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Skeletal muscle secretes numerous systemic factors, termed myokines, which can regulate homeostasis of
distal tissues. In this issue, Rai et al. (2021) identify and characterize a novel myokine, Amyrel, which is
secreted under muscle proteasome stress and protects central nervous system health and function by
enhancing protein quality control during aging.

During aging, many organisms face de-
clines in cellular homeostasis across
tissues. In particular, disruptions to pro-
teostasis, the ability for cells to manage
unneeded or misfolded proteins, play a
causal role in age-related diseases like
neurodegeneration (Douglas and Dillin,
2010; Schmidt and Finley, 2014). Interest-
ingly, a growing body of evidence sug-
gests that cellular stress in a single tissue
can be communicated systemically, so
that multiple tissues can coordinate and
respond to homeostatic perturbations.
An often-overlooked tissue that modu-
lates systemic physiological and metabolic
homeostasis is skeletal muscle. Besides
its obvious role in physical movements,
skeletal muscle is a major endocrine organ
that secretes many cytokines and growth
factors. These muscle-derived factors,
termed myokines, have been causally
linked to adaptive changes across multiple
tissues, including enhanced neurogenesis
in the central nervous system (CNS) and
improved cognitive function (Pedersen,
2019). Until recently, however, the relation-
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ship between cellular stress in muscles,
myokine release, and nervous system
health during aging has remained poorly
understood. In their recent work, Rai and
colleagues delineate the mechanism by
which proteasome stress in skeletal mus-
cles causes the release of an amylase my-
okine called Amyrel, which ultimately
drives metabolic changes and enhanced
proteostatic function in the CNS during ag-
ing (Rai et al., 2021).

The ubiquitin-proteasome system is
responsible for degradation and turnover
of the majority of intracellular proteins,
and is thus critical in maintaining cellular
proteostasis (Kitajima et al., 2020).
Misfolded and unneeded proteins are
poly-ubiquitinated and targeted to pro-
teasomes for degradation. Similar to other
proteostasis pathways, proteasome func-
tion has been shown to decline with age in
a number of tissues, including skeletal
muscle (Fernando et al., 2019). To under-
stand how proteasome stress in skeletal
muscle affects tissues both locally
and systemically, Rai et al. developed a

Cell Metabolism 33, June 1, 2021 © 2021 Published by Elsevier Inc.

model of muscle proteasome stress in
Drosophila melanogaster by knocking
down proteasome subunits via RNA
interference (RNAi). RNA sequencing
(RNA-seq) of muscle tissue with these
proteasome disruptions revealed local
compensatory transcriptional upregula-
tion of chaperones, proteases, and pepti-
dases. More interestingly, however, was
their finding that muscle-specific protea-
some stress did not alter the amount of
insoluble ubiquitinated proteins that ac-
cumulates with age in muscles, but did
lead to a significant decrease of such ag-
gregates in CNS tissues.

Next, to understand how proteasome-
stressed muscle signals to the CNS to
promote protein degradation, Rai et al.
tested several myokines regulated by pro-
teasome stress, uncovered through RNA-
seq analysis. They found that the amylase
Amyrel was consistently upregulated dur-
ing proteasome disruption, and that ge-
netic overexpression of Amyrel in thoracic
muscle tissue was sufficient to reduce
insoluble proteasome substrates, as well
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Maltose reduces protein
aggregates in human
cortical organoids
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Figure 1. Under proteasome stress, the myokine Amyrel elevates systemic maltose levels,
which protect the CNS against age and stress-associated protein aggregation

RNAi to proteasome subunits in thoracic muscle drives systemic secretion of an amylase myokine called
Amyrel. Amyrel degrades polysaccharides into maltose, which is transported into central nervous system
tissues by a sugar solute carrier protein (Slc45). In these tissues, maltose induces expression of chap-
erones and proteases, which abate the age-associated accumulation of insoluble proteins, and protects
against Tau-induced neurodegeneration in Drosophila melanogaster. Finally, Amyrel and maltose reduce
heat-shock-induced aggregation of proteins in human cell culture and cortical organoid models, and

preserve neuronal function in cortical organoids.

as aggregates of the pathogenic mutant
Huntingtin protein, in the CNS (Figure 1).
Fascinatingly, Rai et al. also show that
muscle-specific Amyrel overexpression
protects retinal tissue from age-associ-
ated neurodegeneration in flies express-
ing pathogenic human Tau protein.

To determine how Amyrel functions to
confer its benefits on the aging CNS, Rai
et al. conducted RNA-seq on CNS tissue
from muscle-specific Amyrel over-ex-
pressors versus control flies, and found
an enrichment in chaperone genes, which
are important in responding to misfolded
and aggregated proteins. Notably, they
found that knocking down these chap-
erone genes abated the neuroprotective
effects of Amyrel overexpression, sug-
gesting that Amyrel’s protective effects
likely act through this chaperone network.

In flies, Amyrel is a freely circulating
amylase that breaks down complex
sugars into the disaccharide maltose, so
the authors posited that its enzymatic ac-
tivity should be of importance for its
function in the CNS. Indeed, they found
that increased Amyrel levels led to in-
creases in maltose levels in the body
and head, and that addition of maltose
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on cultured fly cells led to a decrease in
heat-shock-induced poly-ubiquitinated
proteins. Further, they found that Amyrel’s
protective effect against aging, as well as
the expression of chaperones in CNS tis-
sue, depends upon expression of a
maltose transport protein (Slc45).

As maltose is readily found in humans
and other mammals, the authors further
tested whether maltose supplement can
promote proteostasis in cultured human
cells and organoids. Remarkably, they
found that human cortical organoids
treated with maltose exhibit reduced
insoluble protein aggregates following
heat-shock, and improved neuronal func-
tion, as measured by neuronal action
potentials, in a dose-dependent manner.
These results suggest that maltose-medi-
ated proteostasis might be an evolution-
arily conserved mechanism in preserving
CNS function.

Interestingly, while amylases are gener-
ally thought to be restricted to the diges-
tive system, they are found to be enriched
in human plasma with age (Lehallier et al.,
2019) and secreted by mouse skeletal
muscles (Deshmukh et al., 2015). Further-
more, this study found that amylase can
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be induced with proteasome stress in hu-
man cultured cells and brain cortical orga-
noids, suggesting that amylase may act
as a stress-induced signaling molecule
for regulating systemic proteostasis. An
obvious and exciting question is how
amylase might be upregulated in vivo. Hu-
man and animal studies have shown that
physical exercise can protect and restore
brain function through a number of myo-
kines (Pedersen, 2019). Are amylases
also upregulated under exercise? One
caveat is that previous studies in healthy
mice show that exercise upregulates skel-
etal proteasome function instead of
showing signatures of proteasome stress
(VerPlank et al., 2019). However, given
that proteasome function declines with
age, it is possible that exercise might
induce proteasome stress, and thus
amylase secretion, in older animals.

Finally, more studies need to be dedi-
cated to uncovering how maltose modu-
lates distal cellular proteostasis. Rai
et al. found that maltose promotes pro-
teostasis in cell culture models, likely
through its chemical-chaperone activity
and/or inducing expression of chaperone
and proteases. However, it is unclear
whether the concentration of maltose
used in these in vitro studies is physiolog-
ically relevant. Although maltose can be
found in human serum (Darst et al,
2019), it is unclear how long it stays in cir-
culation and whether it will accumulate at
concentrations high enough to affect pro-
teostasis in the CNS and other tissues.
Future studies on how aging, exercise,
and even diet can alter maltose levels
will reveal how amylase and maltose
regulate organismal proteostasis and
health, and can potentially provide new
therapeutic strategies for tackling neuro-
logical decline with age.

ACKNOWLEDGMENTS

C.K.T. is supported by 1 F32 AG069388 through
the National Institute of Aging (NIA), J.G.D. is sup-
ported by 1T32NS095939-01 through the National
Institutes of Health, and A.D. is supported by the
Howard Hughes Medical Institute.

DECLARATION OF INTERESTS
The authors declare no competing interests.
REFERENCES

Darst, B.F., Koscik, R.L., Hogan, K.J., Johnson,
S.C., and Engelman, C.D. (2019). Longitudinal


http://refhub.elsevier.com/S1550-4131(21)00224-2/sref1
http://refhub.elsevier.com/S1550-4131(21)00224-2/sref1

Cell Metabolism

plasma metabolomics of aging and sex. Aging
(Albany N.Y.) 11, 1262-1282.

Deshmukh, A.S., Murgia, M., Nagaraj, N., Treebak,
J.T., Cox, J., and Mann, M. (2015). Deep prote-
omics of mouse skeletal muscle enables quantita-
tion of protein isoforms, metabolic pathways, and
transcription factors. Mol. Cell. Proteomics 174,
841-853.

Douglas, P.M., and Dillin, A. (2010). Protein ho-
meostasis and aging in neurodegeneration.
J. Cell Biol. 190, 719-729.

Fernando, R., Drescher, C., Nowotny, K., Grune,
T., and Castro, J.P. (2019). Impaired proteostasis
during skeletal muscle aging. Free Radic. Biol.
Med. 132, 58-66.

Kitajima, Y., Yoshioka, K., and Suzuki, N. (2020).
The ubiquitin-proteasome system in regulation of
the skeletal muscle homeostasis and atrophy:
from basic science to disorders. J. Physiol. Sci.
70, 40.

Lehallier, B., Gate, D., Schaum, N., Nanasi, T., Lee,
S.E., Yousef, H., Moran Losada, P., Berdnik, D.,
Keller, A., Verghese, J., et al. (2019). Undulating
changes in human plasma proteome profiles
across the lifespan. Nat. Med. 25, 1843-1850.

Pedersen, B.K. (2019). Physical activity and mus-
cle-brain crosstalk. Nat. Rev. Endocrinol. 715,
383-392.

Rai, M., Coleman, Z., Curley, M., Nityanandam, A.,
Platt, A., Robles-Murguia, M., Jiao, J., Finkelstein,

¢? CellPress

D., Wang, Y.D., Xu, B., et al. (2021). Proteasome
stress in skeletal muscle mounts a long-range pro-
tective response that delays retinal and brain ag-
ing. Cell Metab. 33, this issue, 1137-1154.

Schmidt, M., and Finley, D. (2014). Regulation of
proteasome activity in health and disease.
Biochim. Biophys. Acta. 7843, 13-25.

VerPlank, J.J.S., Lokireddy, S., Zhao, J., and
Goldberg, A.L. (2019). 26S Proteasomes are
rapidly activated by diverse hormones and physio-
logical states that raise cAMP and cause Rpn6
phosphorylation. Proc. Natl. Acad. Sci. USA 116,
4228-4237.

Mitochondrial quality control: Just walk away

Douglas R. Green'-*

1St. Jude Children’s Research Hospital, Memphis, TN, USA

*Correspondence: douglas.green@stjude.org

https://doi.org/10.1016/j.cmet.2021.05.011

The repair and removal of damaged mitochondria is essential for sustaining cellular and tissue homeostasis.
Now in Cell, Jiao et al. (2021) describe a novel mechanism of such quality control in which damaged mito-
chondria move to the plasma membrane where they are “packaged” and left behind the trailing edge of

migrating cells.

Damaged mitochondria are removed by a
process of selective autophagy called mi-
tophagy (Moehlman and Youle, 2020) or
repaired by the extrusion of mitochon-
dria-derived vesicles (MDVs) containing
damaged or toxic mitochondrial proteins
(Sugiura et al., 2014). Such quality control
is important in sustaining the cell and its
progeny, as well as in preventing the con-
sequences of defective mitochondria,
such as the production of reactive oxygen
species (ROS). Now, a third mechanism of
mitochondrial quality control has been
discovered in migrating cells (Jiao et al.,
2021). Defective mitochondria move to
the plasma membrane at the trailing
edge, where they move into small vesicu-
lar structures that form in the retraction fi-
bers. Like breadcrumbs left by wandering
siblings, these structures are deposited
behind the migration path of the cell, in a
process the authors call “mitocytosis.”
Vesicular structures deposited during
migration are generally known as “migra-
somes” (Ma et al., 2015). Their formation
is driven by the tetraspanin family of pro-
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teins, which can also be used to visualize
these structures. Migrasomes in devel-
oping zebrafish embryos are enriched
for morphogens and chemokines, and
are important for normal organogenesis
(Jiang et al., 2019), as they are perhaps
required to create developmental gradi-
ents for proper chemotaxis.

In the context of mitocytosis, Jiao et al.
(2021) present compelling evidence that
defective mitochondria are placed into
migrasomes as a mechanism for their
disposal. In one particularly elegant
experiment, they utilized cells that are
heteroplasmic for mitochondria with
mutant mitochondrial DNA and found
that the migrasomes were enriched for
this mutation. The authors observed mi-
tocytosis in a variety of cell lines and in
bone marrow-derived macrophages
(miscalled as monocyte-derived), as
well as in neutrophils monitored in vivo.
Strikingly, macrophages and neutrophils
defective in mitocytosis due to ablation
of tetraspanin-9 accumulated defective
mitochondria, as measured by a loss

Cell Metabolism 33, June 1, 2021 © 2021 Published by Elsevier Inc.

of mitochondrial transmembrane poten-
tial (AWm).

To induce mitocytosis, the authors em-
ployed several strategies to mimic mito-
chondrial damage. These included mild
reduction of AWm with the uncoupler,
CCCP, inhibition of the FoF; ATPase with
oligomycin, treatment with the iron chelator
deferiprone, or with the complex Il inhibitor
antimycin. It is difficult to identify a mito-
chondrial feature that is common to all of
these treatments and might represent a
signal to identify a defective mitochon-
drion. While the authors suggest that ROS
production might be such a signal, and
indeed, they show that the sequestered
mitochondria in antimycin-treated cells
stain with a probe for ROS, these reactive
species are not generated by CCCP, oligo-
mycin, or deferiprone. CCCP and antimy-
cin cause a reduction in A¥m. Oligomycin
also causes such loss of AWm in mitochon-
dria that are defective for electron trans-
port, which would be in keeping with this
being a representative signal for mitocyto-
sis—as it is for mitophagy and MDV
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