nlm.nih.gov/pubmed/9753670
https://doi.org/10.1016/S0092-8674(03)00437-9
https://www.ncbi.nlm.nih.gov/pubmed/12837243
https://doi.org/10.1111/j.1432-0436.2006.00129.x
https://www.ncbi.nlm.nih.gov/pubmed/17359297
https://doi.org/10.1091/mbc.e03-11-0816
https://www.ncbi.nlm.nih.gov/pubmed/15282335
https://doi.org/10.1155/2016/3758162
https://www.ncbi.nlm.nih.gov/pubmed/27378829
https://www.ncbi.nlm.nih.gov/pubmed/31497355
https://doi.org/10.1002/jcsm.12281
https://doi.org/10.1242/dev.081851
https://doi.org/10.1074/jbc.M112.378414
https://doi.org/10.1038/s41467-023-43402-z
https://www.ncbi.nlm.nih.gov/pubmed/38036537
https://doi.org/10.1074/jbc.M111.219006
https://www.ncbi.nlm.nih.gov/pubmed/21471220
https://doi.org/10.1002/jcsm.12623
https://www.ncbi.nlm.nih.gov/pubmed/32954689
https://doi.org/10.1016/j.ebiom.2017.01.015
https://www.ncbi.nlm.nih.gov/pubmed/28117277
https://doi.org/10.1016/j.celrep.2016.09.010
https://www.ncbi.nlm.nih.gov/pubmed/27705798
https://doi.org/10.7554/eLife.43017
https://www.ncbi.nlm.nih.gov/pubmed/30789342
https://doi.org/10.1016/S0014-4827(03)00252-0
https://www.ncbi.nlm.nih.gov/pubmed/12941614
https://doi.org/10.1073/pnas.96.2.552
https://doi.org/10.1016/j.ymthe.2018.09.014
https://doi.org/10.1210/edrv-17-5-481
https://doi.org/10.1083/jcb.201007165
https://doi.org/10.1126/science.1093620
https://www.ncbi.nlm.nih.gov/pubmed/14976262
https://doi.org/10.1073/pnas.1209414109
https://www.ncbi.nlm.nih.gov/pubmed/22753494
https://doi.org/10.1073/pnas.1402714111
https://www.ncbi.nlm.nih.gov/pubmed/24616506


Cells 2024, 13, 1620 25 of 25

134. He, W.A.; Berardi, E.; Cardillo, V.M.; Acharyya, S.; Aulino, P.; Thomas-Ahner, J.; Wang, J.; Bloomston, M.; Muscarella, P.; Nau, P.;
et al. Nf-kappab-mediated pax7 dysregulation in the muscle microenvironment promotes cancer cachexia. J. Clin. Investig. 2013,
123, 4821–4835. [CrossRef]

135. Wu, R.; Li, H.; Zhai, L.; Zou, X.; Meng, J.; Zhong, R.; Li, C.; Wang, H.; Zhang, Y.; Zhu, D. Microrna-431 accelerates muscle
regeneration and ameliorates muscular dystrophy by targeting pax7 in mice. Nat. Commun. 2015, 6, 7713. [CrossRef]

136. Chen, J.-F.; Tao, Y.; Li, J.; Deng, Z.; Yan, Z.; Xiao, X.; Wang, D.-Z. Microrna-1 and microrna-206 regulate skeletal muscle satellite
cell proliferation and differentiation by repressing pax7. J. Cell Biol. 2010, 190, 867–879. [CrossRef] [PubMed]

137. Zhai, L.; Wu, R.; Han, W.; Zhang, Y.; Zhu, D. Mir-127 enhances myogenic cell differentiation by targeting s1pr3. Cell Death Dis.
2017, 8, e2707. [CrossRef]

138. Fortier, M.; Figeac, N.; White, R.B.; Knopp, P.; Zammit, P.S. Sphingosine-1-phosphate receptor 3 influences cell cycle progression
in muscle satellite cells. Dev. Biol. 2013, 382, 504–516. [CrossRef]

139. Braun, T.; Gautel, M. Transcriptional mechanisms regulating skeletal muscle differentiation, growth and homeostasis. Nat. Rev.
Mol. Cell Biol. 2011, 12, 349–361. [CrossRef]

140. Lewis, A.; Riddoch-Contreras, J.; Natanek, S.A.; Donaldson, A.; Man, W.D.-C.; Moxham, J.; Hopkinson, N.S.; I. Polkey, M.; Kemp,
P.R. Downregulation of the serum response factor/mir-1 axis in the quadriceps of patients with copd. Thorax 2012, 67, 26–34.
[CrossRef] [PubMed]

141. 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. [CrossRef] [PubMed]

142. Shi, X.; Yang, J.; Liu, M.; Zhang, Y.; Zhou, Z.; Luo, W.; Fung, K.-M.; Xu, C.; Bronze, M.S.; Houchen, C.W.; et al. Circular rna anapc7
inhibits tumor growth and muscle wasting via phlpp2-akt-tgf-β signaling axis in pancreatic cancer. Gastroenterology 2022, 162, 2004–2017.
[CrossRef]

143. Belli, R.; Ferraro, E.; Molfino, A.; Carletti, R.; Tambaro, F.; Costelli, P.; Muscaritoli, M. Liquid biopsy for cancer cachexia: Focus on
muscle-derived micrornas. Int. J. Mol. Sci. 2021, 22, 9007. [CrossRef]

144. Okugawa, Y.; Yao, L.; Toiyama, Y.; Yamamoto, A.; Shigemori, T.; Yin, C.; Omura, Y.; Ide, S.; Kitajima, T.; Shimura, T.; et al. Prognostic
impact of sarcopenia and its correlation with circulating mir-21 in colorectal cancer patients. Oncol. Rep. 2018, 39, 1555–1564. [CrossRef]
[PubMed]

145. Calore, F.; Londhe, P.; Fadda, P.; Nigita, G.; Casadei, L.; Marceca, G.P.; Fassan, M.; Lovat, F.; Gasparini, P.; Rizzotto, L.; et al.
The tlr7/8/9 antagonist imo-8503 inhibits cancer-induced cachexia. Cancer Res. 2018, 78, 6680–6690. [CrossRef] [PubMed]

146. van Zandwijk, N.; Pavlakis, N.; Kao, S.C.; Linton, A.; Boyer, M.J.; Clarke, S.; Huynh, Y.; Chrzanowska, A.; Fulham, M.J.;
Bailey, D.L.; et al. Safety and activity of microrna-loaded minicells in patients with recurrent malignant pleural mesothelioma:
A first-in-man, phase 1, open-label, dose-escalation study. Lancet Oncol. 2017, 18, 1386–1396. [CrossRef] [PubMed]

147. Hanna, J.; Hossain, G.S.; Kocerha, J. The potential for microrna therapeutics and clinical research. Front. Genet. 2019, 10, 478.
[CrossRef] [PubMed]

148. Sannicandro, A.J.; McDonagh, B.; Goljanek-Whysall, K. Micrornas as potential therapeutic targets for muscle wasting during
cancer cachexia. Curr. Opin. Clin. Nutr. Metab. Care 2020, 23, 157–163. [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/10.1172/JCI68523
https://doi.org/10.1038/ncomms8713
https://doi.org/10.1083/jcb.200911036
https://www.ncbi.nlm.nih.gov/pubmed/20819939
https://doi.org/10.1038/cddis.2017.128
https://doi.org/10.1016/j.ydbio.2013.07.006
https://doi.org/10.1038/nrm3118
https://doi.org/10.1136/thoraxjnl-2011-200309
https://www.ncbi.nlm.nih.gov/pubmed/21998125
https://doi.org/10.1053/j.gastro.2018.10.026
https://www.ncbi.nlm.nih.gov/pubmed/30342032
https://doi.org/10.1053/j.gastro.2022.02.017
https://doi.org/10.3390/ijms22169007
https://doi.org/10.3892/or.2018.6270
https://www.ncbi.nlm.nih.gov/pubmed/29484416
https://doi.org/10.1158/0008-5472.CAN-17-3878
https://www.ncbi.nlm.nih.gov/pubmed/30209066
https://doi.org/10.1016/S1470-2045(17)30621-6
https://www.ncbi.nlm.nih.gov/pubmed/28870611
https://doi.org/10.3389/fgene.2019.00478
https://www.ncbi.nlm.nih.gov/pubmed/31156715
https://doi.org/10.1097/MCO.0000000000000645

	Introduction 
	Mechanisms of Non-Coding RNA for Muscle Protein Synthesis 
	IGF-1-PI3K/AKT-mTOR Pathway 
	ncRNAs That Inhibit IGF-1-PI3K/AKT-mTOR Pathway 
	ncRNAs That Activate IGF-1-PI3K/AKT-mTOR Pathway 

	AMPK–mTOR Pathway 
	Eukaryotic Translation Initiation Factors 
	SOX6 

	Mechanisms of Non-Coding RNA for Muscle Protein Degradation 
	PI3K-AKT-FOXO Pathway 
	NF-B Pathway 
	IL-6-JAK-STAT3 Pathway 
	TNF- Pathway 
	Myostatin 
	SDF1/CXCR4 Pathway 

	Mechanisms of Non-Coding RNA in Muscle Atrophy for Myoblasts 
	TGF-/SMAD Pathway 
	Wnt/Notch Pathway 
	Other Regulators 
	MyoD/MyoR/MEF2 
	IGFII 
	TLR7 
	PAX7 
	S1PR3 
	SRF 


	Other Pathway 
	Non-Coding RNAs as a Potential Clinical Application for Cachexia Muscle Atrophy 
	ncRNAs as Diagnostic Markers of Cachexia 
	ncRNAs as Potential Drugs in Cachexia 

	Conclusions and Perspectives 
	References

