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Abstract

In contrast to the adult mammalian central nervous system (CNS), the neurons in the periph-
eral nervous system (PNS) can regenerate their axons. However, the underlying mechanism
dictating the regeneration program after PNS injuries remains poorly understood. Combining
chemical inhibitor screening with gain- and loss-of-function analyses, we identified p90 ribo-
somal S6 kinase 1 (RSK1) as a crucial regulator of axon regeneration in dorsal root ganglion
(DRG) neurons after sciatic nerve injury (SNI). Mechanistically, RSK1 was found to preferen-
tially regulate the synthesis of regeneration-related proteins using ribosomal profiling. Inter-
estingly, RSK1 expression was up-regulated in injured DRG neurons, but not retinal ganglion
cells (RGCs). Additionally, RSK1 overexpression enhanced phosphatase and tensin homo-
log (PTEN) deletion-induced axon regeneration in RGCs in the adult CNS. Our findings
reveal a critical mechanism in inducing protein synthesis that promotes axon regeneration
and further suggest RSK1 as a possible therapeutic target for neuronal injury repair.

Introduction

Successful axon regeneration will be of benefit in treating many human diseases involving
axon damage, such as traumatic brain injury, stroke, spinal cord injury, sciatic nerve injury
(SNI), and numerous neurodegenerative diseases, in both the central nervous system (CNS)
and peripheral nervous system (PNS) [1-3]. In contrast to the CNS, injured neurons in the
PNS have robust regenerative capability, which largely depends on the up-regulation of the
expression or activity of key molecules that promote axon regeneration following injury [4-7].
Hence, uncovering the molecular mechanisms underpinning axon regrowth following neuro-
nal injury in the PNS will greatly aid the understanding of the differential regenerative capacity
between neurons in the PNS and CNS and contribute to identifying factors with the potential
to facilitate nerve regeneration.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001653 June 1, 2022
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G6PD facilitates axon regeneration via clathrin-mediated

endocytosis
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Metabolic reprogramming is a hallmark of neuronal repair,
yet the roles of glucose metabolism-related enzymes remain
poorly understood. To investigate their functions, we employed
a sciatic nerve injury model, taking advantage the intrinsic
regenerative capacity of peripheral neurons. After sciatic nerve
crush injury, dorsal root ganglia exhibited sustained upregula-
tion of several enzymes in the pentose phosphate pathway.
Notably, glucose-6-phosphate dehydrogenase (G6PD), the rate-
limiting enzyme of the pentose phosphate pathway, was
markedly increased at both RNA and protein levels. Silencing
G6PD impaired axon regeneration in vitro and in vivo, whereas
its overexpression enhanced regrowth. Interestingly, G6PD
overexpression did not alter the NADP*/NADPH ratio, sug-
gesting a nonmetabolic role. Using mass spectrometry, coim-
munoprecipitation, and Duolink proximity ligation assays, we
identified clathrin heavy chain as a specific binding partner of
G6PD. Mechanistic analyses further showed that G6PD facili-
tated neuronal endocytosis through direct interaction with
clathrin heavy chain, thereby promoting axon regeneration.
These findings identify G6PD as a molecular link between
metabolic reprogramming and membrane trafficking, revealing
an unexpected nonmetabolic role in neural repair.

Metabolism comprises a precisely coordinated network of
chemical reactions that are fundamental to life. Beyond
providing essential substrates and energy, it also serves as a key
regulator of gene expression. Through metabolic enzymes and
their products, metabolites, metabolism exerts profound influ-
ence over cell growth, survival, differentiation, and the mainte-
nance of systemic homeostasis (1, 2). Metabolic reprogramming,
the dynamic alteration of cellular metabolic pathways, enables
cells to adapt to changing energy demands and biosynthetic
needs under physiological or pathological conditions (3).

In recent years, increasing attention has been focused on
the role of metabolic reprogramming in neural repair (4—6).
Neural regeneration requires not only substantial energy but
also an abundant supply of lipids, as well as the synthesis of
proteins and nucleic acids, all of which depend on

* For correspondence: Bin Yu, yubin@ntu.edu.cn; Susu Mao, maosusu@ntu.
edu.cn.

SASBMB

reprogrammed metabolic processes after injury and are driven
by specific metabolic enzymes (7-10). Several of these en-
zymes have been identified as critical regulators of axonal
regeneration. For instance, PTEN, a lipid phosphatase, de-
phosphorylates  phosphatidylinositol  (3,4,5)-trisphosphate
(PIP3) into phosphatidylinositol (4,5)-bisphosphate, thereby
negatively regulating the PI3K pathway. The PTEN-PI3K
signaling axis has been well established as a key modulator of
axonal regeneration, as deletion of PTEN significantly en-
hances regenerative capacity within the central nervous
system (CNS) (11, 12). Similarly, Anja et al. identified
plasticity-related gene 1, which encodes a membrane-
associated lipid phosphate phosphatase expressed in neu-
rons and localized to growing axonal membranes. Plasticity-
related gene 1 acts as an ectoenzyme, counteracting
phospholipid-induced axonal collapse and promoting hippo-
campal axon elongation (13). In addition, deletion of LPIN1, a
phosphatidic acid phosphatase, enhances optic and sciatic
nerve repair by lowering triglycerides, promoting phospho-
lipid synthesis, and remodeling lipid metabolism (5). We
further showed that LPIN2, another family member, supports
regeneration in dorsal root ganglia (DRG) neurons by
increasing triglyceride-enriched lipid droplets (14). Moreover,
our previous work identified pyruvate dehydrogenase beta
subunit, a core tricarboxylic acid (TCA) cycle enzyme, as a
facilitator of axonal regeneration through coordinated regu-
lation of energy metabolism and epigenetic reprogramming
(15). Collectively, these findings highlight that targeting
metabolic enzymes to induce metabolic reprogramming rep-
resents a promising therapeutic strategy for promoting axonal
regeneration after neural injury.

Glucose metabolism is a fundamental pathway that sup-
ports cellular energy production and biosynthesis. Upon up-
take through glucose transporters, glucose is catabolized via
three major pathways, including glycolysis, the pentose
phosphate pathway (PPP), and the TCA cycle. Although
glucose metabolism is essential for cellular maintenance and
repair, its specific role in axonal regeneration remain largely
undefined. Recent studies highlighted injury-induced upre-
gulation of glycolysis as a mechanism promoting axon
regeneration (4), yet the contribution of individual metabolic
enzymes requires further elucidation.

J. Biol. Chem. (2026) 302(4) 111345 1
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Metabolic alterations after traumatic neural injury:
Mechanistic insights and potential translational targets
for axon regeneration
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Metabolism not only provides essential substances and energy for cells through catabolism and anabolism but
also exerts broader regulatory roles through metabolic enzymes and products that influence gene expression,
thereby maintaining homeostasis. Upon neuronal injury, metabolic changes in both neurons and supporting cells
influence neuronal survival and regeneration by regulating energy supply, substrate availability, regeneration-
related gene expression, and cell-cell metabolic interactions. Axon regeneration is a key process in neural repair
after injury. Beyond the nervous system itself, systemic factors such as diet, exercise, circadian rhythms, and psy-
chological stress also play crucial roles in axon regeneration through interorgan metabolic communication and
microbiota-host metabolic cross-talk. In this Review, we summarize advances in understanding metabolic altera-
tions during axon regeneration, with a focus on glycometabolism, lipid metabolism, protein degradation, mito-
chondrial activity, and systemic factor-driven metabolic cross-talk between nervous and non-nervous systems.
We also highlight the therapeutic potential of metabolites themselves, analyze distinct metabolic responses after
injury in the peripheral and central nervous systems, and discuss their spatiotemporal dynamics and cell type
specificity. Last, we propose that successful neural repair requires the establishment of a systemic pro-regenerative

state throughout the entire body.

INTRODUCTION

Axon regeneration is a critical process for restoring nervous system
function after neural injury. This is a complex and coordinated pro-
cess relying not only on the intrinsic regenerative capacity of neu-
rons but also on the lesion microenvironment. In the central nervous
system (CNS), limited intrinsic regenerative capacity and the pres-
ence of an inhibitory microenvironment pose challenges to axon
regeneration after injury. However, in the peripheral nervous system
(PNS), axon regeneration usually spontaneously initiates when neu-
rons perceive injury, thereby activating a series of biological re-
sponses. Substantial progress has been made in elucidating the
cellular and molecular mechanisms that govern axon regeneration.
Nonetheless, the influence of metabolic alterations in supporting
and modulating this process continues to be a subject of intense re-
search (I-3). Metabolism is indispensable not only for maintaining
cellular energy homeostasis but also for regulating signaling net-
works and the epigenetic modulation of gene expression, which in
turn affects the pace and success of nerve regeneration (4-7).

Key metabolic pathways, such as glycometabolism, lipid metabo-
lism, and protein degradation and synthesis, are recognized for their
regulatory roles in axon regeneration. The basic function of glucose
metabolism is to yield adenosine triphosphate (ATP), the energy
currency underpinning diverse physiological activities and tissue
repair processes. Lipid metabolism, particularly the role of fatty acids
in membrane remodeling, is crucial for cellular structural adaptation

1Jiangsu Key Laboratory of Tissue Engineering and Neuroregeneration, Key Labo-
ratory of Neuroregeneration of Ministry of Education, Co-innovation Center of
Neuroregeneration, Nantong University, Nantong, 226001, China. 2Univ. Grenoble
Alpes, Inserm, U1216, Grenoble Institut Neurosciences, 38000 Grenoble, France.
1These authors contributed equally to this work.

*Corresponding author. Email: homaira.nawabi@inserm.fr (H.N.); maosusu@ntu.edu.
cn (S.M.)
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(8). Furthermore, intermediate metabolites like pyruvate, lactate,
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), phosphatidic
acid (PA), lysophosphatidic acid (LPA), and arachidonic acid (AA),
which are generated by glucose and lipid metabolism, are also sig-
naling molecules that modulate intracellular neuronal pathways and
epigenetic modifications, directly participating in neuronal restora-
tion (9, 10). The balance between protein degradation and syn-
thesis is essential for neuronal recovery, providing necessary materials
and ensuring the removal of damaged proteins (11, 12). Moreover,
mitochondria are instrumental in sustaining energy homeostasis and
promoting axonal regrowth, and mitochondrial dysfunction is linked
to various neurodegenerative conditions and hinders regeneration
after nerve injury (13, 14).

Although intrinsic neuronal metabolism is fundamental for axo-
nal regeneration, other cell types, including glial cells, immune cells,
and other supporting cells, also play essential roles (15-19). Meta-
bolic cross-talk between the nervous system and non-nervous tis-
sues contributes to axon regeneration (20-23). For example, the gut
microbiota produces metabolites such as short-chain fatty acids
(SCFAs) that can actively influence nerve regeneration (24, 25). In
addition, adipose tissue communicates with the nervous system
through adipokines such as leptin, which supports nerve regenera-
tion. Metabolic alterations in adipose tissue can affect neuronal en-
ergy supply, neuroprotection, and the repair mechanisms involved
in axon regeneration (26). These findings suggest that cross-system
metabolic cross-talk may provide new strategies for promoting neu-
ral repair.

In this Review, we provide an overview of metabolic changes during
axon regeneration, focusing on glycometabolism, lipid metabolism,
protein degradation, and mitochondrial dynamics. We examine
how systemic factors such as diet, exercise, circadian rhythm, and
psychological stress regulate regenerative processes, with particular
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'Key Laboratory of Neuroregeneration of Jiangsu and Ministry of Education, NMPA
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Products, Co-innovation Center of Neuroregeneration, Nantong University, Nantong,
China; “Jiangsu Key Laboratory of Neuropsychiatric Diseases and Institute of
Neuroscience, Soochow University; Clinical Research Center of Neurological Disease,
The Second Affiliated Hospital of Soochow University, Suzhou, China

Abstract A key limiting factor of successful axon regeneration is the intrinsic regenerative

ability in both the peripheral nervous system (PNS) and central nervous system (CNS). Previous
studies have identified intrinsic regenerative ability regulators that act on gene expression in injured
neurons. However, it is less known whether RNA modifications play a role in this process. Here, we
systematically screened the functions of all common m®A modification-related enzymes in axon
regeneration and report ALKBH5, an evolutionarily conserved RNA m®A demethylase, as a regulator
of axonal regeneration in rodents. In PNS, knockdown of ALKBH5 enhanced sensory axonal regener-
ation, whereas overexpressing ALKBH5 impaired axonal regeneration in an m®A-dependent manner.
Mechanistically, ALKBH5 increased the stability of Lpin2 mRNA and thus limited regenerative growth
associated lipid metabolism in dorsal root ganglion neurons. Moreover, in CNS, knockdown of
ALKBH5 enhanced the survival and axonal regeneration of retinal ganglion cells after optic nerve
injury. Together, our results suggest a novel mechanism regulating axon regeneration and point
ALKBHS5 as a potential target for promoting axon regeneration in both PNS and CNS.

Editor's evaluation

The work presents a valuable and significant advance in the genetic mechanisms of mMRNA m®A
demethylation as a key regulator of axon regeneration. The fundamental work substantially
advances our understanding of a major research question. Screening m®A regulators during axon
regeneration uncovered ALKBHS5 as limiting regenerative dorsal root ganglia growth by enhancing
the stability of Lpin2 mRNA via erasing a single m®A modification in the 3'UTR. The major strength
of the manuscript is the convincing importance of ALKBH5 as a suppressor of axon regeneration in
the CNS and PNS proven by in vivo model system. These findings further suggest the potential use
of ALKBHS5 inhibitors to enhance neural regeneration upon physical injury.

Introduction

Triggering axon regeneration, accelerating nerve regeneration, and extending the regenerated nerve
length are the most straightforward methods of nerve repair following injury (Costigan et al., 2002;
Moore and Goldberg, 2011, Palmisano et al., 2019, Smith and Skene, 1997). These processes
are highly dependent on the intrinsic regeneration ability of neurons. However, diminished intrinsic
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LINC MIR503HG Controls SC- Cell Differentiation and
Insulin Production by Targeting CDH1 and HES1

Yang Xu, Susu Mao, Haowen Fan, Jian Wan, Lin Wang, Mingyu Zhang, Shajun Zhu,
Jin Yuan, Yuhua Lu, Zhiwei Wang, Bin Yu, Zhaoyan Jiang,* and Yan Huang*

Stem cell-derived pancreatic progenitors (SC-PPs), as an unlimited source of
SC-derived f (SC-p) cells, offers a robust tool for diabetes treatment in stem
cell-based transplantation, disease modeling, and drug screening. Whereas,
PDX1*/NKX6.1* PPs enhances the subsequent endocrine lineage
specification and gives rise to glucose-responsive SC-g cells in vivo and in
vitro. To identify the regulators that promote induction efficiency and cellular
function maturation, single-cell RNA-sequencing is performed to decipher the
transcriptional landscape during PPs differentiation. The comprehensive
evaluation of functionality demonstrated that manipulating LINC MIR503HG
using CRISPR in PP cell fate decision can improve insulin synthesis and
secretion in mature SC-§ cells, without effects on liver lineage specification.
Importantly, transplantation of MIR503HG~/~ SC- cells in recipients

1. Introduction

As a global health epidemic, diabetes afflicts
an estimated 537 million people worldwide
due to f cell deficiency or dysfunction.[!!
The generation of human pluripotent stem
cell (hPSC)-derived functional pancreatic
cells may solve the problem of cadaveric
donor islet supply shortage for transplanta-
tion and it could also function as a model
platform to shed light on the pathogenic
mechanisms leading to various forms of
diabetes!?! Encouraging progress has been
achieved in prolonged in vitro hPSC dif-
ferentiation toward mature and functional

significantly restored blood glucose homeostasis, accompanied by serum
C-peptide release and an increase in body weight. Mechanistically, by
releasing CtBP1 occupying the CDH1 and HES1 promoters, the decrease in
MIR503HG expression levels provided an excellent extracellular niche and
appropriate Notch signaling activation for PPs following differentiation.
Furthermore, this exhibited higher crucial transcription factors and mature
epithelial markers in CDH1ig" expressed clusters. Altogether, these findings
highlighted MIR503HG as an essential and exclusive PP cell fate specification
regulator with promising therapeutic potential for patients with diabetes.

pancreatic f cells by mimicking the in
vivo normal developmental trajectory fol-
lowing less than 20 years of efforts.’] How-
ever, imperfect differentiation efficiency,
off-target and unexpected cell byproducts,
multi-hormone cell production, and current
cost- and time-consuming approaches limit
the prospects of clinical applications and
basic medical research.l*#4 Currently, ad-
vanced in vitro differentiation protocols are
based on at least six stages, initiating cells
from the definitive endoderm (DE), which
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for the interplay between MIR503HG KO and the specific mech-
anism of action requires further investigation.

The Hippo/YAP pathway is another important signaling path-
way, which participates in dominating the generation of PP-
derived functional g cells.>3] The Hippo pathway reportedly in-
tegrates the tissue architecture by balancing progenitor cell self-
renewal and differentiation. Inhibition of Hippo signaling leads
to nuclear translocation of the downstream effectors YAP and
TAZ, which bind to TEAD coactivators and activate the transcrip-
tion of genes controlling progenitor cell proliferation.**! In con-
trast, activation of the pathway promotes terminal differentia-
tion of mature cell types by inducing the phosphorylation, cy-
toplasmic retention, and subsequent degradation of YAP/TAZ,
resulting in target gene downregulation.>®! Moreover, E-cad is
reportedly involved in cell growth inhibition by inactivating the
Hippo pathway.[*®! In the present study, E-cad expression was en-
hanced by the alleviation from the repression of binding between
MIR503HG and CtBP1 in MIR503HG ™/~ cells, resulting in PP
proliferation constrained with increased phosphorylation and cy-
toplasmic YAP retention.

Taken together, our study demonstrates that MIR503HG is a
promising target for SC-g cell therapy. Accordingly, MIR503HG
loss promotes PP differentiation, giving rise to higher-quality
SC-p cells more efficiently and safely. Therefore, harnessing
MIR503HG regulation will provide strategies for promoting
human pancreatic differentiation and developing effective ap-
proaches for generating significant amounts of functional SC-g
cells for the fundamental study of pancreatic biology and regen-
erative medicine for diabetes.
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