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ULK1 as a novel therapeutic target in 
neurodegeneration

Axonal  degenerat ion  i s  an  ear ly  and key 
pathophysiological feature of many traumatic 
and neurodegenerative disorders of the central 
nervous system (CNS), such as spinal cord injury 
(SCI), Parkinson’s disease (PD), and amyotrophic 
lateral sclerosis (ALS). As the regenerative 
capacity of injured axons is severely restricted in 
the CNS, axonal degeneration frequently results 
in the irreversible loss of neuronal connections 
causing progressive neurological deficits and 
clinical disability. A better understanding of the 
mechanisms of axon degeneration is therefore 
hoped to unravel new therapeutic avenues to 
combat neurodegeneration (Lingor et al., 2012).

Axonal degeneration is a fine-tuned cellular 
cascade of  events  leading to axonal  se l f-
destruction. In one of our previous studies, we 
investigated its detailed mechanisms after axonal 
injury using an optic nerve crush model (Knoferle 
et al., 2010). We observed rapid and progressive 
axonal fragmentation of retinal ganglion cell axons 
spanning up to 500 μm in length on both sides 
of the lesion site within few hours after injury. 
Mechanistically, axonal lesion led to rapid influx 
of calcium resulting in the activation of calcium-
dependent proteases and macroautophagy (here: 
autophagy). Inhibition of autophagy using the 
unspecific autophagy blocker 3-methyladenine 
attenuated acute axonal degeneration (AAD) after 
optic nerve crush, indicating a detrimental role of 
autophagy activation post-injury. In keeping with 
our results, several other publications reported 
traumatic brain injury- induced autophagy 
induction, the suppression of which resulted in 
beneficial effects. For example, downregulation 
of the key autophagy-related gene 7 (Atg7) was 
shown to be protective in models of traumatic 
neurodegeneration (Yang et al., 2013). However, 
contrary to these findings, a number of studies 
demonstrated cytoprotective properties of 
autophagy activation in models of traumatic brain 
injury and acute axonal injury, for instance by 
applying the autophagy-inducing drug rapamycin 
after optic nerve axotomy (Rodriguez-Muela et al., 
2012). Thus, the detailed role of autophagy during 
axonal degeneration is context-dependent and 
warrants a more thorough investigation.

M o re  re c e nt l y,  we  st u d i e d  i n  d eta i l  t h e 
involvement of autophagy after axonal injury and 
assessed the regulation of key autophagic proteins 
in degenerating axons using a dorsal hemisection 
model of SCI (Ribas et al., 2015). We found a 
pronounced accumulation of autophagosomes 
and autophagic proteins such as uncoordinated 
51-like kinase 1 (ULK1), ATG5, and ATG7 in axonal 
degeneration bulbs after injury. The expression 
levels of ATG5, ATG7, and ULK1 all peaked within 
24 hours after lesion, reinforcing an early and key 
involvement of autophagy in axonal degenerative 
mechanisms. Particularly, ULK1 accumulated 
strongly in close vicinity to the lesion site. ULK1 is 
a serine/threonine kinase governing autophagy 
activation by integrating input from various 
indicators of the cellular nutritional status, such 
as AMP-activated protein kinase and mammalian 
target of rapamycin (mTOR). ULK1 activation 
triggers downstream effector mechanisms 
that ult imately result  in the formation of 
autophagosomes enabling autophagic degradation 
of cellular cargo upon fusion with lysosomes. 
Our findings therefore raised the possibility that 
ULK1-dependent autophagy might be a crucial 
executing mechanism of axonal degeneration. 
Intriguingly, ULK1 had been one of the strongest 
hits in an earlier screen for kinases that regulated 

axon growth in vitro, where siRNA-mediated ULK1 
inhibition resulted in a markedly increased neurite 
outgrowth and regeneration of primary cerebellar 
granule neurons and dopaminergic neurons 
after scratch lesion (Loh et al., 2008). Based on 
these findings and the aforementioned result 
of attenuated AAD after unspecific autophagy 
inhibition, we hypothesized that inhibition of the 
early autophagy-related ULK1 protein might elicit 
a protective effect against axonal degeneration. 

To test this hypothesis in our most recent study 
(Vahsen et al., 2020), we employed an adeno-
associated viral vector expressing a dominant-
negative form of ULK1 (ULK1.DN) to inhibit ULK1 
function and investigated its effects on axonal 
degeneration in vitro and in vivo. Indeed, primary 
cortical neurons transduced with ULK1.DN showed 
decreased formation of degeneration bulbs up 
to 6 hours after selective axonal transection in 
vitro, indicating an axon-protective effect of ULK1 
inhibition. In line with this, we also demonstrated 
attenuated axon fragmentation of transduced 
retinal ganglion cells over 6 hours after crush 
lesion in vivo, confirming that ULK1 inhibition 
protects from AAD. Additionally, we investigated 
more chronic effects of ULK1 inhibition in a rat 
model of SCI. Axons of the rubrospinal tract 
transduced with ULK1.DN showed reduced 
axon degeneration even one week after axonal 
lesion, demonstrating that ULK1 inhibition also 
mediates long-term axon protection. Together, we 
uncovered that ULK1.DN-mediated ULK1 inhibition 
protects three neuronal subtypes from lesion-
induced axon degeneration, in both acute and 
chronic paradigms. Previous literature on the role 
of ULK1 in axonal degeneration is scarce, except 
for some conflicting evidence describing that Ulk1 
knock-out leads to perinatal death and conditional 
Ulk1 knock-out induces axon guidance defects 
(Joo et al., 2016; Wang et al., 2018). However, 
in contrast to knock-out models, transduction 
with ULK1.DN reduced endogenous ULK1 levels 
only by approximately 50% in our study. Bearing 
in mind the crucial importance of ULK1 in cell 
homeostasis, our data therefore emphasize that 
a moderate degree of ULK1 inhibition is vital for 
therapeutically beneficial effects.

We then aimed to understand the mechanisms 
underlying the protective effects of ULK1.DN-
mediated ULK1 inhibition. Based on our initial 
hypothesis that ULK1 inhibition could protect 
from autophagy induction after axonal injury, we 
first investigated the effects of ULK1 inhibition on 
autophagy. Expectedly, transduction with ULK1.
DN led to a significant reduction in autophagy in 
vitro and in vivo, confirming that ULK1 inhibition 
exerts axon-protective effects via decreased 
autophagy. However, the extent of autophagy 
reduction in ULK1.DN-transduced cells was rather 
mild and seemed to not fully correlate with its 
pronounced axon-protective effects. As ULK1 
interacts with a vast number of molecular targets, 
we chose to analyze the molecular changes after 
transduction with ULK1.DN in an unbiased manner 
and performed a proteomic analysis of transduced 
cortical neurons. 

Surprisingly, we found a distinct modulation of 
splicing and translation-associated proteins in 
neurons transduced with ULK1.DN. A regulation 
of spl icing-associated proteins was rather 
unexpected, as – to our best knowledge – a 
role of ULK1 in splicing had not been described 
thus far. The vast evidence implicating splicing 
dysregulation in neurodegeneration, for example 
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in ALS, prompted us to characterize this effect 
of ULK1 inhibition on splicing in more detail. 
Therefore, we additionally performed a differential 
exon expression analysis of neurons transduced 
with ULK1.DN. Indeed, 36 of the sequenced genes 
showed differential exon usage after transduction 
with ULK1.DN, with key roles in axon extension, 
neurite regeneration, and mitochondrial transport 
along microtubules. Of particular interest, we 
found increased exon usage for the motor 
protein Kif1b, the reduced expression of which 
was previously implicated in different models of 
axonal degeneration. As ULK1 had already been 
connected to kinesin-dependent axonal transport 
(Toda et al., 2008), we speculated that ULK1 
inhibition might exert additional axon-protective 
effects through a splicing-mediated modulation 
of axonal transport. Another interesting gene 
with differential splicing by ULK1.DN was Ddit3, 
which had previously been shown to mediate 
endoplasmic reticulum (ER) stress after SCI (Penas 
et al., 2007). We found reduced exon expression 
of Ddit3  after transduction with ULK1.DN, 
which might indicate that ULK1.DN additionally 
attenuates axonal degeneration by protecting from 
ER stress. Our data therefore lead to a model, in 
which ULK1 inhibition – in addition to its effects on 
autophagy – results in the differential splicing of 
degeneration-associated genes, which could lead 
to axon-protective effects via modulation of axonal 
transport and ER stress. 

Additionally, we investigated the ULK1.DN-
mediated upregulation of proteins involved in 
translation outlined by our proteomic analysis 
in more detail. Mutual inhibition between ULK1 
and the translational master regulator mTOR 
represents a well-known fine-tuning mechanism 
between the catabolic process autophagy and 
protein biosynthesis. We thus analyzed the 
expression of phosphorylated (active) mTOR and 
its molecular target phosphorylated ribosomal 
protein S6, both of which revealed significantly 
higher expression in neurons transduced with 
ULK1.DN. Dysregulated translation has been 
demonstrated in a number of axonal degenerative 
disorders. For instance, inhibited intra-axonal 
translation was shown in a FUS-model of ALS 
(Lopez-Erauskin et al., 2018). Enhanced translation 
thus represents another mechanism by which 
ULK1.DN elicits axon-protective effects, possibly 
by stimulating the local axonal synthesis of axon-
protective molecules.

I r re s p e c t i ve  o f  d i f fe re nt  e t i o l o g i e s ,  t h e 
p at h o p hys i o l o g i ca l  m e c h a n i s m s  o f  axo n 
degeneration in traumatic and degenerative 
disorders of the CNS have many commonalities. 
Therefore, we hypothesized that ULK1.DN-
mediated ULK1 inhibition might not only protect 
from lesion-induced axonal degeneration but 
also exert axon-protective effects in models of 
neurodegenerative disorders. As autophagy 
dysregulation is discussed to contribute to the 
pathogenesis of PD, we evaluated the effects 
of ULK1.DN in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model of PD 
(Balke et al., 2020).

We injected ULK1.DN into the substant ia 
nigra pars compacta, induced degeneration of 
dopaminergic neurons and their projections 
by intraperitoneal administration of MPTP, and 
assessed potential neuroprotective effects of 
ULK1 inhibition two and six weeks after toxin 
administration. We found significantly higher 
numbers of tyrosine hydroxylase (TH)-positive 
and Nissl-positive cells as well as an increased 
density of nigrostriatal projections in the midbrain 
of ULK1.DN-injected animals two weeks after 
MPTP treatment, demonstrating that ULK1.
DN prevents dopaminergic nigral  neurons 
from acute MPTP-induced neurodegeneration. 
However, these immunohistochemical findings 
were not correlated with changes in the high-
performance liquid chromatography assessment 
of striatal neurotransmitters or improvements 
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in motor behavior analyses. Yet, 6 weeks after 
MPTP administration, we observed improved 
motor performance in the cylinder rearing test 
in ULK1.DN-injected animals, whereas no effects 
were visible in immunohistochemical analyses 
at this time point. ULK1.DN therefore elicits 
neuroprotective effects also in the MPTP model 
of PD, but it remains to be determined why 
ULK1 inhibition seems to exert diverging effects 
on histological and behavioral analyses at acute 
and chronic timepoints in this paradigm. We 
speculated that extra-striatal effects of ULK1.
DN, which we did not assess in our analyses, 
have to play a relevant role. Mechanistically, we 
confirmed elevated mTOR activity in the midbrain 
of ULK1.DN-transduced animals treated with 
MPTP. We also observed increased expression 
of the indirect autophagy marker p62 after 
transduction with ULK1.DN in the MPTP model, 
but the levels of LC3 were not altered, indicating 
only a moderate inhibitory effect on autophagy. 
These results thus reinforce our observation that 
autophagy inhibition alone does not fully explain 
the beneficial effects of ULK1.DN, with activated 
translation being an important molecular mediator 
of its neuro-protective effects.  

Finally, we confirmed some of the key findings of 
ULK1.DN-mediated ULK1 inhibition using the small-
molecule ULK1 inhibitor SBI-0206965 (Vahsen et 
al., 2020). Indeed, treatment of retinal ganglion 
cells with SBI-0206965 attenuated AAD for up to 
6 hours after optic nerve crush lesion in a dose-
dependent manner. Corresponding to our results 
with ULK1.DN-transduced neurons, SBI-0206965 
administration resulted in reduced autophagy and 
increased mTOR activity. Particularly with respect 
to the translational applicability of our results with 
ULK1.DN, this is a promising finding, as treatment 
with SBI-0206965 would be a therapeutically more 
easily feasible strategy than adeno-associated 
viral-mediated ULK1 inhibition. In future studies, 
it will be crucial to apply SBI-0206965 in different 
models of traumatic and degenerative axonal 
degeneration to extend our preliminary findings 
regarding its promising translational potential 
and evaluate its side effects and dose-response 
kinetics.

Taken together, we have revealed a key role of 
ULK1 in axonal degeneration across multiple 
axonal populations in the CNS. ULK1.DN-mediated 
ULK1 inhibition attenuates AAD in vitro and 

in vivo, elicits protective effects on long-term 
axonal degeneration after SCI, and even provides 
protection from neurodegeneration in the MPTP 
mouse model of PD. Mechanistically, ULK1.DN 
decreases autophagy, enhances mTOR-dependent 
translation, and mediates the differential splicing 
of degeneration-associated genes such as Kif1b 
and Ddit3. We propose that the combination 
of reduced autophagy, increased translation, 
and modulated splicing is crucial for the axon-
protective effects of ULK1.DN-mediated ULK1 
inhibit ion (Figure 1) .  Correspondingly,  we 
have confirmed some of our key findings by 
administering the small-molecule ULK1 inhibitor 
SBI-0206965, which provides protection against 
AAD via diminished autophagy and increased 
mTOR-dependent translation. These results 
demonstrate that ULK1 inhibition represents a 
putative therapeutic approach in traumatic and 
neurodegenerative disorders of the CNS. Our 
findings additionally pave the way for future 
studies that characterize the translational 
applicability of SBI-0206965-mediated ULK1 
inhibition in axonal degeneration. We envisage 
that additional studies confirming neuroprotective 
effects of ULK1 inhibition could lay the groundwork 
for a therapeutic modulation of ULK1 in human 
disease.

BFV was supported by a scholarship from the 
Department of Neurology, University Medical 
Center Göttingen. PL received funding from the 
Cluster of Excellence and DFG Research Center 
Nanoscale Microscopy and Molecular Physiology 
of the Brain (CNMPB), Göttingen. 

Björn Friedhelm Vahsen, Paul Lingor*

Nuffield Department of Clinical Neurosciences, 
University of Oxford, John Radcliffe Hospital, 
Oxford, UK (Vahsen BF)
Department of Neurology, University Medical 
Center Göttingen, Göttingen, Germany 
(Vahsen BF, Lingor P)
Center for Biostructural Imaging of 
Neurodegeneration (BIN), DFG Cluster of 
Excellence Nanoscale Microscopy and Molecular 
Physiology of the Brain (CNMPB), University 
Medical Center Göttingen, Göttingen; Department 
of Neurology, Rechts der Isar Hospital of the 
Technical University Munich, Munich, Germany 
(Lingor P)

*Correspondence to: Paul Lingor, MD, 
paul.lingor@tum.de.
https://orcid.org/0000-0001-9362-7096 
(Paul Lingor)
Date of submission: May 23, 2020
Date of decision: July 9, 2020
Date of acceptance: August 7, 2020
Date of web publication: November 27, 2020

https://doi.org/10.4103/1673-5374.300442
How to cite this article: Vahsen BF, Lingor P 
(2021) ULK1 as a novel therapeutic target in 
neurodegeneration. Neural Regen Res 16(6):1212-
1213. 
Copyright license agreement: The Copyright 
License Agreement has been signed by both 
authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access 
journal, and articles are distributed under the 
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which 
allows others to remix, tweak, and build upon the 
work non-commercially, as long as appropriate 
credit is given and the new creations are licensed 
under the identical terms. 
Open peer reviewer: Matilde Cescon, University of 
Padova, Italy.
Additional file: Open peer review report 1.

References
Balke D, Tatenhorst L, Dambeck V, Ribas VT, Vahsen BF, Michel U, 

Bahr M, Lingor P (2020) AAV-mediated expression of dominant-
negative ULK1 increases neuronal survival and enhances motor 
performance in the MPTP mouse model of Parkinson’s disease. 
Mol Neurobiol 57:685-697.

Joo JH, Wang B, Frankel E, Ge L, Xu L, Iyengar R, Li-Harms X, Wright 
C, Shaw TI, Lindsten T, Green DR, Peng J, Hendershot LM, Kilic 
F, Sze JY, Audhya A, Kundu M (2016) The noncanonical role 
of ULK/ATG1 in ER-to-Golgi trafficking is essential for cellular 
homeostasis. Mol Cell 62:491-506.

Knoferle J, Koch JC, Ostendorf T, Michel U, Planchamp V, Vutova 
P, Tonges L, Stadelmann C, Bruck W, Bahr M, Lingor P (2010) 
Mechanisms of acute axonal degeneration in the optic nerve in 
vivo. Proc Natl Acad Sci U S A 107:6064-6069.

Lingor P, Koch JC, Tonges L, Bahr M (2012) Axonal degeneration as a 
therapeutic target in the CNS. Cell Tissue Res 349:289-311.

Loh SH, Francescut L, Lingor P, Bahr M, Nicotera P (2008) 
Identification of new kinase clusters required for neurite 
outgrowth and retraction by a loss-of-function RNA interference 
screen. Cell Death Differ 15:283-298.

López-Erauskin J, Tadokoro T, Baughn MW, Myers B, McAlonis-
Downes M, Chillon-Marinas C, Asiaban JN, Artates J, Bui AT, 
Vetto AP, Lee SK, Le AV, Sun Y, Jambeau M, Boubaker J, Swing D, 
Qiu J, Hicks GG, Ouyang Z, Fu XD, et al. (2018) ALS/FTD-linked 
mutation in FUS suppresses intra-axonal protein synthesis and 
drives disease without nuclear loss-of-function of FUS. Neuron 
100:816-830.

Penas C, Guzman MS, Verdu E, Fores J, Navarro X, Casas C (2007) 
Spinal cord injury induces endoplasmic reticulum stress with 
different cell-type dependent response. J Neurochem 102:1242-
1255.

Ribas VT, Schnepf B, Challagundla M, Koch JC, Bahr M, Lingor 
P (2015) Early and sustained activation of autophagy in 
degenerating axons after spinal cord injury. Brain Pathol 25:157-
170.

Rodriguez-Muela N, Germain F, Marino G, Fitze PS, Boya P (2012) 
Autophagy promotes survival of retinal ganglion cells after optic 
nerve axotomy in mice. Cell Death Differ 19:162-169.

Toda H, Mochizuki H, Flores R, 3rd, Josowitz R, Krasieva TB, Lamorte 
VJ, Suzuki E, Gindhart JG, Furukubo-Tokunaga K, Tomoda T (2008) 
UNC-51/ATG1 kinase regulates axonal transport by mediating 
motor-cargo assembly. Genes Dev 22:3292-3307.

Vahsen BF, Ribas VT, Sundermeyer J, Boecker A, Dambeck V, Lenz 
C, Shomroni O, Caldi Gomes L, Tatenhorst L, Barski E, Roser AE, 
Michel U, Urlaub H, Salinas G, Bahr M, Koch JC, Lingor P (2020) 
Inhibition of the autophagic protein ULK1 attenuates axonal 
degeneration in vitro and in vivo, enhances translation, and 
modulates splicing. Cell Death Differ doi: 10.1038/s41418-020-
0543-y.

Wang B, Iyengar R, Li-Harms X, Joo JH, Wright C, Lavado A, Horner 
L, Yang M, Guan JL, Frase S, Green DR, Cao X, Kundu M (2018) 
The autophagy-inducing kinases, ULK1 and ULK2, regulate axon 
guidance in the developing mouse forebrain via a noncanonical 
pathway. Autophagy 14:796-811.

Yang Y, Coleman M, Zhang L, Zheng X, Yue Z (2013) Autophagy in 
axonal and dendritic degeneration. Trends Neurosci 36:418-428.

P-Reviewer: Cescon M; C-Editors: Zhao M, Li JY; T-Editor: Jia Y

Figure 1 ｜ Schematic overview of the molecular mechanisms of axon protection after ULK1 inhibition. 
(A) ULK1-mediated autophagy induction occurs early during axonal degeneration after axonal lesion, suggesting 
that ULK1-dependent autophagy represents a detrimental mechanism executing axonal degeneration (Ribas 
et al., 2015). (B) Inhibition of ULK1 via AAV-mediated expression of ULK1.DN or administration of the small-
molecule ULK1 inhibitor SBI-0206965 protects axons from degeneration in different models of axonal injury in 
vitro and in vivo (Balke et al., 2020; Vahsen et al., 2020). ULK1 inhibition reduces autophagy, increases mTOR-
dependent translation, possibly leading to local synthesis of axon-protective molecules, and mediates differential 
splicing of the degeneration-associated genes Kif1b and Ddit3, which might modulate axonal transport and ER 
stress. We propose that reduced autophagy, increased translation, and modulated splicing act in concert to 
mediate the axon-protective effects of ULK1 inhibition. Figure was created with BioRender.com.


