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OUTLOOK

A serine metabolic enzyme is tlexing its
muscle to help repair skeletal muscle
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Metabolic reprogramming of stem cells is a targetable
pathway to control regeneration. Activation of stem
cells results in down-regulation of oxidative phosphoryla-
tion (OXPHOS) and fatty acid oxidation (FAO) and turns
on glycolysis to provide fuel for proliferation and specific
signaling events. How cell type-specific events are regu-
lated is unknown. In this issue of Genes & Development
Ciuffoli and colleagues (pp. 151-167) use metabolomic,
gene inactivation, and functional approaches to show
that phosphoserine aminotransferase (Psatl), an enzyme
in serine biosynthesis, is activated in muscle stem cells
and contributes to cell expansion and skeletal muscle
regeneration via the production of a-ketoglutarate and
glutamine.

Metabolic pathways are complex and interrelated, as
depicted in vast and complicated charts that are studied
in biochemistry courses. Those charts usually contain
all the possible pathways a cell can use. However, the im-
portance and contribution of any given pathway to specif-
ic cell types and particular cellular mechanisms are harder
to establish. Gene expression profiling and metabolic
screens provide a plethora of information on regulated
gene and metabolite levels and on rate-limiting steps.
However, mechanistic and causal relationships are harder
to establish due to the interrelatedness of metabolic path-
ways. In recent years the concept of metabolic reprogram-
ming emerged, positing that shifts in sources of energy or
activation of particular metabolic pathways not only rep-
resents the adaptation to extrinsic cues but also serve as
regulatory pathways bringing about changes in cellular
phenotypes. Such reprogramming events have been docu-
mented for immune cells and also for stem cells (Zhou
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et al. 2012; Takashima et al. 2014; Sperber et al. 2015)
and represent a balancing act between the constraints pro-
vided by extrinsic conditions (inducing signal) and the in-
trinsic (metabolic) requirements of a given cellular state.
In stem cells transitioning from the naive state to the
primed, the pluripotent state of mouse stem cells reduces
OXPHOS and increases rates of glycolysis (Shyh-Chang
and Ng 2017). This is initiated by high expression of glu-
cose transporters (Leese 1995; Zhou et al. 2012). Similar
observations have been made for adult stem cells as
well, such as skeletal muscle stem cells, which in their
quiescent state have an SIRT1-activated PGCla to pro-
mote FAO in the mitochondria. PGCla activates
OXPHOS genes and suppresses glycolysis, resulting in
high levels of NAD* and an active SIRT1 (Wu et al.
1999; Gerhart-Hines et al. 2007). Once activated, muscle
stem cells deactivate FAO and turn on glycolysis (Ryall
et al. 2015). This metabolic switch decreases NAD*, deac-
tivates SIRT1 and its histone H4K16 deacetylation activ-
ity, and activates myogenic transcription programs and
muscle differentiation. However, the switch between
these two metabolic states becomes less efficient over
time, which leads to a reduced number of muscle stem
cells and a reduced capacity to self-renew. Therefore,
any mechanistic insight into the causative relationships
between the metabolic switch, stem cell activation, and
muscle fiber formation can have significant therapeutic
implications.

Ciuffoli et al. (2024) succeeded in identifying such a
pathway in muscle stem cells in mice. Their primary ob-
servation was that enzymes of the serine biosynthetic
pathway (Phgdh, Psatl, and Psph) (Fig. 1) are barely detect-
able in quiescent muscle stem cells and rapidly induced
upon activation or injury. Out of the three, only Psatl
proved to be essential for in vitro muscle cell line prolifer-
ation; thus, they focused on this one in their subsequent
studies. Psatl catalyzes 3-phosphohydroxypyruvate and
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Lower activity of PSAT1 causes less efficient

muscle regeneration.
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Figure 1. The integration of Psatl into glycolysis and the serine biosynthetic pathway and its contribution to additional signaling mech-
anisms. Glycolysis converts glucose to lactate via 3-phosphoglycerate (3PG), 2-phosphoglycerate (2PG), phospho-enol-pyruvate (PEP), and
pyruvate. De novo serine biosynthesis from 3PG to 3-phosphohydroxypyruvate (3PHP) to 3-phosphoserine (3P-Ser) to serine via the en-
zymes phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase (Psatl), and phosphoserine phosphatase (PSPH). a-
Ketoglutarate (aKG) is converted to glutamate, and glutamine synthase 2 converts it to glutamine. aKG is required for demethylases
and ten eleven translocation (TET), a methylcytosine dioxygenase. aKG also contributes to the tricarboxylic acid (TCA) cycle in the mi-
tochondrion. PSAT1 is known to be regulated by the transcription factor ATF4 via input from mTORC], elFa, and NRF2 (He et al. 2023). It
is not known whether this pathway is active in activated muscle stem cells. The green-shaded rectangle shows the pathway identified by
Ciuffoli et al. (2024) as contributing to muscle stem cell proliferation and tissue regeneration. (Figure created with BioRender.com.)

glutamate into 3-phosphoserine and a-ketoglutarate. It in-
tegrates metabolic pathways critical for cell proliferation,
survival, migration, and epigenetics, such as glycolysis, de
novo serine synthesis, citric acid cycle, and one-carbon
metabolism. Therefore, all these activities had to be con-
sidered in rigorous mechanistic studies. The role of Psatl
was further focused by their metabolomic findings show-
ing that aminomalonate, glycine, glucose-1-phosphate,
and a-ketoglutarate (aKG) were significantly reduced
upon siRNA-mediated knockdown of Psatl while rele-
vant amino acid (serine, methionine, glutamic acid, cyste-
ine, and alanine) levels were not changed. By generating
an inducible Pax7-driven Cre knockout mouse line, they
could demonstrate further that Psatl is indeed required
for muscle regeneration in an acute muscle injury para-
digm. It is well established that aKG is linked to dioxyge-
nases, including histone H3K27 and H3K9 demethylases
and the TET family of DNA demethylases (Klose and
Zhang 2007; Carey et al. 2015; Islam et al. 2018). These ob-
servations naturally raised the intriguing and very plausi-

96 GENES & DEVELOPMENT

ble hypothesis that one of these pathways might be
involved in the phenotype switch. The investigators
painstakingly examined these pathways using epige-
nomic methods and came up empty-handed. They could
not detect meaningful changes; thus, the culprit must be
somewhere else. Another plausible scenario for the ob-
served changes is that aKG is also a key tricarboxylic
acid (TCA) cycle intermediate, so its reduced level might
affect mitochondrial TCA (Fig. 1). Relevant mitochondrial
parameters (mitochondrial content and basal, maximal,
and spare mitochondrial respiratory capacities) were un-
changed in the Psatl-depleted myoblasts. This left one
more pathway to examine: the conversion of aKG to glu-
tamate. They hit the jackpot there. They found that gluta-
mate levels were reduced and the addition of aKG
normalized the glutamate levels. In addition, glutamine
could improve Psat1 knockout cell proliferation. Finally,
to support the in vivo relevance of their findings and
open up potential therapeutic utility, they demonstrated
that both oKG and glutamine can improve muscle
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regeneration upon injury and in geriatric mice. The suc-
cess of this tour de force approach to examine all facets
of a complex metabolic hub could yield not only exciting
novel insights into muscle stem cell activation and prolif-
eration but also therapeutically relevant findings. Further
work is needed to determine the upstream signal(s) and
pathways initiating the induction of Psatl. Some promis-
ing candidates include ATF4, either via the mTORCI,
elF2a, or NRF2 pathways (Fig. 1; He et al. 2023). The iden-
tity of downstream mechanisms and to what extent the
pathway identified by Ciuffoli et al. (2024) is involved in
other stem cell niches remain to be explored. Finally,
the translatability of such mechanistic, metabolic studies
affords new opportunities to target human diseases such
as age-related muscle atrophy, sarcopenia, and cachexia
and would be of great value to researchers and physicians
alike.
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