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Main text

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease characterized by the selective loss of motor
neurons (MNs), resulting in progressive disability and
mortality with a rapid course. Current approaches such
as multidisciplinary care, disease-modifying therapies,
pulmonary intervention, and dietary and nutritional
intervention can only slow ALS progression [1]. It is
imperative to dissect the underlying mechanisms and
explore novel treatment targets.

Trans-reactive DNA binding protein 43 KD (TDP-
43) is a main component of abnormal cytoplasmic pro-
tein deposits observed in ~97% of ALS patients, and its
presence is considered a pathological hallmark of ALS
regardless of the disease onset. Physiologically, TDP-43
is a multifunctional protein that predominantly local-
izes to the nucleus, where it binds to GU-rich sequences
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for selective splicing. It also shuttles to the cytoplasm
to generate ribonucleoprotein transport/stress granules
and control translation. However, abnormal modifica-
tions of TDP-43 reduce its functional level in the nucleus
and promotes the formation of cytoplasmic inclusions
in MNs, inducing neurotoxic effects known as TDP-43
proteinopathy.

Initial efforts were dedicated to analyzing the binding
sites of TDP-43 in mouse and human brains, showing
that TDP-43 could target approximately 1000 mRNAs, a
large portion being glial RNAs, providing limited insights
into neuronal targets. The following study established a
method for inducing human embryonic stem cells to dif-
ferentiate into human MNs (hMNs), providing a more
reliable model for investigating disease stimuli and thera-
peutic strategies [2]. With induced hMNs, Klim et al.
[3] revealed that the expression of stathmin-2 (STMN2)
was significantly reduced upon TDP-43 depletion. Simi-
lar results have been observed in patient-derived MNs
and postmortem patient spinal cords harboring TDP-43
mislocalization [4]. Mechanistically, functional TDP-43
binds directly to STMNZ2 pre-mRNA to maintain normal
splicing. Pathological TDP-43 drives premature polyade-
nylation and cryptic splicing in the first intron of STMN2
pre-mRNA, leading to the production of a nonfunctional
mRNA [4]. Reduction of TDP-43 or STMN2 in iPSC-
derived MNs inhibited axonal regeneration after induced
damage. Notably, restoration/stabilization of STMN2
rescued neurite outgrowth and axon regeneration in the
absence of TDP-43 [3, 4].

STMN2 belongs to the conserved Stathmin family. It
can depolymerize microtubules via unclear mechanisms
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and is specifically expressed in the nervous system for
axonal development and maintenance (see details in
[5]). A moderate level of STMN2 stimulates neurite out-
growth by modulating microtubule dynamics, whereas
excessive or reduced levels of STMN2 cause growth
cone collapse or suppress neurite outgrowth in neurons.
In cultured sensory neurons from dorsal root ganglion
(DRG) subjected to axotomy, Stmn2 was elevated in
regenerating growth cones. Downregulation of Stmn2
accelerated axon fragmentation, whereas experimental
rescue of the Stmn2 level delayed axonal degeneration
[6]. Similarly, loss of Stai, a homolog of STMN?2 in Dros-
ophila, leads to neuromuscular junction (NMJ) degen-
eration and motor axon retraction [7, 8]. Recently, Krus
et al. generated both constitutive and conditional Stmn2
knockout mice and reported that Stmn?2 is required for
motor and sensory system function [9]. Constitutive
Stmn2 knockout (Stmn2~'") induces severe motor and
sensory neuropathy, including decreased compound
muscle action potentials, NMJ denervation, and reduced
nerve fiber density. Importantly, Stmn2~'~ mice predom-
inantly exhibit degeneration of fast-fatigable motor units,
similar to that observed in ALS patients. Loss of Stmn2
specifically in MNs recapitulates the NMJ pathology
found in Strmn2~'~ mice [9]. The authors further studied
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Stmn21/~ mice, which mimic the partial loss of STMN2
in ALS patients and exhibit selective motor neuropathy.
Like Stmn2~'~ mice, the Stmn2™~ heterozygous mice
behave normally as young adults but show motor weak-
ness by 1 year of age [9]. This progressive motor neuropa-
thy is also a typical clinical symptom of ALS patients.
Moreover, adult mice with absence of Stmn-2 exhibit
phenotypes comparable to those of ALS patients [10],
suggesting that STMN?2 is involved in ALS pathology.
Nevertheless, there is emerging evidence of aber-
rant STMN2 in ALS patients. A noncoding CA repeat
in STMN2 that may affect mRNA processing has been
reported to be associated with sporadic ALS in a North
American cohort [11]. Moreover, two independent
groups detected cryptic exons of STMNZ2 in postmor-
tem brain tissues from patients with TDP-43-associated
Alzheimer’s disease [12] and C9ORF72 patients who
were susceptible to TDP-43 pathology [13]. Consistently,
in an unbiased study of single-cell protein expression
profiles with human spinal MNs directly sampled from
TDP-43 ALS patients, a lower frequency of the STMN2
protein was detected [14]. Via in situ hybridization, they
detected a robust decrease in the STMN2 RNA level in
ALS MNs [14]. Importantly, cryptic splicing of STMN2
was confirmed in TDP-43-depleted human iPSC-derived
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Fig. 1 TDP-43 binds directly to STMN2 pre-mRNA to guarantee normal splicing of STMN2 mRNA. Pathogenic (reduced) TDP-43 drives premature

polyadenylation and aberrant splicing by steric inhibition in the first intron of the STMN2 pre-mRNA, producing a non-functional mRNA. Using
dCasRx or antisense oligonucleotides (ASOs) to target the first intron of the STMNZ2 pre-mRNA can efficiently restore STMN2 level and axonal
regeneration in TDP-43 proteinopathy. Although current studies have provided promising results, animal models are required to confirm
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MNs [15] and iPSC MNs from postmortem sporadic
TDP-43 ALS patients [16]. Thus, these findings reveal a
strong link between aberrant STMNZ2 expression and MN
degeneration in ALS and imply that restoring STMN2
levels is a promising therapeutic approach for TDP-
43-dependent ALS.

To test the effect of correcting STMN2 pre-mRNA
metabolism against TDP-43 proteinopathy, Baughn et al.
pioneered this study to elucidate the detailed mechanism
by which TDP-43 modulates STMN2 expression. They
used CRISPR-Cas9 to clarify that TDP-43 binding to the
exon 2a (a region containing a 24-base GU-rich segment
between the cryptic splicing site and polyadenylation
site in the first intron) of STMN2 prevents misprocess-
ing by blocking the recognition of cryptic RNA elements
[17]. They subsequently substituted the 24-base GU-rich
domain with a 19-base segment encoding the bacterio-
phage MS2 aptamer sequence, an RNA stem-loop struc-
ture that can be bound by the MS2 coat protein, thus
preventing direct TDP-43 interaction. This substitution
resulted in constitutive misprocessing of STMN2 pre-
mRNA. Further genome editing analysis revealed that
instead of the cryptic polyadenylation site, the cryptic
3’ splice acceptor is essential for initiating STMN2 pre-
mRNA misprocessing. Based on this critical finding, they
attempted to suppress cryptic splicing of STMNZ2 pre-
mRNA by use of dCasRx (the “nuclease-dead” variant
of the CRISPR effector RfxCas13d, which retains RNA-
binding capability without enzymatic activity) or anti-
sense oligonucleotides (ASOs), which restored STMN2
levels and axonal regeneration in TDP-43-deficient
human MNs. Critically, ASOs injected into the cerebral
spinal fluid of mice containing humanized STMN2 with
cryptic splice-polyadenylation sequences could restore
Stmn2 protein level and axonal regrowth [17] (Fig. 1).

Collectively, these studies indicate that a reduction in
STMN?2 is a critical biomarker for TDP-43 proteinopa-
thy. Approaches that can restore STMN2 protein level
are likely efficient in promoting MN regeneration. How-
ever, all current studies lack in vivo examination of func-
tional/behavioral outcomes. Another core issue is how
to maintain moderate levels of STMN2 since increased
or decreased expression of STMN2 could be a barrier
to axonal outgrowth/regeneration during patient treat-
ment. Despite the gap from bench to bedside, STMN?2 is
a potential therapeutic target for TDP-43 proteinopathy.

Abbreviations

ALS Amyotrophic lateral sclerosis

ASO Antisense oligonucleotide

hMN Human motor neuron

MN Motor neuron

NMJ Neuromuscular junction

TDP-43  Trans-reactive DNA binding protein 43 KD

STMN2  Stathmin 2

Page 3 of 4

Acknowledgements
We would like to apologize to colleagues whose work could not be cited here
due to space restrictions.

Authors’ contributions

CH.and M.L.C. conceived the idea. Y.QL, D.J.Y. and L.Y. wrote the draft and
prepared the Figure. X.C. helped collect and review the references. M.L.C
revised the manuscript with input from all authors.

Funding

This work was supported by grants from Guangdong Basic and Applied Basic
Research Foundation (2023A1515010477), the National Natural Science Foun-
dation of China (32000690), the Key-Area Research and Development Program
of Guangdong Province, China (2019B030335001), and the Key Medical and
Health Projects of Panyu District Science and Technology Plan, Guangzhovu,
China (2023-204-103).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Received: 4 January 2024 Accepted: 25 March 2024
Published online: 11 April 2024

References

1. llieva H, Vullaganti M, Kwan J. Advances in molecular pathology,
diagnosis, and treatment of amyotrophic lateral sclerosis. BMJ.
2023;383:e075037.

2. DiGiorgio FP, Boulting GL, Bobrowicz S, Eggan KC. Human embryonic
stem cell-derived motor neurons are sensitive to the toxic effect of glial
cells carrying an ALS-causing mutation. Cell Stem Cell. 2008;3:637-48.

3. Klim JR, Williams LA, Limone F, Guerra San Juan |, Davis-Dusenbery
BN, Mordes DA, et al. ALS-implicated protein TDP-43 sustains levels of
STMN2, a mediator of motor neuron growth and repair. Nat Neurosci.
2019;22:167-79.

4. Melamed Z, Lopez-Erauckin J, Baughn MW, Zhang O, Drenner K, Sun
Y, et al. Premature polyadenylation-mediated loss of stathmin-2 is a
hallmark of TDP-43-dependent neurodegeneration. Nat Neurosci.
2019;22:180-90.

5. Chauvin S, Sobel A. Neuronal stathmins: a family of phosphoproteins
cooperating for neuronal development, plasticity and regeneration. Prog
Neurobiol. 2015;126:1-18.

6.  Shin JE, Miller BR, Babetto E, Cho Y, Sasaki Y, Qayum S, et al. SCG10is a
INKtarget in the axonal degeneration pathway. Proc Natl Acad Sci U S A.
2012;109:E3696-705.

7. Graf ER, Heerssen HM, Wright CM, Davis GW, DiAntonio A. Stathmin is
required for stability of the Drosophila neuromuscular junction. J Neuro-
sci. 2011;31:15026-34.

8. Lépine S, Castellanos-Montiel MJ, Durcan TM. TDP-43 dysregulation and
neuromuscular junction disruption in amyotrophic lateral sclerosis. Trans|
Neurodegener. 2022;11:56.

9. Krus KL, Strickland A, Yamada Y, Devault L, Schmidt RE, Bloom AJ, et al.
Loss of Stathmin-2, a hallmark of TDP-43-associated ALS, causes motor
neuropathy. Cell Rep. 2022;39:111001.

10. Lépez-Erauskin J, Bravo-Hernandez M, Presa M, Baughn MW, Melamed
Z, Beccari MS, et al. Stathmin-2 loss leads to neurofilament-dependent



Liu et al. Translational Neurodegeneration (2024) 13:20

axonal collapse driving motor and sensory denervation. Nat Neurosci.
2023. https://doi.org/10.1038/541593-023-01496-0.

. Theunissen F, Anderton RS, Mastaglia FL, Flynn LL, Winter SJ, James |, et al.

Novel STMN2 variant linked to amyotrophic lateral sclerosis risk and clini-
cal phenotype. Front Aging Neurosci. 2021;13:658226.

Agra Almeida Quadros AR, Li Z, Wang X, et al. Cryptic splicing of stath-
min-2 and UNC13A mRNAs is a pathological hallmark of TDP-43-associ-
ated Alzheimer’s disease. Acta Neuropathol. 2024;147:9. https://doi.org/
10.1007/500401-023-02655-0.

Gittings LM, Alsop EB, Antone J, Singer M, Whitsett TG, Sattler R, et al.
Cryptic exon detection and transcriptomic changes revealed in single-
nuclei RNA sequencing of COORF72 patients spanning the ALS-FTD
spectrum. Acta Neuropathol (Berl). 2023;146:433-50.

Guise AJ, Misal SA, Carson R, Boekweg H, Watt DVD, Truong T et al. TDP-
43-stratified single-cell proteomic profiling of postmortem human spinal
motor neurons reveals protein dynamics in amyotrophic lateral sclerosis.
bioRxiv. https://doi.org/10.1101/2023.06.08.544233.

Seddighi S, Qi YA, Brown AL, Wilkins OG, Bereda C, Belair C, et al. Mis-
spliced transcripts generate de novo proteins in TDP-43-related ALS/FTD.
SciTransl Med. 2024;16(734).eadg7162.

Held A, Adler M, Marques C, Reyes CJ, Kavuturu AS, Quadros ARAA, et al.
IPSC motor neurons, but not other derived cell types, capture gene
expression changes in postmortem sporadic ALS motor neurons. Cell
Rep. 2023;42:113046.

Baughn MW, Melamed Z, Loépez-Erauskin J, Beccari MS, Ling K, Zuberi A,
et al. Mechanism of STMN2 cryptic splice/polyadenylation and its correc-
tion for TDP-43 proteinopathies. Science. 2023;379:1140-9.

Page 4 of 4


https://doi.org/10.1038/s41593-023-01496-0
https://doi.org/10.1007/s00401-023-02655-0
https://doi.org/10.1007/s00401-023-02655-0
https://doi.org/10.1101/2023.06.08.544233

	Stathmin 2 is a potential treatment target for TDP-43 proteinopathy in amyotrophic lateral sclerosis
	Main text
	Acknowledgements
	References


