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Muscle cachexia is a catabolic response, usually takes place in various fatal diseases,
such as sepsis, burn injury, and chronic kidney disease. Muscle cachexia is also a
common co-morbidity seen in the vast majority of advanced cancer patients, often
associated with low quality of life and death due to general organ dysfunction. The
triggering events and underlying molecular mechanisms of muscle wasting are not yet
clearly defined. Our recent study has shown that the ectopic expression of Twist1
in muscle progenitor cells is sufficient to drive muscle structural protein breakdown
and attendant muscle atrophy, reminiscent of muscle cachexia. Intriguingly, muscle
Twist1 expression is highly induced in cachectic muscles from several mouse models
of pancreatic ductal adenocarcinoma (PDAC), raising the interesting possibility that
Twist1 may mediate PDAC-driven muscle cachexia. Along these lines, both genetic
and pharmacological inactivation of Twist1 function was highly significant at protecting
against cancer cachexia, which translated into a significant survival benefit in the
experimental PDAC animals. From a translational perspective, elevated expression of
Twist1 is also detected in cancer patients with severe muscle wasting, implicating a
role of Twist1 in cancer cachexia, and further providing a possible target for therapeutic
attenuation of cachexia to improve cancer patient survival. In this article, we will briefly
summarize how Twist1 acts as a master regulator of tumor-induced cachexia, and
discuss the relevance of our findings to muscle wasting diseases in general. The
mechanism of decreased muscle mass in various catabolic conditions is thought to
rely on similar pathways, and, therefore, Twist1-induced cancer cachexia may benefit
diverse groups of patients with clinical complications associated with loss of muscle
mass and functions, beyond the expected benefits for cancer patients.

Keywords: activin A, twist1, MuRF1, atrogin1, muscle atrophy

Abbreviations: Atroginl/MAFbx, atroginl/muscle atrophy F-box; bHLH, basic helix-loop-helix Runx2; Elf-3f, eukaryotic
initiation factor 3f FOXO1; HIV, human immunodeficiency viruses; IL-1, interleukin 1; IL-6, interleukin 6; INF-v, interferon-
gamma; MHC, myosin heavy chain; miR-206, microRNA-206; MuRF1, muscle RING finger 1; PDAC, pancreatic ductal
adenocarcinoma; TGF-B, transforming growth factor-B; TNF-, tumor necrosis factor-alpha; Twistl, twist family bHLH
transcription factor 1.
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INTRODUCTION

Cachexia, a hypercatabolic state, is a commonly encountered
adverse effect of cancer, and markedly impairs the quality of
life by harmfully impacting both the physical and psychosocial
behaviors. An international consensus reached in 2011 explained
cancer cachexia as a multifactorial condition with continuing
skeletal muscle loss that is not reversible by standard nutritional
support, ultimately leading to functional impairment (Fearon
et al, 2011). A skeletal muscle index <7.26 kg/m? in males
and <5.45 kg/m? in females is considered as cachexia. Of
relevance, the majority of patients with pancreatic tumors
display signs of cachexia at the time of diagnosis (Fearon
et al., 2006). Even the overweight pancreatic cancer patients
develop cachexia (sarcopenic obesity), and cachexia hidden
in obesity causes extensive muscle loss, with the pathological
accumulation of adipose tissue that influences the overall
survival of the patients (Tan et al., 2009). In cancer patients,
cachexia is a progressive process that evolves through various
stages — from pre-cachexia to cachexia to refractory cachexia
(irreversible stage). It is important to find measures to reverse
from cachexia into pre-cachectic stages to provide relief to
the affected patients. Besides cancer, cachexia can also occur
in a wide range of disorders, ranging from infections to
chronic kidney diseases to cerebrovascular diseases, including
stroke and chronic obstructive pulmonary diseases (Reid et al.,
2013; Scherbakov et al., 2013; Morley, 2014). Severe muscle
wasting or cachexia is noted in up to 75% of chronic
kidney disease patients undergoing hemodialysis treatment
(Mak et al., 2011).

The underlying mechanism of cachexia, in tumor and other
catabolic disorders, are not yet clearly understood. Various
catabolic conditions are associated with altered expression
and regulations of transcription factors and nuclear cofactors
that induce a specific group of genes, which are believed
to execute the final steps of muscle atrophy. Two muscle-
specific ubiquitin ligases, MuRF1 and Atroginl/MAFbx, are
essential for the degradation of muscle proteins, including
myosin heavy chain (MHC) and eukaryotic initiation factor
3f (Elf-3f) (Clarke et al., 2007; Lagirand-Cantaloube et al,
2008). Transcription factors, FOXO1 is an important regulator
of muscle atrophy, and is shown to be affected by sepsis and
elevated levels of glucocorticoids (Stitt et al., 2004; Crossland
et al, 2008; Waddell et al, 2008; Reed et al., 2012; Xu
et al, 2012; Huynh et al, 2013). It is a key regulator of
genes involved in muscle wasting, including Atrogin-1 and
MuRF1 (Li et al, 2007; Leger et al., 2009; Pomies et al,
2016). FOXO1 also regulates genes involved in the autophagy-
lysosomal proteolytic pathway (Sengupta et al, 2009; Milan
et al, 2015). MyoD 1is a muscle-specific transcription factor
that regulates muscle cell differentiation (Davis et al., 1987).
Recently, MyoD-induced muscle cell differentiation is shown
to be mediated by Twistl through miR-206 (Koutalianos et al.,
2015). Our recent studies suggest that the transcription factor
Twistl is also actively involved in the regulation of cancer-
induced muscle wasting presumably owing to its ability to
induce the expression of MuRF1 and Atroginl, thereby causing

muscle protein degradation and attendant muscle cachexia
(Parajuli et al., 2018).

Of particular clinical importance, developing effective
treatments to curb cachexia and muscle wasting disorders
are essential for improving the quality of health and survival
of the cancer patients and beyond. Tumor necrosis factor-
alpha (TNF-a), interleukin 1 (IL-1), interleukin 6 (IL-6) and
interferon-gamma (IFN-y) are the main cytokines that are
thought to be involved in the evolvement of cachexia, in general
(Fong et al., 1989; Strassmann et al., 1993; Kayacan et al., 2006;
White, 2017). However, clinically targeting these cytokines
showed mixed results. For instance, in a clinical trial, infliximab
(anti-TNF-a monoclonal antibody) showed no improvement
of cachexia in cancer patients (Jatoi et al., 2010). In contrast,
treating tumor patients with a humanized monoclonal anti-IL-6
antibody increased hemoglobin levels and reduced muscle
wasting (Rigas et al., 2010).

TWIST1

Twist was initially identified in Drosophila (Thisse et al,
1987). Later, Twist isoforms have been identified in humans
and mice (Wolf et al, 1991; Wang et al., 1997). Twistl is
a member of the basic helix-loop-helix (bHLH) transcription
factor family that controls the activity of genes essential for
embryogenesis and organogenesis (el Ghouzzi et al., 1997; Wang
et al., 1997; Pan et al., 2009). Human and mouse Twistl proteins
share a very high amino acid sequence identity (96%). The
Twistl protein is involved in the generation and maturation
of cells that eventually form the musculoskeletal system.
Notably, during development, Twist proteins transiently inhibit
Runx2 function, causing osteoblast-specific gene expression
that leads to osteoblast differentiation (Bialek et al., 2004).
Of relevance, human Twistl is highly expressed in fetal
myoblasts, and its level diminishes in the later stages of
development (Koutsoulidou et al., 2011). Mutations in the
TWISTI gene in human is associated with craniosynostosis
(premature closure of the sutures between the bones of the
skull), as noted in the Saethre-Chotzen syndrome-affected
individuals (Howard et al., 1997). Heterozygous TwistI knockout
mice showed craniofacial and limb abnormalities, mimicking
clinical features of Saethre-Chotzen syndrome patients. Of
note, homozygous Twistl knockout mice were embryonically
lethal, suggesting a crucial role of this gene in embryonic
survival and development (Chen and Behringer, 1995). In adult
mice, Twistl is expressed in a limited number of tissues,
including fibroblasts of the mammary glands and dermal papilla
cells of the hair follicles (Xu et al, 2013). Consequently,
inducible knockout of Twist] in adult mice did not affect
their overall health and viability, implicating a more important
role of Twistl during early development than in adult life
(Xu et al., 2013).

Studies using breast cancer cell lines have shown an important
role of Twistl in epithelial-to-mesenchymal transformation,
intravasation and metastasis (Xu et al., 2017); more importantly,
genetically ablating the Twistl function effectively inhibited
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breast tumor cell intravasation and lung metastasis (Xu et al,,
2017). In a similar line of study, Twist1 overexpression has shown
to be associated with the progression of several human malignant
tumors, including pancreatic ductal adenocarcinoma (PDAC)
(Lee and Bar-Sagi, 2010; Qin et al., 2012).

The role of Twistl in myogenesis is not clear. In Drosophila,
Twist has been shown to enhance myogenesis, while in mouse
myoblasts (C2C12) and human embryonic stem cells (embryoid
bodies), Twistl has shown to inhibit muscle cell differentiation
(Hebrok et al, 1994; Rohwedel et al., 1995; Cao et al,
2008; Koutsoulidou et al, 2011). Moreover, overexpression
of Twistl reverses the process of muscle cell differentiation
(Hjiantoniou et al.,, 2008; Mastroyiannopoulos et al., 2013).
Recently, we have shown that induction of Twistl is also
related to muscle cachexia during the progression of cancer
(Parajuli et al., 2018).

TWIST1 ACTIVATION AND
CANCER-INDUCED CACHEXIA

Studies have shown that numerous hormones, cytokines, and
tumor-derived factors play key roles in the initiation and
propagation of cancer cachexia by involving several major
intracellular signaling systems (Benny Klimek et al, 2010).
ACctRIIB is a high-affinity activin type two receptor that facilitates
the signaling of various factors, including myostatin, and
activin (Lee and McPherron, 2001; Souza et al., 2008). Induced
expression of activin could cause cachexia in tumor-free mice
(Chen et al., 2014). Myostatin is a secreted protein of the
TGF-p family, which is mostly expressed in skeletal muscle,
including muscle progenitor satellite cells. In a mouse model
of pancreatic cancer-induced cachexia, therapeutic reduction
of TGF-B resulted in reduced cachexia and increased survival
(Greco et al,, 2015). Furthermore, increased signaling activity
through ActRIIB pathway has shown to be involved in both
tumorigenesis and cancer-induced cachexia (Wildi et al., 2001;
Costelli et al., 2008; Zhou et al., 2010). Intriguingly, blocking
the bioactivities of ActRIIB has been shown to reverse cancer-
induced cachexia and cardiac atrophy, and this response resulted
in the extended lifespan of the experimental animals even without
reducing the tumor growth (Zhou et al., 2010).

As mentioned, two muscle-specific ubiquitin ligases,
MuRF1, and Atroginl/MAFbx are essential to muscle protein
degradation, including MHC and EIf-3f (Clarke et al., 2007;
Lagirand-Cantaloube et al., 2008). Myostatin can induce the
expression of MuRF1 and Atroginl/MAFbx as well as Twistl
(Parajuli et al., 2018), and genetic inactivation of myostatin
has shown to protect against cancer-induced cachexia (Gallot
et al.,, 2014). Selectively inducing Twisl in mesenchymal stem
cells using mouse genetics tools caused severe hypotrophy of
the skeletal muscle (Parajuli et al, 2018). Interestingly, when
similar in vivo studies were conducted on muscle progenitor
cells (satellite cells), overexpression of Twistl resulted in the
loss of muscle mass in adult mice. Morphological analysis of
the Twistl overexpressing atrophic muscle showed markedly
reduced myofiber diameters, as compared to the control animals,

clearly demonstrating the in vivo role of Twistl hyperactivity in
muscle atrophy (Parajuli et al., 2018).

THERAPEUTIC POTENTIAL OF TWIST1
IN CANCER

In a healthy-weight individual, skeletal muscle comprises almost
40% of total human body mass (Rolfe and Brown, 1997).
Studies have shown that patients with pancreatic cancer have
often developed severe cachexia, which is associated with
substantial weight loss and skeletal muscle atrophy. Noteworthy,
conventional nutritional support cannot fully reverse the loss
of muscle function in these patients. Almost one-third of
cachectic patients develop severe respiratory muscle dysfunction,
causing death due to cardiopulmonary failure in pancreatic
cancer patients (Bachmann et al, 2008). In experimental
models of pancreatic cancer, reducing cachexia can improve
overall survival, despite persistent tumor growth, suggesting
that cachexia is an important determinant of survival in tumor
patients (Tisdale, 2010).

Our studies have shown that tumor-derived Activin A acts
on the muscle to upregulate the expression of Twistl, which
in turn induces the synthesis of the muscle-specific ubiquitin
ligases, MuRF1 and Atrogin1, thereby causing muscle cachexia by
facilitating muscle protein degradation (Figure 1; Parajuli et al.,
2018). In experimental studies, serum activin levels correlated
with PDAC-induced cachexia and eventual mortality (Zhong
et al., 2019). In the murine model of PDAC-induced cachexia,
activins (activin-BA, or Inhba) are expressed, both in tumor cells
and tumor stromal cells. Treatment with an activin inhibitor in
a murine model of PDAC-induced cachexia reduced weight loss

Cancer Cachexia

FIGURE 1 | Pancreas-muscle axis. Tumor-derived Activin A acts on the
muscle to upregulate the expression of Twist1, which in turn induces the
synthesis of the muscle-specific ubiquitin ligases (MuRF1 and Atrogin1),
thereby causing cancer cachexia by facilitating muscle protein degradation
(Parajuli et al., 2018).
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and cachexia with the resultant effect being prolonged survival
(Zhong et al., 2019). Moreover, using the pharmacological drug
JQ1, a small molecule that suppresses Twist1 activity by blunting
its binding to MuRF1 and Atroginl promoters, muscle cachexia
could be reversed in PDAC mice deleted of Twistl, indicating
that inhibition of Twistl activity in muscle in indispensable
for preventing muscle cachexia. Treatment with JQ1 prevented
weight loss, which was associated with increased muscle mass
and myofiber size, in turn resulting in improved muscle function
and better survival of the PDAC-induced cachectic mice (Parajuli
et al,, 2018). It is important to emphasize that the apparent
survival benefit of these experimentally induced tumor models
(due to suppression of Twistl activity) was mostly related to
the reversal of muscle cachexia, and not due to shrinkage
of tumor (Parajuli et al., 2018). These in vivo observations
suggest that Twistl could be a therapeutic target to reduce
muscle mass loss in tumor and other chronic debilitating
diseases, not only to improve quality of life, but also to increase
disease-free survival.

In mice with chronic kidney disease, a two- to three-
fold increase in myostatin expression was detected in muscle
(Zhang et al.,, 2011); after 7 days of treatment with the anti-
myostatin peptibody, muscle weights in mice with chronic
kidney disease was significantly greater than those in vehicle-
treated chronic kidney disease mice. Such gain of muscle
mass was also reflected in the body weight gain of mice
with chronic kidney disease that were treated with the anti-
myostatin peptibody (Zhang et al, 2011). Furthermore, the
elevated level of activin A was detected in various tissues
in mice with chronic kidney disease (Williams et al., 2018).
Interestingly, experimentally induced chronic kidney disease
animals also showed higher expression of Atrogin-1 and MuRF-1

TABLE 1 | A partial list of the disorders associated with muscle wasting.

e Aging

e Anorexia nervosa

e Burns

e Cancer

e Chronic kidney disease

e Chronic obstructive pulmonary disease
e Congestive heart failure

o Cystic fibrosis

e Dermatomyositis

o Guillain-Barre Syndrome
e Lack of physical activity

e Long-term corticosteroid therapy
e Malnutrition (Kwashiorkor)
o Multiple sclerosis

o Osteoarthritis

e Peripheral neuropathy

o Polio (viral disease)

o Poliomyelitis

e Rheumatoid arthritis

o Sepsis

e Spinal cord injury

(Avin et al., 2016). Whether such an increase in the expression
of activin A in chronic kidney disease leads to the activation of
Twistl to induce the expression of Atrogin-1 and MuRF-1 needs
further studies.

Given the similarities in the general mechanisms governing
muscle cachexia, one would surmise that the development
of a therapeutic strategy to reduce the disease burden
associated with reduced muscle function and cachexia would
also benefit patients beyond tumor (Table 1). For instance,
in chronic kidney disease patients undergoing hemodialysis
treatment, the stable weight patients have better survival
than those with weight loss (Villain et al., 2015). Of clinical
importance, muscle wasting or cachexia occurs in up to 75%
of chronic kidney disease patients on hemodialysis (Mak et al.,
2011). Despite such widespread occurring of muscle wasting
and its adverse impact on the survival of chronic kidney
disease patients, there is no selective and effective clinical
treatment of cachexia in patients with chronic kidney disease.
Reducing the abundance of MuRF1 and atrogin-1 in skeletal
muscles of the tumor and chronic diseases through targeting
upstream regulators would likely to attenuate muscle cachexia
(Zhang et al., 2018).

CONCLUSION

Cachexia occurs in many end-stage illnesses, including cancers,
chronic kidney diseases, chronic cardiac diseases, chronic
obstructive pulmonary diseases, chronic liver diseases, severe
burns, HIV infections, rheumatoid arthritis, and aging (Mattox,
2017; von Haehling et al., 2017; Baracos et al., 2018; Scicchitano
et al,, 2018; Thakur et al., 2018). Roughly, 30% of patients
with chronic lung, liver, heart or kidney diseases develop
cachexia, while around 50% of cancer patients develop that
syndrome, either as a direct consequence of the disease itself
or as a consequence of treatment. Since cachexia cannot
always be reversed by nutritional supplements, its underlying
mechanism is different than that of an eating disorder, such
as anorexia. Moreover, cachexia usually affects the loss of the
muscular component of the body, while starvation initially
initiates the loss of fat mass (Morley et al., 2006). The
overall devastating impact of cachexia on patients with chronic
diseases can not only reduce physical activities and quality
of life but more importantly, can shorten survival (Farkas
et al., 2013). Hence, developing effective treatments to reduce
the progression of cachexia and muscle wasting disorders are
essential clinical need to reduce disease burden and improve the
quality of life and survival of the cancer patients and beyond.
Twistl promotes epithelial-mesenchymal transition, invasion,
metastasis, and chemotherapy resistance in cancer cells and thus
is a potential target for cancer therapy (Kang and Massague,
2004; Vernon and LaBonne, 2004; Yang et al., 2004; Lee et al.,
2006; Yuen et al., 2007). Our recent identification of Twistl
as a master regulator of tumor-induced cachexia provides a
promising therapeutic target to attenuate cachexia to improve
cancer patient survival. In fact, pharmacological inactivation
of the Twistl function showed promising effects of protecting
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cancer-induced cachexia, with a significant survival benefit
in the experimental model of pancreatic carcinoma (Parajuli
et al., 2018). Based on the inducible Twistl knockout mice
studies, it appears that Twistl has rather a non-essential role
in adult animals (Xu et al., 2013), and therefore, targeting
Twistl to manipulate tumor-induced cachexia would be a
suitable drug target that is likely to exert minimal advert effects
in adult patients. Further studies are needed to determine
the effects of suppressing Twistl function in muscle wasting
diseases, in general.
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