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Unraveling the role of ufmylation in

the brain
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Ufmylation is an ubiquitin-like post-translational
modification characterized by the covalent binding
of mature UFM1 to target proteins. Although the
consequences of ufmylation on target proteins
are not fully understood, its importance is evident
from the disorders resulting from its dysfunction.
Numerous case reports have established a
link between biallelic loss-of-function and/or
hypomorphic variants in ufmylation-related genes
and a spectrum of pediatric neurodevelopmental
disorders. These include developmental and
epileptic encephalopathy (DEE44), autosomal
recessive cerebellar ataxia, congenital
neuropathy, hypomyelinating leukodystrophy,
and neurodevelopmental disorder with spasticity
and poor growth, each presenting with varying
severity (Zhou et al., 2024). Children affected by
these disorders often exhibit a range of symptoms,
including intellectual disability, seizures,
microcephaly, abnormal electroencephalogram,
impaired motor function, dystonia, and/or global
developmental delay, which result in premature
death in severe cases. Variants in ufmylation genes
have been shown to disrupt UFM1 activation
and/or transthiolation, thereby impairing the
ufmylation pathway (Pan et al., 2023; Zhou et al,,
2024). These findings underline the importance
of maintaining balanced ufmylation activity for
optimal brain development and function.

The ufmylation pathway encompasses an
enzymatic cascade that facilitates maturation,
activation, attachment, and deconjugation of
UFM1 from target substrates. Specifically, UFSP1
and UFSP2 act as UFM1 proteases required for
UFM1 maturation and deconjugation, while UBAS
(the E1 enzyme), UFC1 (the E2 enzyme), and UFL1
(the E3 enzyme) collectively catalyze the covalent
attachment of UFM1 to lysine residues on target
proteins (Figure 1). Additionally, DDRGK1 (also
known as UFBP1) and CDK5RAP3 have been
identified as ufmylation cofactors, functioning
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as scaffolding or subcellular localization proteins
for the ufmylation machinery (Zhou et al., 2024).
To date, several ufmylation targets have been
identified, with RPL26 being the predominant
target and implicated in selective autophagy of the
endoplasmic reticulum (ER) and protein translation
quality control in the ER. Furthermore, ufmylation
has been associated with cellular processes
including DNA damage response, autophagy,
unfolded protein response, and membrane
trafficking (Zhou et al., 2024). Despite widespread
expression of the pathway components, the
consequence of its disruption is particularly
evident in the nervous system (Figure 1).

Ufmylation’s role in the brain: Loss of Ufl1 in the
central nervous system (CNS) leads to microcephaly
and elevated apoptosis in the occipital region
of the neopallium and death of mice within one
day of birth (Muona et al., 2016). This study
determined the requirement for ufmylation
in neuronal development and survival. The
ufmylation pathway components are found across
the adult mouse brain, including the olfactory bulb,
cortex, hippocampus, striatum, and cerebellum,
as well as within the spinal cord. Notably, an
abundance of ufmylated Rpl26 was identified in
the hippocampus (Zhang et al., 2022), a site of
continued neurogenesis during adulthood, and
a region affected by epilepsy, a common feature
of ufmylation deficiency disorders. MRI studies
in affected children have revealed a spectrum of
brain abnormalities, including cerebellar atrophy,
thinning of the corpus callosum, white matter
hyperintensities, delayed myelination, and reduced
thalamic size (Muona et al., 2016), indicating a
broad requirement for ufmylation throughout the
brain.

Impaired ufmylation in the postnatal mouse
through neuron-specific depletion of DDRGK1
or UFL1 results in abnormal behavior, such as
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Figure 1 | Consequences of impaired ufmylation in the brain.

Left panel: Schematic depiction of the ufmylation pathway. Ufm1-specific proteases 1 and 2 (UFSP1, UFSP2) cleave

pro-UFM1 to its mature form. UBAS then activates UFM1 via thioesterification. UFM1 is transferred to UFC1, which,

in concert with UFL1 and cofactors (e.g. DDRGK1 and CDK5RAP3), conjugates UFM1 to its substrates. Deufmylation of

ufmylated proteins is catalyzed by UFSP1 or UFSP2. Right panel: Ufmylation plays a role in multiple cellular processes
but how disruption of these processes leads to the phenotypes observed requires further investigation. Created with

BioRender.com. AMP: Adenosine monophosphate; ATP: adenosine triphosphate; CDK5RAP3: CDK5 regulatory subunit-
associated protein 3; CNS: central nervous system; DDRGK1: DDRGK domain-containing protein 1; ER: endoplasmic

reticulum; PPi: inorganic pyrophosphate; UBAS: ubiquitin-like modifier activating enzyme 5; UFC1: ubiquitin-fold

modifier conjugating enzyme 1; UFL1: UFM1-specific ligase 1; UFM1: ubiquitin-fold modifier 1; UFSP1: UFM1-specific

peptidase 1; UFSP2: UFM1-specific peptidase 2.
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increased aggression, and microcephaly by
3—-4 months of age (Zhang et al., 2022). Both
microcephaly and irritability are features observed
in children with ufmylation deficiency disorders
(Muona et al., 2016). Additionally, the loss of
neurons in the CA1 region of the hippocampus
and across the six cortical layers was identified
in the mouse model. RNA-seq analysis of the
cortex detected a downregulation of genes linked
to synapse and dendrite development, while
genes associated with glial function, microglial
function, inflammatory responses, and ER stress
were upregulated (Zhang et al., 2022). These
findings underscore the critical role of ufmylation
in neuronal function in the postnatal brain and
suggest that inflammation and ER stress contribute
to the pathophysiology associated with impaired
ufmylation.

Recently, it was determined that impaired
ufmylation specifically affects a subset of neurons,
enhancing our understanding of its impact on
neuronal function. Single-cell RNAseq analysis
of 3D cortical organoids derived from induced
pluripotent stem cells derived from individuals
carrying UBAS variants identified a reduction
in both progenitor and mature inhibitory
GABAergic interneurons and consistent with
this the organoids exhibited an increased firing
rate and reduced coordinated activity (Chen et
al., 2024). GABAergic interneuron signaling is
essential for maintaining excitation-inhibition
balance and its disruption is linked to epilepsy,
thus impaired GABAergic interneuron signaling
may be an underlying mechanism for the clinical
manifestations observed in affected children.
Chen et al. (2024) also revealed that both cortical
organoids and glioma cells expressing pathogenic
UBAS variants exhibited elevated levels of p-PERK
and p-elF2a, indicative of activation of the
unfolded protein response. Conversely, increasing
the levels of the UBAS variants reversed the
unfolded protein response protein levels and
normalized the firing rate (Chen et al., 2024).
It will be interesting to see whether GABAergic
interneurons in other brain regions are affected, as
well as identifying additional neuronal populations
that are dependent on ufmylation.

In 2023, it was demonstrated that Uba5 is
expressed in a subset of neurons and glia in
Drosophila larval and adult brains, with a larger
population of expressing cells in the adult brain
(Pan et al., 2023). This challenges the previous
belief that ufmylation occurs across all neuronal
cells and suggests that ufmylation may play a more
prominent role in maintaining neuronal integrity
in the adult brain or it may be particularly critical
in differentiated neuronal cells. Additionally, the
authors demonstrated that while ubiquitous
expression of UBAS5 was able to rescue the survival
of Uba5 mutant flies, UBA5 expression in either
neurons or glial cells alone, or in both cell types
simultaneously, proved insufficient (Pan et al.,
2023). This indicates that ufmylation activity both
within and outside the CNS is required to ensure
survival.

Ufmylation in aging and neurodegeneration:
While impaired ufmylation is well-documented in
association with neurodevelopmental disorders, it
is becoming apparent that more subtle disruption
of ufmylation may have an impact on aging and
late-onset neurodegenerative diseases. Given
the involvement of ufmylation in protein quality
control mechanisms, essential for optimal protein
synthesis, as well as its role in ER stress and
autophagy, ufmylation is likely critical in supporting
neurons during cellular stress conditions
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associated with aging and neurodegeneration.
In 2023, a neuroprotective role for ufmylation
in aging Drosophila neurons was identified (Li et
al., 2023). This protective effect was mediated
by Atg9, a transmembrane protein crucial for
autophagosome formation and lysosome fusion,
through its interaction with Ddrgkl. The study
demonstrated that Atg9 overexpression in neurons
lacking ufmylation alleviated age-related deficits
associated with the motor function (e.g., climbing
activity), neuronal apoptosis, and lifespan.
Additionally, it restored normal levels of LC3-
Il'and p62, key markers of autophagic flux. Atg9
was further shown to enhance c-Jun N-terminal
kinase activity, a pathway implicated in aging
and oxidative stress and reduced in Ddrgkl-
deficient flies. Recently, Wang et al. (2024b)
highlighted the biological relevance of ufmylation
for autophagy by demonstrating that ufmylation
of VCP/p97 is essential for Beclin-1 stability,
enabling the assembly and activity of the PtdIns3k
complex critical for the initiation of autophagy.
Ufmylation of VCP/97 was also shown to promote
phagophore and phagosome formation, enhance
autophagosome-lysosome fusion, and restore LC3-
Il levels. Importantly, VCP/p97 variants (R155H and
L198W) known to cause inclusion body myopathy
with early-onset Paget disease and frontotemporal
dementia 1 (IBMPFD1) and frontotemporal
dementia and/or amyotrophic lateral sclerosis-6
(FTDALS6) impede ufmylation of VCP/p97 (Wang
et al., 2024b), suggesting a potential link between
ufmylation and the pathophysiology of these
disorders. Altogether, these findings suggest that
ufmylation may be critical for the regulation of
autophagy dynamics in the nervous system.

A recent functional genomic analysis using
CRISPRi in @ human induced pluripotent stem cell
4R tauopathy model determined that reducing
key components of the ufmylation pathway
(UBAS5, UFM1, UFBP1, UFC1, or UFL1) reduced
the accumulation of Tau aggregates. Likewise,
UBAS knockdown in the hippocampus of a Tau-
spreading mouse model decreased the spread of
Tau aggregates (Parra Bravo et al., 2024). These
findings indicate that ufmylation may facilitate
the spread of Tau aggregates. Consistent with
this, in the context of progressive supranuclear
palsy and Alzheimer’s disease, both marked by
Tau aggregate accumulation, analyses of brain
tissue revealed significantly reduced free UFM1
levels in neurons with Tau inclusions, suggestive of
increased ufmylation (Parra Bravo et al., 2024).

Tau and a-synuclein, both of which are prone to
misfolding and implicated in Parkinson’s disease,
were revealed to undergo ufmylation (Wang et
al., 2024a). Ufmylation facilitates their secretion
through misfolding-associated protein secretion,
involving the ER-associated enzyme USP19.
In the context of a-synuclein, the knockdown
of ufmylation genes using siRNAs reduces
a-synuclein secretion in HEK293T cells. Notably,
impaired RPL26 ufmylation does not affect
a-synuclein secretion, indicating that a-synuclein
secretion via ufmylation is independent of
ribosomal ufmylation. However, in Ufm1-deficient
Drosophila, a-synuclein secretion is only partially
reduced and not completely impeded indicating
that parallel pathways contribute to its secretion.
Additionally, Wang et al. (2024a) demonstrated
via immunoprecipitation assays that ufmylation
preferentially targets misfolded proteins,
exemplified by enhanced ufmylation of FLAG-
GFP-10 (truncated unfolded GFP form) compared
to FLAG-GFP, which is exacerbated by the presence
of USP19. The interaction of UFM1 with USP19

further supported their coordinated action in the
misfolding-associated protein secretion pathway
(Wang et al., 2024a). These findings underline
a possible role for ufmylation in both protein
trafficking and recognition of misfolded proteins in
the nervous system.

Ufmylation in the neuromuscular system: While
most affected individuals described to date
primarily have phenotypes associated with the
CNS, some case reports also describe significant
involvement of the peripheral nervous system.
Additionally, infants with severe motor peripheral
neuropathy, without discernible signs of CNS
involvement, have been identified (Cabrera-
Serrano et al., 2020). Further insights into the
dual involvement of CNS and peripheral nervous
system were provided by demonstration that
Uba5S-deficient zebrafish exhibit peripheral
nerve damage prior to detectable CNS or
muscle changes. Moreover, whilst skeletal
muscle integrity is not affected, mitochondria
within the skeletal muscle become enlarged
and show signs of degeneration at later stages
(Serrano et al., 2023). This suggests that impaired
skeletal muscle function, due to disruptions to
mitochondrial function, may play a role in the
disease presentation. However, UFC1 knockdown
in human skeletal muscle organoids results in
increased maximum force generation (Molendijk
et al., 2022). UFC1 knockdown in mice, also leads
to a subtle increase in muscle cross-sectional area,
alongside upregulation of proteins associated with
muscle contraction, such as fast-type Troponin
T (TNNT3), the translation machinery, and signal
recognition particle-mediated translocation to
the ER (Molendijk et al., 2022). This suggests
that ufmylation may play a regulatory role in the
skeletal muscle through the modulation of protein
homeostasis (Molendijk et al., 2022). However,
it is also possible a compensatory mechanism is
triggered by ufmylation deficiency to maintain
muscle homeostasis.

Conclusion: While the core ufmylation
components exhibit widespread expression, and
the requirement for ufmylation has been clearly
shown in multiple cell types and pathways, the
nervous system is particularly vulnerable to
its disruption. It is unclear whether neuronal
damage stems from perturbations in neuron-
specific pathways, disruption of ubiquitous cellular
processes, or a combination of both. In addition
to its established role in severe early-onset
neurodevelopmental disorders, it is becoming
increasingly clear that ufmylation has a role in
later-onset disorders and modulation of the
ufmylation pathway may provide an approach to
slow disease progression. The paucity of identified
ufmylation targets hinders the exploration of
these questions and we, and others, are working
to identify ufmylation substrates and associated
pathways that impact neuronal homeostasis.

Rita J. Serrano,

Robert J. Bryson-Richardson”
School of Biological Sciences, Monash University,

Clayton, VIC, Australia

*Correspondence to: Robert J. Bryson-Richardson,
PhD, robert.bryson-richardson@monash.edu.
https://orcid.org/0000-0002-9501-8208

(Robert J. Bryson- Richardson)

Date of submission: October 28, 2024

Date of decision: December 4, 2024

Date of acceptance: December 17, 2024

Date of web publication: January 29, 2025

668 | NEURAL REGENERATION RESEARCH | Vol 21 | No.2 | February 2026

https://doi.org/10.4103/NRR.NRR-D-24-01311
How to cite this article: Serrano RJ,
Bryson-Richardson RJ (2026) Unraveling the role
of ufmylation in the brain. Neural Regen Res
21(2):667-668.

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.

References

Cabrera-Serrano M, Coote DJ, Azmanov D, Goullee H,
Andersen E, McLean C, Davis M, Ishimura R, Stark Z,
Vallat JM, Komatsu M, Kornberg A, Ryan M, Laing NG,
Ravenscroft G (2020) A homozygous UBAS pathogenic
variant causes a fatal congenital neuropathy. J Med
Genet 57:835-842.

Chen H, Wang YD, Blan AW, Almanza-Fuerte EP,
Bonkowski ES, Bajpai R, Pruett-Miller SM, Mefford
HC (2024) Patient derived model of UBA5-
associated encephalopathy identifies defects in
neurodevelopment and highlights potential therapies.
bioRxiv [Preprint] doi: 10.1101/2024.01.25.577254.

Li HF, Yu ZH, Niu ZK, Cheng Y, Wei ZH, Cai YF, Ma F, Hu
LX, Zhu JJ, Zhang W (2023) A neuroprotective role
of Ufmylation through Atg9 in the aging brain of
Drosophila. Cell Mol Life Sci 80:129.

Molendijk J, Blazev R, Mills RJ, Ng YK, Watt KI, Chau D,
Gregorevic P, Crouch PJ, Hilton JBW, Lisowski L, Zhang
P, Reue K, Lusis AJ, Hudson JE, James DE, Seldin MM,
Parker BL (2022) Proteome-wide systems genetics
identifies UFMylation as a regulator of skeletal muscle
function. Elife 11:e82951.

Muona M, et al. (2016) Biallelic variants in UBAS link
dysfunctional UFM1 ubiquitin-like modifier pathway
to severe infantile-onset encephalopathy. Am J Hum
Genet 99:683-694.

Pan X, Alvarez AN, Ma M, Lu S, Crawford MW, Briere LC,
Kanca O, Yamamoto S, Sweetser DA, Wilson JL, Napier
RJ, Pruneda JN, Bellen HJ (2023) Allelic strengths of
encephalopathy-associated UBAS variants correlate
between in vivo and in vitro assays. Elife 12:RP89891.

Parra Bravo C, et al. (2024) Human iPSC 4R tauopathy
model uncovers modifiers of tau propagation. Cell
187:2446-2464.

Serrano RJ, Oorschot V, Palipana D, Calcinotto V, Sonntag
C, Ramm G, Bryson-Richardson RJ (2023) Genetic
model of UBAS deficiency highlights the involvement
of both peripheral and central nervous systems and
identifies widespread mitochondrial abnormalities.
Brain Commun 5:fcad317.

Wang L, Xu Y, Fukushige T, Saidi L, Wang X, Yu C, Lee JG,
Krause M, Huang L, Ye Y (2024a) Mono-UFMylation
promotes misfolding-associated secretion of alpha-
synuclein. Sci Adv 10:eadk2542.

Wang Z, Xiong S, Wu Z, Wang X, Gong Y, Zhu WG, Xu X
(2024b) VCP/p97 UFMylation stabilizes BECN1 and
facilitates the initiation of autophagy. Autophagy
20:2041-2054.

Zhang J, Zhu H, Liu S, Quintero M, Zhu T, Xu R, Cai Y, Han
Y, Li H (2022) Deficiency of murine UFM1-specific E3
ligase causes microcephaly and inflammation. Mol
Neurobiol 59:6363-6372.

Zhou XC, Mahdizadeh SJ, Le Gallo
M, Eriksson LA, Chevet E,
Lafont E (2024) UFMylation:

a ubiquitin-like modification.
Trends Biochem Sci 49:52-67.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y



7= ufmylation 7E X 3 KI1E
SCERFEHT

—. NEHEN
1. [# B ufmylation fEH 2K & 500 % O 1EH

- XEFRH, ufmylation K P DIRETE RS 20 LE A K G FRAGEUIAHIC, Wik & HEmEHE
PR NSRS R e RN AL, PEEWE VAR ERER FER K.

- B ST AR TR, o T ufmylation ZEAPL AR . RAVKR T NAs-H0H]
R E VAP (R
2. EEMA K B PR 5 IRAT R

- XEAMURET RPN LGERS, RN 1 ufmylation 765 AR AT (i
IRIHEERTT - WA FTD 55) B EIEN, ¥R 7B A B .
3. IRYT T PR AL R B A

- WEFLERI, % ufmylation BB P FE TR BER A (I UPR ¥00E . WM& TR 75D
PR IR R & A 23R 47 P 50 1) 3 4 A

T SCEAAE R
1. ZZ TG BOHE 7R

- EBEES TR, A, DRBANESREEMY M RS, RAER T
ufmylation FEFIZ REGHIRIE . DhEe L HRIHE R,
2. 7R TUIRE S S T A S HR AR

- BT AU I ufmylation JFAEFE T A MG T AR AL, TR E TR & uir it (an
GABA REF AP 0D FIR BN, Phbk T BRA AN, $Ron L Ihae HA g 2R AR 5k
3. & ufmylation 752 H 5 it &1 5 20w HH I AE H

- XEFRE ufmylation MU E W RN, BWGSESHEE, ST RTEED (Wa-
RAZE . Taw) F0Wk, X ONHRARMEIRAT M o 8 A R AL TR LA TR A .
4. mPMAENNRAN S S

- BT RRMA RS, CEEIRTT T ufmylation 7E AN E AR AE B ULThAE TR AR, RN H:
e G E A RS EER R Z .

= SRR R
1. HEBh ufmylation )N “AREVEM” 7] “REEIEVLH]” %42

- LERGELE T ufmylation TEMZ KRG INZ EIRE, KHN—ANHXTATTRZ 2B
MRER T AP R B 508 AN A Bl i 1 8 440 1
2. (R BB ALSITE 5T

- ufmylation [FII ¥ KA R B BRI AR IR AT M, $om Fe o) 1l % ] BE7E A [ A= a By
B HA AR IR S, S 5 R B 5 3 2 (O E A B R AL o
3. PR R Z R4 e SHLHIR R

- SrEFEH ERTC AR ufmylation EYABR (41 RPL26. VCP/p97 £5) , %5E H L M M H )
BEKE 2 oA S T A L ob 22 K S VAR FH A O
4. NREHEIGIT FEALH B

- T ufmylation B R BRGNS, HAEARITRS R G REE S, THEEY
B UPR. [ MRS AN 2R (1 B SR SR 45 T

]+

B4
R SCEAE RGN BTN PEATES P SRR 5 T R AT 0%, A4S T ufmylation FEAIZE 2
Girb I CAThRE, IR M TARKRBI AT, A ERE . K EEY M2 IRAT VRN B SR (it
T EE SRS SRR -

huf



