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Editorial on the Research Topic

Protein post-translational modifications in the nervous system: from

development to disease and ageing

Post-translational modifications (PTMs) increase the functional diversity of the

proteome by reversibly or irreversibly modifying proteins during or after their synthesis.

Thereby, they contribute to the structural and functional variety of proteins, conveying

a complexity to the proteome that is significantly higher than the coding capacity of the

genome. Moreover, providing another level of epigenetic regulation, PTMs of histone

proteins in particular contribute to the modulation of gene accessibility and specific

cell expression profiles. This Frontiers Research Topic entitled “Protein post-translational

modifications in the nervous system: from development to disease and ageing” has collected

10 contributions from experts giving new insights into our understanding of protein post-

translational modifications and their involvement in disease progression, development

and aging.

Three articles assessed the neurodegenerative diseases Alzheimer (AD) and Parkinson

(PD) as well as key regulators of aging. Varshavskaya et al. investigated how PTMs

of β-amyloid (Aβ) may affect AD. In AD, Aβ plaques accumulate within the brain

and hence serve as a biomarker for this disorder. The authors provided evidence

for phosphorylated Aβ42 as well as isomerized Aβ42 to cross an in-vitro blood-brain

barrier more efficiently than unmodified Aβ42, and reported a different mechanism

of transport. These findings could be significant for understanding AD pathogenesis

and treatment, and may prove valuable in the search for biomarkers. Jonischkies et

al. stressed the nuclear DBF2-related (NDR) family of serine-threonine AGC kinases

as essential regulators of aging by underlining their functions, such as autophagy and

inflammatory cytokine regulation, nutrient, AMPK or insulin signaling, and dysfunctions

in the context of aging. Luo et al. highlighted recent findings on major PTMs, such
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GRAPHICAL ABSTRACT

PTMs are crucial for biological processes contributing to healthy organ function. Protein post-translational modifications (PTMs), such as

phosphorylation (P), acetylation (Ac), SUMOylation (SUMO), S-nitrosylation (Nitro), ubiquitination (Ub) and glycosylation (Glyco), a�ect a wide range

of cellular and biological functions as depicted in this cartoon. Perturbations lead to severe consequences for the normal function of the brain and

other organs, such as muscle. Created in BioRender. Hübner (2024) BioRender.com/j49w898.

as ubiquitination, phosphorylation, SUMOylation, acetylation, or

S-nitrosylation, on mitochondrial dysfunction, a central factor in

PD pathogenesis. Moreover, they discussed the potential of proteins

harboring PTM sites, such as α-synuclein or VPS35, as biomarkers

for PD.

In agreement with mitochondrial changes upon PTM

alterations, Liu et al. showed that chronic intermittent hypoxia

(CHI) alters hippocampal protein acetylation in mice. The majority

of the affected proteins were involved in mitochondrial processes

including oxidative phosphorylation, and the tricarboxylic acid

(TCA) cycle. Mice under CHI treatment showed cognitive

impairment, hippocampal lesions, glial cell activation, inhibited

neurogenesis and induced inflammation.

Similarly, hippocampal lesions, plaques, and astrocytic gliosis

are observed in prion disease. Bizingre et al. discussed recent

findings on the impact of altered PTMs on the prion protein

(PrPC), its function, and its conversion into the pathogenic variant.

They also explored prion-related downstream factors as potential

drug targets.

Two articles assessed the role of ubiquitination for protein

function and stability in the context of neuronal development.

Day et al. revealed that the Anaphase Promoting Complex

(APC/C), an E3 ubiquitin ligase, regulates primary neurite

formation and protein levels of the deubiquitinase ubiquitin

specific peptidase 1 (USP1). Notably, SUMOylation of

APC/C did not affect USP1 levels and neuron morphology.
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Franzka et al. assessed ubiquitination of GDP-mannose

pyrophosphorylase B (GMPPB). GMPPB is important for

generating GDP-mannose, which serves as a mannose donor

for glycosylation. The authors showed that ubiquitination of

GMPPB neither affects its stability nor its interaction with

GMPPA, but modulates its enzymatic activity. Moreover,

they disclosed that patient mutations could alter GMPPB

ubiquitination. Thus, ubiquitination provides another level to

regulate GMPPB activity and mannosylation. Notably, loss of

GMPPB results in embryonic lethality as shown by Schurig et

al.. Knockdown of GMPPB disrupted myoblast differentiation

leading to myotube degeneration, and impaired neuron-like

differentiation in N2A cells. In accordance, the authors reported

that GMPPB protein abundance increased during brain and

skeletal muscle development, which was accompanied by an

increase in overall protein mannosylation. Another protein

implicated in glycosylation disorders is the Inositol polyphosphate

5-phosphatase K (INPP5K), a phosphatase of phosphoinositides

(PIs). Manzolillo et al. demonstrated that INPP5K expression

increases during brain development, and its knockdown impaired

neuronal-like differentiation of N2A cells, while disrupting

protein glycosylation.

The final article in this Research Topic, by Majchrzak et

al., explored the interactions between muscle stem cells and

their immediate niche, the regulatory role of post-translational

modifications (PTMs), and how these factors influence quiescence,

activation, and self-renewal, particularly in the context of aging

and disease.

In summary, this Research Topic highlighted the critical

role of PTMs for nervous system and muscle function, as

well as their interconnection during development, disease

and aging.
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Parkinson’s disease (PD) is the second most common neurodegenerative disease

with currently no cure. Most PD cases are sporadic, and about 5–10% of

PD cases present a monogenic inheritance pattern. Mutations in more than

20 genes are associated with genetic forms of PD. Mitochondrial dysfunction

is considered a prominent player in PD pathogenesis. Post-translational

modifications (PTMs) allow rapid switching of protein functions and therefore

impact various cellular functions including those related to mitochondria.

Among the PD-associated genes, Parkin, PINK1, and LRRK2 encode enzymes

that directly involved in catalyzing PTM modifications of target proteins, while

others like α-synuclein, FBXO7, HTRA2, VPS35, CHCHD2, and DJ-1, undergo

substantial PTM modification, subsequently altering mitochondrial functions.

Here, we summarize recent findings on major PTMs associated with PD-

related proteins, as enzymes or substrates, that are shown to regulate important

mitochondrial functions and discuss their involvement in PD pathogenesis. We

will further highlight the significance of PTM-regulated mitochondrial functions

in understanding PD etiology. Furthermore, we emphasize the potential for

developing important biomarkers for PD through extensive research into PTMs.

KEYWORDS

Parkinson’s disease, post-translational modification (PTM), mitochondrial function,
ubiquitination, phosphorylation, acetylation, SUMOylation, s-nitrosylation

1 Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disease,
affecting more than 10 million people worldwide (Kalia and Lang, 2015). Pathologically,
PD is characterized by the progressive loss of dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNpc) and the accumulation of aggregated α-synuclein in the form of
intracellular inclusion called Lewy Body (LB) (Tanner, 1992). The manifestations of PD are
chronic and progressive, with the main symptoms involving movement dysfunctions such
as tremor, tonicity, bradykinesia, and postural instability. Many patients also experience
prodromal symptoms, including non-motor disturbances such as constipation, hyposmia,
and mood disorders (Martinez-Martin et al., 2007; Lajoie et al., 2021). Currently, there is
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no cure for PD. The available treatments only alleviate the
movement symptoms with little effects on disease progression.

Most PD cases are sporadic, or idiopathic, with age and
environmental exposures (such as pesticides, herbicides, heavy
metal, and head injury) being the main known risk factors
(Goldman, 2014; Ascherio and Schwarzschild, 2016). About 15%
PD cases have a familial history, and about 5–10% of PD patients
present a monogenic inheritance pattern (Hernandez et al., 2016).
Mutations in at least 20 genes are identified to be linked with
familiar PD (Table 1). From which, dominantly associated genes
such as SNCA (α-synuclein), LRRK2, and VPS35, as well as
recessively associated genes like PRKN (Parkin), DJ-1, GBA, PINK1,
ATP13A2, and FBXO7, are identified (Polymeropoulos et al.,
1997; Kitada et al., 1998; Bonifati et al., 2003; Lwin et al., 2004;
Valente et al., 2004; Gilks et al., 2005; Ramirez et al., 2006; Di
Fonzo et al., 2009; Vilarino-Guell et al., 2011; Funayama et al.,
2015). More than additional 90 genetic risk loci are shown to be
associated with idiopathic PD (Bekris et al., 2010; Nalls et al., 2019).
Individuals with genetic changes of those genes likely predispose
to PD.

Human genetics have significantly contributed to our
understanding of the molecular mechanisms of PD pathogenesis.
Several key pathways, including those related to protein misfolding
and aggregation, the ubiquitin-proteasomal system, autophagy,
mitochondrial dysfunction, lysosomal abnormality, and vesicle
trafficking, are revealed to PD (Henchcliffe and Beal, 2008;
Meredith et al., 2009; Ebrahimi-Fakhari et al., 2012; Hunn
et al., 2015; De Virgilio et al., 2016; Blumenreich et al.,
2020). Of particular, mitochondrial dysfunction has long
been implied in PD pathogenesis. Methyl-4-phenyl-1,2,3,4-
tetrahydropyridine (MPTP), a mitochondrial complex I inhibitor,
induces Parkinsonism in both human and animals (Langston et al.,
1983). Multiple pesticides and herbicides are shown to induce
parkinsonism via mitochondria-mediated mechanisms (Chen
et al., 2017). A number of PD pathogenic monogenetic genes either
encode mitochondrial proteins or regulate mitochondrial functions
(Nicoletti et al., 2021). Genome-wide association studies (GWAS)
also indicate that mitochondria-related processes are involved in
both familiar and sporadic forms of PD (Billingsley et al., 2019).

Post-translational modifications (PTMs) refer to covalent
chemical alterations of a protein after its synthesis. More than
400 types of PTMs are identified (Khoury et al., 2011). Some
widely studied PTMs include phosphorylation, ubiquitination,
methylation, acetylation, SUMOylation, etc. PTMs increase
functional diversity of the modified protein, therefore modulate
almost every aspect of cellular processes, including mitochondrial
functions (Karve and Cheema, 2011; Stram and Payne, 2016).
Among the PD-associated genes, Parkin, PINK1, and LRRK2
encode enzymes that directly catalyze the PTM of target proteins
while they are PTM modified themselves (Trempe et al., 2013;
Eiyama and Okamoto, 2015; Taylor and Alessi, 2020). PD-related
proteins like α-synuclein, FBXO7, HTRA2, VPS35, CHCHD2,
and DJ-1 either participate in or are heavily modified by PTMs
(Mitsumoto et al., 2001; Plun-Favreau et al., 2007; Kang et al.,
2012; Burchell et al., 2013; Tang et al., 2015; Meng et al., 2017). In
this review, we aim to summarize the recent findings on major
PTMs associated with PD-related proteins, either as enzymes or
substrates, that have been shown to play significant roles in various
mitochondrial functions, hence, PD pathogenesis.

2 Ubiquitination: regulating
mitochondrial functions in
Parkinson’s disease

Ubiquitination is a PTM characterized by the covalent binding
of ubiquitin (Ub) molecule to a specific target protein. This
essential PTM primarily determines protein stability by marking
the target protein for proteasomal degradation. However, it has
also been reported to be able to enhance protein stability and
regulate protein activities. Ubiquitination plays an essential role
in maintaining normal mitochondrial functions. Dysregulated
ubiquitination can cause mitochondrial dysfunctions. While the
accumulation of misfolded and ubiquitinated α-synuclein has long
been recognized as the toxic factor in PD brain pathology, evidence
implicating the direct involvement of ubiquitination dysregulation
in mitochondrial dysfunction and thus PD pathology emerged from
the intensive study of PD associated Parkin and PINK1. As non-
mitochondrial proteins, other PD-related proteins, such as VPS35,
FBXO7, and LRRKs, are found to regulate mitochondrial functions
by modifying ubiquitination process (Table 2).

2.1 Parkin-mediated ubiquitination and
mitophagy

Mutations in Parkin gene are the most common genetic cause
of juvenile-onset and early-onset PD (EOPD), defined by the
appearance of PD symptoms in teens and before the age of 60
(Kitada et al., 1998). The Parkin gene encodes Parkin, an E3
ubiquitin ligase belonging to the RING-between-RING (RBR)
family, which accepts Ub from the E2 enzyme and transfers it
onto the target protein (Imai et al., 2000; Shimura et al., 2000;
Zhang et al., 2000). By ubiquitinating various substrates, Parkin
plays a central role in maintaining mitochondrial function and
homeostasis (Palacino et al., 2004; Narendra et al., 2008).

The groundbreaking study illustrating Parkin’s role in
mitophagy, the biological pathway that selectively eliminates
defective mitochondria, was conducted by the Youle laboratory
(Narendra et al., 2008). Later studies collectively reveal that Parkin-
mediated mitophagy consists of three major steps: (1) initiation,
the activation and translocation of Parkin onto the damaged
mitochondria (Narendra et al., 2008; Matsuda et al., 2010); (2)
priming, the cascade ubiquitination of various targets on the
outer mitochondrial membrane (OMM) by Parkin (Tanaka et al.,
2010; Chan et al., 2011; Sarraf et al., 2013); and (3) finishing, the
lysosomal sequestration and degradation of heavily ubiquitinated
mitochondria (Karbowski and Youle, 2011). Evidence suggests
that the recruitment of Parkin to the damaged mitochondria is
mediated by the binding of Parkin to the mitochondria-situated
phosphorylated-Ub (phospho-Ub, pUb), which is formed by the
kinase activity of PINK1 (PTEN-induced putative kinase 1) (Xiong
et al., 2009; Kane et al., 2014; Sauve et al., 2015). During the
priming stage, Parkin ubiquitinates multiple proteins, showing
a preference for OMM proteins including Parkin itself, MFN1
and 2 (mitofusin 1 and 2), MIRO1 and 2 (mitochondrial Rho
GTPase 1 and 2), VDAC1-3 (voltage-dependent anion channel
1–3), CISD1 (CDGSH iron-sulfur domain 1), and TOM 20, 40, and
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TABLE 1 Genes associated with familiar PD.

Gene PARK locus Alternative names Inheritance Type of parkinsonism

Widely validated SNCA PARK1, PARK4 NCAP AD Early/late onset, atypical

PRKN PARK2 Parkin AR Early onset, typical

PINK1 PARK6 BRPK AR Early onset, typical

DJ-1 PARK7 GATD2 AR Early onset, typical

LRRK2 PARK8 ROCO2, RIPK7 AD Late onset, typical

ATP13A2 PARK9 HSA9947, CLN12 AR Juvenile onset, atypical

PLA2G6 PARK14 PNPLA9, IPLA2 AR Juvenile onset, atypical

FBXO7 PARK15 FBX7 AR Early onset, atypical

VPS35 PARK17 MEM3 AD Late onset, typical

DNAJC6 PARK19 KIAA0473, DJC6 AR Juvenile onset, atypical

SYNJ1 PARK20 INPP5G AR Juvenile onset, atypical

DNAJC13 PARK21 KIAA0678, RME8 AD Late onset, typical

VPS13C PARK23 KIAA1421, BLTP5C AR Early onset, atypical

POLG - POLG1, POLGA AD Early onset, atypical

Less validated UCHL1 PARK5 PGP9.5 AD Late onset, typical

GIGYF2 PARK11 TNRC15, PERQ2, GYF2 AD Late onset, typical

HTRA2 PARK13 OMI AD Late onset, typical

EIF4G1 PARK18 P220 AD Late onset, typical

CHCHD2 PARK22 C7orf17, MIX17B AD Late onset, typical

PSAP PARK24 GLBA, SAP1 AD Late onset, typical

AD, autosomal dominant; AR, autosomal recessive; juvenile-onset, clinical symptom starting before 21 years; early-onset, clinical symptom starting between 20 and 60 years; late-onset, clinical
symptom starting after 60 years; typical PD, PD cases presenting classical motor symptoms, with slow progression and good response to dopaminergic therapeutics; atypical PD, PD cases
featuring prominent additional neurological signs, such as dementia, spasticity, dystonia, with or without abnormal ocular movements (Cherian and Vijayaraghavan, 2023); “-” means no
answer.

70 (translocases of the outer membrane 20, 40, and 70) (Gegg et al.,
2010; Lazarou et al., 2012; Sun et al., 2012; Ordureau et al., 2015;
Liu et al., 2018; Lopez-Domenech et al., 2018). Ubiquitination of
OMM proteins further promotes the recruitment of Ub-binding
autophagy receptors such as P62/SQSTM1 (sequestosome 1),
OPTN (optineurin), NDP52/CALCOCO2 (calcium-binding and
coiled-coil domain-containing protein 2), and NBR1 (neighbor
of Brca1). In turn, these receptors elicit the targeting of the
damaged mitochondria to LC3-positive phagophores for lysosomal
degradation (Figure 1; Heo et al., 2015; Ordureau et al., 2018;
Padman et al., 2019).

Unlike many other E3 ligases that exhibit stringent substrate
specificity, Parkin appears to be loose on substrate selectivity. In
addition to the well-studied Parkin substrates, recent proteomic
analyses have revealed that Parkin ubiquitinates an extensive
large number of proteins (Rose et al., 2016; Martinez et al.,
2017). After treatment with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) for extended hours,
most OMM proteins are ubiquitinated without necessarily having
functional consequences (Chan et al., 2011; Sarraf et al., 2013). In
general, Parkin is activated by PINK1-mediated phosphorylation
of its N-terminal ubiquitin-like domain. With the help of PINK1,
ubiquitination on the OMM by Parkin leads to more pUb
and consecutively greater Parkin recruitment and activation,
creating a feed-forward loop to amplify the Parkin-mediated
ubiquitination to the maximum (Ordureau et al., 2014). Using

artificial mitochondria-targeted proteins, Koyano et al. (2019) have
found that the substrate specificity of Parkin is not determined by
the amino-acid sequence within the substrate, but rather by the
presence of pUb on the target protein (Durcan et al., 2012).

Proteomic analyses of purified mitochondria have revealed that
Parkin produces a mixture of canonical and non-canonical Ub
chains on damaged mitochondria. In general, Ub chains can form
through any of the seven lysine (K6, K11, K27, K29, K33, K48,
and K63) and the N-terminal methionine (Met1) (Kulathu and
Komander, 2012; Akutsu et al., 2016). In vitro, Parkin ubiquitinates
mitochondrial proteins with K6-, K11-, K48-, and K63-linked Ub
chains to signal damaged mitochondria for mitophagy (Ordureau
et al., 2014). Canonical K48-linked Ub chains are crucial for
the proteasomal targeting and degradation of modified proteins
(Manohar et al., 2019), while K63-linked Ub chains activate the
autophagic machinery through recruiting autophagy adaptors like
HDAC6 (histone deacetylase 6) and P62 (Seibenhener et al., 2004;
Olzmann et al., 2007). Intriguingly, Parkin catalyzes certain degrees
of K6- and K11-linked Ub chains on OMM proteins. Activity of
Parkin-mediated mitophagy is impaired when either K6 or K11 Ub-
linkage was inhibited by the expression of mutant Ub K6R or K11R,
suggesting that K6- and K11-linked Ub chains positively regulate
the mitophagy process (Durcan et al., 2014; Cunningham et al.,
2015). Therefore, Parkin is considered a rather promiscuous E3
ligase that, once activated, ubiquitinates a broad range of proteins
with a wide spectrum of Ub chains and amplifies the Ub signals via
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TABLE 2 Ubiquitination of PD-related proteins and mitochondrial dysfunction.

PD-related
protein

Enzyme Substrate Regulated mitochondrial function References

Parkin Directly involved in PTM
enzymatic reaction

Parkin Parkin Activates mitophagy Zhang et al., 2000

Parkin OMM proteins Activates mitophagy Gegg et al., 2010; Lazarou et al.,
2012; Sun et al., 2012; Ordureau
et al., 2015; Liu et al., 2018; Lopez-
Domenech et al., 2018

Parkin Tollip Promotes MDVs transport Ryan et al., 2020

Parkin SNX9 Inhibits immune-related-MDVs formation Matheoud et al., 2016

Parkin DRP1 Inhibits mitochondrial fission Wang H. et al., 2011

Parkin MFN1 Inhibits mitochondrial fusion Gegg et al., 2010

Parkin MFN2 Inhibits mitochondrial fusion, increases
mitochondria-ER contacts

Gegg et al., 2010; Basso et al., 2018

Parkin PARIS Promotes mitochondrial biogenesis Siddiqui et al., 2016

Parkin MICU1 Maintains calcium homeostasis Matteucci et al., 2018

Parkin MIRO Increases mitochondria-ER contacts Wang X. et al., 2011

α-synuclein SIAH-1 α-synuclein Increases cytochrome c release Lee et al., 2008

FBXO7 FBXO7 PINK1 Increases mitophagy Liu et al., 2020

VPS35 Indirectly involved in PTM
enzymatic reaction

MULAN MFN2 Promotes mitochondrial fusion Tang et al., 2015

LRRK2 PERK MARCH5,
MULAN, Parkin

Inhibits mitochondria-ER contacts Toyofuku et al., 2020

Tollip, the endosomal adaptor Toll interacting protein; SNX9, sorting nexin 9; DRP1, dynamin-related protein 1; MFN1 and 2, mitofusin 1 and 2; PARIS, Parkin-interacting substrate; MICU1,
mitochondrial calcium uptake 1; MIRO, mitochondrial Rho GTPase; PINK1, PTEN induced putative kinase 1; MULAN, mitochondrial E3 ubiquitin protein ligase 1; LRRK2, leucine-rich
repeat kinase 2; MARCH5, membrane associated Ring-CH-type finger 5; ER, endoplasmic reticulum; MDV, mitochondrial-derived vesicle.

a positive-feedback manner to maximally ubiquitinated proteins on
the damaged mitochondria.

Over 200 missense variants are identified in the Parkin gene, but
only a small fraction has been clearly annotated to be pathogenic.
Integrating clinical evidence with in vitro mitophagy activity, Yi
et al. (2019) has conducted a systematic analysis of 51 Parkin
variants, finding a correlation between the degree of mitophagy
defect and the level of clinical manifestation. Among them, 13
Parkin variants are classified as pathogenic or likely pathogenic that
all display severe mitophagy defects. Those variants designated as
non-pathogenic show normal or near-normal mitophagy function
(Yi et al., 2019). Likewise, Broadway et al. (2022) have investigated
10 rare Parkin mutants and found 7 with impaired mitophagy
activity. These studies suggest that Parkin mediated mitophagy
plays important roles in PD pathogenesis.

2.2 Parkin-mediated ubiquitination and
mitochondrial-derived vesicles

In addition to mitophagy, an alternative mitochondrial quality
control mechanism is via mitochondrial-derived vesicles (MDVs)
(Cadete et al., 2016). With this, mitochondria transfer their
defective mitochondrial contents to destination organelles, such as
lysosomes, peroxisomes, and multivesicular bodies, for degradation
via releasing vesicles with 70–150 nm in diameter (Futter et al.,
1996; Soubannier et al., 2012a; Vasam et al., 2021; Rosina et al.,
2022). Depending on the source of the mitochondrial stress,

MDVs derive from the inner mitochondrial membrane (IMM)
as a double-membrane structure or from the OMM as a single-
membrane vesicle (Konig et al., 2021; Popov, 2022; Heyn et al.,
2023). Whether Parkin plays a preferential role in the formation of
MDVs remains to be elucidated. In vitro, the formation of MDVs
carrying inner membrane marker PDH (pyruvate dehydrogenase)
is dependent on Parkin activity (McLelland et al., 2014; Ge et al.,
2020). Targeting of Parkin-dependent MDVs to the later endo-
lysosomal compartments is mediated by the ternary SNARE protein
complex composed of STX17 (syntaxin 17), SNAP29 (synaptosome
associated protein 29), and VAMP7 (vesicle-associated membrane
protein 7) (Soubannier et al., 2012a; Juhasz, 2016; McLelland
et al., 2016). Unlike those PDH-positive MDVs, the presence of
MDVs containing only OMM marker like Tom20 is not affected
by loss-of-function Parkin mutants T240R or C431S, indicating
the independence of Parkin E3 ligase activity (Soubannier et al.,
2012b). However, Parkin was found to coordinate with Tollip
(the endosomal adaptor Toll interacting protein) to facilitate
the transport of these single-membrane MDVs to the endo-
lysosomal compartment, with the help of the STX17-SNAP29-
VAMP7 SNARE complex (Figure 1; Ryan et al., 2020). In contrast,
Parkin seems to inhibit the formation of a subtype of MDVs
that plays important roles in immune cells related mitochondrial
antigen presentation (MitAP) through triggering ubiquitination
and proteasomal degradation of SNX9 (sorting nexin 9) (Matheoud
et al., 2016). Thus, Parkin-mediated ubiquitination potentially
link between mitochondrial dysfunction and neuroinflammation
in PD (Sliter et al., 2018). Consistently, Parkin-null mice show
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FIGURE 1

Post-translational modifications in the regulation of mitophagy and mitochondrial-derived vesicles formation. (A) Initiation of mitophagy. Parkin is
activated and translocated onto the damaged mitochondria. PINK1 mediated phosphorylation of Parkin and mitochondria situated Ub is essential for
Parkin activation. FBXO7 negatively regulates mitophagy activity by enhancing the ubiquitination of PINK1. (B) Priming of mitophagy. After activation,
Parkin ubiquitinates a large number of mitochondrial proteins, resulting in increased Ub signal and successively increased pUb signals mediated by
PINK1. (C) Finishing of mitophagy. Ubiquitination of OMM proteins further promotes the recruitment of Ub binding autophagy receptors such as
P62/SQSTM1, OPTN, NDP52/CALCOCO2, and NBR1 to target the damaged mitochondria to LC3 positive phagophores for lysosomal degradation.
LRRK2 mediated phosphorylation regulates mitophagy through its substrates MIRO and Rab10. (D) Formation of mitochondrial-derived vesicles
(MDVs). Parkin mediated ubiquitination and PINK1 mediated phosphorylation are required by the formation of PDH+ MDVs. Parkin and Tollip
facilitate the transport of TOM20+ MDVs to the endo lysosomal compartment with the help of the STX17 SNAP29 VAMP7 SNARE complex. FBXO7,
F-box protein 7; PINK1, PTEN induced putative kinase 1; Ub, ubiquitin; P62/SQSTM 1, sequestosome 1; NDP52/CALCOCO2, calcium binding and
coiled coil domain containing protein 2; NBR1, neighbor of Brca1; OPTN, optineurin; MIRO, mitochondrial Rho GTPase; LRRK2, leucine-rich repeat
kinase 2; LC3, microtuble-associated protein light chain 3; PDH, pyruvate dehydrogenase; and TOM20, translocases of the outer membrane 20.

excessive inflammation due to STING-dependent (stimulator-
of-interferon-genes dependent) pro-inflammation activity and
increased vulnerability to inflammation-induced degeneration
(Frank-Cannon et al., 2008; Sliter et al., 2018).

2.3 Parkin-mediated ubiquitination and
other mitochondrial functions

2.3.1 Parkin-mediated ubiquitination and
mitochondrial dynamics

Mitochondria undergo constant fission-and-fusion in
reflection of their functional statuses (Lewis and Lewis, 1914;
Chen and Chan, 2017; Kraus et al., 2021). Increased mitochondrial
fission results in small and round mitochondria to probably
facilitate the mitochondrial trafficking within cells, while enhanced
mitochondrial fusion leads to elongated mitochondria for efficient
ATP production (Martini and Passos, 2023). Certain mitochondrial
damages promote fission activity leading to the separation of
depolarized mitochondria to facilitate their later removal by
mitophagy or other mitochondrial quality control mechanisms
(Han et al., 2020; da Silva Rosa et al., 2021; Cai et al., 2022).

Parkin is responsible for the ubiquitination and proteasomal
degradation of several bona fide players in mitochondrial fission-
and-fusion pathways, including the fission mediator DRP1
(dynamin-related protein 1) and fusion mediators MFN1 and
MFN2 (Narendra et al., 2008; Yamada et al., 2018, 2019;

Ham et al., 2020). Parkin interacts with DRP1 through its
second RING domain and subsequently ubiquitinates DRP1,
leading to its proteasomal degradation. Both the deficiency
of Parkin and expression of the PD-associated Parkin mutant
C431F inhibit ubiquitination and degradation of DRP1, resulting
in mitochondrial fragmentation (Figure 2; Lutz et al., 2009;
Wang H. et al., 2011). In Drosophila, overexpression of DRP1
rescues muscle degeneration and mitochondrial abnormalities in
PINK1−/− or Parkin−/− mutants (Deng et al., 2008). In vitro,
Parkin also ubiquitinates MFN-1 and MFN-2. Ubiquitination of
MFN-1 and MFN-2 is reduced in either cell lines with Parkin
deficiency or fibroblasts derived from PD patients harboring Parkin
mutations (Gegg et al., 2010; Rakovic et al., 2011). In Drosophila,
accumulated Marf (Drosophila homolog of MFN), along with
reduced ubiquitinated Marf and increased non-ubiquitinated Marf,
is observed in Parkin mutant flies (Poole et al., 2010; Ziviani et al.,
2010). Thus, Parkin participates in regulation of mitochondrial
dynamics.

2.3.2 Parkin-mediated ubiquitination and
mitochondrial biogenesis

Another mechanism cells employ to cope with mitochondrial
damage is to generate new mitochondria, a process known
as mitochondrial biogenesis (Ivankovic et al., 2016; Popov,
2020). Mitochondrial biogenesis is governed by the master
regulator PGC1-α (peroxisome proliferator-activated receptor
gamma coactivator 1-alpha). PGC1-α binds and actives nuclear
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FIGURE 2

Post-translational modifications in the regulation of mitochondrial dynamics. Mitochondria undergo constant fusion (joining two mitochondria
together with the help of MFN1, MFN2, and OPA1) and fission (separating one mitochondrion into two mitochondria with the help of DRP1). Parkin
ubiquitinates DRP1, leading to the proteasomal degradation of DRP1 and inhibiting mitochondrial fragmentation. LRRK2 phosphorylates DRP1,
impairs the interactions between Parkin and DRP1, and activates MULAN and Parkin’s E3 ligase activities, therefore regulating mitochondrial
fragmentation. VPS35 regulates the degradation of the MULAN, thereby inhibiting MUL1 mediated ubiquitination and degradation of MFN2 and
promoting mitochondrial fusion. Parkin ubiquitinates MFN1, MFN2 and MIRO, leading to their degradation via the proteasomal system and inhibiting
mitochondrial fusion. PINK1 phosphorylates MIRO and activates Parkin mediated ubiquitination and degradation of MIRO. MFN1, mitofusin 1; MFN2,
mitofusin 2; OPA1, optic atrophy 1; LRRK2, leucine-rich repeat kinase 2; VPS35, vacuolar protein sorting 35; MULAN, mitochondrial E3 ubiquitin
protein ligase; MIRO, mitochondrial Rho GTPase.

transcription factors NRF-1 and 2 (nuclear respiratory factor 1 and
2) to increase transcription and therefore expression of proteins for
mitochondrial biogenesis (Scarpulla, 2008; Li et al., 2011, 2021).
PARIS (Parkin-interacting substrate) is a zinc finger protein that
binds to and represses PGC-1α. Parkin interacts with PARIS and
tags it with Ub chains for proteasomal degradation (Shin et al.,
2011; Siddiqui et al., 2015; Stevens et al., 2015; Lee et al., 2017).
Parkin deficiency leads to accumulation of PARIS, downregulation
of PGC-1α, and selective loss of SNpc DA neurons. All of these
are rescued by PGC-1α expression (Shin et al., 2011; Stevens et al.,
2015; Siddiqui et al., 2016). These observations suggest that Parkin-
mediated ubiquitination plays an important regulatory role in
the PGC-1α-mediated mitochondrial biogenesis by ubiquitinating
PARIS (Figure 3).

2.3.3 Parkin-mediated ubiquitination and calcium
homeostasis

Recent studies suggest that Parkin regulates calcium
homeostasis by ubiquitinating a range of tethering proteins
involved in mitochondria-endoplasmic reticulum contact

sites (MERCs), such as MFN1, MFN2, MIRO1, and MICU
(Figure 4). Parkin in calcium regulation was initially reported
by Sandebring et al., 2009. With epidermal growth factor (EGF)
stimulation, expression of both PD-associated Parkin mutants
(R42P and G328E) or Parkin knockdown results in increased
PLCγ1 (phospholipase C gamma1) and elevated basal cytosolic
Ca2+ levels. These phenotypes are completely reversed with
the treatment of PLC-inhibitor neomycin (Sandebring et al.,
2009). A later study demonstrates that glutamate excitotoxicity in
neuronal cells triggers Parkin accumulation on the ER and MERCs,
suggesting a role of Parkin in the mitochondria-ER crosstalk (Van
Laar et al., 2015). In Hela cells that do not express endogenous
Parkin, overexpression of Parkin, but not the Parkin mutant lacking
Ubl domain, enhances ER-mitochondrial tethering and increases
agonist-induced Ca2+ transients (Cali et al., 2013). Conversely,
Parkin knockdown impairs mitochondrial Ca2+ transfer and
reduces mitochondria-ER contacts, suggesting that Parkin may
enhance mitochondria-ER Ca2+ transfer by maintaining MERCs
(Cali et al., 2013). However, confounding evidences are observed
in fibroblasts derived from PD patients carrying Parkin mutations
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FIGURE 3

Parkin-mediated ubiquitination regulates mitochondrial biogenesis. PARIS binds to and represses PGC 1α, the master regulator of mitochondrial
biogenesis. Parkin interacts with and ubiquitinated PARIS, leading to its proteasomal degradation and promoting mitochondrial biogenesis. PARIS,
Parkin-interacting substrate; PGC 1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha.

and in Parkin−/− mice. Loss of Parkin results in close proximity
between ER and mitochondria, leading to increased mitochondria-
ER Ca2+ transfer, while overexpression of Parkin could restore the
cytosolic Ca2+ transient to normal (Gautier et al., 2016).

Mitochondria take up Ca2+ through the mitochondrial
calcium uniporter (MCU) complex that are composed of four
core components, including the pore-forming subunit MCU,
gatekeeping subunits MICU1 and 2 (mitochondrial calcium uptake
1 and 2), and the auxiliary subunit EMRE (essential mitochondrial
regulator) (Sancak et al., 2013; Raffaello et al., 2013). MICU1
and 2, respectively, act as positive and negative regulators of the
MCU complex (Plovanich et al., 2013). Under basal conditions,
Parkin ubiquitinates MICU1, leading to its rapid degradation
via the proteasomal system. Given that MICU2 stability is
strictly dependent on MICU1, Parkin-mediated ubiquitination
also indirectly regulates the amount of MICU2 (Matteucci et al.,
2018). By maintaining appropriate levels of MICUs, Parkin
plays a regulatory role in mitochondrial calcium homeostasis.
Additionally, Parkin exerts its effects on ER-mitochondrial
tethering via ubiquitinating of MFN2. ER located MFN2 forms
a homotypic or heterotypic complex with either mitochondria-
located MFN2 or mitochondria-located MFN1, thereby bridging
mitochondria and ER (de Brito and Scorrano, 2008). Parkin
ubiquitinates MFN2 on K416 in the HR1 domain, which in turn
positively affects the physical and functional interactions between
mitochondria and ER. Parkin-resistant MFN2 mutant K416R loses
the ability to restore the decreased mitochondria-ER interactions
in Parkin deficient cells and fibroblasts carrying PD-associated
Parkin mutants (Basso et al., 2018). MIRO is another substrate of
Parkin that regulates mitochondria-ER contacts. In yeast cells, yeast
MIRO (Gem1p) deficiency leads to significant decrease of MERCs
(Figure 4; Wang X. et al., 2011).

2.4 Ubiquitination of other PD-associated
proteins and mitochondrial functions

2.4.1 Ubiquitination of α-synuclein and
mitochondrial functions

α-Synuclein, a principal component of LB, is a key protein
involved both genetically and pathologically in PD. Mutations

in the α-synuclein gene cause familiar forms of PD. The
polymorphisms of α-synuclein confer a relatively increased risk
of developing idiopathic PD. Since 1997, point mutations and
duplication of α-synuclein gene have been inventoried with
autosomal dominant PD, suggesting a gain-of-function mechanism
(Polymeropoulos et al., 1997; Fuchs et al., 2007; Elia et al., 2013).

α-Synuclein is predominantly found in the presynaptic
terminals of the central nervous system and is implicated in
regulating synaptic plasticity and neurotransmitter release
(Burre et al., 2010; Venda et al., 2010). Compelling evidence
suggests that mitochondrial functions, such as cytochrome c
release, calcium homeostasis, ATP production, and mitochondrial
fission-and-fusion balance, are also directly regulated by α-
synuclein. Remarkably, α-synuclein is found in all mitochondrial
compartments and can selectively be localized to mitochondria
under stress conditions (Ulmer et al., 2005; Li et al., 2007; Parihar
et al., 2008; Zhang et al., 2008; Devi and Anandatheerthavarada,
2010; Subramaniam et al., 2014). The N-terminal 32 amino-
acid sequence of α-synuclein is critical for its mitochondrial
translocation. α-Synuclein undergoes multiple PTMs, including
ubiquitination. α-Synuclein is a target of Parkin upon
mitochondrial stress. Under basal conditions, no interaction
between α-synuclein and Parkin is detected. With the treatment of
CCCP or rotenone, Parkin forms a complex with α-synuclein and
catalyzes formation of K63-linked Ub chains to recruit Synphilin
1, a negative regulator of α-synuclein toxicity, to the α-synuclein-
Parkin complex. Therefore, Parkin-mediated ubiquitination may
negatively regulate α-synuclein’s response to the mitochondrial
stress (Norris et al., 2015). Consistently, α-synuclein is the
substrate of RING-type E3 ligase SIAH-1 (seven in absentia
homolog-1). SIAH-1 facilitates the mono- and poly-ubiquitination
of α-synuclein to increase α-synuclein insolubility and exacerbate
its aggregation-associated toxicity (Figure 4). Cells overexpressing
WT α-synuclein or PD-associated mutant α-synuclein A53T show
exacerbated cytochrome c release and apoptosis with increased of
SIAH-1 activity (Lee et al., 2008).

Ubiquitinated α-synuclein is predominately found in LBs
and has been demonstrated to contribute to the misfolding
of α-synuclein, mitochondrial dysfunction, and neuronal death
(Spillantini et al., 1997; Devi et al., 2008; Choubey et al., 2011).
Despite these associations, efforts to establish α-synuclein as a
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FIGURE 4

Post-translational modifications in the regulation of calcium homeostasis, oxidative stress, and apoptosis. Mitochondria play an essential role in
maintaining Ca2+ homeostasis, regulating oxidative stress, and integrating apoptosis signals. (1) Mitochondria take up Ca2+ through the MCU
complex, which is positively and negatively regulated by MICU1 and 2, respectively. Parkin regulates mitochondrial calcium homeostasis by directly
ubiquitinating MICU1, leading to its proteasomal degradation, and indirectly affecting MICU2’s protein level. (2) Parkin also regulates calcium
homeostasis by ubiquitinating tethering proteins involved in mitochondria endoplasmic reticulum contact sites (MERCs), such as MFN1, MFN2,
MIRO1, and MICU. (3) LRRK2 blocks PERK mediated phosphorylation and activation of Parkin and MULAN, causing increased degradation of MERCS
tethering proteins and reduced ER mitochondrial contacts. (4) PINK1 phosphorylates LETM1, leading to increased calcium release and facilitating
calcium transport in mitochondria. (5) PINK1 phosphorylates Bcl XL and prevents its pro apoptotic cleavage. (6) PINK1 also phosphorylates BAD and
prevents the formation of pro apoptotic Bcl XL BAD complex. (7) N α acetylation of α synuclein induces mitochondrial dysfunction. (8) Parkin
increases K63-linked Ub chains on α synuclein, leading to the recruitment of Synphilin 1 to inhibit α synuclein toxicity. (9) SIAH-1 facilitates
ubiquitination of α synuclein, increasing α synuclein’s insolubility and exacerbating its aggregation associated toxicity. (10) PINK1 mediated
phosphorylation enhances the proteolytic activity of HTRA2 and protects cells against mitochondrial stress. (11) Phosphorylation of TRAP1 by PINK1
inhibits cytochrome c release and reduces cell death during oxidative stress. (12) LRRK2 phosphorylates PRDX3 and decreases its peroxidase activity.
(13) SUMOylation of DJ 1 is crucial for of DJ 1’s anti-ROS activity. MCU, mitochondrial calcium uniporter; MICU1, mitochondrial calcium uptake 1;
MICU2, mitochondrial calcium uptake 2; MFN1, mitofusin 1; MFN2, mitofusin 2; MIRO1, mitochondrial Rho GTPase 1; LRRK2, leucine-rich repeat
kinase 2; PERK, protein kinase RNA-like ER kinase; LETM1, leucine zipper-EF-hand-containing transmembrane protein 1; ER, endoplasmic reticulum;
Bcl XL, B-cell lymphoma-extra large; BAD, BCL2 associated agonist of cell death; Ub, ubiquitin; SIAH-1, seven in absentia homolog-1; HTRA2,
high-temperature requirement serine protease A2; TRAP1, TNF receptor-associated protein 1; PRDX3, peroxiredoxin 3; ROS, reactive oxygen species.

biomarker for PD diagnosis or prognosis primarily focus on
three species of α-synuclein-total α-synuclein, phosphorylated
α-synuclein, and the oligomeric form of α-synuclein-in tissues
and fluids like blood components, CSF, saliva, and extracellular
vesicle (EVs) (Hong et al., 2010; Tokuda et al., 2010; Mollenhauer
et al., 2011, 2013; Foulds et al., 2012; Wang Y. et al., 2012; van
Steenoven et al., 2018; Vivacqua et al., 2019; Stuendl et al., 2021).
Monoubiquitinated and polyubiquitinated α-synuclein are able to
be detected in plasma using a polyclonal anti-ubiquitin antibody
(FL-76) (Foulds et al., 2011). It will of interest in studying whether
this is useful for PD diagnosis.

2.4.2 FBXO7-regulated ubiquitination and
mitochondrial functions

Mutations in FBXO7 cause autosomal recessive EOPD (Shojaee
et al., 2008). Being a F-box domain-containing protein, FBXO7
(F-box protein 7) acts as an adapter for Skp1-Cullin-F-box
(SCF) type E3-ubiquitin ligase (Skowyra et al., 1997). Emerging
evidence suggests that FBXO7 participates in the maintenance
of mitochondrial homeostasis through facilitating ubiquitination
modification of key proteins in the mitochondrial quality
control pathways. Overexpression of FBXO7 enhances Parkin
recruitment onto damaged mitochondria, suggesting a role of
FBXO7 in mitophagy process (Burchell et al., 2013). It seems that

FBXO7 negatively regulates mitophagy activity by enhancing the
ubiquitination of PINK1, thereby, suppressing Parkin E3 ligase
activity (Figure 1; Liu et al., 2020). Furthermore, ubiquitination of
MFN1 was also found to be significantly reduced in both fibroblasts
derived from patients harboring homozygous FBXO7 R378G
mutation and in SH-SY5Y cells with FBXO7 deficiency, which is
restored by wild-type FBXO7. However, a recent study reports that
FBXO7 is dispensable in the Parkin-mediated mitophagy process.
Accumulation of pUb, recruitment of Parkin onto mitochondria,
and mitophagy flux are all barely affected in FBXO7−/− cells.
Moreover, increased pUb foci were detected in FBXO7−/− cells
than that in control cells after treating with mitochondrial targeted
HSP90 (heat shock protein 90) inhibitor Gamitrinib-TPP (Kraus
et al., 2023). It is possible that FBXO7 regulates mitochondrial
functions differentially depending on conditions. Nonetheless, the
regulation is likely one via ubiquitination modification.

2.4.3 VPS35-regulated ubiquitination and
mitochondrial functions

VPS35 (vacuolar protein sorting 35) is a critical component
of the retromer complex that is important for the retrograde
transport of transmembrane protein-cargo from endosomes to the
trans-Golgi network (TGN) (Hierro et al., 2007). Mutations in
VPS35 have recently been identified as the cause of familiar PD.

Frontiers in Molecular Neuroscience 08 frontiersin.org14

https://doi.org/10.3389/fnmol.2023.1329554
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-16-1329554 January 6, 2024 Time: 16:5 # 9

Luo et al. 10.3389/fnmol.2023.1329554

A single missense mutation in VPS35, c.1858G > A (p.D620N),
has been unambiguously identified to segregate with late-onset
PD (LOPD) in an autosomal dominant manner (Zimprich et al.,
2011). Studies suggest that VPS35 can indirectly participate in
mitochondrial dynamics via the alteration of ubiquitination events.
Using a transgenic mouse model, Tang et al. (2015) revealed that
VPS35 regulates the trafficking and degradation of the MULAN
(mitochondrial E3 ubiquitin protein ligase 1), thereby inhibiting
MUL1-mediated ubiquitination and degradation of MFN2 and
promoting mitochondrial fusion (Figure 2). Consistently, selective
deletion of the VPS35 in DA neuron results in mitochondrial
fragmentation and PD-relevant pathologies in VPS35± mice
(Tang et al., 2015).

2.4.4 LRRK2-regulated ubiquitination and
mitochondrial functions

Another PD-associated protein that indirectly participate in
mitochondrial dynamics through ubiquitination modification is
LRRK2 (leucine-rich repeat kinase 2). LRRK2, also known as
dardarin (from the Basque word “dardara” that means trembling)
and PARK8 (from early identified association with PD), is a
large multifunctional kinase. Variants of this gene are associated
with increased risk of PD and Crohn’s disease (Funayama et al.,
2002). LRRK2, through its N-terminal domain, interacts with
mitochondrial membrane-binding E3 ubiquitin ligases MARCH5
(membrane associated Ring-CH-type finger 5), MULAN, and
Parkin. The kinase activity of LRRK2 is required for activation of
these E3 ligase (Figure 2). No evidence of direct phosphorylation
of these E3 ligases by LRRK2 has been found in in vitro assays,
but screening assay using siRNA library revealed that PERK
(protein kinase RNA-like ER kinase) is the kinase that directly
phosphorylates and activates these E3 ligases. Via binding to these
E3 ligases, LRRK2 WT blocks the PERK-mediated phosphorylation
and activation of these E3 ligases. PD-associated LRRK2 mutant
G2019S has decreased binding activity to these E3 ligases, resulting
in increased phosphorylation and activation of E3 ubiquitin ligases
by PERK, which consequently causes increased degradation of
MERCS tethering proteins and reduced ER-mitochondrial contacts
(Figure 4; Toyofuku et al., 2020).

3 Regulation of mitochondrial
functions by phosphorylation in
Parkinson’s disease

Protein phosphorylation, a prevalent PTM mediated by kinases,
involves the covalent attachment of a phosphate group to an
amino acid residue like serine (S), threonine (T), or tyrosine
(Y). This dynamic modification offers a swift mechanism to alter
protein function, thus playing crucial roles in regulation of various
cellular pathways. Emerging evidence indicates that aberrant
phosphorylation of proteins impacts mitochondrial functions,
such as mitochondrial dynamics, mitophagy, MDV formation,
mitochondrial respiratory activity, and calcium homeostasis.
Notably, PD-associated kinase proteins, such as PINK1 and LRRK2,
have been found to cause mitochondrial dysfunction through their
dysregulated phosphorylation activity, ultimately leading to PD
pathogenesis. Therefore, we aim to provide an overview elucidating

how PINK1 and LRRK2 modulate a range of mitochondrial
functions via their kinase activity, outlining their implications in
the pathogenesis of PD through protein phosphorylation (Table 3).

3.1 PINK1-mediated phosphorylation and
mitophagy

Mutations in PINK1 are the second most common cause
of EOPD, accounting for 1–9% PD patients. More than 300
PINK1 variants have been identified from PD patients (Ma et al.,
2021; Vizziello et al., 2021). The PINK1 gene encodes a 581
amino acid protein, which contains an N-terminal mitochondrial
targeting sequence (MTS), a transmembrane domain (TMD), and
a highly conserved S/T kinase domain (Cardona et al., 2011).
Under normal conditions, PINK1 is targeted to mitochondria
through its MTS via the TOM (translocase of the outer
membrane) and TIM (translocase of the inner membrane)
complexes (Lazarou et al., 2012). During the translocation process,
PINK1 undergoes consecutive cleavages by MPP (mitochondrial
processing peptidase) and PARL (presenilin-associated rhomboid-
like protease) (Jin et al., 2010; Deas et al., 2011; Greene et al.,
2012), and the cleaved 52-kDa PINK1 is retro-translocated into the
cytosol and undergoes rapid turnover by the proteasome via the
N-end rule pathway (Whitworth et al., 2008; Greene et al., 2012).
Therefore, PINK1 is normally maintained at a very low steady-state
level. With damaged mitochondria, PINK1’s mitochondrial import
is inhibited by the reduced mitochondrial membrane potential,
which leads to the accumulation of full-length PINK1 on the OMM
(Jin and Youle, 2013).

The landmark studies suggesting that both Parkin and PINK1
function through a common pathway to regulate mitochondrial
function were from a series of Drosophila research (Greene
et al., 2003; Clark et al., 2006; Park et al., 2006). Not only do
PINK1−/− and Parkin−/− mutant flies exhibit similar degenerative
phenotypes in neuron and muscle cells due to mitochondrial
abnormalities, but overexpression of Parkin also rescues the
PINK1−/− phenotype, not vice versa, suggesting PINK1 acts
upstream of Parkin in a linear pathway (Yang et al., 2006). Later
on, more studies gradually unveil the models of how PINK1 and
Parkin work together to regulate various mitochondrial functions
(Durcan and Fon, 2015; Mouton-Liger et al., 2017).

PINK1-mediated phosphorylation plays essential roles at
multiple steps of the mitophagy process, largely interacting with
Parkin-mediated ubiquitination modification (Ordureau et al.,
2014). First, autophosphorylation of PINK1 is important for
its own activation, coinciding with its accumulation on the
OMM (Kondapalli C. et al., 2012). PINK1 activity is determined
by autophosphorylation at residues S228, S230, T257, and
S402 (Kondapalli C. et al., 2012; Okatsu et al., 2012b; Aerts
et al., 2015; Rasool et al., 2022). Although conflicting results
regarding the regulatory role of autophosphorylation residues in
PINK1are reported, autophosphorylation at S228 is important
for the subsequent phosphorylation of PINK1 substrates in cells
(Okatsu et al., 2012a; Aerts et al., 2015; Kumar et al., 2017;
Rasool et al., 2018). Furthermore, the equivalent site of human
PINK1 S228 is confirmed to be autophosphorylated in multiple
PINK1 homologs, including S346 of Drosophila PINK1, S205 of
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TABLE 3 Phosphorylation of PD-related proteins and mitochondrial dysfunction.

PD-related
protein

Enzyme Substrate Regulated mitochondrial function Modification site
(human)

References

PINK1 PINK1 PINK1 Activates PINK1 S228, S230, T257, S402 Kondapalli C. et al., 2012; Okatsu
et al., 2012b; Aerts et al., 2015

PINK1 Ub Activates Parkin S65 Kazlauskaite et al., 2014

PINK1 Parkin Promotes mitophagy, increases MDVs production S65 Kazlauskaite et al., 2014

PINK1 NDUFA10 Enhances CI activity S250 Morais et al., 2014

PINK1 Bcl-XL Inhibits pro-apoptotic signal S62 Arena et al., 2013

PINK1 BAD Prevents apoptosis S112, S136 Wan et al., 2018

PINK1 HTRA2 Reduces mitochondrial stress S141 Plun-Favreau et al., 2007

PINK1 TRAP1 Inhibits cytochrome c release - Pridgeon et al., 2007

PINK1 LETM1 Maintains calcium homeostasis T192 Huang et al., 2017

MARK2 PINK1 Activates PINK1 T313 Matenia et al., 2012

LRRK2 LRRK2 Parkin Inhibits mitophagy - Bonello et al., 2019

LRRK2 MIRO Inhibits mitophagy - Hsieh et al., 2016

LRRK2 Rab10 Inhibits mitophagy T73 Wauters et al., 2020

LRRK2 BCL2 Increases mitophagy T56 Su et al., 2015

LRRK2 DRP1 Increases mitochondrial fragmentation T595 Su and Qi, 2013

LRRK2 4E-BP Increases oxidative stress T37, T46 Imai et al., 2008

LRRK2 PRDX3 Increases oxidative stress T146 Angeles et al., 2011

LRRK2 unknown Exacerbates mtDNA damage - Howlett et al., 2017; Gonzalez-
Hunt et al., 2020

PINK1, PTEN induced putative kinase 1; Ub, ubiquitin; NDUFA10, NADH: ubiquinone oxidoreductase subunit A10; Bcl-XL, B-cell lymphoma-extra large; BAD, BCL2 associated agonist of cell
eath; HTRA2, high-temperature requirement serine protease A2; TRAP1, TNF receptor-associated protein 1; LETM1, leucine zipper-EF-hand-containing transmembrane protein 1; MARK2,
microtubule affinity-regulating kinase; LRRK2, leucine-rich repeat kinase 2; MIRO, mitochondrial Rho GTPase; BCL2, B-cell lymphoma 2; DRP1, dynamin-related protein 1; 4E-BP, 4E-binding
protein; PRDX3, peroxiredoxin 3; MDV, mitochondrial-derived vesicle; CI, mitochondrial respiratory complex I; mtDNA, mitochondrial DNA; T, threonine; S, serine; “-” means no answer.

Tribolium PINK1, and S202 of Pediculus PINK1 (Rasool et al.,
2018). Drosophila carrying the PINK1 S346A mutant displays
similar mitochondrial defects to those observed in PINK1−/−

mutant flies (Clark et al., 2006). Second, PINK1 phosphorylates
Parkin at S65 of the ubiquitin domain to induce recruitment
of Parkin to mitochondria and the release of Parkin E3 ligase
activity. PINK1-mediated phosphorylation is essential for Parkin
activation (Xiong et al., 2009; Kondapalli K. C. et al., 2012;
Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014;
Wauer et al., 2015a). In the absence of an activation signal,
Parkin stays in the cytosol in an auto-inhibited structure due
to the inhibitory intradomain contacts (Trempe and Gehring,
2023). PINK1 phosphorylates Ub on S65 (Kazlauskaite et al.,
2014; Koyano et al., 2014; Wauer et al., 2015b). pUb serves
as a receptor for Parkin to bind. Upon pUb binding, Parkin
Ubl domain becomes more accessible by PINK1, leading to
the subsequent phosphorylation of Ubl S65 (Durcan and Fon,
2015). Phosphorylation of Parkin by PINK1 further dissociates
the inhibitory intradomain-contacting inside Parkin, resulting in
the full activation of Parkin’s enzymatic activity (Trempe and
Gehring, 2023). Third, PINK1-mediated phosphorylation amplifies
the Parkin-mediated ubiquitination signal. After activation, Parkin
ubiquitinates a large number of mitochondrial proteins and
thereby produces increased Ub substrates for PINK1 to generate
pUb signals, which successively initiate more Parkin recruitment
and greater Parkin activation, creating a feed-forward loop to

reach a maximal of Parkin-mediated ubiquitination (Figure 1;
Ordureau et al., 2015; Koyano et al., 2019). On a relevant note,
MARK2 (microtubule affinity-regulating kinase) is identified as
an activating kinase of PINK1. MARK2 phosphorylates PINK1 at
residue T313 that coincidentally is a residue frequently mutated
to a non-phosphorylatable form T313M in PD cases (Tang
et al., 2006). The expression of PINK1 T313M causes severe
toxicity and abnormal mitochondrial accumulation in cells, also
suggesting the mitochondrial consequence of the PINK1 activity
(Matenia et al., 2012).

PINK1-mediated phosphorylation is a potential biomarker
for PD diagnosis (Chin and Li, 2016). An antibody designed
for pS65 on Ub (pS65-Ub) reveals that a rapid accumulation
of pS65-Ub signal in mitochondria following mitochondrial
damage. The presence of pS65-Ub positive granule also increases
in cells derived from aging individuals and sporadic PD
cases (Fiesel et al., 2015). Furthermore, a patent filed by
Geldenhuys et al. (2014) details the use of PINK1 T257
autophosphorylation and PINK1-mediated phosphorylation of
Parkin at S56 in serum and CSF as diagnostic measures.
Additional efforts will be required to evaluate their clinical
applicability.

Of the reported PD-associated PINK1 mutations, about 30 of
them are defined as “pathogenic” or “likely pathogenic,” causing
similar clinical symptoms as in the cases caused by Parkin
mutations (Richards et al., 2015; Ellard et al., 2020). Recently,
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Ma et al. (2021) analyzed 50 PINK1 variants and found most
these pathogenic variants cause a significant decrease in mitophagy
activity. However, these consist of only a small fraction of
identified pathogenic PINK1. Further investigation is still needed
to understand PINK1-phosphorylation regulated mitophagy in PD
pathogenesis (Lin and Kang, 2008).

3.2 PINK1-mediated phosphorylation and
mitochondrial-derived vesicles

PINK1, along with Parkin, are identified as key regulators of
the MDV pathways that plays important roles in the regulation
of mitochondrial turnover and MitAP production (Matheoud
et al., 2016). PINK1 was initially found to be required for
the formation of MDVs that deliver damaged mitochondrial
portion to the lysosome for degradation (Sugiura et al., 2014;
Pickrell and Youle, 2015). Ramirez et al. (2022) have recently
reported that cannabidiol (CBD) activates PINK1 and Parkin
in a dose-dependent manner, leading to elevated production of
MDVs. CBD causes PINK1 accumulation on the mitochondrial
out membrane to activate Parkin to promote the generation
of MDVs (Figure 1). However, detailed mechanism underlying
PINK1-regulated MDV formation remains unknown. It is possible
that PINK1 participates in recognition of damaged sites of
mitochondria and promotes segregation of damaged part of
mitochondria. Consistent with this notion, PINK1 is shown
to phosphorylate DRP1at S616 to activate fission, a potential
mechanism to separate damaged and health portion of a
mitochondrion (Han et al., 2020).

3.3 PINK1-mediated phosphorylation and
other mitochondrial functions

3.3.1 PINK1-mediated phosphorylation and
mitochondrial dynamics

PINK1 is implicated in the phosphorylation of mitochondrial
proteins that are important for the regulation of mitochondrial
dynamics. First, PINK1 phosphorylates a group of key players
in the mitochondrial dynamic pathways. The dynamin-related
GTPase DRP1 is a crucial factor of the mitochondrial fission
machinery, and its activity is regulated by phosphorylation (Yu
et al., 2019; Han et al., 2020). Around 10 residues of DRP1
are able to be phosphorylated. Phosphorylation of S616 and
S637 is extensively studied (Kim et al., 2016; Cha et al., 2021).
After recruiting to the OMM, DRP1 is phosphorylated by PKA
(protein kinase A) at S637, inhibiting DRP1 GTPase activity and
suppressing its translocation to the mitochondria, and thereby
impeding mitochondrial fission (Cereghetti et al., 2008). DRP1S616

was initially found to be phosphorylated by Cdk1/cyclin B, resulting
in mitochondrial fragmentation (Pryde et al., 2016). We recently
demonstrate that PINK1 directly phosphorylate DRP1S616 site to
regulate mitochondrial fission that is independent of Parkin and
autophagy activity (Han et al., 2020). MFN2 is also a substrate of
PINK1. PINK1 phosphorylates MFN2 at residues T111 and S442,
resulting in increased ubiquitination and proteasomal degradation
of MFN2, leading to eventual mitochondrial fusion via Parkin

mediated mechanism (Chen and Dorn, 2013; Tsai et al., 2014).
Likewise, PINK1 phosphorylates MIRO1 at residue S156, in
turn activates Parkin-mediated ubiquitination and degradation
of MIRO1, therefore, inhibits axonal transport of mitochondria
(Figure 2; Wang X. et al., 2011).

3.3.2 PINK1-mediated phosphorylation and
mitochondrial respiratory activity

Both PINK1 deficiency and PD-associated PINK1 mutants
impair functions of mitochondrial respiratory complex I (CI)
(Morais et al., 2009, 2014). NDUFA10 (NADH: ubiquinone
oxidoreductase subunit A10) is an auxiliary subunit of CI.
Although it is still unclear whether PINK1 directly phosphorylates
NDUFA10, phosphoproteomic analysis reveals abolished
phosphorylation of NDUFA10 at residue S250 in PINK1
knockout (KO) mice. Furthermore, both WT NDUFA10 and
the phosphomimetic NDUFA10 mutant (S250D) enhance CI
activity and rescue PINK1 deficiency-induced mitochondrial
damage in mouse and cellular models. In contrast, the
phosphorylation deficient mutant NDUFA10 S250A fails to
rescue the PINK1 deficiency-related phenotypes (Morais et al.,
2014). These results suggest a crucial role of phosphorylated
NDUFA10 in the regulation of mitochondrial bioenergetics.
Consistently, NDUFA10 improves PINK1 knockdown (KD)-
induced mitochondrial hyperfusion in Drosophila by increasing CI
activity (Pogson et al., 2014).

3.3.3 PINK1-mediated phosphorylation and
apoptosis

Mitochondria hold a central position in the apoptosis
process. PINK1-mediated phosphorylation is found to prevent
mitochondria-mediated cell death in multiple ways. PINK1
phosphorylates Bcl-XL (B-cell lymphoma-extra large) and prevents
its pro-apoptotic cleavage. Bcl-XL has an anti-apoptotic activity
by protecting the mitochondrial membrane potential (1ψ) and
preventing cytochrome c release via its binding to and inhibition
of VDACs. The N-terminal BH4 domain of the Bcl-XL is essential
for this apoptosis inhibition activity (Shimizu et al., 2000). Upon
mitochondrial depolarization, PINK1 interacts with Bcl-XL and
phosphorylates it at residue S62, leading to the resistance of Bcl-XL
to the cleavage of its N-terminal and the reduction of pro-apoptotic
signal (Arena et al., 2013). BAD (BCL2 associated agonist of cell
death) is a BH3-only protein. Phosphorylation of BAD at residue
S112 inhibits its ability to form pro-apoptotic complex with Bcl-
XL on the OMM (Hirai and Wang, 2001). Upon CCCP treatment,
PINK1 phosphorylates BAD at residues S112 and S136, preventing
the formation of pro-apoptotic Bcl-XL-BAD complex, leading to
cell survival (Figure 4; Wan et al., 2018).

HTRA2 (high-temperature requirement serine protease A2) is
implicated in the pathogenesis of PD and other neurodegenerative
conditions. Mutations in HTRA2 are a risk factor for sporadic
PD cases. As a mitochondrial serine protease, HTRA2 functions
in mitochondrial quality control and apoptosis. During apoptosis,
HTRA2 is released into the cytosol and facilitates apoptosis by
antagonizing IAPs (inhibitors of apoptosis). Interestingly, HTRA2
activation is dependent on the direct phosphorylation of its
S141 by PINK1. PINK1-mediated S141 phosphorylation enhances
the proteolytic activity of HTRA2 and protects cells against
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mitochondrial stress (Figure 4; Plun-Favreau et al., 2007). HTRA2
variants, A141S and P143A, identified in sporadic PD patients are
in close proximity to the S142, suggesting they may contribute
to PD by interfering with PINK1-mediated phosphorylation
and HTRA2 activation (Strauss et al., 2005; Lin et al., 2011).
Genetic studies in Drosophila further demonstrated the functional
interaction between PINK1 and HTRA2. These studies collectively
suggest that HTRA2, in parallel with Parkin, acts downstream of the
PINK1 to maintain mitochondrial integrity (Whitworth et al., 2008;
Tain et al., 2009). Consistently, reduced HTRA2 phosphorylation
is observed in brains of PD patients carrying PINK1 mutations
(Plun-Favreau et al., 2007).

TRAP1 (TNF receptor-associated protein 1), also known as
HSP75 (heat shock protein 75), is a mitochondrial chaperone
protein. PINK1 binds to TRAP1 on mitochondria and
phosphorylates TRAP1 in the mitochondrial intermembrane
space (IMS). Phosphorylation of TRAP1 by PINK1 inhibits
cytochrome c release and reduces cell death during oxidative
stress. PD-associated PINK1 mutants G309D and L347P, both
with reduced kinase activity, diminish the TRAP1 phosphorylation
and result in increased apoptosis upon mitochondrial oxidative
stress (Pridgeon et al., 2007). In Drosophila, TRAP1 deficiency
results in mitochondrial dysfunction and vulnerability to various
mitochondrial stress. Overexpression of human TRAP1 rescues
PINK1-deficiency induced mitochondrial abnormalities (Costa
et al., 2013; Zhang et al., 2013).

3.3.4 PINK1-mediated phosphorylation and
calcium homeostasis

Mitochondria are both major effectors and essential regulators
of intracellular Ca2+ levels. The amount of Ca2+ retained inside
the mitochondrial matrix is regulated by mitochondrial Ca2+

transient, which includes Ca2+ influx mediated by MCU and
mitochondrial Ca2+ efflux mediated by Na+/Ca2+ and H+/Ca2+

antiporters (Szabadkai et al., 2006). PINK1 deficiency leads to
dysfunction of the Na+/Ca2+ exchanger and causes mitochondrial
calcium overload (Gandhi et al., 2009). Studies reveal that LETM1
(leucine zipper-EF-hand-containing transmembrane protein 1)
is a mitochondrial H+/Ca2+ antiporter situated on the IMM.
PINK1 interacts with LETM1 and directly phosphorylates it at
residue T192, leading to increased calcium release in liposomes
and facilitating calcium transport in mitochondria (Figure 4).
Both PINK1 deficiency and PD-associated mutant PINK1
Q456X significantly reduce LETM1 phosphorylation, causing
mitochondrial calcium-transport dysfunction and neuronal death
(Huang et al., 2017).

3.4 LRRK2-mediated phosphorylation
and mitochondrial functions

3.4.1 LRRK2-mediated phosphorylation and
mitophagy

Mutations in LRRK2 are the most common cause of autosomal
dominant LOPD (Zimprich et al., 2004). LRRK2 encodes a 286-
kDa protein containing multiple domains, including a leucine-rich
repeat (LRR), a Ras of complex protein (ROC) GTPase domain, a
mitogen-activated kinase domain, and WD40 domains. Therefore,

LRRK2 is a bienzymatic protein with both GTPase and kinase
activities. Six pathogenic mutations have been identified in LRRK2,
including R1441C/G, N1437H, Y1699C, G2019S, and I2020T (Ross
et al., 2011). The most common LRRK2 mutation, G2019S, is
located right in the kinase domain. This mutation increases LRRK2
kinase activity toward itself and other substrates (Ross et al.,
2011). Thus, the increased kinase activity of LRRK2 is considered
important in the pathogenesis of PD.

While majority of LRRK2 is located at cytoplasm, a portion
of LRRK2 is associated with the OMM (West et al., 2005;
Biskup et al., 2006). iPSC-derived neural cells bearing LRRK2
G2019S and fibroblasts derived from PD patients carrying LRRK2
G2019S show mitochondrial impairment, suggesting that LRRK2
pathogenesis might involve mitochondrial dysfunction (Mortiboys
et al., 2010; Sanders et al., 2014). In vitro, expression of LRRK2
increases mitochondrial clustering and reduced mitochondrial
clearance upon CCCP treatment. In contrast, LRRK2 G2019S
further exacerbated the damaging effects (Hsieh et al., 2016).
Likewise, reduced mitochondrial autophagy in DA neurons and
astrocytes in LRRK2 G2019S mouse brain that is rescued by
treatment with LRRK2 kinase inhibitor GSK3357679A (Singh
et al., 2021). Several possible mechanisms for the negative
regulation of mitophagy by LRRK2 kinase activity are proposed:
(1) LRRK2 impairs the interactions between Parkin and DRP1
and their mitochondrial targets in a kinase-dependent manner
(Bonello et al., 2019); (2) LRRK2 interacts with MIRO, and
the LRRK2 G2019S mutant prevents proteasomal degradation
of MIRO, leading to delayed mitophagy (Hsieh et al., 2016);
(3) LRRK2 phosphorylates Rab10 on the residue T73, and PD-
associated LRRK2 mutants (G2019S and R1441C) impair Rab10
mitochondrial localization and disrupts its interaction with OPTN,
resulting in impaired mitochondrial autophagy via a kinase
activity related manner (Figures 1, 2; Wauters et al., 2020). In
contrast, a study suggests a positive regulation of mitophagy by
LRRK2’s kinase activity. LRRK2 G2019S phosphorylates BCL2 at
residue T56, leading to the loss of 1ψ and triggering excessive
mitophagy via the recruitment of P62 to the mitochondria,
(Su et al., 2015).

Recognizing the crucial role of elevated LRRK2 kinase activity
in PD pathogenesis, multiple research groups have undertaken
studies to quantitatively assess LRRK2-related phosphorylation
across various tissues and biofluids, exploring their potential of
being used as a PD diagnosis (Delbroek et al., 2013; Wang
et al., 2017; Padmanabhan et al., 2020; Vissers et al., 2023).
Collectively, the expressional level of total LRRK2 (tLRRK2),
phosphorylation of LRRK2 at S1292 or S935 (pS1292-LRRK2
or pS935-LRRK2), and phosphorylation of the LRRK2 substrate
Rab10 at T73 (pT73-Rab10) have been the focus of extensive
study. The observed changes of tLRRK2 and LRRK2-associated
phosphorylation in PD cases vary among brain regions, tissues,
and cell types (Rideout et al., 2020). Increased tLRRK2 in
the frontal cortex in sporadic PD cases, conflicting changes
of tLRRK2 l in cerebrospinal fluid (CSF) in sporadic PD
cases, elevated pS1292-LRRK2 in urinary EVs in but deceased
pS935-LRRK2 in PBMCs among LRRK2-G2019S carriers, and
increased pT73-Rab10 in neutrophils in idiopathic PD and
LRRK2-G2019S carriers have been reported (Cho et al., 2013;
Fraser et al., 2016; Fan et al., 2018; Mabrouk et al., 2020;
Padmanabhan et al., 2020).
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Remarkably, the highest expression of LRRK2 is not observed
in neurons but in peripheral blood mononuclear cells (PBMCs)
(Thevenet et al., 2011). Particularly, certain cell types in PMBCs
show increased LRRK2 expression in PD patients compared to
healthy controls, including B cells, T cells, CD16+ monocytes,
neutrophiles, but not mixed PBMCs (Cook et al., 2017; Atashrazm
et al., 2019). An LRRK2 inhibitor MLi225 significantly reduced
pS935-LRRK2 and pT73-Rab10 in both neutrophils and mixed
PBMC (Atashrazm et al., 2019). Although pS935-LRRK2 does
not directly reflect LRRK2 kinase activity like pS1292-LRRK2,
it is sensitive to dephosphorylation caused by LRRK2 kinase
inhibitor (Delbroek et al., 2013; Lobbestael et al., 2013).
Therefore, pS935-LRRK2 and pT73-Rab10 are considered potential
pharmacodynamics marker in clinical trials of LRRK2 kinase
inhibitors.

3.4.2 LRRK2-mediated phosphorylation and other
mitochondrial functions

LRRK2 regulates mitochondrial dynamics via DRP1 in a
kinase-dependent manner. In BV2 microglia cells and primary
cultured microglia cells, treatment of lipopolysaccharide (LPS)
activates microglia, resulting in enhanced mitochondrial
fragmentation (Ho et al., 2018). Interestingly, LPS-induced
mitochondrial fragmentation can be reversed by LRRK2 kinase
inhibitor GSK2578215A. Results suggest an important role of
LRRK2 kinase activity in regulating mitochondrial dynamics
in microglia (Ho et al., 2018). Consistently, overexpression
of WT LRRK2 or LRRK2 G2019S in cells results in apparent
mitochondrial fragmentation, while overexpression of LRRK2
kinase-dead mutant D1994A does not cause such phenotype
(Wang X. et al., 2012; Perez Carrion et al., 2018). LRRK2 directly
interacts with and phosphorylates DRP1. PD-associated LRRK2
G2019S and R1441C mutants further enhance this interaction (Su
and Qi, 2013; Stafa et al., 2014). LRRK2 G2019S phosphorylates
DRP1 at residue T595 (Su and Qi, 2013). In fibroblasts derived
from PD patients carrying LRRK2 G2019S, both the selective
DRP1-inhibitor P110 or the expression of non-phosphorylatable
mutant DRP1 T595A reverse the mitochondrial fragmentation
and improve mitochondrial quality, indicating that LRRK2
G2019S-induced mitochondrial fragmentation is possible via a
mechanism related to DRP1 T595 phosphorylation (Figure 2;
Su and Qi, 2013).

Cells expressing PD associated LRRK2 mutants increase
susceptibility to oxidative stress, suggesting that increased LRRK2
kinase activity might interfere antioxidant defense mechanism
(Heo et al., 2010; Nguyen et al., 2011; Bahnassawy et al., 2013; Kim
et al., 2019). LRRK2 phosphorylates 4E-BP (4E-binding protein) at
residues T37/T46, both in vitro and in vivo. 4E-BP is a eukaryotic
translation initiation factor regulating overall protein translation
in cells that is crucial for cell survival under stress conditions
(Haghighat et al., 1995; Tettweiler et al., 2005). Drosophila
LRRK2 also phosphorylates 4E-BP, attenuating the resistance to
oxidative stress via a 4E-BP phosphorylation-dependent manner
(Imai et al., 2008). Therefore, LRRK2 kinase activity regulates
cell response to oxidative stress through a 4E-BP mediated
pathway. Studies also suggest that LRRK2 affects antioxidant
defense mechanism through its phosphorylation of PRDX3
(peroxiredoxin 3). PRDX3 is a mitochondrial antioxidant of the

thioredoxin-peroxidase family, efficiently scavenging peroxides
and controlling the level of reactive oxygen species (ROS)
in mitochondria (Fujii and Ikeda, 2002). In vitro, LRRK2
interacts with PRDX3 and potentially phosphorylates PRDX3 at
residue T146. PD-associated mutant LRRK2 G2019S enhances
its interaction with and causes decreased peroxidase activity of
PRDX3 along with increased cell death (Figure 4; Angeles et al.,
2011). Consistently, Drosophila expressing LRRK2 G2019S show
reduced PRDX3 peroxidase activity and exacerbated oxidative
stress (Angeles et al., 2014).

Furthermore, LRRK2 kinase activity is associated with
increased mitochondrial DNA (mtDNA) damage. In various
cellular models, including iPSC-derived neural cells, immune cells
and fibroblasts, PD-associated mutant LRRK2 G2019S increases
mtDNA damage that is abrogated by either gene editing to correct
the G2019S mutation or by treatment with LRRK2 kinase inhibitors
(Howlett et al., 2017; Gonzalez-Hunt et al., 2020).

Together, LRRK2-mediated phosphorylation regulates
mitochondrial functions. Elevated LRRK2 kinase activity could
contribute PD pathogenesis through impairing mitochondria.

4 Other post-translational-
modifications: regulating
mitochondrial functions in
Parkinson’s disease

In addition to ubiquitination and phosphorylation, multiple
other PTMs regulates mitochondrial functions and is implicated in
the PD pathogenesis. In this context, we will provide a summary
of recent research findings on how PD-related proteins affect
mitochondrial functions through SUMOylation, acetylation, or
s-nitrosylation, to elucidate their involvement in the development
of PD (Table 4).

4.1 SUMOylation-regulated
mitochondrial function and Parkinson’s
disease

SUMOylation refers to the PTM that covalently attaches small
ubiquitin-like modifier (SUMO) to lysine residues on the substrate
protein. SUMOylation occurs through multiple steps of enzymatic
reactions, very similar to those in the ubiquitination process
but with different specific enzymes, causing biochemical and
functional changes of the target protein. SUMOylation modifies
a broad range of proteins and regulates a diversity of biological
processes, such as chromatin remodeling, transcription, and
mitochondrial dynamics. SUMOylation regulates mitochondrial
dynamics through a number of proteins that are either directly
encoded by or in close functional-relationship with PD-associated
genes (Guerra de Souza et al., 2016).

Mutations in DJ-1 cause autosomal recessive forms of PD.
Being a peroxiredoxin-like peroxidase, DJ-1 helps maintain
mitochondrial function during oxidative stress as a sensor of
damage and a regulator of CI activity (Taira et al., 2004;
Andres-Mateos et al., 2007). DJ-1 deficiency results in increased
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TABLE 4 Other PTMs of PD-related proteins and mitochondrial dysfunction.

Type of PTM PD-related
protein

Enzyme Substrate Regulated mitochondrial
function

Modification
site (human)

References

SUMOylation DJ-1 / DJ-1 Inhibits ROS production K130 Shinbo et al., 2006;
Krebiehl et al., 2010

Parkin / Parkin Increases Parkin’s ubiquitination - Um and Chung, 2006

Acetylation PINK1 SIRT3 PINK1 Inhibits PINK1’s acetylation - Wei et al., 2017

Parkin SIRT3 Parkin Inhibits Parkin’s acetylation - Wei et al., 2017

S-nitrosylation Parkin / Parkin Inhibits Parkin - Chung et al., 2004

Parkin / Parkin Activates Parkin C323 Ozawa et al., 2013

PINK1 / PINK1 Inhibits PINK1 C568 Oh et al., 2017

PINK1, PTEN induced putative kinase 1; SIRT3, NAD-dependent protein deacetylase sirtuin-3; ROS, reactive oxygen species; C, cysteine; “-” means no answer.

production of ROS and decreased 1ψ in cellular and mouse
models (Krebiehl et al., 2010). SUMOylation plays important roles
in regulating DJ-1 function. SUMOylation of DJ-1 K130 is crucial
for the full activity of DJ-1 (Figure 4). The PD-associated DJ-
1 L166P mutant becomes improperly SUMOylated and hence
more insoluble, leading to its aggregation in mitochondria,
ultimately suppresses its proteasomal degradation (Shinbo et al.,
2006). DJ-1 is not only an effector of SUMOylation but also
suppresses SUMOylating of other proteins at the global level
through its interaction with key proteins of the SUMOylation
machinery. For example, DJ-1 inhibits the SUMOylation of
PSF (pyrimidine tract-binding protein-associated splicing factor),
consequently reducing PSF-mediated apoptosis. The PD-associated
pathogenic DJ-1 mutant L166P causes accumulation of high-
molecular-weight SUMOylated PSF (Zhong et al., 2006). Together,
these findings suggest that SUMOylation is involved in DJ-
1’s regulation on mitochondria-associated oxidative stress and
apoptosis.

Several biomarker studies have aimed to identify and quantify
different DJ-1 species levels in PD patients compared to healthy
controls. Presently, these studies primarily concentrate on the
measurement of total DJ-1 in CSF, DJ-1 isoforms in whole
blood, or oxidized DJ-1 in blood or urine (Waragai et al.,
2006; Hong et al., 2010; Lin et al., 2012; Gui et al., 2015;
Saito, 2017; Jang et al., 2018). Until now, the reliable detection
of SUMOylated DJ-1 in various tissues or biofluids, and its
potential use as an indicator for PD disease progression, stays
unexplored. Similar to the challenge faced in using ubiquitinated
proteins as biomarkers, the obstacle here may also be attributed
to the lack of specific antibodies targeting SUMOylated DJ-1
(Magalhaes and Lashuel, 2022).

It’s noteworthy that not only is proper SUMOylation essential
for the solubility and activity of DJ-1 protein, but also is
the PKA induced phosphorylation at the T154 residue of DJ-
1 (Ko et al., 2019). Currently, there is no evidence showing
crosstalk between the T154 phosphorylation and the K130
SUMOylation of DJ-1. However, it is an intriguing question worth
investigating.

Parkin has also been reported to selectively interact with
SUMO-1 (small ubiquitin like modifier 1), both in vitro and in vivo,
resulting in increased ubiquitination and nuclear translocation
of Parkin. Therefore, SUMOylation might play a role in Parkin-
mediated ubiquitination and its relevance to PD pathogenesis

(Um and Chung, 2006). In agreement with this, DRP1 is a
target of all SUMO isoforms with various functional-consequences.
SUMOylation of DRP1 by SUMO-1 enhances its association
with mitochondria, promotes mitochondrial fragmentation, and
increases apoptosis (Wasiak et al., 2007). In contrast, SUMOylation
of DRP1 by SUMO-2/3 decreases its mitochondrial localization
and reduces apoptosis under stress conditions (Guo et al., 2013).
Collectively, these studies underscore the significance of SUMO-
regulated mitochondrial functions in the pathogenesis of PD.

4.2 Acetylation-regulated mitochondrial
function and Parkinson’s disease

Protein acetylation refers to the transfer of an acetyl group
(CH3CO) from acetyl-CoA to either the ε-amino group (NH3

+)
of lysine residues (ε-lysine acetylation) or to the N-terminal
amino acid of a protein (N-α-acetylation). N-α-acetylation is an
irreversible reaction catalyzed by N-terminal acetyltransferases
(NATs), while l ε-lysine acetylation is a reversible modification
tightly regulated by histone acetyltransferases (HATs) and histone
deacetylases (HDACs) (Drazic et al., 2016). Recent evidence
indicates that acetylation of PD-associated proteins might have
important functional-consequences in mitochondria, although the
detailed mechanism remains largely unknown.

In vitro, N-α-acetylation affects the secondary structure of
α-synuclein, leading to the oligomeric form with a partial α-
helical structure (Kang et al., 2012). In vivo, decreased 1ψ

and increased ROS level are detected in the mouse brain
overexpressing predominantly N-terminally acetylated α-synuclein
(Sarafian et al., 2013), suggesting that N-α-acetylation of α-
synuclein cause mitochondrial dysfunction and have pathological
implications in PD. Consistently, knockdown of deacetylase
SIRT3 (NAD-dependent protein deacetylase sirtuin-3) in SH-
SY5Y cells significantly increases rotenone-induced α-synuclein
accumulation and reduces the activities of SOD (superoxide
dismutase) and GSH (glutathione), leading to increased ROS
generation and damaged mitochondria (Zhang et al., 2016). SIRT3
is also reported to be inversely related to the acetylation of
Parkin and PINK1—acetylated PINK1 and Parkin are increased
with knockdown of SIRT3 but decreased with overexpression of
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SIRT3 (Wei et al., 2017). PKAN (pantothenate kinase-associated
neurodegeneration) is the enzyme catalyzing the first and rate-
limiting step of CoA synthesis (Leonardi et al., 2005). A recently
study reported that Fbl (Fumble, Drosophila homolog of PANK2),
functioning downstream of PINK1, regulates acetylation of Ref(2)P
(Drosophila homolog of P62) and promotes mitophagy activity
(Huang et al., 2022).

4.3 S-nitrosylation-regulated
mitochondrial function and Parkinson’s
disease

S-nitrosylation involves the covalent attachment of a nitro
oxide group (-NO) to the thiol side chain of a cysteine residue
within a protein (Hess and Stamler, 2012). Like other PTMs,
s-nitrosylation has emerged as an important regulator of various
classes of proteins. S-nitrosylation plays a role in PD-related
mitochondrial pathology through its modification of Parkin
and PINK1. The initial two studies showing Parkin could be
s-nitrosylated were both published in 2004, yielding contrary
conclusions. Chung et al. (2004) reported that s-nitrosylation
of Parkin inhibits its E3 ligase activity, resulting in decreased
ubiquitination of Parkin substrates, including Parkin itself and
Synphilin-1. While Yao et al. (2004) found that s-nitrosylation
of Parkin stimulates its E3 ligase activity, leading to increased
self-ubiquitination. Later on, Ozawa et al. (2013) reported that
Parkin is predominantly s-nitrosylated at residue C323 resulting in
activation of Parkin’s E3 ligase activity and induces mitochondrial
degradation. Interestingly, s-nitrosylation of Parkin is regulated
by DJ-1, another PD-associated protein that has been found
in the same complex with Parkin and PINK1 (Tang et al.,
2006; Xiong et al., 2009). Loss-of-function of DJ-1 results
in decreased s-nitrosylation of Parkin, along with increased
mitochondrial depolarization and cell death (Ozawa et al., 2020),
adding additional evidence for the long-observed functional
interaction between Parkin, PINK1, and DJ-1. Intriguingly,
s-nitrosylation has also been observed with PINK1 at residue
C568 that negatively regulates PINK1 kinase activity, therefore
reducing PINK1-dependent phosphorylation and activation of
Parkin (Oh et al., 2017). However, the detailed mechanisms
of how s-nitrosylation regulates Parkin and PINK1 mediated
mitophagy, as well as whether DJ-1 is also required for PINK1’s
s-nitrosylation, remain unclear and require further study to
elucidate.

5 Perspectives and conclusion

Mounting evidence indicates involvement of PTMs-regulated
mitochondrial functions in the PD etiology. A major challenge
in the field is to distinguish physiological functions from the
pathological roles within these pathways implicated in PD.
For example, understanding how PINK1/Parkin- and BNIP3-
regulated mitophagy contributes to PD pathogenesis is crucial.

It is well known that PINK1 and Parkin can function both
collaboratively and independently regulating mitochondrial
functions, but which function of PINK1 and Parkin is critical
for PD? Moreover, since the deletion of PINK1, Parkin, or
both does not result in significant DA neurodegeneration
in mouse models, are there other factors important for DA
neurodegeneration in patients carrying PINK1 and Parkin
mutations?

Phosphorylated tau protein has recently been demonstrated
as a valuable biomarker of Alzheimer’s disease at a systemic
level (Karikari et al., 2020; Teunissen et al., 2022). A deeper
understanding of the PD-related, specific alterations of PTMs-
especially those with significant consequences on mitochondrial
functions—may lead to candidates for the long sought-after
biomarkers for PD. However, the development of PD biomarkers
based on PTMs is currently in its early stages.
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Guanosine diphosphate-mannose pyrophosphorylase B (GMPPB) catalyzes the

conversion of mannose-1-phosphate and GTP to GDP-mannose, which is

required as a mannose donor for the biosynthesis of glycan structures necessary

for proper cellular functions. Mutations in GMPPB have been associated with

various neuromuscular disorders such as muscular dystrophy and myasthenic

syndromes. Here, we report that GMPPB protein abundance increases during

brain and skeletal muscle development, which is accompanied by an increase

in overall protein mannosylation. To model the human disorder in mice,

we generated heterozygous GMPPB KO mice using CIRSPR/Cas9. While we

were able to obtain homozygous KO mice from heterozygous matings at the

blastocyst stage, homozygous KO embryos were absent beyond embryonic

day E8.5, suggesting that the homozygous loss of GMPPB results in early

embryonic lethality. Since patients with GMPPB loss-of-function manifest with

neuromuscular disorders, we investigated the role of GMPPB in vitro. Thereby,

we found that the siRNA-mediated knockdown of Gmppb in either primary

myoblasts or the myoblast cell line C2C12 impaired myoblast differentiation and

resulted in myotube degeneration. siRNA-mediated knockdown of Gmppb also

impaired the neuron-like differentiation of N2A cells. Taken together, our data

highlight the essential role of GMPPB during development and differentiation,

especially in myogenic and neuronal cell types.

KEYWORDS

glycosylation, mannosylation, GMPPB, skeletal muscle, nervous system, myogenesis,
neurogenesis

Introduction

Glycosylation is one of the most common post-translational modifications of proteins
and lipids, which can have important consequences for protein stability and conformation.
It plays a prominent role in cell-to-cell communication, cell matrix interaction, adhesion,
protein targeting and folding, viral or bacterial infection, progression of cancer and aging

Frontiers in Molecular Neuroscience 01 frontiersin.org29

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2024.1356326
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2024.1356326&domain=pdf&date_stamp=2024-02-14
https://doi.org/10.3389/fnmol.2024.1356326
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1356326/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-17-1356326 February 10, 2024 Time: 16:1 # 2

Schurig et al. 10.3389/fnmol.2024.1356326

(Varki et al., 2009; Breloy and Hanisch, 2018). Abnormal
glycosylation of proteins can induce deleterious effects as observed
in congenital disorders of glycosylation (CDGs), which often result
in serious, sometimes fatal malfunctions of different organ systems
such as brain and muscle (Péanne et al., 2018). A typical example
are mutations in the gene encoding the enzyme GDP-mannose-
pyrophosphorylase-B (GMPPB). GMPPB is crucial for the
conversion of mannose-1-phosphate and guanosine triphosphate
into GDP-mannose, which is required as a mannose donor for
glycosylation (Ning and Elbein, 2000). Bi-allelic mutations in
GMPPB are associated with variable disorders such as muscular
dystrophy and other neurological symptoms including intellectual
disability (Carss et al., 2013; Belaya et al., 2015; Liu et al., 2021).
Additional symptoms such as cerebellar hypoplasia, seizures, or
cardiac involvement are reported for some patients. The age
at onset and disease progression varies from early infancy to
adulthood (Belaya et al., 2015; Jensen et al., 2015; Rodriguez Cruz
et al., 2016; Balcin et al., 2017; Luo et al., 2017; Sun et al., 2020;
Chompoopong and Milone, 2023).

Previous morpholino-based knockdown studies in zebrafish
suggested that GMPPB is required for the development of motor
neurons and myofibers (Carss et al., 2013; Liu et al., 2021; Zheng
et al., 2021). Here, we report that the KO of GMPPB in mice results
in early embryonic lethality, suggesting that protein mannosylation
is essential for embryonic development and that the loss of GMPPB
to provide activated mannose cannot be compensated during early
development. Being unable to study the consequences for neuronal
and muscular differentiation in vivo, we studied the consequences
of the knockdown of Gmppb on myoblasts or N2A cells. Both,
differentiation and viability of the cells was severely compromised
upon knockdown of Gmppb emphasizing the essential role of
GMPPB.

Methods

All animal experiments were approved by the Thüringer
Landesamt für Lebensmittelsicherheit und Verbraucherschutz
(TLV). Experiments were performed in a C57BL/6 background.
Mice were housed in a 12-hour light/12-hour dark cycle and had
access to mouse chow ad libitum.

Cell culture

N2A (ATCC) cells were cultured in DMEM Glutamax
(Sigma-Aldrich) supplemented with 10% [v/v] FBS (Gibco), 1%
[v/v] penicillin/streptomycin (Gibco) at 37◦C. For differentiation,
cells were treated with differentiation medium [Neurobasal
medium 1g/l glucose (Gibco) + 1X B-27 (Gibco) + 1X
sodium pyruvate (Gibco) + 1X glutamine (Gibco) + 1% [v/v]
penicillin/streptomycin (Gibco)].

Embryonic stem (ES) cells were cultured in DMEM with high
glucose, no sodium pyruvate and 25 mM HEPES (Invitrogen)
supplemented with 15% [v/v] FBS (PAA Gold), 1% [v/v]
penicillin/streptomycin (Gibco), 1X NEAA (Invitrogen), 1X
sodium pyruvate (Invitrogen), 1X glutamine (Invitrogen), 1X
Nulceosidmix (Invitrogen), 2 × 2-mercaptoethanol (Invitrogen)
and 1000 U/ml LIF (Merck) @37◦C.

Primary myoblasts isolated from WT mice were cultured in
growth medium [F10, 20% (v/v) FBS, 2% penicillin/streptomycin,
2.5 ng/mL basic fibroblast growth factor (bFGF); all from Gibco] at
37◦C. For differentiation, primary myoblasts were incubated with
differentiation medium [DMEM, Sigma-Aldrich; 5% (v/v) horse
serum, Gibco; 2% penicillin/streptomycin, Gibco].

C2C12 cells (ATCC) were seeded in growth medium
(DMEM, Sigma-Aldrich; 10% [v/v] FBS, Gibco; 2% [v/v]
penicillin/streptomycin; Gibco) at 37◦C. For differentiation,
cells were incubated with differentiation medium (DMEM,
Sigma-Aldrich; 2% horse serum, Gibco).

Targeted inactivation of the murine
Gmppb gene

To disrupt GMPPB in mice, we targeted exon 4 of
the murine Gmppb gene in embryonic stem cells (ES) by
CRISPR/Cas9 with two sgRNAs (sgRNA1: gttgaacgaagaaagggt,
sgRNA2: gtgcccgatgaaactgcacca) resulting in a 54 bp deletion.
For this, ES cells were injected with a pSpCas9-(BB)-2A-Puro
(PX459) vector (62988, Addgene) that contained both Cas9
and sgRNAs. Success of ES cell transfection was verified by
polymerase chain reaction (PCR) using gcaaactttagggccagcaaa as
forward primer and gaggtggagggtaccttag as reverse primer as well
as by Western Blot and Sanger sequencing. Selected ES cells
were then injected into foster mice and resulting chimeric mice
were subsequently mated with C57BL/6 mice until reaching the
fourth generation.

N2A cell differentiation experiments for
microscopic analysis

N2A cells were seeded in a 12-well cell culture plate. The next
day, cells were treated with differentiation medium and transfected
with siRNA against either control (siScr) (Dharmacon) or Gmppb
(siGmppb) (Thermo Fischer) according to the manufacturer’s
protocol using lipofectamine 2000 (Invitrogen). After 4 days of
differentiation, cells were fixed with 4% paraformaldehyde (PFA)
and imaged in phosphate-buffered saline (PBS). Images were
taken with a Keyence microscope BZ-X800E in the brightfield
modus. N2A cell differentiation was morphologically evaluated by
measuring the length and numbers of dendrite-like protrusions
of first, second and third order protrusions. All single cells
from at least eight images per condition and experiment were
traced manually.

For measuring total protrusion numbers per neuron-like cell,
all traced/visible protrusions per cell were counted for all single cells
in at least eight images per condition and experiment. From these
cells, the mean was determined for each condition/experiment.

For measuring the total protrusion length per cell, the
length of all traced/visible projections per cell was measured
for all single cells from at least eight images per condition and
experiment. From these cells, the mean was quantified for each
condition/experiment.

For assessing the mean protrusion length per order, the length
of all traced/visible protrusions per respective protrusion order was
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measured for each cell. Per projection order, the mean length was
measured from all assessed cells for each condition/experiment.

N2A cell differentiation experiments for
immunoblot analysis

N2A cells were seeded in 10 cm cell culture dishes
(Greiner). The next day, cells were treated with differentiation
medium and transfected with siRNA against either control (siScr)
(Dharmacon) or Gmppb (siGmppb) (Thermo Fischer) according to
the manufacturer’s protocol using lipofectamine 2000 (Invitrogen).
After 3 days of differentiation, cells were harvested and lysed in
RIPA buffer [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v)
NP-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1 mM
EDTA] and complete protease inhibitor (Roche). Cell homogenates
were centrifuged at 10,000 g and the protein concentration in the
supernatant was determined using the BCA assay kit (Thermo
Fischer). Samples were stored at −20◦C until further use.

N2A neurite growth experiments for
microscopic analysis

N2A cells were seeded in a 12-well cell culture plate. The next
day, cells were treated with differentiation medium and allowed to
differentiate for 3 days. Then, cells were transfected with siRNA
against either control (siScr) (Dharmacon) or Gmppb (siGmppb)
(Thermo Fischer) according to the manufacturer’s protocol using
lipofectamine 2000 (Invitrogen). After 4 days of differentiation,
cells were fixed and processed as described above.

Protein isolation from ES cells

ES cells were harvested and lysed in RIPA buffer [50 mM Tris-
HCl pH 7.4, 150 mM NaCl, 1% (v/v) NP-40, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 1 mM EDTA] and complete protease
inhibitor (Roche). Cell homogenates were centrifuged at 10,000 g
and the protein concentration in the supernatant was determined
using the BCA assay kit (Thermo Fischer). Samples were stored at
−20◦C until further use.

Protein isolation from brain

Pregnant mother mice or pups were sacrificed and brain as
well as skeletal muscle tissue (musculus quadriceps femoris) from
embryos or pups was isolated. Tissue lysates were prepared as
described previously (Franzka et al., 2022). Shortly, samples were
homogenized with the Potter S tissue homogenizer (Sartorius) in
RIPA buffer [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v)
NP-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1 mM
EDTA] and complete protease inhibitor (Roche). After sonication,
homogenates were spun down at 16,900 g to remove nuclei and
insoluble debris. Protein concentration in the supernatant was
determined using the BCA assay kit (Thermo Fischer) and then
stored at −80◦C until further use.

Western blot

Proteins were denatured at 90◦C for 5 min in Laemmli
buffer (4X Laemmli buffer: 50% glycerol, 5% SDS, 0.25% 1.5 M
Tris pH 6.8, 30% β-mercaptoethanol, 0.001% bromophenol
blue, ddH2O). After separation by SDS-PAGE, proteins were
transferred onto PVDF membranes (Whatman). Membranes were
blocked in 2% BSA and incubated with primary antibodies at
appropriate dilutions overnight at 4◦C. The following primary
antibodies were used: rabbit anti-GMPPB (Proteintech) 1:500,
rabbit anti-GAPDH (Proteintech) 1:1000, biotin Con A (Biozol)
1:300. Primary antibodies were detected with HRP-conjugated
secondary antibodies or HRP-conjugated streptavidin. Detection
was performed with the Clarity Western ECL Substrate Kit
(BioRad). The quantification of bands was done with ImageJ.

Immunofluorescence stainings of
embryo sections

Pregnant mother mice were sacrificed and embryos at
embryonal day 13.5 (E 13.5) isolated. Embryos were immediately
frozen in Tissue Tek (Weckert Labortechnik) on dry ice and
afterwards cryo-sectioned. Sections were dried, fixed in 4% PFA,
permeabilized with 0.25% TritonX100, blocked in 5% normal goat
serum (NGS) and stained over night at 4◦C with primary antibodies
or lectins followed by incubation with the corresponding secondary
antibodies or streptavidin coupled to fluorophores (Invitrogen).
Following primary antibodies/lectins were used: biotin Con A
(Biozol) 1:100, rabbit anti-GMPPB (Proteintech) 1:100. Nuclei were
stained with DAPI (10 µg/ml, Invitrogen). Images were taken with
a Keyence microscope BZ-X800E.

In situ hybridization

Pregnant mother mice were sacrificed and embryos at
embryonal day 13.5 (E 13.5) isolated. Embryos were immediately
frozen in liquid nitrogen and afterwards cryo-sectioned. Sections
were dried, fixed in 4% PFA, permeabilized with 0.2 M HCL,
blocked and hybridized with digoxigenin-labeled antisense and
sense RNA probes. The riboprobes covered exon 1-6 of the
Gmppb transcript.

Myoblast and C2C12 differentiation
experiments for microscopic analysis

All experiments were performed as described previously
(Franzka et al., 2021). Primary myoblasts isolated from WT mice
were seeded on collagen-coated culture dishes. Cells were treated
with differentiation medium for 2 days. Then, cells were transfected
with siRNAs against either control (siScr) (Dharmacon) or Gmppb
(siGmppb) (Thermo Fischer) according to the manufacturer’s
protocol using lipofectamine 2000 (Invitrogen). After 4 days
of differentiation, cells were fixed with 2% PFA, permeabilized,
blocked, and stained with antibodies directed against myogenin
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(F5D, DSHB) 1:2 and myosin heavy chain (MF20, DSHB) 1:2
overnight at 4◦C followed by an incubation with the corresponding
secondary antibodies (Invitrogen). Nuclei were stained with DAPI
(10◦µg/mL, Invitrogen).

The fusion index was quantified as the number of nuclei inside
myosin heavy chain (MYHC)-positive myotubes divided by the
total number of nuclei per field of view.

The myotube diameter was assessed by measuring the maximal
width of all MYHC-positive myotubes per field of view.

C2C12 cells were seeded and treated with differentiation
medium and transfected with siRNAs against either control (siScr)
(Dharmacon) or Gmppb (siGmppb) (Thermo Fischer) according to
the manufacturer’s protocol using lipofectamine 2000 (Invitrogen).
After 4 days of differentiation, cells were fixed and processed as
described above.

Myoblast differentiation experiments for
immunoblot analysis

Primary myoblasts isolated from WT mice were seeded
and treated with differentiation medium for 2 days. Then,
cells were transfected with siRNAs against either control (siScr)
(Dharmacon) or Gmppb (siGmppb) (Thermo Fischer) according to
the manufacturer’s protocol using lipofectamine 2000 (Invitrogen).
After 4 days of differentiation, cells were harvested and lysed in
RIPA buffer [50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v)
NP-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1 mM
EDTA] and complete protease inhibitor (Roche). Cell homogenates
were centrifuged at 10,000 g and the protein concentration in the
supernatant was determined using the BCA assay kit (Thermo
Fischer). Samples were stored at −20◦C until further use.

C2C12 maintenance experiments for
microscopic analysis

C2C12 cells were seeded, treated with differentiation medium
for 3 days and then transfected with siRNAs against either control
(siScr) (Dharmacon) or Gmppb (siGmppb) (Thermo Fischer)
according to the manufacturer’s protocol using lipofectamine 2000
(Invitrogen). After 4 days of differentiation, cells were fixed and
processed as described above.

Blastocyst isolation and visualization

Heterozygous GMPPB KO mice were mated in a timed manner
and blastocysts were flushed from the uteri of pregnant females on
embryonic day E3.5. Single blastocysts were transferred into a 96-
well plate using a mouth pipette. Blastocysts where then imaged
with a Keyence BZ-X800E microscope.

After imaging, blastocysts were transferred into reaction vessels
containing 5 ml of blastocyst lysis buffer [10 mM Tris pH 8.3, 50
mM KCl, 2.5 mM MgCl2, 0.45% NP-40, 0.45% Tween 20 and 0.2
mg/ml proteinase K in ddH2O] and lysed for 3 h at 55◦C followed
by inactivation at 85◦C for 15 min. Blastocyst were genotyped via
nested PCR. Following primer pairs were used: gagggatggatactgactg

as forward primer and gaggtggagggtaccttag as revers primer for
the first PCR as well as gaggtggagggtaccttag as forward primer and
gcaaactttagggccagctc as revers primer for the second PCR.

Statistical analysis

For statistical analysis, raw data were analyzed for normal
distribution with the Kolmogorov–Smirnov test or by graphical
analysis using the Box-Plot and QQ-Plot in Graphpad prism 9.
If appropriate, we either used 1-way ANOVA, 2-way ANOVA, or
two-tailed Student’s t-tests. ∗ indicates p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001. For statistical analysis, we used Graphpad prism 9.
For all data, means with standard error of the mean (SEM) and
individual data points with SEM are shown.

Results

Expression of GMPPB increases during
murine brain and muscle development

To analyze the expression pattern of GMPPB during embryonic
mouse development, we performed in situ hybridizations of
sagittal embryonic day 13.5 (E13.5) mouse sections with Gmppb
specific probes (Figure 1A, Supplementary Figure 1A). Overall,
the expression was very broad with a prominent labeling of the
developing brain and skeletal muscles (Figure 1A, Supplementary
Figure 1A). Staining of embryonic sections with an antibody
directed against GMPPB confirmed a broad expression pattern
(Figure 1B, Supplementary Figure 1B). The staining for GMPPB
is in agreement with the Concanavalin A (Con A) staining,
a lectin that specifically binds to mannose residues in glycan
structures, broadly labelling E13.5 embryo sections (Figure 1B,
Supplementary Figure 1B).

To study the expression of GMPPB at different stages of mouse
development, we also assessed the abundance of GMPPB and the
incorporation of mannose into glycan structures in embryonic
and early postnatal (P) brain (Figure 1C) and skeletal muscle
protein lysates (Figure 1D). GMPPB abundance strongly increased
during embryonic as well as early postnatal development in both
brain and skeletal muscles (Figures 1C, D). This upregulation
was accompanied by an increase of mannose residues in glycan
structures (Figures 1C, D). In summary, expression of GMPPB
increases during murine brain and skeletal muscle development.

Loss of GMPPB leads to embryonic
lethality in mice

To study the physiological role of GMPPB in mice we deleted
54 base pairs in exon 4 of Gmppb in mouse ES cells using
CRISPR/Cas9, which inactivates the nucleotide transferase domain
of GMPPB (Zheng et al., 2021; Figure 2A). The deletion was
verified by PCR and Sanger sequencing (Figure 2B). Immunoblot
analysis of protein lysates of wild-type (WT) and heterozygous
(Het) ES cells using a polyclonal GMPPB antibody, which

Frontiers in Molecular Neuroscience 04 frontiersin.org32

https://doi.org/10.3389/fnmol.2024.1356326
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-17-1356326 February 10, 2024 Time: 16:1 # 5

Schurig et al. 10.3389/fnmol.2024.1356326

FIGURE 1

Expression of GMPPB increases during murine brain and skeletal muscle development. (A) In situ hybridization of an E13.5 murine embryo section
with a Gmppb-specific antisense probe (scale bar: 500 µm). (B) Immunofluorescence labeling of nuclei (DAPI), GMPPB (red) and mannose residues
in glycan structures (Con A, green). Scale bar: 500 µm. (C) Immunoblot analysis of brain tissues dissected at different time-points showing
increasing signal intensities for GMPPB and Con A with increasing developmental stages. Black brackets indicate measured bands at indicated
molecular weights. GAPDH served as loading control (n = 3–6 samples per developmental stage, 1-way-ANOVA with Fischer’s LSD test).
(D) Immunoblot analysis of skeletal muscle (musculus quadriceps femoris) dissected at different time-points showing increasing signal intensities for
GMPPB and Con A with further development. Black brackets indicate measured bands at indicated molecular weights. GAPDH served as loading
control (n = 3 samples per developmental stage, 1-way-ANOVA with Fischer’s LSD test). Quantitative data are presented as mean ± SEM with
individual data points. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

recognizes several epitopes in the protein, suggested a reduction
in the abundance of GMPPB in Het cells (Figure 2B). Since no
additional GMPPB-specific bands of lower size were detected in
Het compared to WT cell lysates, it can be excluded that the
deletion of 54 bp in exon 4 led to the expression of a variant
truncated GMPPB protein. Concomitantly, mannosylation was
reduced in Het cells (Figure 2B). Notably, we did not detect
any homozygous deletions of the GMPPB allele in 384 analyzed
individual ES cell clones (data not shown). Two independent
heterozygous targeted ES cell clones were injected into blastocysts
and transferred into foster mice. The resulting chimeric mice

were subsequently mated with C57BL/6 mice for 3 generations.
Heterozygous mice of the fourth generation were mated to obtain
homozygous offspring. We did not detect any homozygous KO
pups out of 113 genotyped newborn pups (Figure 2C). Analysis
of embryos from terminated pregnancies from heterozygous
matings at different embryonal time-points did not identify any
homozygous KO embryos at E8.5 (35 genotyped embryos) or E12.5
(55 genotyped embryos) (Figure 2C). Only at E3.5, at the blastocyst
stage, we were able to identify homozygous KO embryos. Overall,
the structure and the size of blastocysts did not differ between
genotypes (Figure 2D). Furthermore, the thickness of the zona
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FIGURE 2

Loss of GMPPB leads to embryonic lethality in mice. (A) Genomic structure of the mouse Gmppb locus and the genome editing strategy.
(B) Representative Ethidium bromide-stained agarose electrophoresis with the respective PCR products for GMPPB WT and Het ES cells. The
immunoblot analysis suggests that the GMPPB protein abundance is reduced in Het compared to WT ES cells. In agreement, labeling for mannose
residues in glycan structures was reduced. GAPDH served as loading control (n = 1). (C) Pie charts illustrating genotype percentages of WT, Het and
KO GMPPB mice or embryos at different developmental stages [n (pups) = 113, n (E12.5) = 55, n (E8.5) = 35, n (E3.5) = 53]. (D) Representative images
for WT, Het and KO blastocysts at E3.5 (scale bar: 50 µm) and quantification of the thickness of the zona pellucida (n = 5–16 blastocysts per
genotype, 1-way-ANOVA with Fischer’s LSD test). Quantitative data are presented as mean ± SEM with individual data points.

pellucida, which is built up of glycoproteins, did not differ between
the different genotypes (Figure 2D). Taken together, loss of GMPPB
leads to early embryonic lethality in mice, but does not affect the
size and shape of blastocysts.

Knockdown of Gmppb affects N2A cell
differentiation and growth

To assess the role of GMPPB for neurite differentiation and
growth in vitro, we transfected N2A cells with siRNA to knockdown
Gmppb and followed their neuronal-like differentiation upon
serum deprivation. Knockdown of Gmppb was confirmed by
immunoblot analysis 4 days after transfection (Figure 3A).

To assess the role of GMPPB in neurite differentiation, we
transfected N2A cells with siRNA directed to Gmppb, or a
scrambled control at induction of differentiation (Figure 3B). After
4 days of differentiation, cells were fixed and analyzed. Neurite
differentiation was morphologically evaluated by measuring the

length and numbers of dendrite-like projections of first, second
and third order. Therefore, all visible single cells in at least eight
images per condition and experiment were manually traced. While
control cells showed prominent dendrite-like structures after 4 days
of differentiation, the projection length was significantly decreased
upon knockdown of Gmppb (Figure 3B).

To assess the role of GMPPB for the protrusion growth
of differentiated N2A cells, we first differentiated N2A cells
for 4 days, before transfection with siRNA directed against
Gmppb (siGmppb) or a control siRNA (siScr) (Figure 3C).
After four additional days, cells were fixed and analyzed.
While control cells maintained long primary dendrite-
like protrusions with dendritic-like arborization of higher
orders, cells with a knockdown of Gmppb showed primary
dendrite-like protrusions with a significantly reduced length of
primary and higher order protrusions indicating a lower cell
complexity (Figure 3C). In summary, knockdown of Gmppb
compromises N2A cell differentiation and growth of neurite-like
protrusions.
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FIGURE 3

Knockdown of Gmppb affects N2A cell differentiation and neurite growth. (A) Immunoblot analysis confirming the knockdown of Gmppb. GAPDH
served as loading control. (B) Experimental design, representative images of N2A cells (scale bar: 50 µm), and quantification of protrusion length and
protrusion numbers (n = 3 experiments with 8–12 images per condition and experiment with 5–30 cells per image, Student’s t-test or 1-way ANOVA
with Fischer’s LSD test). (C) Experimental design, representative images of N2A cells (scale bar: 50 µm), and quantification of protrusion lengths and
numbers (n = 3 experiments with 8–12 images per condition and experiment with 1–15 cells per image, Student’s t-test or 1-way ANOVA with
Fischer’s LSD test). Quantitative data are presented as mean ± SEM with individual data points. ∗P < 0.05; ∗∗P < 0.01.

Knockdown of Gmppb results in reduced
myogenic differentiation and
degeneration of myotubes

Because patients with GMPPB variants do not only show
neurological disorders, but also myopathic symptoms, we

performed knockdown experiments in primary murine myoblasts
or the myoblast cell line C2C12 followed by differentiation into
myotubes. Also here, knockdown of Gmppb was efficient as
verified by immunoblot analysis (Figure 4A). To assess if loss
of GMPPB affects myogenesis per se, we investigated whether
knockdown of Gmppb in myoblasts interferes with myogenic
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FIGURE 4

Knockdown of Gmppb results in reduced myogenic differentiation
and degeneration of myotubes. (A) The knockdown of Gmppb in
primary myoblasts was confirmed by immunoblot analysis. GAPDH
served as loading control. (B) Experimental design and
representative images of C2C12 cells stained for myogenin (MYOG)
or myosin heavy chain (MYHC) (scale bar: 70 µm) and quantification
of the myotube diameter (n = 3 experiments with 53–84 cells per
condition and experiment, Student’s t-test). (C) Experimental design
and representative images of primary mouse myoblasts stained for
myogenin (MYOG) or myosin heavy chain (MYHC) (scale bar:
70 µm) and quantification of the fusion index (=nuclei in
MHC-positive /all nuclei per field of view) (n = 3 experiments with
53–84 cells per condition and experiment, Student’s t-test).
(D) Experimental design, representative images of C2C12 cells
stained for myogenin (MYOG) or myosin heavy chain (MYHC) (scale
bar: 70 µm), and quantification of the myotube diameter (n = 3
experiments with 53–84 cells per condition and experiment,
Student’s t-test). Quantitative data are presented as mean ± SEM
with individual data points. ∗P < 0.05; ∗∗P < 0.01.

differentiation in vitro. Therefore, C2C12 cells were transfected
with siRNA either targeting Gmppb or a scrambled control at the
induction of myogenic differentiation (Figure 4B). Cells were

stained for myogenin (MYOG), as marker for early myogenesis,
namely myocytes, and myosin heavy chain (MYHC), a marker of
terminally differentiated cells (myotubes). Notably, the myotube
diameter was not affected by knockdown of Gmppb (Figure 4B)
suggesting that induction of myogenic differentiation does not
depend on GMPPB.

However, when mononucleated primary myocytes were
transfected with a siRNA targeting Gmppb, we detected a decreased
fusion index of myoblasts as a marker for myogenic differentiation
(Figure 4C). This suggests that GMPPB is important for fusion
of myoblasts with already existing myocytes or of myocytes with
each other.

We next wondered whether differentiated myotubes are
affected by loss of GMPPB as a measure of maintenance of
myofibers in vivo. Therefore, we used C2C12 cells, a cell line
derived from primary murine myoblasts, which are very similar
to primary myoblasts but larger in size. To this end, C2C12
cells were differentiated into multinucleated myotubes, before
they were transfected with a siRNA either targeting Gmppb or a
scrambled control (Figure 4D). Thereby, we found that myotube
diameter was significantly decreased after knock-down of Gmppb
expression and that the number of myotubes was reduced in this
condition (Figure 4D). These data suggest that the maintenance
of differentiated myotubes depends on GMPPB. Taken together,
loss of GMPPB affects fusion of myocytes and the size of
late myotubes.

Discussion

Disease associated GMPPB variants include missense, nonsense
and frameshift mutations (Astrea et al., 2018; Tian et al., 2019) and
are considered to result in GMPPB loss-of-function. Functional
studies reported decreased enzymatic activities of approximately
up to 90% (Liu et al., 2021). Here, we show that the total loss of
GMPPB activity by disrupting the catalytic nucleotide transferase
domain results in embryonic lethality in mice suggesting a pivotal
role of GMPPB activity for early development. In agreement with
this finding, no patients homozygous for a GMPPB KO allele have
been reported up to now. Notably, loss of other enzymes important
for mannosylation, such as phosphomannomutase 2 (PMM2)
or phosphomannose isomerase (PMI), also result in embryonic
lethality (DeRossi et al., 2006; Schneider et al., 2011; Sharma et al.,
2014) further highlighting the essential role for mannosylation
during early development.

While homozygous GMPPB KO embryos were still found at
E3.5 (blastocyst stage), they were absent at E8.5. The fertilized
egg (1-cell stage, zygote) starts dividing within a protective shell
provided by the zona pellucida until the blastocyst stage (early
blastocyst: 32-cell stage, late blastocyst: <100-cell stage) is reached
and the embryo is released from the zona pellucida to implant
into the uterine mucosa (Mihajlović and Bruce, 2017). Since the
zona pellucida is mainly composed of glycoproteins (Bleil and
Wassarman, 1980) and defects of the zona pellucida often result in
early embryonic lethality (Shi et al., 2014; Wassarman and Litscher,
2022), we quantified the thickness of the zona pellucida of WT
and KO blastocysts. Because we neither detected differences in the
thickness of the zona pellucida nor in the cell numbers of E3.5
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blastocysts (data not shown), the development up to the blastocyst
stage appears to be grossly intact. So far, we were not able to exactly
resolve when and why KO embryos are lost between E3.5 and E8.5.
Possibly, the release of the embryo from the zona pellucida, i.e., the
hatching, its implantation or its gastrulation is affected by GMPPB
loss-of-function, which will require further analysis.

Since external mannose supplementation rescued embryonic
lethality in PMM2-deficient mice (Schneider et al., 2011), it is
tempting to speculate that mannose supplementation might be
beneficial for GMPPB KO mice as well.

In agreement with a previous report for zebrafish (Liu
et al., 2021), GMPPB expression in mice increases during
embryonal and postnatal development, which is accompanied
by an increase in mannosylated glycans. Since GMPPB loss-
of-function in humans manifests with variable muscular and
neurological defects (Belaya et al., 2015; Jensen et al., 2015;
Rodriguez Cruz et al., 2016; Balcin et al., 2017; Luo et al., 2017;
Sun et al., 2020; Chompoopong and Milone, 2023), we assessed
the consequences of the knockdown of Gmppb in myoblasts
or N2A cells. Indeed, knockdown of Gmppb in N2A cells
and myoblasts affected both the development of dendrite-like
protrusions in N2A cells as well as the differentiation of myotubes.
Moreover, the maintenance of dendrite-like protrusions and the
diameter of myotubes decreased upon knockdown of Gmppb.
These findings might explain why the nervous system and skeletal
muscles are affected in patients harboring GMPPB mutations.
Several case studies reported patients with intellectual disability,
cerebellar hypoplasia and/or cortical hypoplasia, epilepsy as well
as gait abnormalities, muscle weakness, decreased skeletal muscle
fiber diameter with hypoglycosylation of alpha-dystroglycan and
reduced nerve conductance. In most cases, one or more of
the mentioned central nervous system (CNS) disorders are
accompanied by skeletal muscle abnormalities, but not necessarily
vice versa (Carss et al., 2013; Raphael et al., 2014; Belaya et al.,
2015; Cabrera-Serrano et al., 2015; Rodriguez Cruz et al., 2016).
Of note, alpha-dystroglycan is expressed in both skeletal muscle
and in the brain. It has been shown that decreased expression
or altered glycosylation of alpha-dystroglycan affects myogenic
differentiation (Chen et al., 2012) and compromises the assembly of
neuromuscular junctions (Jacobson et al., 2001). In the brain, a lack
or altered glycosylation of alpha-dystroglycan affects extracellular
matrix components thereby altering cortical development (Michele
et al., 2002; Moore et al., 2002).

Notably, symptom severity correlates with enzymatic activity
of mutated GMPPB: mutations in the N-terminal nucleotidyl-
transferase domain of GMPPB seem to impair its activity more
severely as mutations in its C-terminal beta-helix domain (Liu
et al., 2021). Hence, mutations in the catalytic domain of
GMPPB normally result in CNS and muscle involvement, whereas
mutations in the C-terminal part of GMPPB affect mostly only
skeletal muscles (Sun et al., 2020). Interestingly, the most common
mutations in GMPPB are c.79G >C (p.Asp27His) in the N-terminal
part and c.860G > A (p.Arg287Gln) in the C-terminal part. More
than 50% of reported patients are compound heterozygous for
one of these two mutations (Chompoopong and Milone, 2023).
Additional suggested hotspots include mutations in the N-terminal
part of GMPPB [c.95C > T (Pro32Leu), c.308C > T (Pro103Leu),
c.553C > T (arg185Cys)] (Sarkozy et al., 2018).

In summary, our study highlights the essential role of
mannosylation during early stages of development. These
findings not only foster our knowledge regarding the molecular
mechanisms underlying GMPPB-related disorders but also
provide a striking example how perturbations in post-
translational modification can affect early development and
cellular differentiation.
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Introduction: Chronic intermittent hypoxia (CIH) can negatively affect

hippocampal function through various molecular mechanisms. Protein

acetylation, a frequently occurring modification, plays crucial roles in synaptic

plasticity and cognitive processes. However, the global protein acetylation

induced by CIH in the hippocampus and its specific effects on hippocampal

function and behavior remain poorly understood.

Methods: To address this gap, we conducted a study using liquid

chromatography-tandem mass spectrometry to analyze the lysine acetylome

and proteome of the hippocampus in healthy adult mice exposed to intermittent

hypoxia for 4 weeks (as a CIH model) compared to normoxic mice (as a control).

Results: We identified and quantified a total of 2,184 lysine acetylation sites

in 1,007 proteins. Analysis of these acetylated proteins revealed disturbances

primarily in oxidative phosphorylation, the tricarboxylic acid (TCA) cycle, and

glycolysis, all of which are localized exclusively to mitochondria. Additionally,

we observed significant changes in the abundance of 21 proteins, some of which

are known to be associated with cognitive impairments.

Discussion: This study helps to elucidate the molecular mechanisms underlying

CIH-induced changes in protein acetylation in the hippocampus. By providing

valuable insights into the pathophysiological processes associated with CIH

and their impacts on hippocampal function, our findings contribute to a

better understanding of the consequences of CIH-induced changes in protein

acetylation in the hippocampus and the potential role of CIH in cognitive

impairment.

KEYWORDS

cognition, lysine acetylation, CIH, hippocampus, mitochondria

Frontiers in Molecular Neuroscience 01 frontiersin.org39

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2024.1324458
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2024.1324458&domain=pdf&date_stamp=2024-02-22
https://doi.org/10.3389/fnmol.2024.1324458
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1324458/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-17-1324458 February 21, 2024 Time: 11:22 # 2

Liu et al. 10.3389/fnmol.2024.1324458

1 Introduction

Obstructive sleep apnoea (OSA) is a typical sleep disorder
characterized by recurrent episodes of pharyngeal collapse during
sleep. Moreover, OSA causes repetitive fluctuations in blood oxygen
saturation and leads to chronic intermittent hypoxia (CIH). Over
the past two decades, the prevalence of OSA has doubled (Bannow
et al., 2022). Cognitive and behavioral scales have indicated
OSA-induced abnormalities in learning, memory, and cognition
(Hunter et al., 2016; Labarca et al., 2020; Osorio et al., 2022).
In addition, brain MRI revealed OSA-associated reductions in
the frontal cortex, anterior cingulate cortex, and hippocampus
(Canessa et al., 2011; Zhao et al., 2016; Philby et al., 2017; Koo
et al., 2020). Research has indicated that patients with OSA exhibit
localized reductions in the volume of gray matter within the
hippocampus (Canessa et al., 2011) and significant decreases in
hippocampal neuronal functional connectivity (Zhou et al., 2020).
The brain constitutes 20% of basal oxygen utilization, rendering
it exceptionally susceptible to hypoxic conditions (Burtscher et al.,
2021). OSA imposes brain risks through CIH and impairs cognitive
performance. Although earlier studies have shown that OSA
impacts adult hippocampal neurogenesis and cognitive processes
(Anacker and Hen, 2017), the exact mechanism through which CIH
affects hippocampal function, particularly learning and memory,
remains unclear.

As neuroinflammation can influence cognitive functions,
it may constitute a significant mechanism underlying
the cognitive deficits induced by CIH. Cao et al. (2020,
2021) ascertained that aberrant autophagic activity within
hippocampal neurons is associated with impaired cognitive
function. Upon suppression of excessive autophagy,
apoptosis of hippocampal neurons is ameliorated. Substantial
astrogliosis within the cortical and hippocampal regions
of rats subjected to IH has been documented (Aviles-
Reyes et al., 2010). Microglia play key physiological roles,
including synapse monitoring, debris clearance, and synaptic
pruning. They impact cognition by modulating learning and
memory via neuronal activity and synaptic plasticity (Ben
Achour and Pascual, 2010; Yang et al., 2010). CIH triggers
neurocognitive impairments in the hippocampus by enhancing
neuroinflammation, neuroapoptosis, and oxidative stress
(Zhou et al., 2016).

Posttranslational modifications (PTMs) are critical for
regulating various cellular processes, including protein-protein
interactions, enzyme activity, and gene expression. The eukaryotic
proteome consists of hundreds of distinct PTMs. However,
only a few proteins, such as those involved in phosphorylation,
glycosylation, methylation, ubiquitylation, and acetylation, have
been extensively investigated (Narita et al., 2019). Among the
many types of PTMs that occur in proteins, lysine acetylation
plays critical roles in regulating memory and the balance between
neuroprotection and neurodegeneration (Schueller et al., 2020;
Qian et al., 2022). Lysine acetylation is a reversible PTM that affects
protein function through various mechanisms, including altering
charge, structure, stability, and interactions with other molecules.
Moreover, it has been shown to regulate numerous cellular
processes, including gene expression, chromatin remodeling,
metabolism, and mitochondrial function (Xiao et al., 2020).

Recently, considerable focus has been directed toward the
functions of hypoxia-induced PTMs in various pathological
conditions. However, less is known about possible CIH-induced
PTMs. Histone acetylation is involved in memory and long-term
synaptic plasticity (Mews et al., 2017; Campbell and Wood,
2019). Spatial memory relies on changes in gene expression
in the hippocampus, which are partly regulated by histone
acetylation (Mews et al., 2017). Specifically, dysregulation of
H3K9 acetylation has been associated with impaired establishment
of epigenetic memory at genes involved in striatal plasticity
(Alcalá-Vida et al., 2022). Additionally, inhibiting the histone
deacetylase (HDAC) family with sodium butyrate (NaB)
administration attenuated neurodegeneration and memory
loss in hypobaric hypoxia-exposed rats (Kumar et al., 2021).
Recently, non-histone acetylation has gained increased amounts
of attention. SIRT1 ameliorated CIH-induced cognitive behaviour
in mice by reducing NF-κB acetylation in the hippocampus
(Fan et al., 2018). By deacetylating the RelA/p65 subunit of
NF-κB at lysine 310, SIRT1 can suppress its transcriptional
activity and reduce the expression of proinflammatory genes
(Yeung et al., 2004). SIRT1 activation significantly promoted
potent neuroprotection (Chen et al., 2005). SIRT1 deficiency
in microglia leads to the upregulation of IL-1β, resulting in
cognitive decline (Cho et al., 2015). Although acetylation is
known to be associated with hippocampal cognitive function,
the relationships between acetylation, especially non-histone
acetylation, and hippocampal function in CIH patients have not
been elucidated.

In this study, we employed liquid chromatography–
tandem mass spectrometry (LC-MS/MS) to investigate
whether CIH alters the hippocampal acetylation landscape.
Quantitative analysis of the acetylome revealed the involvement
of acetylated proteins in oxidative phosphorylation and
the TCA cycle, primarily in mitochondria, linking CIH to
cognitive function.

2 Materials and methods

2.1 Animals

This study utilized male C57BL/6J mice that were obtained
from Sibeifu Biotechnology Co., Ltd. The mice were 6 weeks
old and weighed between 20–22 g at the beginning of the
experiment. To ensure their health and wellbeing, all mice used
in the study were free from specific pathogens. Throughout
the experimental period, the mice were housed in a controlled
environment with a 12/12-h light/dark cycle. They were provided
with ad libitum access to food and water. To maintain stable
conditions, the temperature and humidity were strictly controlled.
After being habituated to their new environment for 1 week,
the mice were randomly assigned to either the CIH or control
(CON) group. All procedures were carried out during the mice’s
inactive period and their body weight was monitored weekly.
The Capital Institute of Pediatrics’ Ethics Committee on Animal
Care and Use approved the study on November 9, 2021 (approval
No. DWLL2021016).
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2.2 Establishment of chronic intermittent
hypoxia model and supplementation of
sodium butyrate

We followed an established CIH modeling method for gas
control (Du et al., 2020; Hernández-Soto et al., 2021). Mice were
kept in custom standard cages (Zhongshi Technology Co, Ltd).
A gas control system managed room airflow (N2 and O2). Programs
and flow regulators allowed manipulation of inspired O2 fraction
from 20.9 to 5.0% over 2 min, followed by rapid reoxygenation
to normal air levels via a 100% O2 burst in the next minute.
Regarding the duration and timing of the CIH protocol, we have
made improvements based on a previous CIH modeling method
(Du et al., 2020; Hernández-Soto et al., 2021). Intermittent hypoxia
events occurred cyclically for 8 h each day, from 9:00 am to 5:00
pm, during the light phase and lasted for 28 days. At other times,
CIH animals were in a normoxic environment. Control animals
were in a normoxic chamber for 28 days. The animals’ weight
and survival were monitored during this protocol. One day after
chronic intermittent hypoxia modeling was completed, mice from
both the CON and CIH groups was euthanized simultaneously
to collect tissues for further experiments, including histological
staining and omics sequencing analyses. The remaining mice
were kept for behavioral experiments, including the Novel Object
Recognition Test (NORT) and Y-maze test, with at least 1 day of
rest between the two tests.

After the 28-day CIH protocol, half of the mice in the CIH
group were randomly selected to receive treatment with NaB,
forming the CIH+NaB group. The mice in this group were
administered intraperitoneal injections of NaB (300 mg/kg, Sigma-
303410) at a dosage of 100 µl once daily for a consecutive period
of 14 days. On the 15th day, NORT tests or other types of
analysis were performed.

2.3 Measures of metabolic parameters

For the locomotion assay, the animals were placed in an open
box (50 × 50 × 35 cm, Beijing Zhongshi Dichuang Technology
Development Co., Ltd) and allowed to freely move for 5 min after
completing the 28-day CIH protocol (n = 12 mice/group). The
distance traveled by each animal during this 5-min period was
recorded using a camera. Food and water intake measurements
were taken for a 16-h period immediately following the 28-day CIH
exposure (Ciriello et al., 2021). For all analyses, the experimental
unit used was mice, except for food/water consumption where the
cage (with 4 mice per cage) served as the experimental unit. This
was due to the inability to measure individual food and water
consumption in standard individually ventilated cages.

2.4 Animal behavioral assessment

The cognition of the mice was evaluated using the NORT and
open Y-maze after the CIH process. The mice were acclimated
to the testing room and the apparatuses were cleaned before
each test. A night vision camera recorded their activities and a
blinded investigator carried out all assessments and data analyses.

12 mice in each group were chosen for the experiments. Inactive
mice were excluded.

2.4.1 Novel object recognition test
Novel object recognition test (NORT) was performed in

an open box (50 × 50 × 35 cm, Beijing Zhongshi Dichuang
Technology Development Co., Ltd). During the adaptation stage,
two objects with identical shape and material were positioned in
the symmetrical area. In the open field test, each mouse was placed
in the center of the open box and allowed to explore the two
objects for 5 min while their behavior was recorded. Taking out
the mice and detecting the recognition period after an interval of
1 h. In the recognition stage, we replaced one object (Green) with
a new different object (Red), then repeat the procedure. The mice
were again put into the open field to explore freely. The camera
recorded the time exploring a new object (TN) and time exploring
a familiar object (TF) of object A within 5 min, and the software
(Beijing Zhongshi Dichuang Technology Development Co., Ltd)
was used to track the mouse’s trajectory. New thing identification
index = [(TN-TF)/(TN+TF)] × 100%, the higher the index, the
better the memory of mice.

2.4.2 Y-maze test
We utilized an experimental setup called the Y-maze, which

consists of three identical arms measuring 300 × 200 × 60 mm
each. The mice were placed in an arm and their movements
were recorded while they explored for 8 min. To determine
spontaneous alternation behavior, we counted the number of
times a mouse consecutively entered all three arms of the
maze. A higher percentage of spontaneous alternations indicates
better spatial working memory performance. We calculated the
percentage of spontaneous alternation using the formula [number
of spontaneous alternations / (total arm entries–2)]× 100.

2.5 Hematoxylin–Eosin (HE) and Nissl
staining

Six Mice from each group without undergoing behavior test
were anesthetized with chloral hydrate and then sacrificed. To
evaluate histological damage, mice were perfused with saline
and paraformaldehyde. Their brains were removed, fixed in
paraformaldehyde for 24 h, dehydrated in alcohol, and embedded
in wax. The wax was trimmed and sectioned into 4 µm slices
for staining with HE and Nissl. Then, the sections were dewaxed
and dehydrated using xylene and ethanol solutions before being
rinsed with tap water. For HE staining, they were stained
with hematoxylin solution (Servicebio, G1003) and treated with
differentiation and bluing solutions before being fixed with ethanol
and stained with Eosin dye. The sections were then dehydrated
and placed in xylene before being sealed with neutral gum. For
Nissl Staining, they were stained with Nissl dye (Servicebio, G1036)
and treated with a differentiation solution before being rinsed
and sealed with neutral gum. The pathological changes in the
hippocampus were observed under a light microscope. The Nissl-
stained positive neurons in the hippocampal dentate gyrus (DG)
region were counted under a light microscope. Besides, each section
were visually counted in a blinded manner. The results show the
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different number of surviving neurons in CIH group compared to
the CON group in same regions (Chu et al., 2019; Ke et al., 2020).

2.6 Multiplex immunofluorescence
staining

Each group (n = 6 mice/group) without undergoing behavior
test were anesthetized with chloral hydrate and then sacrificed. To
prepare the tissue sections for immunohistochemistry, we treated
them with a 0.3% hydrogen peroxide solution and then used
microwave treatment to enhance antigen retrieval. We blocked
the sections in 5% BSA before incubating them overnight at
4◦C with the primary antibody GFAP (diluted to 1:100, Cell
Signal Technology). The next day, we performed secondary
antibody detection using HRP-conjugated anti-rabbit IgG (ZSGB-
Bio, Beijing, China) at room temperature for 1 h. We utilized TSA
reaction of AlexaFluor FITC-Conjugated TSA (1:50, Akoya) to
visualize immunoreactivity, followed by microwave treatment for
15 min and cooling. Subsequently, we performed immunostaining
with the primary antibodies Neun (diluted to 1:1000, Cell Signal
Technology), Iba-1 (diluted to 1:200, Cell Signal Technology),
and DCX (diluted to 1:200, Cell Signal Technology) successively
on the same section. Corresponding secondary detections were
performed with AlexaFluor CY3- and CY5-Conjugated TSA (1:50,
Akoya). For image capture, a fluorescence microscope (Olympus
BX43 microscope) was used under uniform exposure settings
and conditions for all samples. Subsequently, the acquired images
were processed using ImageJ software1 in a blind manner. To
assess the staining intensity of Neun, GFAP, Iba-1, and DCX,
we measured the integrated density (IntDen). Utilizing ImageJ
software, positive staining was quantified in terms of pixels, and
then IntDen (calculated as the area multiplied by the mean gray
value) (Mela et al., 2022), was determined as an indirect indicator
of protein level.

2.7 Cytokine and chemokine assays

In the central nervous system (CNS), glial cells could
mediate the neuroinflammation by releasing potentially neurotoxic
mediators including cytokines, chemokines. In order to analyze
these inflammatory cytokines, we performed luminex liquid
suspension chip assay by Wayen Biotechnologies (Shanghai,
China), including interleukin (IL)-4, IL-6, IL-10, and tumor
necrosis factor (TNF)-alpha. Briefly, we obtained hippocampus
tissue samples from the CIH and CON groups (3 mice per group).
We lysed and centrifuged the samples at 13,200 rpm for 15 min.
After measuring the protein concentrations, we diluted 45 µg total
protein in 50 µl solution to ensure equal protein quantity and equal
buffer volume for each sample. After incubating the samples in 96-
well plates with embedded microbeads for 1 h, we added detection
antibodies (anti-mouse 31 cytokines, as instructed in the Luminex
200 kit manual) and incubated them for an additional 30 min.
Subsequently, we introduced streptavidin-PE to each well and

1 http://imagej.nih.gov/ij/

incubated the mixture at 850 rpm for 10 min. These samples were
then incubated in 96-well plates embedded with microbeads for
1 h. Subsequently, detection antibodies (anti-mouse 31 cytokines,
according to the manual of the Luminex 200 kit) were added and
incubated for an additional 30 min. Finally, streptavidin-PE was
added to each well and incubated at 850 rpm for 10 min. The values
were measured using the Bio-Rad Luminex Bio-Plex 200 System.

2.8 Sample collection, protein extraction,
and trypsin digestion

After the CIH procedure, the mice were euthanized, and
their brains were extracted. Six mice were used for the CON
group and another six mice for the CIH group. Due to the
relatively small volume of the hippocampus, a strategy was
employed to pool the hippocampi from two mice together as
one replicate, and three replicates were conducted for each
group. Specifically, the hippocampi were isolated and quickly
frozen using liquid nitrogen to limit degradation. To avoid
the potential influence of circadian rhythms, tissue collection
was conducted simultaneously, ensuring that all samples were
obtained at the same time. The samples were then stored at
−80◦C until processed further. Subsequently, the cellular powder
was treated with lysis buffer and a protease inhibitor, followed
by sonication utilizing a high-intensity ultrasonic processor
(Scientz). After removing debris through centrifugation at 12,000 g
for 10 min at 4◦C, the supernatant containing the protein
solution was obtained and quantified for its protein concentration
using BCA kit. The protein solution underwent treatment
with 5 mM dithiothreitol at 56◦C, followed by alkylation with
11 mM iodoacetamide at 25◦C in the absence of light. To
minimize the urea concentration to less than 2 M, 100 mM
TEAB was added to dilute the protein sample. For the initial
overnight digestion, trypsin was employed at a 1:50 ratio of
trypsin-to-protein mass to initiate digestion, and peptides were
desalted by C18 solid-phase extraction column. The method for
extracting and breaking down proteins was identical for both the
proteome and acetylome.

2.9 Acetylated peptide enrichment and
LC-MS/MS analysis

To enrich acetylated peptides in the acetylome, we followed
a similar protocol as described above for protein extraction and
trypsin digestion. However, we included additional inhibitors
(3 µM trichostatin and 50 mM nicotinamide) in the lysis buffer,
and each sample utilized 2.5 mg of protein for trypsin digestion.
Subsequently, we dissolved the peptides in NETN buffer (1 mM
EDTA, 100 mM NaCl, 0.5% NP-40,50 mM Tris–HCl, pH 8.0)
and incubated them overnight with anti-acetyllysine antibody-
conjugated agarose beads. Once the beads were washed and
the bound peptides were eluted using trifluoroacetic acid, we
combined the eluted peptides, vacuum-dried them, desalted them,
and prepared them for analysis. More specific formulations for
the inhibitors and NETN buffer can be found elsewhere (Qian
et al., 2022). LC-MS/MS analysis was conducted at PTM Biolab in
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Hangzhou, China. We dissolved the desalted peptides in solvent
A, which contained 0.1% formic acid in 2% acetonitrile. Using a
reversed-phase analytical column and a gradient of solvent B (0.1%
formic acid in 100% acetonitrile), we performed proteome analysis
with a gradient ranging from 6 to 24% over 70 min, followed by an
increase from 24 to 35% over 12 min, and finally reaching 80% over
4 min, holding at 80% for an additional 240 s, while maintaining a
constant flow rate of 450 nL/min. For acetylome analysis, we used
a gradient starting at 6% and increasing to 24% over 40 min. The
TimsTOF Pro mass spectrometer from Bruker Daltonics was used
to analyze the peptides.

To analyze the raw MS/MS data obtained from our proteomic
analysis, we utilized the MaxQuant computational proteomics
platform (version 1.6.15.02). The MaxQuant platform implements
the MaxLFQ algorithm, and the specific algorithmic rules have
been previously reported (Cox et al., 2014). We compared the data
against the Mus_musculus_10090_SP_ 20230103.fasta database
(Uniprot, 17,132 entries, acquired on 2023.1.3), which includes
common contaminants and a reverse decoy database. To ensure
accuracy and reliability, we specified the cleavage enzyme as
Trypsin/P with allowance for up to two missing cleavages and up to
five modifications per peptide. A mass error of 20 ppm was set for
both precursor ions in the searches. To maintain high confidence
and reliability, we set the false discovery rate (FDR) thresholds
below 1% for proteins, peptides, and acetylated sites.

2.10 Bioinformatic analysis

We employed the ClustVis tool3 to conduct a principal
components analysis (PCA) and characterize the CIH and CON
groups. For differential expression analysis of acetylated proteins
(DAPs), we applied strict criteria, including a p-value less than 0.05
and a fold change greater than 1.5 or less than 0.67, to identify
DAPs. To analyze correlations of posttranslational modifications
(PTMs) in our data, identify novel acetylation sites, and explore
overlaps with other PTM types, we utilized the protein lysine
modifications database (PLMD; version 3.04) (Xu et al., 2017).
Protein domains were analyzed using the InterPro database,5 while
subcellular distribution prediction was performed using the Wolf
Psort tool (version 1.06). For functional enrichment analysis, we
utilized the UniProt-GOA and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases.7,8 To construct a protein-protein
interaction (PPI) network, we used the STRING database (version
11.09), and visualized the network in R using networkD3 (R
package version 0.4). We selected interactions with a confidence
score greater than 0.7 for DAPs. The MCODE plugin in Cytoscape
software (version 3.6.110) was utilized to identify the top five

2 http://www.maxquant.org/

3 http://biit.cs.ut.ee/clustvis/

4 https://cplm.biocuckoo.cn/

5 https://www.ebi.ac.uk/interpro/

6 https://wolfpsort.hgc.jp/

7 http://www.ebi.ac.uk/GOA/

8 https://www.kegg.jp/

9 https://string-db.org/

10 https://www.cytoscape.org/

clusters with the highest degree of interconnectivity. We also
examined the connections between DAPs and markers of gliosis
(GFAP) and neurogenesis (DCX). To categorize acetylated sites
based on their response to CIH, we employed a Gaussian mixture
model. Furthermore, motif analysis of acetylated sites, considering
the potential influence of neighboring conserved sequences on
enzyme-substrate preference, was performed using the iceLogo
tool (version 1.3.811) (Colaert et al., 2009; Shen et al., 2022). We
identified significant motifs within ± 6 amino acids surrounding
lysine acetylation sites, using Mus musculus protein sequences
as a reference. Additionally, prediction of secondary structure
and surface accessibility was carried out using the NetSurfP tool
(version 3.012). The significance of both bioinformatic analyses was
assessed using Fisher’s exact test with a corrected p-value < 0.05.

2.11 Immunoprecipitation and western
blotting

For immunoprecipitation assays, the proteins extracted from
mouse hippocampus were lysed using immunoprecipitation
buffer (NP-40, Beyotime Biotechnology). Then, the samples were
incubated with anti-acetyllysine antibody conjugated agarose
beads (PTM Biolab) at 4◦C overnight. After three washes
with immunoprecipitation buffer, the acetylated proteins were
centrifugated to pelletize beads (4◦C, 60 s). The bound acetylated
proteins were eluted by boiling in SDS loading buffer for 5 min.
Samples were collected after centrifugation (4◦C, 10,000 g). For
Western blot assays, the immunoprecipitated proteins or input
were separated on 12% SDS-PAGE gel. And then, the samples
were transferred onto polyvinylidene fluoride (PVDF) membrane
(Millipore, United States). The membranes were blocked for
1 h with 5% milk in TBST, and then incubated with primary
antibodies: VDAC rabbit monoclonal antibody (diluted to 1:1000,
Cell Signal Technology), 14-3-3 protein zeta/delta (Ywhaz) rabbit
monoclonal antibody (diluted to 1:1000, Cell Signal Technology),
and Camk2a rabbit monoclonal antibody (diluted to 1:1000, Cell
Signal Technology) at 4◦C overnight. Following three washes with
TBST, the membranes were further incubated with horseradish
peroxidase-conjugated secondary antibodies [Horse anti-mouse
(diluted to 1:1000) and Goat anti-rabbit (diluted to 1:1000),
ZSGB-Bio, Beijing, China] for 90 min at room temperature.
Finally, the membranes were visualized using ECL (Beyotime
Biotechnology, China).

2.12 Immunohistochemistry

Brain tissue was cut into 5-µm sections, and then were
performed immunohistochemistry with anti-acetyl-Histone H3
(Lys27) antibody (H3K27ac), and anti-acetyl-Histone H3 (Lys9)
antibody (H3K9ac). The sections were incubated overnight
with primary antibodies against H3K27ac (diluted to 1:100,
PTM Biolab), and H3K9ac (diluted to 1:50, PTM Biolab) at

11 https://iomics.ugent.be/icelogoserver/

12 https://services.healthtech.dtu.dk/services/NetSurfP-3.0/
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FIGURE 1

Decreased body weight, behavioral alterations, and hippocampal injury at 4 weeks post-CIH. (A) Experimental design. NORT, Novel object
recognition test. (B) Statistical analysis for changes in body weights of the mice in CIH and CON groups upon 4 weeks of CIH intervention. Body
weight was decreased during hypoxia (n = 12 mice/group). p = 0.0035 (unpaired t-test). (C) Bar charts shows locomotion after CIH or normoxia
exposure. n = 12 for each group. Data are shown as mean ± SEM. ns: no significant. (D,E) Behavioral alterations were assessed by NORT and Y-Maze
test (n = 12 mice/group). Typical movement tracks for CON (D1) and CIH (D2). Black lines indicate movement trajectories, whereas red hues denote
the new object. Green circles indicate the old object. In the heatmap, areas with higher values of optical density indicate increased time spent by the
mice in those regions. CIH significantly injured novel object recognition memory (p = 0.0005) and spatial working memory in the CIH group
(p = 0.0017) when compared with the CON. Error bars represent mean ± SEM (n = 12 mice/group). ***p < 0.0001, **p < 0.005. ns: not significant;
CON: Control; CIH: chronic intermittent hypoxia.

4◦C. Subsequently, the sections were incubated with a biotin-
conjugated secondary antibody (diluted to 1:600, Thermo Fisher),
followed by staining using a diaminobenzidine solution. The
stained tissue sections in the hippocampal dentate gyrus (DG)
region were examined by a light microscope. The average
integral optical density (IOD) of selected fields were analyzed by
Image J software.

2.13 Statistics

We used GraphPad Prism 8 software to compare the CIH and
CON groups, considering a p-value of less than 0.05 as statistically
significant. We presented the data in the format of mean ± SEM.
For the NORT, Y-maze test, and MS/MS data, we performed an
unpaired t-test to calculate statistical significance. In bioinformatics
analysis, which included protein domain, GO, and KEGG pathway

analysis, we employed a two-way Fisher’s exact test for calculation.
To perform motif analysis, we utilized a binomial test, while we
analyzed secondary structure distribution and surface accessibility
through a Wilcoxon rank sum test.

3 Results

3.1 Hippocampal lesions and behavioral
changes after chronic intermittent
hypoxia

To characterize changes in cognition and lysine acetylation
abundance specifically in the hippocampus in CIH mice, we treated
male C57BL/6J mice with a gas control apparatus to simulate
chronic intermittent hypoxia for 4 weeks (Figure 1A). Exposure
to chronic intermittent hypoxia was found to influence the
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FIGURE 2

Pathological damage in CIH mice. HE staining (A) and Nissl staining
(B) shows hippocampal morphological or structural abnormalities
under CIH. The red arrow points to the damaged neuron body.
Scale bar: 50 µm or 10 µm. (C) Quantification of the number of
Nissl+ cells (p = 0.0262). Data are expressed as mean ± SEM (n = 6
mice/group). *p < 0.05 (unpaired t-test). (D) Bioinformatic analysis
of proteome and acetylome. CON: Control; CIH: chronic
intermittent hypoxia.

progression of body weight (Figure 1B; Supplementary Table 1).
After 4 weeks of CIH exposure, we observed a substantial reduction
in the body weight of the CIH group (24.42 g ± 0.44) compared to
that of the control group (25.14 g ± 0.63). To further investigate
the cause of weight loss, we also measured the physical activity and
dietary intake. In the 16 h after the last day of daily exposure, the
CIH group consumed an average of 13.92 ± 1.04 g of food, which
was significantly less than that of the CON group (15.78 ± 0.38 g
of food; p = 0.044), while both groups drank the same amount
of water (CIH, 26 ± 1.73 ml; CON, 22 ± 3.46 ml; p = 0.148)
(Supplementary Table 1). Locomotor activity did not significantly
change in the CIH group compared to the normoxic CON group
(Figure 1C). The above results indicate that the reduction in
food intake is a significant factor contributing to the weight loss
observed in the CIH group. The above results indicate that a
reduction in food intake was a significant factor contributing
to the weight loss observed in the CIH group. The NORT and
Y-maze (Figures 1D, E) tests revealed that cognitive ability, such
as learning or memory, was significantly impaired following CIH
exposure (Supplementary Table 1). Learning and memory ability
are intimately associated with the structure and morphology of
hippocampal neurons. Consequently, we used hematoxylin and
eosin (HE) staining and Nissl staining to reveal damage in the
hippocampi of the mice. HE staining (Figure 2A) and Nissl
staining (Figure 2B) revealed that exposure to chronic intermittent
hypoxia resulted in cytolysis and cytoplasmic vacuolation in the
hippocampal DG region compared to the control group. In the
CON group, neurons exhibited round or oval cell bodies with
clearly visible nuclei, while in the CIH group, hippocampal neurons
were damaged and lost (Figure 2C).

3.2 CIH promotes the activation of glial
cells, inhibits neurogenesis, and induces
inflammation

NeuN is a marker protein for neuronal cells, and Iba-1 and
GFAP are marker proteins of microglia and astrocytes, respectively.
In our study, we performed immunofluorescence staining in the
DG region of the hippocampus using NeuN, GFAP, Iba-1 and
DCX antibodies, as shown in Figures 3A–D. Compared with
those in the CON group, the staining intensity level of GFAP
and Iba-1 in the CIH group were increased, which indicated
potential glial activation (Figures 3B, C, E). Conversely, NeuN
was notably decreased in the CIH group, as demonstrated in
Figures 3A, E. The downregulated NeuN suggested a potential
detrimental effect of CIH on neuronal integrity, as a reduced level of
NeuN is generally associated with neuronal loss or dysfunction. To
explore the effects of chronic intermittent hypoxic conditioning on
neurogenesis, we performed DCX immunofluorescence staining.
Compared with that in the CON group, the number of DCX-
positive cells in the hippocampus was significantly lower in the CIH
group (Figures 3D, E), suggesting that CIH inhibits neurogenesis.

Microglia are innate immune cells that participate in immune
surveillance within the CNS. Astrocytes also play an active role
in the regulation of neuroinflammation. To assess the overall
inflammatory status of the hippocampus, we next investigated
the cytokine and chemokine levels in the hippocampi of mice
in the CON and CIH groups via a Luminex assay. The levels
of many cytokines and chemokines, including CXCL5, CXCL16,
IL-4, IL-6, IL-10, and TNF-α, were increased in the CIH group
compared with those in the CON group (Figure 3F). These results
indicated that CIH induced neuroinflammation. In summary,
above results underscore the potential detrimental effects of CIH
on hippocampus function.

3.3 Changes in the hippocampal
proteome

Despite the observed cognitive decline and neural damage
resulting from CIH exposure, the specific mechanisms underlying
the perturbation of the hippocampal proteome and acetylome
remain elusive. To address this gap, we employed MS methods
to examine the alterations in protein abundance and acetylation
in mice subjected to CIH (Figure 2D). To identify changes in the
protein abundance and biological processes (BP) associated with
the CIH response, we carried out proteomic analysis (Figure 2D;
Supplementary Table 2) using a CIH model. As shown by the PCA,
our data clearly distinguished the CIH group from the CON group
(Supplementary Figure 1A). We identified 5,729 proteins in the
hippocampi of CIH and CON mice, 4,878 of which were quantified
via proteomic spectrogram analysis (Supplementary Figure 1B).
Although numerous proteins were identified, only 21 proteins
exhibited significant differences (Supplementary Figure 1C).
Specifically, as shown in Supplementary Figure 1D, Clic6 and
Orai2 were significantly regulated in the CIH group and were
tightly associated with cognitive changes (Xu et al., 2020; Ma
et al., 2021). We specifically focused on the abundance of lysine
acetyltransferases (KATs) and lysine deacetylases (KDACs) via
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FIGURE 3

Representative immunofluorescence images. (A–D) Representative immunofluorescence images of Neun, GFAP, iba-1, and DCX for hippocampus
when exposed to CIH. Scale bar: 50 µm or 10 µm. (E) Analysis of the immunofluorescence intensity of Neun, GFAP, iba-1, and DCX by measuring
integrated density (IntDen) values. Data are expressed as mean ± SEM (n = 6 mice/group). (F) Cytokine and chemokine levels in the hippocampus of
mice in the CON and CIH groups (n = 3 mice/group). Data are presented as means ± SEM. Statistical analysis was performed using student t-test,
*p < 0.05, **p < 0.01, ***p < 0.001. CON: Control; CIH: chronic intermittent hypoxia.

proteomics analysis. The proteomic data encompassed several
KDACs (Sirt2-3, Sirt5, Hdac1-2, Hdac4-6, Hdac11) and KATs
(Acat1-2, Atat1, Chat, Crat, Crebbp, Dlat, Naa10, Naa15, Naa25,
Naa30, Naa35, Naa50, Nat10, Nat14). Although there were
more types of KATs and KDACs, no statistically significant
differences in protein abundance were observed (Supplementary
Table 4). In BP analysis, the majority of proteins were
enriched in phagocytosis and immune response, especially in
B cells (Supplementary Figure 2A; Supplementary Table 3).
Furthermore, in the analysis of cellular components (CC), most
of proteins showed enrichment in immunoglobulin complexes
(Supplementary Figure 2B; Supplementary Table 3). Finally, in
the analysis of molecular functions (MFs), a notable enrichment of
these proteins in immunoglobulin receptor-binding activities was
observed (Supplementary Figure 2C; Supplementary Table 3).

3.4 Identification of lysine acetylation
proteins and sites in the hippocampus

Despite the limited number of differentially abundant proteins
identified in the hippocampus, we observed substantial increases

in the abundance of acetylated proteins and sites. Similarly, we
evaluated the quality of MS data first. To ensure the reliability
and relevance of our analysis, we applied strict filtering criteria
to the data. Specifically, we used the significance criterion of
p < 0.05 and a fold change threshold of at least 1.5 to narrow
down the list of potentially relevant changes in lysine acetylation
levels. We performed PCA to characterize the signatures of and
distinguish the CIH and CON groups (Figure 4A). According
to our identification, the lengths of all the acetylated peptides
ranged from 7 to 27 amino acids, and most of them ranged
from 7 to 16 amino acids (Figure 4B). Additionally, the number
of lysine acetylation sites in each protein ranged from 1 to 19
and 55.8% of acetylated proteins had only one lysine acetylation
site (Figure 4C). Mass errors in the lysine acetylome were
highly accurate (Figure 4D; Supplementary Table 5). In total, we
identified 2,184 acetylation sites distributed across 1,007 acetylated
proteins. These findings highlighted that approximately 17.6% of
all the modified proteins exhibited acetylations (Figure 4E, Top).
Among the 1,672 acetylated sites quantified on 795 proteins, the
upregulated DAPs and differential acetylated sites (DASs) were
the majority (Figure 4E, Bottom). Interestingly, Qian et al. (2022)
observed an increase in cognitive function in mice and found that
the downregulated acetylation sites were predominant. It seems
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that global changes in the hippocampal lysine acetylome could
contribute to alterations in cognitive ability. Despite advances in
the understanding of cognitive dysfunction, research exploring
the impact of lysine acetylation on hippocampal models of
cognitive changes is lacking. Additionally, those associated with
mitochondria, such as Sptan1 (19 sites), Aco2 (18 sites), Cnp (15
sites), Idh2 (14 sites), and Got2 (13 sites), exhibited the most
abundant acetylations. Furthermore, we predicted the subcellular
distribution of DAPs upon CIH intervention; these proteins
were localized mainly to mitochondria (35.75%), the cytoplasm
(34.78%), and the nucleus (11.11%) (Figure 4F; Supplementary
Table 6). Overall, these findings highlight the importance of
acetylation in mitochondrial regulation and suggest their potential
involvement in the cellular responses to CIH-induced damage. In
addition, to further validate the reliability of our MS data, we
performed Western blot analysis in this study (Supplementary
Figures 3A, B). Western blot analysis conducted in our study
also revealed that the levels of acetylated proteins (VDAC, Ywhaz,
Camk2a) under CIH conditions were consistent with the results
obtained from the MS data.

3.5 Posttranslational modification
correlation analysis for acetylation sites

Determining novel lysine modification sites is crucial
for expanding the understanding of PTMs, revealing new
functionalities and regulatory mechanisms, and identifying
potential therapeutic targets. By comparison with previously
reported lysine modification sites in mice from the PLMD database,
we identified 292 novel proteins and 977 newly discovered lysine
acetylation sites (Supplementary Table 7). Furthermore, our
analysis revealed the presence of various other types of PTMs at the
identified lysine sites, including ubiquitination (920), succinylation
(776), malonylation (604), and glutarylation (209) (Supplementary
Table 8). Among them, the Ywhaz can undergo both acetylation
and ubiquitination at sites K11, K120, and K138. Similarly, the
Calcium/calmodulin-dependent protein kinase type II subunit
delta (Camk2a) can be acetylated and ubiquitinated at sites K56,
K136, K250, K258, K291, and K42 (Supplementary Table 7).
Another example is fructose-bisphosphate aldolase (Aldoa), for
which we newly discovered acetylation at the K208 site. These
findings highlight the complexity of protein posttranslational
modifications. Different types of modifications occurring at the
same or adjacent sites on a protein can potentially result in
crosstalk, which could contribute to the intricate nature of diseases.

3.6 CIH altered the characteristics of
acetylation sites

To examine the patterns of identified acetylated sites following
CIH treatment, we divided all acetylated sites into 3 categories:
class I contained unregulated sites, class II mostly contained sites
upregulated by CIH, and class III mostly contained downregulated
sites (Figure 5A). We conducted motif analysis on each group
to gain a better understanding of their physical properties
(Figure 5B). We found that class II sites favored aspartic acid

(D) at the −1 position, while class I sites favored glycine (G)
at the −1 position. Furthermore, we observed that class III sites
preferred isoleucine (I) at the +1 position, while leucine (L) was
favored at both class I and II sites. Compared to non-modified
lysine residues, DASs were significantly enriched in beta strands
(p = 4.45 × 10−6; Figure 5C, left). Similarly, DASs exhibited
greater accessibility to surface exposure (Figure 5C, right). These
results suggest that DASs caused by chronic intermittent hypoxia
in the hippocampus may impact protein function by changing
preferences for neighboring amino acids, beta-strand secondary
structure and surface accessibility.

3.7 Profiling the lysine acetylome in
mouse models of CIH

To gain insight into the biological functions and networks
associated with differentially acetylated lysine residues, we
performed domain, GO/KEGG pathway, and subcellular
localization analyses. Interestingly, we observed a significant
increase in the number of upregulated DAPs localized to
mitochondria compared to the number of downregulated DAPs
when performing subcellular localization analysis separately
for upregulated and downregulated proteins (Figure 6A,
Supplementary Table 6). These findings further implies potential
dysregulation of mitochondrial function in response to CIH.
Such dysregulation may contribute to cognitive impairments.
Next, we categorized the significantly changed acetylated sites
into four groups (Q1-Q4) based on the degree of fold-change
values observed (Figure 6B). For the KEGG pathways, DAPs
in Q3 and Q4 were mainly enriched in TCA cycle, necroptosis,
and neurodegeneration diseases (Parkinson’s disease, Alzheimer’s
disease, and Huntington disease) (Figure 6C). For domain
enrichment analysis (Figure 6E), DAPs in Q4 were mainly
enriched in Acy-CoA dehydrogenase, while in Q3 they were
mainly enriched in Biotin-requiring enzyme. The Acy-CoA
dehydrogenase domain and the main KEGG pathways mentioned
above are closely associated with mitochondria. Consistent
with these above findings, GO enrichment analysis showed that
the main biological process, molecular function, and cellular
component were closely associated with mitochondrial activity.
This includes GO:0032787 (monocarboxylic acid metabolic
process), GO:0006090 (pyruvate metabolic process), and
GO:0005759 (mitochondrial matrix) (Figure 6D). Both the
subcellular localization analysis and functional pathway analyses
consistently indicate that mitochondrial function is disrupted
by CIH. The altered acetylation of proteins associated with
mitochondrial function are likely significant contributors to the
cognitive impairments observed in response to CIH.

3.8 Analysis of the functional enrichment
of differentially acetylated mitochondrial
proteins

Moreover, accumulating evidence has also demonstrated
that mitochondrial dysfunction plays a pivotal role
in the pathophysiology of cognitive impairment
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FIGURE 4

Profiling lysine acetylation proteome in the hippocampus. (A) Principal component analysis (PCA) of acetylome data generated from CIH and CON
groups. (B) Distribution of peptide length of all identified acetylated peptides. (C) The number of acetylation sites within each modified protein.
(D) Mass error distribution of all identified acetylated peptides. (E) The global view of the acetylated proteins and acetylation sites identified in the
study (Top). The Venn diagram showed the number of acetylation sites and the corresponding proteins in brackets (Bottom). Significantly
upregulated or downregulated proteins were defined as having a fold change > 1.5 or < 0.667 and p < 0.05. (F) Rose plots represent the cellular
localization of significantly acetylated proteins after chronic intermittent hypoxia.

(Imai and Guarente, 2014; Bonkowski and Sinclair, 2016;
Sorrentino et al., 2017; Song et al., 2021). Consistent with
above evidence, we found that most acetylated sites were in
mitochondrial proteins and were highly upregulated after chronic
intermittent hypoxia (Figure 7A). Among the identified KEGG
pathways (Figure 7B), the citrate cycle (TCA cycle) was the most
highly enriched. The TCA cycle serves as a central hub in cellular
metabolism due to its ability to accept multiple substrates. The
metabolites of the TCA cycle are essential for protein synthesis.

Furthermore, it is increasingly recognized that the metabolites of
the TCA cycle also participate in regulating DNA methylation,
histone modifications, and PTMs of proteins to modulate their
function (Martínez-Reyes and Chandel, 2020). Taken together,
the GO analysis of the DAPs revealed that these proteins are
involved mainly in monocarboxylic acid catabolic processes, fatty
acid beta-oxidation, and oxidoreductase activity, among other
pathways (Figure 7B), consistent with the KEGG annotation
results.
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FIGURE 5

Motif analysis of all the identified sites. (A) Based on acetylated sites’ overall trends between the CIH and normoxia conditions, we grouped 3 classes.
Class I sites exhibited no significant change. Class II were upregulated, and Class III sites were downregulated. (B) Predicted amino acid motifs for
each group identified using a binomial test (p < 0.05). The motif showed significant amino acids surrounding each site flanking position 0 lysine.
(C) Conformational tendencies of all differentially acetylated sites were predicted by protein secondary structures (left) and surface accessibility
(right). After chronic intermittent hypoxia, the differentially acetylated sites were significantly enriched in Beta-strand (p = 4.45 × 10−6) and showed
a significant decrease in surface-exposed accessibility (p = 9.85 × 10−6) by the Wilcoxon Rank Sum test. ∗∗∗p < 0.001. ns: not significant; CON:
Control; CIH: chronic intermittent hypoxia.

3.9 Analysis of protein-protein
interaction networks

Investigating protein-protein interactions (PPI) is a crucial
step in uncovering the functions of proteins, enabling the study
and manipulation of pivotal cellular processes. In order to gain
a better understanding of the interactions among DAPs, we
conducted a PPI network analysis to display the interconnections
among 213 DAPs with high confidence (Figure 8A). In this

analysis, highly clustered proteins often share similar or related
functions. We identified the five most highly connected clusters:
the TCA cycle, oxidative phosphorylation, fructose and mannose
metabolism, the synaptic vesicle cycle, and antigen processing and
presentation. In the TCA cycle cluster, Aco2, Ndufa10, Pdha1,
and Ndufs1 were highly acetylated while their protein contents
remained unchanged. In the fructose and mannose metabolism,
we observed Voltage-dependent anion channel (Vdac)1–3 were
highly acetylated. These proteins were documented to exhibit a
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FIGURE 6

Subcellular location and KEGG/GO analysis of differentially expressed acetylated proteins. (A) Rose diagram showed the number of all different
acetylated proteins in different subcellular structure species, and the corresponding subcellular structure information is shown in different colors.
(B) The acetylated proteins were divided into four groups based on the fold-change values, respectively, named Q1 to Q4, and enriched with KEGG
pathway and protein domain analysis, respectively. (C) The bar plot showed the major enriched KEGG pathways by acetylated proteins. (D) The
Circular plot representing the GO enrichment of differentially acetylated proteins. Each circle means (from the outside to the inside): the First Circle:
is the enriched GO function, with different colors representing different categories; the second circle: is the function that contains different
acetylated protein numbers and significance p-value values, color represents the enrichment significance p-value after-Log10 transformation; the
third circle: up and down-regulated differential acetylated protein number bar graph; the fourth circle: fold enrichment of each function after Log2
transformation. (E) The bar plot shows the major protein domains enriched by the acetylated proteins. *p < 0.05, **p < 0.01.

strong correlation with cognitive dysfunction (Akarsu et al., 2014;
Mangialasche et al., 2015; Huang et al., 2021). Neurogenesis-
glia interactions play an important role in hippocampal function
(Kim et al., 2020). Based on our findings that CIH suppresses
neurogenesis and enhances astrocyte activation, we further

investigated the potential relationships between DAPs and GFAP
or DCX (Figure 8B). The results showed that several DAPs
were associated with DCX or GFAP, indicating that acetylation
may have a significant impact on neurodevelopmental disorders
during CIH.
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FIGURE 7

Functional pathway enrichment analysis of differentially regulated mitochondrial-localized proteins. (A) Heat map displaying differential acetylated
proteins localized to mitochondria. The hippocampal samples were represented in rows, and the protein was delineated in columns. The color bar
at the bottom of the figure showed that red indicated up-regulation and blue indicated down-regulation. (B) Bar plots are presented showing the
KEGG pathways, as well as GO analysis results revealing biological processes, cellular components, and molecular functions of the differentially
acetylated proteins localized to mitochondria.

3.10 Sodium butyrate regulates
acetylation to ameliorate cognitive
impairment

To enhance a connection between acetylation and CIH-induced
hippocampal damage, we employed a histone deacetylase inhibitor,
NaB, for intervention. NaB has recently been recognized as a
potential neuroprotective agent for various neurodegenerative

diseases (Sharma et al., 2015). After intraperitoneal injection of
NaB (Supplementary Figure 3C), we observed an improvement
in cognitive function in the CIH+NaB group compared to the
CIH group, as assessed by the NORT (Supplementary Figure 3D).
We hypothesized that histone acetylation may be linked to CIH
hippocampus injury. We tested this hypothesis by examining the
acetylation levels of H3K9 and H3K27 in hippocampus from
the three groups. The results revealed that H3K9 and H3K27
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FIGURE 8

Interaction network encompassing the differentially acetylated proteins. (A) Network diagram of differentially acetylated proteins and their
interactions. The five most highly connected subnetworks are circled for visualization. (B) Network methods relying on known protein-protein
interactions identify proteins relating to GFAP and DCX (markers of adult gliosis and neurogenesis).

acetylation were suppressed in the CIH group, while treatment with
NaB rescued its acetylation (Supplementary Figure 3E). These
findings further confirm the role of acetylation in the cognitive
impairment caused by CIH.

4 Discussion

Chronic intermittent hypoxia, a prominent characteristic of
OSA, has been shown to induce cognitive decline in mice. However,
the precise mechanisms responsible for this phenomenon are yet
to be fully investigated. In this study, we investigated the changes
in proteome and acetylome profiles in a CIH model. Proteome
analysis revealed that only a few proteins, including Clic6 and

Orai2, exhibited alterations (Supplementary Figure 1D), which
were associated with cognition. However, no acetylations were
identified on these two proteins, leading us to not delve into
their discussion. Furthermore, our observations suggest that CIH
resulted in a relatively limited number of global protein changes.
In contrast, DAPs exhibited more significant and widespread
alterations (Figure 4E). In recent years, there has been increasing
research interest in the influence of PTMs, particularly acetylation,
on cognitive function (Jaenisch and Bird, 2003; Perikleous et al.,
2018). However, few studies have directly shown that PTM
changes are responsible for long-lasting behavioral effects in
CIH. Therefore, this study primarily focused on investigating
and discussing the impact of acetylation on cognitive impairment
induced by CIH (Figures 1A, 2D).
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We identified 2,184 lysine acetylation sites on 1,007 proteins
(Figure 4E). We further analyzed the quantified sites and
proteins to identify those that were differentially regulated by
CIH exposure. Our findings revealed that 280 of the identified
acetylation sites located on 213 unique proteins were differentially
regulated by CIH exposure. These results suggest that CIH
exposure has significant effects on the acetylome profile of
the hippocampus and may play a role in the pathogenesis of
related cognitive impairments. We then conducted KEGG pathway
analysis to gain insight into the potential molecular mechanisms
underlying cognitive impairment induced by chronic intermittent
hypoxia (CIH) exposure. Our analysis revealed that the pathways
associated with the genes exhibiting the most enrichment
were related to Parkinson’s disease, necroptosis, and oxidative
phosphorylation (Figure 6C). Further investigation of these
pathways revealed significant alterations in neurodegeneration-
related diseases such as Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease, as well as central carbon metabolism
pathways including the TCA cycle, glycolysis/gluconeogenesis, and
the pentose phosphate pathway. Additionally, we analyzed the
protein domains enriched in the DAPs identified in our study,
which revealed that the DAPs were primarily enriched in biotin-
requiring enzymes and Acy-CoA dehydrogenase domains, further
highlighting the potential role of lysine acetylation in regulating
energy metabolism and cellular processes associated with cognitive
function (Figure 6E). These findings provide novel insights into
the complex molecular mechanisms underlying CIH-induced
cognitive impairment and may have significant implications for
the development of targeted interventions for related neurological
disorders. However, further research is needed to validate these
findings and identify specific protein targets for therapeutic
intervention.

In addition to being involved in metabolic pathways, the
necroptosis pathway was also significantly enriched in DAPs
(Figure 6C), which are related to markers of neurogenesis
(Figure 8B). Studies have suggested that necroptosis can be
activated in response to ischemic brain injury, neuroinflammation,
or neurodegenerative disorders such as Alzheimer’s disease. In the
hippocampi of CIH mice, we observed increases in the expression
levels of inflammatory factors, including IL-4, IL-10, and TNF-
a (Figure 3F and Supplementary Table 9). The involvement of
the necroptosis pathway in the hippocampus might contribute
to neuronal loss or dysfunction through neuroinflammation.
Additionally, we observed acetylation of K250 in Camk2a protein
within the necroptosis pathway. Camk2a plays crucial roles in
synaptic plasticity, learning, and memory processes within the
hippocampus. PTMs of the Camk2a protein have been implicated
in various aspects of hippocampal function (Küry et al., 2017).
Phosphorylation of the T286 residue in Camk2a has been
demonstrated to be crucial for neuronal function and development
(Küry et al., 2017). Camk2 activation is not only necessary but
also sufficient for the induction of long-term potentiation (LTP)
in the hippocampus. LTP is an index of hippocampal functional
plasticity (Poggini et al., 2023). Additionally, the histidine residue
at position 282 in Camk2a has been identified as an important
inhibitory amino acid residue that effectively suppresses Camk2a
activity (Smith et al., 1992). PTMs at specific sites in Camk2a are
known to play crucial roles in neuronal plasticity. However, further
investigations are needed to determine the specific impact of K250

acetylation on hippocampal synaptic plasticity in Camk2a protein.
Additionally, it remains to be determined whether there is any
cross-talk or interplay between these neighboring sites and whether
different modifications occur at the same sites.

Increasing evidence has indicated that CIH damages cognitive
function through mitochondrial dysfunction in the brain (Laouafa
et al., 2019). Both subcellular localization and functional pathway
analyses have consistently indicated that mitochondrial function
is disrupted by CIH. Mitochondria are the main organelles in
cells that consume oxygen for energy production and metabolism;
therefore, oxidative phosphorylation is affected by a lack of
oxygen (Scharping et al., 2021). Lysine acetylation is a common
posttranslational modification observed in enzymes associated with
intermediate metabolism. In our study, 35.75% of the DAPs were
found in mitochondria (Figure 4F), and most of these DAPs
were upregulated (Figure 6A). Moreover, significant enrichment of
both the TCA cycle and oxidative phosphorylation pathways was
observed (Figure 7B). Oxidative phosphorylation is the process by
which ATP is generated through electron transfer via the electron
transport chain, which includes complexes I, III, and IV (Vercellino
and Sazanov, 2022). Interestingly, the acetylation levels of key
proteins belonging to the electron transport chain, such as Cox6c,
Cox7a2, and Ndufa4, were increased in our study (Figure 8A).
In addition, several subunits of ATP synthase (Atp5pd, Atp5po,
and Atp5f1a) were also increased in our study. Moreover, our
study revealed that CIH induces the upregulation of multiple
acetylation sites on Vdac1, which is involved in fructose and
mannose metabolism (Figure 8A; Supplementary Figure 3B).
Vdac1, the most abundant protein on the outer mitochondrial
membrane, is a vital protein that regulates mitochondrial function.
Increased levels of Vdac1 have been shown to be associated with
the progression of diseases involving cognitive impairment, such
as Alzheimer’s disease and neonatal hypoxia–ischemia (Shoshan-
Barmatz et al., 2010; Xue et al., 2021). Vdac1 undergoes PTMs
due to oxidative stress, which is another critical pathological
factor in Alzheimer’s disease development. Oxidative damage in
the brains of neurodegenerative patients caused by nitration and
carbonylation of Vdac1 may impair channel function, promote
the pathogenesis and progression of brain disease, and contribute
to cognitive impairment (Shoshan-Barmatz et al., 2010). Changes
in the phosphorylation state of Vdac have also been observed
in neurons of patients with cognitive impairment; these changes
disrupt glucose metabolism, promote mitochondrial dysfunction,
and activate cell apoptosis (Verma et al., 2022). Dysregulation
of Vdac1 and its PTMs are implicated in impaired energy
metabolism, oxidative stress, and neurodegenerative processes
associated with cognitive impairment. Understanding the role of
these modifications in Vdac1 could offer insights into therapeutic
strategies targeting mitochondrial function and oxidative stress
in the neurogenesis process. Furthermore, our study revealed
that, when exposed to CIH, Got2, a crucial enzyme involved
in mitochondrial metabolism, undergoes acetylation at six lysine
residues, K90, K82, K302, K309, K396, and K404. Our findings
align with existing evidence that acetylation inhibits the activity of
mitochondrial enzymes (Qian et al., 2022). Moreover, our findings
suggest that chronic intermittent hypoxia (CIH)-induced lysine
acetylation may have detrimental effects on the mitochondrial
tricarboxylic acid (TCA) cycle and oxidative phosphorylation
pathways within the hippocampus. This disruption may lead
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to inefficient energy use, supporting the notion that CIH has
damaging effects on cognitive function. By altering the activity
of enzymes involved in these metabolic pathways, CIH-induced
acetylation may decrease the efficiency of ATP production and
contribute to mitochondrial dysfunction. This dysregulation can
exacerbate oxidative stress and impair cellular processes crucial
for normal brain function. Therefore, our findings provide new
insights into the potential mechanisms underlying CIH-induced
cognitive impairment and further highlight the importance of the
proper regulation and maintenance of mitochondrial function in
maintaining cognitive health.

Both animal and human studies have indicated that cognitive
decline and memory problems are associated with low glucose
metabolism in the brain (Ding et al., 2013; Zhang et al., 2021).
Although this process occurs differently in different parts of the
brain, it is mainly associated with regions that affect learning,
memory, and behaviour (Pawlosky et al., 2017). Like in the TCA
cycle and during oxidative phosphorylation, every enzyme in
glycolysis is acetylated (Zhao et al., 2010). In accordance with
the findings of a previous study, we observed increases in the
acetylation of K783 and K819 on hexokinase (Hk1) and K208
on Aldoa and in K14 and K149 on triosephosphate isomerase
(Tpi1) following CIH exposure. The increased acetylation of
these critical glycolytic enzymes may inhibit their activity (Pei
et al., 2022), further reducing glucose availability for energy
production and contributing to cognitive impairment. Moreover,
inflammatory activation of glial cells often leads to a metabolic
shift from oxidative phosphorylation to aerobic glycolysis (Cheng
et al., 2021). This metabolic switch may exacerbate the effects
of CIH-induced glycolytic enzyme acetylation, further impairing
cognitive function. Therefore, proper regulation of cellular
metabolism is important for maintaining optimal cognitive
health.

Hypoxia can also diminish cell viability in both glial cells
and neurons (Wang et al., 2014). Effective communication
between neurons, astrocytes, and microglia is crucial for the
brain’s functional organization (Lana et al., 2020). Dysregulation
of energy metabolism in neurons and glial cells may contribute
to the pathophysiology of neurodegeneration, particularly under
conditions of hypoxia–ischemia. One study demonstrated that
oligodendrocytes enhance axonal energy metabolism by delivering
SIRT2 to deacetylate mitochondrial proteins (Chamberlain
et al., 2021). Elevated HDAC2 modifies transcription in
hippocampal neurons and impacts microglial activity during
neuroinflammation-induced cognitive impairment (Sun et al.,
2019). Our results showed that several DAPs, including
Camk2a, Hgmb1, and Glul, were related to GFAP or DCX
(Figure 8B). These findings suggested that acetylation may
be crucial in neurodevelopmental disorders in individuals
exposed to CIH and indicate that CIH has the potential to
modulate various biological functions via alterations in the
acetylation levels of pertinent proteins in neurons and glial
cells, possibly helping the hippocampus adapt by reshaping its
function.

Several recent studies have shown that memory can be
modulated by manipulating histone modifications via the use
of HDAC inhibitors during memory formation, consolidation,
and reconsolidation (Vinarskaya et al., 2021). NaB is an HDAC
inhibitor that affects various types of brain damage (Lee et al.,

2019). Furthermore, NaB, which can cross the blood-brain barrier
and affect the epigenetic machinery in the brain, has been
shown to ameliorate reductions in novel object memory when
administered intraperitoneally (Jung et al., 2016). In this study,
we intraperitoneally administered NaB to CIH group mice. The
results revealed an improvement in memory in the CIH group.
Additionally, we observed significant fluctuations in the levels of
H3K27ac and H3K9ac (Supplementary Figure 3E). These findings
provide further evidence for the significant role of acetylation in the
cognitive impairment associated with CIH.

The current study had certain limitations. First, the number
of participants was limited due to budgetary and ethical reasons.
Increasing the sample size would help decrease biological
variability. Second, we used only male mice to establish the CIH
model to perform the studies described here. However, to avoid
potential sex bias, we will consider using both male and female mice
in future studies. Additionally, studies focused on the mechanisms
of key acetylated proteins are lacking. In the future, we plan to
concentrate on functional studies.

In summary, our study aimed to uncover the molecular
mechanisms responsible for cognitive dysfunction induced by CIH.
To this end, we performed lysine acetylome profiling to create a
comprehensive and detailed landscape of lysine acetylation in the
hippocampus. We discovered 2,184 lysine acetylation sites across
1,007 proteins. CIH differentially regulated 280 acetylated sites on
213 proteins, 35.75% of which were acetylated in mitochondria.
Our findings suggest that oxidative phosphorylation, the TCA
cycle, and glycolysis, which are located primarily in mitochondria,
may exacerbate cognitive impairment following CIH. Overall,
investigating the mechanisms underlying CIH-induced changes in
hippocampal acetylation can aid in the development of scientific
prescriptions for cognitive decline caused by CIH.
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Post-translational modifications
of beta-amyloid alter its
transport in the blood-brain
barrier in vitro model

Kseniya B. Varshavskaya, Irina Yu Petrushanko,

Vladimir A. Mitkevich*, Evgeny P. Barykin and

Alexander A. Makarov

Engelhardt Institute of Molecular Biology, Moscow, Russia

One of the hallmarks of Alzheimer’s disease (AD) is the accumulation of

beta-amyloid peptide (Aβ) leading to formation of soluble neurotoxic Aβ

oligomers and insoluble amyloid plaques in various parts of the brain. Aβ

undergoes post-translational modifications that alter its pathogenic properties.

Aβ is produced not only in brain, but also in the peripheral tissues. Such

Aβ, including its post-translationally modified forms, can enter the brain from

circulation by binding to RAGE and contribute to the pathology of AD. However,

the transport of modified forms of Aβ across the blood–brain barrier (BBB) has

not been investigated. Here, we used a transwell BBB model as a controlled

environment for permeability studies. We found that Aβ42 containing isomerized

Asp7 residue (iso-Aβ42) and Aβ42 containing phosphorylated Ser8 residue

(pS8-Aβ42) crossed the BBB better than unmodified Aβ42, which correlated with

di�erent contribution of endocytosis mechanisms to the transport of these

isoforms. Using microscale thermophoresis, we observed that RAGE binds to

iso-Aβ42 an order of magnitude weaker than to Aβ42. Thus, post-translational

modifications of Aβ increase the rate of its transport across the BBB and modify

the mechanisms of the transport, which may be important for AD pathology

and treatment.

KEYWORDS

Alzheimer’s disease, blood-brain barrier, beta-amyloid, post-translational

modifications, rage, caveolin-dependent endocytosis, clathrin-dependent endocytosis

1 Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease, accounting

for 60%−80% of all cases of dementia (Sonkusare et al., 2005). AD is characterized

by various pathological markers in the brain, such as the accumulation of beta-

amyloid peptide (Aβ), which can form senile plaques, intracellular accumulation of

neurofibrillary tangles formed by hyperphosphorylated tau protein, and progressive

loss of nerve cells (Scheltens et al., 2016). Most cases of AD are sporadic and

aging is considered a major risk factor for AD, but the pathways through which

aging triggers the development of the disease are still unclear. It has been suggested

that aging may induce post-translational modifications of Aβ (PTMs), which enhance

its pathogenic properties (Moro et al., 2018). Thus, Aβ is capable of undergoing

various PTMs that are triggered by enzymes or low molecular weight substances,
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as well as spontaneously (Barykin et al., 2017). Some of these

modifications are isomerization of the aspartic acid residue at

position 7 (iso-Aβ) and phosphorylation at serine 8 (pS8-Aβ).

Thesemodifications are located in themetal-binding domain of Aβ,

which regulates its zinc-dependent oligomerization (Zirah et al.,

2006; Barykin et al., 2018) and interaction with receptors (Barykin

et al., 2018; Forest et al., 2018). In amyloid plaques, iso-Aβ was

found to constitute more than 50% of all Aβ molecules (Mukherjee

et al., 2021). Iso-Aβ has an increased ability to oligomerize (Shimizu

et al., 2005), is more toxic (Mitkevich et al., 2013) and demonstrates

resistance to proteolysis (Kummer and Heneka, 2014). At the same

time, the level of iso-Aβ increases with age and in patients with

AD (Moro et al., 2018). PS8-Aβ was detected in brain tissue of

both patients with AD and AD model mice. It is localized both in

amyloid plaques and in the cytoplasm of neurons, and compared to

unmodified Aβ has increased neurotoxicity in vitro (Jamasbi et al.,

2017) and higher resistance to degradation by an insulin-degrading

enzyme (Kummer and Heneka, 2014). Thus, pS8-Aβ and iso-Aβ

are important isoforms that differ significantly in properties from

intact Aβ. The changes in the homeostasis of these isoforms may

trigger pathological events contributing to development of AD.

Numerous studies have shown that AD is accompanied by

a disruption of the blood-brain barrier (BBB), which occurs at

an early stage of the disease (Nation et al., 2019; Barisano et al.,

2022). The BBB controls the entry of Aβ from plasma into the

brain via the RAGE receptor, as well as the clearance of Aβ

from the brain into the peripheral circulation via the LRP-1

receptor (Zenaro et al., 2017). Disruption of these BBB functions

can lead to pathological accumulation of Aβ in the brain and

manifestation of AD symptoms. Increasing evidence indicates that

Aβ from blood can enter the brain and serve as a trigger for the

disease (Bu et al., 2018; Sun et al., 2021). Interestingly, peripheral

injection of synthetic Aβ42 into the bloodstream did not lead to

the formation of amyloid plaques in the brains of mouse models

of AD. However, intravenous injections of modified forms of Aβ

altered the pathology of AD: the injection of iso-Aβ accelerated

the amyloidogenesis (Kozin et al., 2013), while injection of pS8-Aβ

reduced the number of amyloid plaques in the brain of transgenic

mice (Barykin et al., 2018). This evidence suggests that pathogenic

isoforms of Aβmay arise in the circulatory system, after which they

penetrate the brain and contribute to AD pathology (Kozin and

Makarov, 2019). However, the transport of modified forms of Aβ

across the BBB has not been previously studied.

In this work, we compared the efficiency of transport of

Aβ42, pS8-Aβ42, and iso-Aβ42 through a monolayer of BBB

endothelial cells, and also established the contribution of clathrin-

and caveolin-dependent mechanisms to this process. It was also

determined how modifications of Aβ affect its affinity for RAGE.

2 Materials and methods

2.1 Preparation of synthetic beta-amyloid
peptides

Synthetic beta-amyloid peptides: Aβ42 and iso-Aβ42 were

obtained from Lifetein (Somerset, NJ, USA). PS8-Aβ42 and Aβ1−16

were obtained from Biopeptide (San Diego, CA, USA). Aβ17−42 was

obtained from Verta (Saint-Petersburg, Russia). The amino acid

sequence of the peptides is shown in Table 1.

Peptides were monomerized using hexafluoroisopropanol

(Fluka), aliquoted and dried as described in Barykin et al.

(2018). An aliquot of Aβ was dissolved in 10 µl of dimethyl

sulfoxide (DMSO) (Sigma-Aldrich, St. Loius, MO, USA) at room

temperature for an hour to obtain a 1.25mM stock solution and

then diluted to 1µM using serum-free DMEM media for Aβ

transport experiments.

2.2 Cell culture

Mouse brain endothelial cell line bEnd.3, obtained from

the American Type Culture Collection, was cultured at 37◦C

in an atmosphere of 5% CO2 in Dulbecco’s Modified Eagles

Medium (DMEM; Gibco, ThermoFisher Scientific, Waltham,

MA, USA) containing 4.5 g/l glucose, 1% GlutaMax (Gibco,

ThermoFisher Scientific, Waltham, MA, USA), 100 units/mL

penicillin, 100µg/mL streptomycin (Sigma, St. Louis, MO, USA)

with the addition of 10% fetal bovine serum (FBS; Gibco, USA).

2.3 In vitro model of the BBB

2.3.1 Cell cultivation on transwell membrane
To simulate the BBB, a mono-cultured model based on

bEnd.3 cells was used. BEnd.3 cells were cultured in transwell

inserts (Greiner Bio-One, pore diameter 0.4µm) submerged in

the wells of a 12-well plate (Greiner Bio-One). BEnd.3 cells were

seeded on the upper surface of the transwell membrane in an

amount of 70 thousand per well and cultured for 7 days until

confluence. The volume of DMEM medium (10% FBS) in the

upper (luminal) compartment was 750 µl, in the lower (abluminal)

compartment – 1ml. Cell counting before seeding was carried

out in a Goryaev chamber with preliminary staining of cells with

damaged membranes with trypan blue (Invitrogen).

2.3.2 Measuring the passage of Aβ isoforms
through a monolayer of bEnd.3 cells

The transport of Aβ and its isoforms was studied in the

transwell model. Aβ is able to bind albumin and other serum

proteins (Biere et al., 1996). Therefore, before the experiment,

the upper and lower sections of the transwell were washed with

500 and 1000 µL of serum-free DMEM, respectively. To study

the transfer of Aβ from the luminal to abluminal compartment

(modeling transport from the blood to the brain), the upper part

of the transwell was filled with 300 µl of DMEM containing 1µM

Aβ. An appropriate amount of DMSO (0.08% DMSO) was added

to control samples. The lower compartment was filled with 750 µl

of DMEM. After adding the peptide, samples were taken from the

lower part of the transwell in a volume of 200 µl after 2, 6, and 24 h.

Each time after sampling, 200 µl of DMEM medium was added to

the lower compartment. After 6 h of incubation, FBS was added to

the upper compartment of each well to a final concentration of 5%.
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TABLE 1 Amino acid sequence of Aβ and its isoforms.

Peptide Sequence

Aβ42 [H2N]-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-[COOH]

iso-Aβ42 [H2N]-DAEFRH[isoD]SGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-[COOH]

pS8-Aβ42 [H2N]-DAEFRHD[pS]GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-[COOH]

Aβ1−16 [H2N]-DAEFRHDSGYEVHHQK-[COOH]

Aβ17−42 [H2N]-LVFFAEDVGSNKGAIIGLMVGGVVIA-[COOH]

The concentration of Aβ in the samples was determined by enzyme-

linked immunosorbent assay (ELISA). To account for dilution due

to sampling and addition of DMEM medium, the concentration of

Aβ was corrected using the following equation:

C′
t = Ct + (

V

Vtotal
× Ct− 1f )

where C′
t is the concentration of Aβ at time t, taking into

account dilution; Ct is the concentration of Aβ measured with

ELISA at time t; Ct−1 - concentration of Aβ measured at

the previous time point; V is the volume added to the lower

compartment after sampling; Vtotal is the total volume in the

lower compartment.

The permeability coefficients obtained by incubating cells with

1µM and 100 nM Aβ are presented in the Supplementary Figure 1.

After each experiment, BBB permeability was assessed as

described in section 2.3.3 to ensure that the cell monolayer was not

disrupted by incubation with Aβ.

2.3.3 Endothelial permeability measurement
To assess paracellular permeability of the endothelium, the

fluorescent label sodium fluorescein (Sigma-Aldrich) was used.

The lower and upper compartments of the transwell were washed

with PBS (Gibco) and filled with HBSS buffer (Gibco): 250

and 750 µl in the upper and lower compartments, respectively.

Then, 50 µl of 60µg/ml sodium fluorescein dissolved in HBSS

was added to the upper compartment to a final concentration

of 10µg/ml. Samples (100 µl) were taken from the lower

compartment at 0, 15, 30, 45, and 60min after the addition of

the fluorescent label. Each time after sampling, 100 µl of HBSS

was added to the lower compartment. The fluorescence intensity

in the samples was measured on a SPARK plate reader (Tecan,

Switzerland) with an excitation wavelength of 485 nm and a

fluorescence recording wavelength of 535 nm. Dilution of sodium

fluorescein at each sampling step was taking into account using the

following equation:

I′t = It + (
V

Vtotal
× It− 1)

where I′t is the fluorescence intensity at time t after

dilution correction; It is the fluorescence intensity measured

at time t; It−1 is fluorescence intensity measured at the

previous time point; V is the volume added to the lower

compartment after sampling; Vtotal is the total volume in the

lower compartment.

2.3.4 Study of the transport mechanisms of
beta-amyloid and its isoforms

Various inhibitors were used to study the transportmechanisms

of Aβ and its isoforms. The contribution of RAGE to the transport

of Aβ across the endothelial monolayer was assessed using the

antagonist of this receptor FPS-ZM1 (Sigma) at a concentration

of 20µM (to obtain a stock solution, FPS-ZM1 was dissolved in

DMSO to a concentration of 305mM). To study the caveolin-

dependent transport of Aβ isoforms, the inhibitor filipin (Sigma)

was used at a concentration of 3µg/ml (to obtain a stock solution,

filipin was dissolved in DMSO to a concentration of 5 mg/ml). An

equivalent amount of DMSO was added to the control samples.

The contribution of clathrin-dependent endocytosis was assessed

using chlorpromazine (Merck) at a concentration of 5µg/ml

(to obtain a stock solution, chlorpromazine was dissolved in

DMEM). These concentrations were selected based on literature

data and tested for toxicity to bEnd.3 cells using MTT (Filipin)

and WST (FPS-ZM1 and chlorpromazine) assays according

to the manufacturer’s protocol (Supplementary Figure 2). Before

experiments, cells were preincubated with inhibitors added to

the upper transwell compartment for 1 h, after which they

were filled with solutions containing the inhibitor and 1µM

Aβ, and samples were taken from the lower compartment

after 2, 6 and 24 h.

2.4 ELISA

The concentration of Aβ and its isoforms was measured

using sandwich ELISA. BAM113cc antibodies (HyTest), which

recognize the C-terminus of Aβ, were added to a 96-well ELISA

plate (NEST) in a volume of 100 µl (0.5 ng/µl) and incubated

overnight at +4◦C. The wells of the plate were washed 2 times

with 200 µl of PBST (0.05% Tween20) and blocked in 1%

BSA (Dia-m) in PBST at room temperature and shaking for 3–

4 h. Then the plate was washed 2 times with 200 µl of PBST.

BAM7cc antibodies (HyTest) conjugated to HRP were added

(50 µl per well, 2 ng/µl), then standards and experimental

samples were added (50 µl per well). Samples were incubated

overnight at +4◦C, washed 6 times with 200 µl PBST and

analyzed using TMB (Merck). Absorbance was measured at

450 nm using a Multiskan FC Microplate Photometer (Thermo
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Fisher Scientific). The calibration curves are presented in the

Supplementary Figure 3).

2.5 Determination of parameters of
interaction of Aβ and its isoforms with
RAGE

The His-tag-containing sRAGE protein (Abcam) was stained

with a fluorescent dye using the second-generation Monolith His-

Tag Labeling Kit RED-tris-NTA according to the manufacturer’s

protocol. Aliquots of Aβ42, pS8-Aβ42, iso-Aβ42, and Aβ17−42

were dissolved in DMSO to a concentration of 5mM, after

which a series of dilutions were prepared to obtain solutions

with Aβ concentrations from 6.1 nM to 200µM. Aliquots of

Aβ1−16 were dissolved in PBS to a concentration of 2.5mM, after

which a series of dilutions were prepared (the final concentration

of Aβ1−16 in the samples varied from 38.1 nM to 1.25mM).

Samples were loaded into Monolith NT.115 Premium capillaries.

The concentration of RED-tris-NTA-labeled sRAGE was constant

(50 nM). All samples contained 4% DMSO and 20% glycerol.

Microthermophoresis was performed using a Monolith NT.115

system (Nano Temper Technologies GmbH). Data analysis was

performed using MO. Affinity Analysis v.2.3 software (Nano

Temper Technologies GmbH).

2.6 Measurement of intracellular
concentrations of Aβ and its isoforms

BEnd.3 cells were seeded into a 12-well plate (Greiner Bio-

One) at 35 thousand per well and cultured for a week in DMEM

(10% FBS), after which they were incubated with 1µM Aβ42, pS8-

Aβ42 or iso-Aβ42 within 24 h in serum-free DMEM. Cells were

washed three times with PBS, frozen in liquid nitrogen, and stored

at −80◦C overnight. Cells were lyzed on ice for 15min with 250

µl of IP Lysis Buffer (Pierce) containing protease and phosphatase

inhibitors (Roche) per well. The cells were removed using a scraper

and placed in tubes, after which the cells were lysed for 1 h at

+4◦C with shaking. The cell lysate was centrifuged for 10min at

16000 g, +4◦C, and the supernatant was collected. The amount of

protein in the lysates was determined using a BCA assay kit (Sigma)

according to the manufacturer’s protocol. The concentration of

Aβ and its isoforms in cell lysates was measured using ELISA as

described above.

2.7 Statistical data processing

Experimental data are presented as the mean of independent

experiments ± standard deviations (SD) or as a boxplot showing

the median, lower and upper quartiles, minimum and maximum

values of the sample. The number of independent experiments is

indicated in the figure legends. The normality of the distribution

was checked using the Kolmogorov-Smirnov test, and outliers

were analyzed using the Q-test. Statistical differences between

experimental groups for normally distributed samples were

determined using Student’s t test (when comparing two groups)

or One-way ANOVA (when comparing multiple groups) using

Tukey’s test for multiple comparisons. Differences were considered

statistically significant at p<0.05. Statistical analysis was performed

using GraphPad Prism 8.0.2 software.

3 Results

3.1 Isomerized and phosphorylated Aβ

pass through the BBB model more
e�ciently than unmodified Aβ

The passage of Aβ42, pS8-Aβ42 and iso-Aβ42 across the BBBwas

measured in a transwell system. It was found that pS8-Aβ42 and iso-

Aβ42 are transported by endothelial cells from the luminal (upper)

transwell compartment to the abluminal (lower) compartment

more efficiently than Aβ42 (Figure 1). Thus, the transport efficiency

of pS8-Aβ42 was 1.8, 1.7 and 1.4 times higher than that of the

unmodified peptide after 2, 6 and 24 h of incubation, respectively.

Transport of iso-Aβ42 through the endothelium was 1.9, 1.8 times

(at 2 and 6 h, respectively) and 1.4 times (at 24 h)more efficient than

Aβ42 transport. It can be seen that the transport rate is lower after

24 h of incubation compared to 2 and 6 h. A possible reason for this

is that prolonged incubation can lead to degradation or aggregation

of Aβ.

FIGURE 1

Passage of 1µM Aβ42, pS8-Aβ42 and iso-Aβ42 through a monolayer of bEnd.3 cells from the upper transwell compartment to the lower compartment

at 2, 6 and 24 hours. The amounts (pmol) of Aβ42, pS8-Aβ42 and iso-Aβ42 in the lower compartment measured by sandwich ELISA normalized by

incubation time (min) and transwell area (cm2) are presented. Number of values in each group n = 15–19 representing 6 independent experiments.
**p < 0.01, ****p < 0.0001.
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After the experiment, the integrity of the endothelium was

checked using sodium fluorescein (Figure 2). The permeability of

cell monolayer to sodium fluorescein did not differ between control

cells and cells treated with amyloid peptides. This indicates that

incubation with amyloid peptides did not affect the integrity of the

bEnd.3 cell monolayer.

3.2 The mechanism of transport of Aβ42,
pS8-Aβ42 and iso-Aβ42 across the BBB is
di�erent

The different efficiency of passage of Aβ isoforms through

the BBB model may indicate differences in the mechanisms

of their transcellular transport. It is known that Aβ42 enters

FIGURE 2

E�ciency of sodium fluorescein passage through a monolayer of

bEnd.3 cells. Prior to the measurement, the cells were incubated

with 0.08% DMSO, or with 1µM Aβ42, pS8-Aβ42, or iso-Aβ42 for 24h.

Fluorescence intensity values in the lower transwell compartment

are shown. Number of independent replicates n = 3.

the brain from the blood through the mechanism of caveolin-

dependent endocytosis, binding to RAGE, and Aβ42 is cleared

from the brain to the blood mainly through the LRP-1

receptor via clathrin-dependent endocytosis (Zhu et al., 2018)

(Figure 3). In order to study the contribution of various

mechanisms to the transport of Aβ and its isoforms, an

inhibitor of caveolin-dependent endocytosis, filipin, and an

inhibitor of clathrin-dependent endocytosis, chlorpromazine,

were used.

It was found that filipin inhibits not only the transport

of Aβ42, as reported previously (Zhu et al., 2018), but also

the passage of pS8-Aβ42 and iso-Aβ42 (Figures 4A–C). The

degree of inhibition for all of the isoforms was about 75%

(Figure 4D).

Chlorpromazine inhibited the transport of Aβ42 and pS8-

Aβ42 by 30% (Figures 5A, B). Surprisingly, the efficiency of

iso-Aβ42 passage through the endothelium in the presence of

chlorpromazine decreased by about 75% (Figure 5C). The degree

of inhibition for iso-Aβ42 was different from other isoforms

(Figure 5D). This indicates a difference in the contribution of

clathrin and caveolin-dependent endocytosis to the transfer of Aβ

isoforms across the endothelium in BBB model.

3.3 Aβ modifications a�ect the interaction
with RAGE

Differences in the efficiency of passage of Aβ42, pS8-Aβ42,

and iso-Aβ42 through the BBB endothelium may be a result of

the differences in interaction with RAGE. To study RAGE/Aβ

interaction in our BBB model, inhibitor FPS-ZM1, which blocks

the binding of Aβ42 to the V domain of the receptor (Deane et al.,

2012), was used. FPS-ZM1 was found to significantly reduce the

efficiency of transport of all Aβ isoforms through a monolayer of

bEnd.3 cells (Figure 6). However, FPS-ZM1 inhibited the passage

FIGURE 3

Schematic representation of Aβ42 transport through the endothelium of the BBB and the underlying molecular mechanisms. Inhibitors a�ecting

caveolin- and clathrin-dependent endocytosis are indicated in red. Filipin binds cholesterol in the membrane and interferes with caveolae formation

(Abulrob et al., 2005). Chlorpromazine a�ects the complex of adapter proteins AP-2 involved in clathrin-dependent endocytosis (Daniel et al., 2015).
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FIGURE 4

E�ects of filipin on the e�ciency of Aβ42 (A), pS8-Aβ42 (B) and iso-Aβ42 (C) transport through a monolayer of bEnd.3 cells in the transwell model. The

amounts (pmol) of Aβ42, pS8-Aβ42 and iso-Aβ42 in the lower compartment normalized by incubation time (min) and transwell area (cm2) after 2 and 6

hours of incubation with amyloid peptides in the absence or presence of filipin are shown. (D) Comparison of the degree of inhibition of filipin Aβ42,

pS8-Aβ42 and iso-Aβ42, where transport of the peptides in the absence of the inhibitor was taken as 100% (not shown). Summarized data from three

independent experiments are presented, the number of values in each group n = 6–9, **p < 0.01, ***p < 0.001, ****p < 0.0001.

of Aβ42 and iso-Aβ42 more efficiently than that of pS8-Aβ42 for 2

and 24 h of incubation (Figure 6D).

The dissociation constants (Kd) of Aβ42, pS8-Aβ42 and iso-

Aβ42 with the soluble extracellular part of RAGE (sRAGE),

determined using microscale thermophoresis (MST), were 1.0 ±

0.2µM, 7 ± 2µM and 23 ± 4µM, respectively (Figure 7). In

addition, it was found that the C-terminal domain of Aβ17−42 forms

a complex with sRAGE with Kd = 10 ± 5µM (Figure 8). The

interaction of sRAGE with the N-terminal domain of Aβ1−16 was

not detected. Thus, C-terminal domain is the main factor in the

interaction of amyloid peptides with sRAGE, and the N-terminal

domain modulates this interaction.

3.4 Aβ42, pS8-Aβ42 and iso-Aβ42
accumulate di�erently in bEnd.3 cells

The reduced affinity of pS8-Aβ42 and iso-Aβ42 for RAGE

compared to Aβ42 may cause lesser accumulation of these peptides

inside cells and a more efficient transport to the abluminal side.

To test this hypothesis, the intracellular levels of Aβ42, pS8-Aβ42,

and iso-Aβ42 were measured after incubating cells with 1µM of

these peptides for 24 h (Figure 9). It was shown that intact Aβ42

accumulates better inside cells, while the level of accumulation of

iso-Aβ42 is minimal compared to other peptides.

4 Discussion

It is known that Aβ is expressed not only in the brain, but also

in cells of other organs and tissues: kidneys and adrenal glands,

heart, liver, spleen, pancreas, as well as in muscles, blood cells and

endothelium (Roher et al., 2009). Significant amounts of Aβ have

been found in human red blood cells, and the Aβ42/Aβ40 ratio

in red blood cells is higher than in plasma (Kiko et al., 2012).

Platelets also express large amounts of amyloid precursor protein

(APP) and release beta-amyloid. Once activated, for example by

bleeding, platelets can secrete significant amounts of Aβ into the

blood (Humpel, 2017; Carbone et al., 2021). Several studies have

shown that platelets from people with AD may have a greater
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FIGURE 5

E�ects chlorpromazine (CPZ) on the e�ciency of Aβ42 (A), pS8-Aβ42 (B) and iso-Aβ42 (C) transport through a monolayer of bEnd.3 cells in the

transwell model. The amounts (pmol) of Aβ42, pS8-Aβ42 and iso-Aβ42 in the lower compartment normalized by incubation time (min) and transwell

area (cm2) after 2 and 6h of incubation with amyloid peptides in the absence or presence of CPZ are shown. (D) Comparison of the degree of

inhibition of CPZ Aβ42, pS8-Aβ42 and iso-Aβ42, where transport of the peptides in the absence of the inhibitor was taken as 100% (not shown).

Summarized data from three independent experiments are presented, the number of values in each group n = 6–9, ns - not significant, *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

tendency to become activated and therefore release Aβ into the

blood (Carbone et al., 2021).

Increasing evidence indicates that peripheral Aβ can penetrate

into the brain and play a significant role in the pathogenesis

of AD. Thus, peripheral inoculation of brain extracts containing

Aβ led to amyloidosis in the brain of mice (Eisele et al., 2010,

2014; Burwinkel et al., 2018). It has also been shown that

increasing the concentration of peripheral Aβ significantly reduces

its removal from the brain (Marques et al., 2009). Inhibition of

RAGE-ligand interaction suppressed brain Aβ accumulation in a

transgenic mouse model (Deane et al., 2003). The important role

of peripheral Aβ and its ability to enter the brain and trigger

AD pathology was further highlighted in a parabiosis model in

which the circulatory systems of a transgenic mouse with AD-

like pathology and a wild-type mouse were connected. Using

this model, the researchers demonstrated that human Aβ derived

from a transgenic animal entered the wild-type mouse brain and

initiated AD-like pathology, including tau hyperphosphorylation,

neurodegeneration, neuroinflammation, impaired hippocampal

long-term potentiation, and amyloid plaque formation (Bu et al.,

2018). Another study demonstrated the contribution of Aβ

produced by blood cells to the pathogenesis of AD: when

bone marrow was transplanted from transgenic mice to wild-

type mice, the latter showed signs of AD pathology (Sun

et al., 2021). A number of data indicate that induction of AD

requires not just an increase in the concentration of Aβ42, but

the appearance of pathogenic forms carrying post-translational

modifications (Kummer and Heneka, 2014; Barykin et al.,

2017). Thus, intravenous administration of iso-Aβ42 accelerates

amyloidogenesis in the brain of transgenic mice modeling AD

(Kozin et al., 2013), and introduction of pS8-Aβ42 into the blood,

on the contrary, reduces the number of amyloid plaques (Barykin

et al., 2018). At the same time, intravenous administration of

the unmodified peptide does not affect the formation of amyloid

plaques in the brain of model mice. It is possible that modified

forms of Aβ arise in the circulatory system, after which they enter
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FIGURE 6

E�ect of the RAGE antagonist FPS-ZM1 on the e�ciency of transport of Aβ42 (A), pS8-Aβ42 (B) and iso-Aβ42 (C) through a monolayer of bEnd.3 cells

in the transwell model. The amounts (pmol) of Aβ42, pS8-Aβ42 and iso-Aβ42 in the lower compartment normalized by incubation time (min) and

transwell area (cm2) after 2, 6 and 24 hours of incubation with amyloid peptides in the absence or presence of FPS-ZM1 are shown. (D) Comparison

of the degree of inhibition of FPS-ZM1 Aβ42, pS8-Aβ42 and iso-Aβ42, where transport of the peptides in the absence of the inhibitor was taken as 100%

(not shown). Summarized data from three independent experiments are presented, the number of values in each group n = 6–9, *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

the brain and contribute to AD pathology (Kozin and Makarov,

2019).

In this work, we compared the efficiency of transport of Aβ

isoforms in an in vitro model of the BBB, and also determined the

contribution of different mechanisms of endocytosis to the passage

of Aβ42, pS8-Aβ42 and iso-Aβ42 through the endothelium. It was

found that pS8-Aβ42 and iso-Aβ42 are better transported by BBB

endothelial cells than Aβ42 (Figure 1), which may be one of the

factors determining the ability of modified forms of Aβ to influence

cerebral amyloidogenesis when administered intravenously (Kozin

et al., 2013; Barykin et al., 2018).

The main mechanism of transport of Aβ from the bloodstream

to the brain is caveolin-dependent endocytosis (Zhu et al., 2018).

Indeed, the inhibitor of this form of endocytosis, filipin, suppressed

the transport of Aβ42, pS8-Aβ42, and iso-Aβ42 from the upper

to lower compartment to the same extent (Figure 4D). Strikingly,

the addition of chlorpromazine, which is an inhibitor of clathrin-

dependent endocytosis, significantly suppressed the transport of

iso-Aβ42 (Figure 5D). Thus, the transport of iso-Aβ42 may also

be dependent on clathrin endocytosis. Also, the contribution

of clathrin endocytosis was found for Aβ42 and pS8-Aβ42,

but less pronounced than for iso-Aβ42. The involvement of

clathrin-dependent endocytosis in transport of proteins from the

bloodstream to the brain was previously shown for transferrin and

insulin receptors (Roberts et al., 1992; Goulatis and Shusta, 2017;

Ayloo and Gu, 2019; Pemberton et al., 2022), but not for beta-

amyloid peptides. There is also evidence that LRP-1 canmediate Aβ

transport in both directions (Pflanzner et al., 2011). It is possible

that in the bEnd.3 cell line some part of the molecules of this

receptor is present on the luminal side, which could explain the

slight effect of the inhibitor on the transport of Aβ42 and pS8-Aβ42.

It is assumed that RAGE plays a major role in the transfer

of Aβ from the circulatory system to the brain. It was previously

shown that in cells expressing RAGE an inhibitor of this receptor,

FPS-ZM1, prevented oxidative stress induced by Aβ40 and Aβ42

(Deane et al., 2012). However, the effect of FPS-ZM1 on the

transport of Aβ and its isoforms across the BBB endothelium in

vitro has not been studied. We found that FPS-ZM1 reduced the
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FIGURE 7

Interaction of Aβ isoforms with sRAGE. (A) MST curves showing the fraction of RAGE which is in the complex with the peptide at di�erent

concentrations of Aβ and its isoforms. (B) Values of dissociation constants (Kd) for complexes of Aβ isoforms with sRAGE. Number of replicates in

each group n = 4–5, *p < 0.05, ****p < 0.0001.

FIGURE 8

MST curve illustrating the interaction of Aβ17−42 with sRAGE.

passage of Aβ42 through the endothelium of the BBB (Figure 6),

which correlates well with data obtained previously for Aβ42 in vivo

(Deane et al., 2003, 2012). FPS-ZM1 also inhibited the transport

of pS8-Aβ42 and iso-Aβ42, but the effect of this inhibitor on the

passage of pS8-Aβ42 was less pronounced than for other isoforms

(Figure 6D). Thus, it appears that RAGE is the major receptor in

the transport of both Aβ and its modified forms across the BBB.

Since Aβ42, pS8-Aβ42, and iso-Aβ42 differed in their ability to

penetrate the cell monolayer, we decided to compare the ability

of these isoforms to interact with RAGE. There is relatively little

data in the literature on the interaction parameters of Aβ with

RAGE. Thus, in cell cultures, the dissociation constants of RAGE

with Aβ40 and Aβ42 were 75 ± 5 nM (Deane et al., 2012) and 92

± 40 nM (Chellappa et al., 2021), respectively. For purified RAGE,

a dissociation constant with Aβ40 was shown to be 57 ± 14 nM

(Yan et al., 1998). Using the surface plasmon resonance method,

it was revealed that sRAGE binds Aβ42 oligomers with a Kd of

17 nM (Chen et al., 2007), and the Kd for endogenous soluble

RAGE (esRAGE) and Aβ42 was 44.9 nM (Sugihara et al., 2012).

Thus, direct measurements of the interaction of Aβ42 monomers

and its isoforms with RAGE have not been previously carried

out. The interaction constants obtained for Aβ42 are an order

of magnitude higher compared to constants estimated in other

systems. This may be due to the fact that in our experiments
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stabilizing agents and other additives that are far from physiological

were used, which could affect the obtained constants. Nevertheless,

this model allowed us to compare the binding of different isoforms

with RAGE in the same conditions. Across the three Aβ42 isoforms,

we found that RAGE demonstrates the highest affinity to Aβ42

and the lowest to iso-Aβ42 (Figure 7). These data are in good

agreement with the results of computer modeling that we obtained

earlier, according to which sRAGE has the lowest calculated Kd

value with Aβ42 and the highest with iso-Aβ42 (Tolstova et al.,

2022). The obtained Kd values correlate with the accumulation

of amyloid peptides inside cells (Figure 9). We also found that

RAGE interacts with Aβ17−42, but not with Aβ1−16, and the binding

constant of the receptor with Aβ17−42 was an order of magnitude

smaller than the binding constant with the full-length Aβ42 peptide.

Previously, we observed a similar pattern in the interaction of

Aβ with Na+/K+-ATPase: binding to the enzyme was detected

for Aβ17−42, but not for Aβ1−16 (Barykin et al., 2018). Probably,

the hydrophobic C-terminal fragment Aβ17−42 makes a major

contribution to the binding of Aβ42 to various protein molecules,

while Aβ1−16 modulates this interaction.

Apparently, the high affinity of Aβ42 for RAGE is the reason for

its accumulation in cells and lower transport efficiency compared

to other isoforms, while the isoforms with lower affinity for the

receptor are more easily transported across the endothelial cell

and are able to dissociate from the receptor on the abluminal

side. This mechanism was previously shown for the passage of

antibodies to the transferrin receptor across the BBB (Yu et al.,

2011; Goulatis and Shusta, 2017). High-affinity antibodies against

the transferrin receptor cause the antibody-receptor complex to be

mainly directed to lysosomes, and those that undergo transcytosis

remain associated with the receptor on the abluminal side. Low-

affinity antibodies undergo transcytosis and dissociate on the

abluminal side to a greater extent (Yu et al., 2011; Goulatis and

Shusta, 2017). Similar studies focusing on drug delivery to the

brain showed that transferrin-containing nanoparticles with high

avidity for the transferrin receptor remained tightly associated

with endothelial cells, whereas low avidity nanoparticles dissociated

from the receptor after transcytosis (Wiley et al., 2013). In bEnd.3

cells, it was shown that strong binding of ligands to LRP-1 triggers

internalization leading to endo-lysosomal sorting and degradation

of ligand-receptor complex, while ligands with moderate binding

strength to the receptor were transported across the endothelium

(Tian et al., 2020). Thus, the stronger binding of Aβ42 to RAGEmay

be the reason for its lowest transport efficiency of all isoforms across

the bEnd.3 cell monolayer. Another factor influencing Aβ transport

across the BBB may be different degrees of enzymatic degradation

of Aβ isoforms. Thus, isomerization of the aspartate residue in Aβ

has been shown to prevent its proteolysis in lysosomes (Lambeth

et al., 2019). PS8-Aβ is resistant to degradation by insulin degrading

enzyme, unlike unmodified Aβ (Kummer and Heneka, 2014). We

found different affinities of Aβ isoforms for RAGE, which may

affect enzymatic degradation.

Once Aβ enters the brain, it exerts multiple effects on its

neuronal and glial targets (Mroczko et al., 2018). Phosphorylated

and isomerized isoforms of Aβ act differently; as such, iso-Aβ is

likely more toxic to cholinergic neurons bearing certain receptor

types, such as alpha7 nicotinic acetylcholine receptor (Barykin

FIGURE 9

Levels of Aβ42, pS8-Aβ42 and iso-Aβ42 in bEnd.3 cells after 24h of

incubation with these peptides (1µM). The data were obtained on

cell lysates using ELISA. The concentrations of peptides normalized

to the total protein (µg) in the samples are presented. Number of

replicates in each group n = 6, **p < 0.01, ****p < 0.0001.

et al., 2019), and pS8-Aβ is less prone to inhibit Na,K-ATPase

(Barykin et al., 2018). Together with different transport rates of

these isoforms, a complex interaction emerges. Aβ42 has also

been shown to bind to pyramidal neurons after administration

into the blood (Clifford et al., 2007). However, the distribution

of blood-derived Aβ isoforms in the brain is a subject for

future research.

Aging may cause the appearance of modified Aβ

isoforms (Moro et al., 2018). Thus, with age, isomerized

and deaminated proteins accumulate, and the balance of

phosphorylation/dephosphorylation is disrupted (Barykin et al.,

2017). Pathogenic forms of Aβ carrying post-translational

modifications can arise in the blood and then penetrate

the brain, induce aggregation of endogenous beta-amyloid

and cause AD pathology. Thus, the appearance of modified

forms may precede the formation of plaques and occur in

the early stages of the disease. We hypothesize that PTMs are

more relevant to sporadic Alzheimer’s disease than to familial

Alzheimer’s disease. However, genetic mutations can also lead

to disruption of the PTM process if these mutations affect

Aβ-modifying enzymes.

According to our data, phosphorylated and isomerized Aβ are

transported more efficiently across the endothelium of the BBB

than the unmodified peptide. The RAGE receptor was found to be

essential for the transport of both Aβ42 and its isoforms across the

BBB. Differences in the transport of Aβ42, pS8-Aβ42, and iso-Aβ42

may be due to different mechanisms of endocytosis or different

affinities of these isoforms for the RAGE receptor. The mechanisms

of transport of Aβ42, pS8-Aβ42 and iso-Aβ42 across the BBB should

be taken into account when developing agents for the treatment

of AD. Thus, the data obtained may contribute to understanding

the causes of the disease, as well as to the search for new drugs

that prevent the accumulation of pathogenic Aβ isoforms in

the brain.
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Limitations: The use of higher than physiological

concentrations of Aβ (1µM) to study its transport is a limitation

of this article. However, no saturation transport occurs at

1µM (Supplementary Figure 1), which justifies the use of this

concentration in our study. There are also a number of studies

that use high concentrations of Aβ to study its transport across

the BBB (Shackleton et al., 2016; Dal Magro et al., 2019; Shubbar

and Penny, 2020; Zinchenko et al., 2020). Last, our study is

the first to measure all isoforms of Aβ using single ELISA,

and the sensitivity of our assay does not allow to measure

lower concentrations.
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Knockdown of INPP5K
compromises the di�erentiation
of N2A cells
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Inositol polyphosphate 5-phosphatase K (INPP5K), also known as SKIP (skeletal

muscle and kidney-enriched inositol phosphatase), is a cytoplasmic enzyme

with 5-phosphatase activity toward phosphoinositides (PIs). Mutations in INPP5K

are associated with autosomal recessive congenital muscular dystrophy with

cataracts and intellectual disability (MDCCAID). Notably, muscular dystrophy is

characterized by the hypoglycosylation of dystroglycan. Thus, far, the underlying

mechanisms are only partially understood. In this study, we show that INPP5K

expression increases during brain development. Knockdown of INPP5K in the

neuroblastoma-derived cell line N2A impaired their neuronal-like di�erentiation

and interfered with protein glycosylation.

KEYWORDS

INPP5K, brain, development, endoplasmic reticulum, glycosylation

Introduction

Phosphoinositides (PIs) are signaling lipids derived from phosphatidylinositol, a

ubiquitous phospholipid within the cytoplasmic leaflet of cellular membranes. Their

intracellular levels are strictly regulated by specific PI kinases, phosphatases, and

phospholipases. They act as integrators of membrane dynamics with a broad impact on all

aspects of cell physiology, such as cytoskeleton organization, mitosis, transport processes,

cell polarity, migration, and autophagy (Balla, 2013; Raghu et al., 2019; Posor et al., 2022).

Recent discoveries indicate that dysfunctions in the control of their levels can result in

different pathologies (Pendaries et al., 2003; Raghu et al., 2019). Mutations in INPP5K, the

enzyme with 5-phosphatase activity toward PIs (Ijuin et al., 2000; Vandeput et al., 2006),

were reported in patients suffering from congenital muscular dystrophy with cataracts

and intellectual disability (MDCCAID) and short stature (Osborn et al., 2017; Wiessner

et al., 2017). The morpholino knockdown in zebrafish embryos resulted in curled and

shortened tails, impaired swimming and touch-evoked escape responses, smaller eyes, and

altered skeletal muscle morphology (Osborn et al., 2017; Wiessner et al., 2017). Moreover,

complete loss of INPP5K resulted in embryonic lethality in mice (Ijuin et al., 2008).

In agreement with the phenotypes associated with INPP5K loss-of-function, INPP5K is

highly expressed in the developing and adult brain, eye, and skeletal muscle (Ijuin et al.,

2000). Notably, the overexpression of INPP5K in E17.5 cortical neurons promoted neurite

outgrowth and increased the number of processes and branches per neuron (Fink et al.,

2017; Kauer et al., 2022).

In this study, we show that INPP5K expression increases during brain development.

siRNA-mediated knockdown of INPP5K impaired neuron-like differentiation in N2A cells

and interfered with protein glycosylation.
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Methods

All animal experiments were approved by the Thüringer

Landesamt für Lebensmittelsicherheit und Verbraucherschutz

(TLLV). The experiments were performed on a C57BL/6

background. Mice were housed in a 12-h light/12-h dark cycle and

had access to mouse chow ad libitum.

N2A cell di�erentiation experiments for
microscopic analysis

N2A (ATCC) cells were cultured in DMEMGlutaMAX (Sigma-

Aldrich) supplemented with 10% [v/v] FBS (Biowest) and 1%

[v/v] penicillin/streptomycin (Gibco) at 37◦C. The N2A cells were

seeded on poly-D-lysine (Thermo Fisher)-coated coverslips. The

following day, the cells were treated with differentiation medium

[Neurobasal medium 1 g/l glucose (Gibco) + 1X B-27 (Gibco)

+ 1X sodium pyruvate (Gibco) + 1X glutamine (Gibco) + 1%

[v/v] penicillin/streptomycin (Gibco)] and transfected with siRNA

against either control (siScr; Dharmacon) or INPP5K (siInpp5k;

Thermo Fisher) according to the manufacturer’s protocol using

Lipofectamine 2000 (Invitrogen). After 4 days of differentiation, the

cells were fixed with 100% ice-cold methanol, permeabilized with

0.25% TritonX100, blocked in 5% normal donkey serum (NDS),

and stained overnight with primary antibodies at 4◦C, followed

by incubation with the corresponding secondary antibodies or

streptavidin coupled to fluorophores (Invitrogen). The following

primary antibodies/lectins were used: biotin WGA (Biozol)

1:50, rabbit anti-INPP5K (Proteintech) 1:100, and mouse anti-

PDI (Enzo) 1:300. Nuclei were stained with DAPI (10µg/ml,

Invitrogen). Images were taken with a Keyence microscope (BZ-

X800E). Brightfield pictures were used for protrusion analysis,

while fluorescence pictures were used for ER and glycosylation

analysis. The experiments were performed three times. N2A cell

differentiation was morphologically evaluated by measuring the

length and numbers of dendrite-like protrusions of first-order,

second-order, and third-order protrusions. The length and number

of protrusions weremeasured by tracing protrusionsmanually with

the tool “segmented line” in ImageJ. The length was measured

in micrometers with the option “measure.” All single cells from

at least five to seven images per condition and experiment were

traced manually.

For measuring the total protrusion numbers of individual

N2A cells, all traced/visible protrusions per cell were counted

for all single cells in at least five to seven images per condition

and experiment, and the mean per cell was calculated for

each condition.

For measuring the total protrusion length per cell, the length

of all traced/visible projections per cell was measured for all

single cells from at least five to seven images per condition

and experiment, and the mean per cell was calculated for

each condition.

To determine the mean protrusion length per order, the length

of all traced/visible protrusions per respective protrusion order was

measured for each cell and each condition.

Di�erentiation of N2A cells upon
knockdown of INPP5K

N2A (ATCC) cells were cultured in DMEM GlutaMAX

(Sigma-Aldrich) supplemented with 10% [v/v] FBS (Biowest)

and 1% [v/v] penicillin/streptomycin (Gibco) at 37◦C. The

N2A cells were seeded in 10-cm cell culture dishes (Greiner).

The following day, the cells were treated with differentiation

medium [Neurobasal medium 1 g/L glucose (Gibco) + 1X B-

27 (Gibco) + 1X sodium pyruvate (Gibco) + 1X glutamine

(Gibco) + 1% [v/v] penicillin/streptomycin (Gibco)] and at the

same time transfected with siRNA against either control (siScr;

Dharmacon) or INPP5K (siInpp5k; Thermo Fisher) according to

themanufacturer’s protocol using Lipofectamine 2000 (Invitrogen).

After 3 days of differentiation, the cells were harvested and lysed in

RIPA buffer [50mM Tris-HCl pH 7.4, 150mM NaCl, 1% [v/v] NP-

40, 1% [w/v] sodium deoxycholate, 0.1% [w/v] SDS, 1mM EDTA]

and a complete protease inhibitor (Roche). Cell homogenates were

centrifuged at 10,000 g, and the protein concentration in the

supernatant was determined using the BCA assay kit (Thermo

Fisher). Samples were stored at −20◦C until further use. The

experiments were performed three times.

Knockdown of INPP5K in di�erentiated
N2A cells

N2A (ATCC) cells were cultured in DMEMGlutaMAX (Sigma-

Aldrich) supplemented with 10% [v/v] FBS (Biowest), 1% [v/v]

penicillin/streptomycin (Gibco) at 37◦C. The N2A cells were

seeded on poly-D-lysine (Thermo Fisher) coated coverslips. The

following day, the cells were treated with differentiation medium

[Neurobasal medium 1 g/L glucose (Gibco) + 1X B-27 (Gibco) +

1X sodium pyruvate (Gibco) + 1X glutamine (Gibco) + 1% [v/v]

penicillin/streptomycin (Gibco)] and allowed to differentiate for 3

days. Then, the cells were transfected with siRNA against either

control (siScr; Dharmacon) or INPP5K (siInpp5k; Thermo Fisher)

according to the manufacturer’s protocol using Lipofectamine 2000

(Invitrogen). After 4 days of differentiation, cells were fixed and

processed as described above. The experiments were performed

three times.

Protein isolation from the brain

Pregnant mice or pups were sacrificed, and the brain tissues

were dissected. The brain tissue was obtained from 3 E11.5 and

3 E18.5 embryos as well as from 3 postnatal day (P) 3 and 3 P18

pups. Tissue lysates were prepared as previously described (Franzka

et al., 2022). Briefly, samples were homogenized with the Potter S

tissue homogenizer (Sartorius) in RIPA buffer [50mMTris-HCl pH

7.4, 150mMNaCl, 1% [v/v] NP-40, 1% [w/v] sodium deoxycholate,

0.1% [w/v] SDS, 1mM EDTA] and a complete protease inhibitor

(Roche). After sonication, homogenates were spun down at 16,900

g to remove nuclei and insoluble debris. Protein concentration in

the supernatant was determined using the BCA assay kit (Thermo

Fisher) and then stored at−80◦C until further use.
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Western blot

Proteins isolated from three embryos/pups at the indicated

developmental stages or from N2A cells (transfected with

siRNA against either control or INPP5K) from three individual

experiments were denatured at 90◦C for 5min in Laemmli buffer

(4X Laemmli buffer: 50% glycerol, 5% SDS, 0.25% 1.5M Tris

pH 6.8, 30% β-mercaptoethanol, and 0.001% bromophenol blue,

ddH2O). After separation by SDS-PAGE, proteins were transferred

onto PVDF membranes (Whatman). Membranes were blocked in

2% BSA and incubated with primary antibodies at appropriate

dilutions overnight at 4◦C. The following primary antibodies

or lectins were used: rabbit anti-INPPK (Proteintech) 1:500,

rabbit anti-GAPDH (Proteintech) 1:1,000, biotin WGA (Biozol)

1:300, biotin PNA (Bioworld) 1:300, biotin SNL (Biozol) 1:300,

biotin RCAI (Biozol) 1:300, biotin Con A (Biozol) 1:300, biotin

LCH (Ey Laboratories) 1:300, and biotin MAL (Biomol) 1:300.

Primary antibodies or lectins were detected with HRP-conjugated

secondary antibodies or HRP-conjugated streptavidin. Detection

was performed using the Clarity Western ECL Substrate Kit

(BioRad). The quantification of bands was performed using ImageJ.

Coomassie blue staining of PVDF membranes was performed

as described previously (Franzka et al., 2021). For Coomassie blue

staining of transferred proteins, PVDF membranes were fixed for

3min (10% acetic acid, 40% EtOH), stained in Coomassie blue

solution (0.1% Brilliant Blue R (Serva), 45% EtOH, 10% acetic acid)

for 5min, destained (10% acetic acid, 20–40% EtOH), rinsed in

H2O, and imaged.

Immunofluorescence analysis of embryo
sections

Pregnant mice or pups were sacrificed, and whole embryos

or brain tissues were dissected. Tissue was obtained from each of

the three E11.5, E13.5, and E18.5 embryos, as well as from the

three postnatal day (P) 3 and P18 pups. The tissues were frozen

in TissueTek (company) on dry ice and cryo-sectioned. Sections

were dried, fixed in 4% paraformaldehyde (PFA), permeabilized

with 0.25% TritonX100, blocked in 5% normal goat serum

(NGS), and stained overnight at 4◦C with primary antibodies or

lectins, followed by incubation with the corresponding secondary

antibodies or streptavidin coupled to fluorophores (Invitrogen).

The following primary antibodies or lectins were used: biotinWGA

(Biozol) 1:100, rabbit anti-INPP5K (Proteintech) 1:100, and biotin

PNA (Bioworld) 1:100. Nuclei were stained with DAPI (10µg/ml,

Invitrogen). Images were taken using a Keyence microscope BZ-

X800E.

Statistical analysis

For statistical analysis, raw data were analyzed for normal

distribution with the Kolmogorov–Smirnov test or by graphical

analysis using the Box-Plot and QQ-Plot in GraphPad Prism

9. If appropriate, we either used a one-way ANOVA, a

two-way ANOVA, or a two-tailed Student’s t-test. ∗p <

0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, and ns,

not significant. For statistical analysis, we used GraphPad

Prism 9. For all data, means with the standard error of

the mean (SEM) and individual data points with the SEM

are shown.

Results

INPP5K expression increases in the
developing mouse brain

To analyze the expression pattern of INPP5K during

mouse development, we stained sagittal whole embryo or brain

sections of different developmental stages with an antibody

directed against INPP5K (Figure 1A, Supplementary Figures 2,

3). Prominent INPP5K signals were found in developing

skeletal muscles and in the central nervous system (Figure 1A,

Supplementary Figures 2, 3). In the brain, INPP5K expression was

detected in various regions, especially in the hippocampus,

the cortex, and Purkinje cells (Figure 1B). Excluding the

unspecific binding of secondary antibodies, no signals

were observed when the primary antibody was omitted

(Supplementary Figure 4).

We next assessed the abundance of INPP5K in protein lysates

from mouse brains isolated at different time points of embryonic

development. Notably, INPP5K levels increased dramatically

during embryonic as well as early postnatal (P) brain development

(Figure 1C, Supplementary Figure 5).

Taken together, these findings suggest a pivotal role for INPP5K

in the brain.

INPP5K knockdown impairs the
di�erentiation of N2A cells upon serum
starvation

To assess whether INPP5K is relevant for cell differentiation,

we transfected N2A cells with siRNAs directed against INPP5K

(siInpp5k) or a scrambled control siRNA (siScr; Figure 2A,

Supplementary Figure 5). We then serum-deprived the transfected

N2A cells to induce neuronal-like differentiation and measured the

numbers and length of first-, second-, and third-order protrusions

4 days later. While the number of protrusions did not differ

from controls, the length of first-order dendrites was significantly

decreased after the siRNA-mediated knockdown of INPP5K

(Figure 2B, Supplementary Figure 1A). Dendrite numbers did not

differ between conditions (Figure 2B, Supplementary Figure 1A).

To assess whether INPP5K is required for the maintenance

of differentiated N2A cells, we induced differentiation for 4

days before we knocked down INPP5K. The number and

length of the protrusions were evaluated 4 days later. While

control cells maintained long primary protrusions, the length

of primary protrusions was significantly reduced after siRNA-

mediated knockdown of INPP5K in differentiated N2A cells

(Figure 2C, Supplementary Figure 1B).
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FIGURE 1

INPP5K expression increases in the developing mouse brain. (A) Immunofluorescence of sagittal whole embryo and brain sections at indicated time

points stained for INPP5K (scale bar: 500µm). Nuclei were labeled with DAPI. White arrowheads indicate prominent labeling of INPP5K in whole

embryo sections. In E18.5 and P3 brain sections, arrowheads mark the hippocampus, the cortex, and the cerebellum. (B) Immunolabeling of INPP5K

expression in a magnification of the hippocampus, cortex, and cerebellum of sagittal brain sections from P18 mice (scale bar: 100µm). (C)

Immunoblot analysis of brain tissue lysates at the indicated time points showed a strong increase in INPP5K abundance during brain development.

GAPDH served as a loading control (n = 3 samples per time point, one-way ANOVA with Fisher’s LSD test). Quantitative data are presented as mean

± SEM with individual data points. *p < 0.05, **p < 0.01.
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FIGURE 2

INPP5K knockdown impairs the di�erentiation of N2A cells upon serum starvation. (A) Immunoblot analyses confirmed the e�cient knockdown of

INPP5K. GAPDH served as a loading control. (B) Experimental design and representative images of N2A cells (scale bar: 50µm) and the quantification

of the length and numbers of protrusions [n = 3 experiments with 5–7 pictures per condition and experiment with 5–15 cells per picture (35–75

cells per experiment)], Student’s t-test or one-way ANOVA with Fisher’s LSD test. (C) Experimental design and representative images of N2A cells

(scale bar: 50µm) and quantification of the length and number of protrusions [n = 3 experiments with 5–7 pictures per condition and experiment

with 5–15 cells per picture (35–75 cells per experiment)], Student’s t-test or one-way ANOVA with Fisher’s LSD test. Quantitative data are presented

as mean ± SEM with individual data points. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.

Frontiers inMolecularNeuroscience 05 frontiersin.org74

https://doi.org/10.3389/fnmol.2024.1356343
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Manzolillo et al. 10.3389/fnmol.2024.1356343

FIGURE 3

Knockdown of INPP5K in N2A cells interferes with protein glycosylation. (A) Representative Coomassie stained membranes and membranes probed

with di�erent biotinylated lectins, i.e., WGA, RCAI, SNL, MAL, PNA, LCH, and Con A, and the respective quantifications. GAPDH and Coomassie

staining served as a loading control. Green circle = mannose, yellow circle = galactose, blue square = N-acetylglucosamine, yellow square =

N-acetylgalactosamine, violet diamond = N-glycolylneuraminic acid, and red triangle = fucose. Lectin signals were normalized to GAPDH. N2A cells

were transfected with either scRNA or siRNA to knock down INPP5K, harvested, and the respective protein lysates separated by SDS-PAGE and

transferred to membranes (n = 3 experiments, Student’s t-test). (B) Staining of N2A cells transfected with either scRNA or siRNA to knock down

(Continued)
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FIGURE 3 (Continued)

INPP5K with WGA, anti-PDI, anti-INPP5K, and DAPI to label nuclei (scale bar 10µm, n = 4 experiments with 200–5,000 cells per condition and

experiment, Student’s t-test). White arrowheads indicate examples of cells with WGA-positive deposits co-labeling with the ER marker PDI. Cells with

intracellular deposits labeled by WGA were quantified. (C) As a control, we also incubated N2A cells with either secondary antibodies alone or

fluorophore-coupled streptavidin, which was used to detect biotinylated WGA (scale bar 10µm). Quantitative data are presented as mean ± SEM

with individual data points. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

FIGURE 4

WGA and PNA reactivities increase during mouse brain development. (A) Protein lysates of mouse brains at the indicated developmental stages were

separated by SDS-PAGE, blotted, and probed with either WGA or PNA. GAPDH served as a loading control. (B) Analysis of WGA and PNA signals

shown in (A) (n = 3 samples per time point, one-way ANOVA with Fisher’s LSD test). Quantitative data are presented as mean ± SEM with individual

data points. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Knockdown of INPP5K in N2A cells
interferes with protein glycosylation

Patients with MDCCAID suffer from congenital muscular

dystrophy with hypoglycosylation of dystroglycan (Osborn

et al., 2017; Wiessner et al., 2017). To study whether the

knockdown of INPP5K in N2A cells alters protein glycosylation,

we isolated protein lysates of differentiated N2A cells transfected

with either scRNA or siRNAs to knock down INPP5K upon

the induction of differentiation. After separation by SDS-

PAGE and blotting, membranes were incubated with different

lectins to detect specific glycan structures. Upon knockdown

of INPP5K, signals were diminished for wheat germ agglutinin

(WGA), which detects N-acetylglucosamine residues, and for

peanut agglutinin (PNA), which recognizes non-sialylated

β(1–3)-linked galactose on N-acetylgalactosamine residues

(Figure 3A, Supplementary Figure 5). No differences were

found in non-sialylated/sialylated galactose/glucosamine on

N-acetylglucosamine residues, as detected by ricinus communis

agglutinin I (RCAI), sambucus nigra lectin (SNL) or maackia

amurensis lectin (MAL). Similarly, no differences were found in

fucosylated/mannose-carrying residues, as detected by the lens

culinaris lectin (LCH) or concanavalin A (Con A; Figure 3A,

Supplementary Figure 5).

We then fixed N2A cells either transfected with the

scRNA or the siRNAs directed against INPP5K at the same

time as the induction of differentiation and co-stained for

N-acetylglucosamine residues and the luminal ER protein

phosphodiesterase (PDI; Figures 3B, C). Consistent with our

immunoblots, INPP5K signals were diminished upon knockdown

of INPP5K. Notably, cells showing reduced INPP5K signals

showed a prominent intracellular accumulation of WGA and

a co-localization of PDI with WGA signals, suggesting that

glycoproteins were retained within the ER (Figure 3B).

In summary, the knockdown of INPP5K in N2A cells affects

protein glycosylation.

WGA and PNA reactivities increase during
mouse brain development

Because WGA and PNA reactivities were diminished in

protein lysates of cells transfected with siRNAs to knock down

INPP5K (Figure 3), we wondered about the developmental

profile for N-acetylglucosamine residues detected by WGA and

non-sialylated β(1–3)-linked galactose on N-acetylgalactosamine

residues detected by peanut agglutinin (PNA).

We assessed the abundance of N-acetylglucosamine

residues and non-sialylated β(1–3)-linked galactose on N-

acetylgalactosamine residues in mouse brains isolated at different

time points of embryonic and postnatal development. The

respective protein lysates were separated by SDS-PAGE and

blotted. For both glycan structures, we observed a strong increase

between E11.5 and P18 (Figure 4, Supplementary Figures 2–5).
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Discussion

Mutations that decrease the enzymatic activity of

INPP5K are associated with an autosomal recessive human

disorder characterized by congenital muscular dystrophy with

hypoglycosylation of dystroglycan in combination with cataracts,

intellectual disability, and short stature (Osborn et al., 2017;

Wiessner et al., 2017), while some polymorphisms in INPP5K

have been associated with Parkinson’s disease (Zhu et al., 2018).

Remarkably, the total knockout caused embryonic lethality in

mice (Ijuin et al., 2008). In agreement with the phenotype of

patients and confirming previous reports (Ijuin et al., 2000),

INPP5K is strongly expressed in the developing brain and skeletal

muscles of the mouse and further increases with embryonic

and postnatal brain development. Suggesting a major role in

neuronal differentiation, the overexpression of INPP5K in E17.5

cortical neurons promoted neurite outgrowth and increased the

number of processes and branches per neuron (Fink et al., 2017;

Kauer et al., 2022). Here, we assessed the consequences of its

siRNA-mediated knockdown in neuroblastoma-derived N2A cells.

Under serum starvation, N2A cells can be differentiated into cells

with complex protrusions resembling dendrites (Evangelopoulos

et al., 2005). Remarkably, the knockdown of INPP5K impaired

the outgrowth and the maintenance of dendrite-like protrusions

in N2A cells, which may relate to the observation that patients

with INPP5K loss-of-function show intellectual disability and

brain abnormalities, especially cerebellar or global brain atrophy

(Osborn et al., 2017; Wiessner et al., 2017; D’Amico et al., 2020;

Hathazi et al., 2021).

The subcellular localization of INPP5K can vary depending

on the specific cellular requirements. While a large pool localizes

to the ER, INPP5K can be recruited to the plasma membrane to

downregulate PI(3,4,5)P3 signaling upon growth factor stimulation

(Gurung et al., 2003). In Caenorhabditis elegans, INPP5K together

with atlastin-1 was shown to be involved in maintaining the

non-uniform, somatodendritic enrichment of neuronal ER/plasma

membrane contacts in their soma and dendrites, which are mostly

absent in axons (Loncke et al., 2023). The hypoglycosylation of

dystroglycan in patients with INPP5K loss-of-function further

connects INPP5K with ER and Golgi functions. In agreement,

the knockdown of INPP5K in N2A cells clearly affected the

glycosylation of proteins, as evidenced by reduced signal intensities

for N-acetylglucosamine residues or non-sialylated β(1–3)–linked

galactose. Because N-acetylglucosamine is the first sugar residue

attached to the amide group for N-glycosylation of proteins (Varki

et al., 2009; Breloy and Hanisch, 2018), loss of INPP5K can have

important consequences for glycoproteins, such as α-dystroglycan

or PDI, carrying N-glycosylated sugar residues. Aberrant protein

glycosylation can interfere with proper protein folding and may

thus explain the accumulation of glycoproteins carrying N-

acetylglucosamine within the ER upon knockdown of INPP5K.
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Aging is defined as a progressive decline of cognitive and physiological functions

over lifetime. Since the definition of the nine hallmarks of aging in 2013 by

López-Otin, numerous studies have attempted to identify the main regulators

and contributors in the aging process. One interesting group of proteins whose

participation has been implicated in several aging hallmarks are the nuclear

DBF2-related (NDR) family of serine-threonine AGC kinases. They are one

of the core components of the Hippo signaling pathway and include NDR1,

NDR2, LATS1 and LATS2 in mammals, along with its highly conserved metazoan

orthologs; Trc in Drosophila melanogaster, SAX-1 in Caenorhabditis elegans,

CBK1, DBF20 in Saccharomyces cerevisiae and orb6 in Saccharomyces pombe.

These kinases have been independently linked to the regulation of widely diverse

cellular processes disrupted during aging such as the cell cycle progression,

transcription, intercellular communication, nutrient homeostasis, autophagy,

apoptosis, and stem cell di�erentiation. However, a comprehensive overview of

the state-of-the-art knowledge regarding the post-translational modifications

of and by NDR kinases in aging has not been conducted. In this review, we

summarize the current understanding of the NDR family of kinases, focusing

on their relevance to various aging hallmarks, and emphasize the growing

body of evidence that suggests NDR kinases are essential regulators of aging

across species.

KEYWORDS

nuclear Dbf2-related (NDR) kinases, aging, cellular senescence, autophagy, brain aging,

neuroinflammation, nutrient sensing and signaling, DNA repair

Introduction

Aging is broadly characterized as the time-dependent decline in organism fitness,

leading to an elevated risk of intrinsic mortality associated with diseases such as coronary

heart disease, cancer, or neurodegenerative diseases, among many others. Based on the

growing body of aging research, nine hallmarks of aging were proposed in 2013 regarding

the molecular and cellular aspects underlying agingmechanisms. Each hallmark inherently

manifests in physiological aging, and their experimental impairment accelerates the

aging process, while experimental amelioration delays aging and increases lifespan. These

criteria collectively define and highlight the key features that contribute to the complex

phenomenon of aging (López-Otín et al., 2013).

The original nine aging hallmarks included Cellular senescence, deregulated nutrient

signaling, loss of proteostasis, mitochondrial dysfunction genomic instability, epigenetic

alterations, altered intracellular communication, telomere attrition and stem cell

exhaustion. After a decade of intense aging research, three additional hallmarks were
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proposed: chronic inflammation, impairment in macroautophagy

and dysbiosis (López-Otín et al., 2023). It is important to emphasize

that the hallmarks of aging do not exist as discrete biological

entities; instead, they form a network of interconnected processes

that frequently interact with each other. This interconnectedness is

largely attributed to central signaling pathways that overlap across

the aging hallmarks. Consequently, there is a significant interest

in comprehending such pathways and identifying novel regulators

that could serve as potential targets for anti-aging interventions.

The Nuclear Dbf2-related kinases (NDR) are part of the

NDR/LATS (large-tumor-suppressor) subfamily of AGC (protein

kinase A/G/C PKA/PKG/PKC-like). They are evolutionarily

conserved from plants to mammals, and they were first described

as core components of the Hippo signaling pathway (Hergovich,

2016). While four NDR-kinases are known to exist in vertebrates,

four homologs have been described in invertebrates and more

than 10 kinases are present in fungi, yeasts and plants (Table 1).

As part of the Hippo pathway, NDR Kinases have an important

function in the regulation of growth and organ size across tissues

and species (Ma et al., 2019). In mammals, NDR1/2 and LATS1/2,

together with their upstream activators mammalian sterile 20-

like kinases (MST) 1 and 2 form the core cascade of the Hippo

pathway (Chan et al., 2005; Hergovich et al., 2006; Praskova et al.,

2008; Du et al., 2015; Tang et al., 2015; Gundogdu and Hergovich,

2016; Liu et al., 2016; Kurz et al., 2018). Activated LATS1/2

and NDR1/2 together with their co-activator MPS1-binder-related

(MOB)-1 can directly phosphorylate the downstream transcription

factors Yes-associated-protein (YAP) andWWdomain–containing

transcription regulator protein 1 (TAZ), leading to their cytosolic

retention and degradation (Zhao et al., 2007, 2010; Liu et al.,

2010). When unphosphorylated, YAP/TAZ shuttles to the nucleus

and binds to the transcriptionally enhanced associate domains

(TEAD) causing transcription of its downstream genes. Similarly,

in D. melanogaster, the NDR1/2 homolog Tricornered (Trc) and

LATS1/2 homolog Warts (Wts), are activated by the MST1/2-

homolog Hippo and cause downstream phosphorylation and

proteasomal degradation of the YAP homolog Yorkie (Yki) (Staley

and Irvine, 2012).

The roles of NDR kinases have been extensively characterized

across various species, implicating them in the regulation of diverse

cellular processes. These kinases play key roles in controlling size,

migration, cell cycle, inflammation, cell signaling, proteostasis,

transcription, trafficking, apoptosis, and, more recently, have

emerged as critical components in neuronal differentiation,

plasticity, synaptogenesis, and cognition (Zallen et al., 2000;

Stork et al., 2004; Demiray et al., 2018; Léger et al., 2018;

Madencioglu Kul, 2019; Madencioglu et al., 2021), underscoring

their role as important regulators of neuronal biology. On the

other hand, numerous studies show how NDR kinases can

play a maladaptive role in disease, particularly in cancer and

inflammation and evidence points out that they might contribute

to neurodegeneration as well (Tacutu et al., 2011).While the precise

role of NDR kinases in aging remains to be fully understood,

there is ample evidence in the literature that strongly suggests

their significance in the biology of aging. Furthermore, despite

the increasing research linking NDR kinases to essential processes

TABLE 1 List of known and predicted NDR kinases.

Protein Gene Taxonomy

NDR1 STK38/Stk38 Mammals

NDR2 STK38L/Stk38l Mammals

LATS1 LATS1/Lats1 Mammals

LATS2 LATS2/Lats2 Mammals

Trc trc D. melanogaster

Warts wts D. melanogaster

SAX-1 sax-1 C. elegans

WARTS wts-1 C. elegans

CBK1 CBK1 S. cerevisiae

DBF20 DBF20 S. cerevisiae

DBF2 DBF2 S. cerevisiae

orb6 orb6 Schizosaccharomyces pombe

sid2 sid2 Schizosaccharomyces pombe

COT1 cot-1 Neurospora crassa

∗CpCot1 cot1 Claviceps purpurea

∗TB3 TB3 Colletotrichum trifolii

∗TBPK50 Unknown Trypanosoma brucei

Ukc1 ukc1 Ustilago maydis

∗Predicted by homology.

NDR1, NDR2, LATS1, and LATS2 are the main mammalian NDR kinases. NDR1/2 is the

ortholog of Trc and SAX1, and together they are the homologs of the LATS family of proteins

that also includes Warts/WARTS. The evolutionary relationship with the other NDR kinases

is still under debate, but it is accepted that CBK1, orb6, Ukc1, COT1 and their protein

orthologs constitute the sister group of NDR1/2, SAX-1 and Warts/WARTS, and that DBF2

and DBF20 are the most distantly related kinases (Tamaskovic et al., 2003).

crucial for survival, and in the brain, that relate to cognition and

memory, studies investigating the role of NDR kinases on biological

fitness and longevity are still lacking.

Cellular senescence and chronic
inflammation

Perhaps the most widely characterized process, and one of the

earliest pieces of evidence that linked NDR kinase function to

aging, relates to inflammation. In the first iteration of the Hallmarks

of aging, increased inflammation was considered a feature of

altered intercellular communication (López-Otín et al., 2013).

A more updated understanding of the inflammatory processes

that occur during aging “inflammageing” makes it clear that

altered communication by increased inflammation is not the

only contributor to aging, but rather that there exists chronic

inflammationwhich is the result ofmany intersecting pathways that

integrate altered signals from other hallmarks processes like loss

of proteostasis, genomic instability, mitochondrial dysfunction,

and others, but particularly from cellular senescence (López-Otín

et al., 2023). Mechanistically, the literature suggests that the way
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in which NDR kinases participate in inflammation overlaps with

the regulation of inflammation through the Senescence-associated-

secretory phenotype (SASP), hence, in this review, we address these

two hallmarks in the same chapter.

Cellular senescence was first described as a replicative limit

that most eukaryotic cell types can acquire irreversibly. Further

research thoroughly demonstrated that senescence is a response

to several signals, often related to stress, such as the shortening

of the telomeres and accumulation of DNA damage after many

replication cycles (Funayama and Ishikawa, 2007). Although the

phenotype varies from cell to cell, some commonalities can be

found among senescent cells. One of the main characteristics

is that cells undergo a permanent cell cycle arrest mainly in

the G1/S phase progression, though there is plenty of evidence

demonstrating that senescence can also permanently arrest the

cells in the G2/M transition (Chien et al., 2011). Overall, it has

been widely demonstrated that prolonged arrest by activation of

cell cycle regulators leads to cellular senescence (Alcorta et al.,

1996; Stein et al., 1999; Shtutman et al., 2017; Safwan-Zaiter

et al., 2022), supporting the idea that pathways that play a role

in the regulation of the cell cycle are central to the regulation of

aging and lifespan (Dottermusch et al., 2016; Seim et al., 2016;

Campos et al., 2018). The other main characteristic is that although

replication stops, senescent cells are highly active and acquire

a SASP that includes secretion of mainly, but not exclusively,

proinflammatory molecules, chemokines proteases and growth

factors (Coppé et al., 2010). Cellular senescence, as well as other

hallmarks of aging, display antagonistic pleiotropic features, it is

considered to have evolved as a mechanism to assist in wound

healing, tissue remodeling, and the prevention of malignant cellular

transformation; senescent cells accumulate and evade clearance by

the immune system through a not-yet-understood mechanism in

aging organisms. Consequently, via the SASP, these cells become

the primary contributors to chronic tissue inflammation and

damage. Even though the regulation of the cell cycle progression

and cellular senescence are intrinsically connected, it has been

demonstrated that post-mitotic cells such as neurons can also

become senescent and contribute to disease progression (Musi

et al., 2018; Dehkordi et al., 2021; Herdy et al., 2022). A final

but very important feature of senescent cells is that they are

highly resistant to apoptosis, which is achieved partially by the

upregulation of anti-apoptotic proteins such as B-cell lymphoma

2 (BCL-2) or B-cell-lymphoma-extra large (BCL-xL) (Hu et al.,

2022).

NDR kinases regulate the cell cycle
progression

The mammalian NDR kinases are known regulators of the cell

cycle, which implicates them directly in a key aspect of cellular

senescence. In vitro, both NDR1 and NDR2 interact with the

CyclinD1/CDK4 complex, which drives cell cycle progression.

Mechanistically, CyclinD1 has been shown to increase the kinase

activity of NDR1/2 by reducing its autoinhibition and promoting

the G1/S cell cycle progression (Du et al., 2013). It is known

that in the canonical Hippo pathway, NDR1/2 is activated by

phosphorylation in the Thr444/Thr442-residue by the MST1/2

kinases. Moreover, in vitro work shows that NDR1/2 can also

become phosphorylated by MST3 exclusively in the G1 phase.

This phosphorylation controls the NDR1/2 kinase activity on

p21 during the cell cycle, as it was demonstrated that depletion

of NDR1/2 increased p21 stability and induced G1 arrest

(Cornils et al., 2011).

The other mammalian NDR kinases, LATS1 and LATS2, have

also been found to participate in the cell cycle transition. It

was shown that, independently of its kinase activity, LATS1/2

can inhibit human cancer cell proliferation and induce a G2/M

arrest. The mechanism by which this occurs is yet not completely

understood, but research suggests that LATS1 and LATS2 act

independently in distinct pathways in cell cycle progression. LATS1

binds to Cell division control protein 2 (CDC2) and inhibits the

kinase activity of both Cyclin A/CDK1 and Cyclin B/CDK1 protein

complexes. On the other hand, LATS2 decreases the kinase activity

of the Cyclin B/CDK1 and the Cyclin E/CDK2 complex exclusively.

The consequence is that overexpression of LATS1/2 can prevent the

G2/M transition (Yang et al., 2001) and act as a negative regulator of

the cell cycle progression. A finding that could seem contradictory

was later revealed in a model of replicative senescence of human

fibroblasts, which shows an increase in AMP-activated protein

kinase 5 activity, and the subsequent phosphorylation of LATS1

at the S464, decreases LATS1 stability. Accordingly, inhibition of

LATS1 activity accelerated replicative senescence (Humbert et al.,

2010). This suggests that there are several pathways in which

LATS1 might exert their role in the regulation of the cell cycle. A

strong indication of this comes from the fact that overexpression

of AMPK5 did not affect p53 activity, thus it is likely that the

p53-p21 axis is not involved in this pathway. Arguably p16, a

selective inhibitor of CDK4 and CDK6 kinases, is the most well-

characterized CDK inhibitor that participates in the cell cycle arrest

of senescent cells, mainly in the G1/S transition. This is achieved

by maintaining the CDK4/6 downstream target, the retinoblastoma

protein (pRB) in a hypophosphorylated state (Safwan-Zaiter et al.,

2022).

Even in a mouse neuronal cell line, p16 expression has been

associated with resistance to apoptosis when cell cycle regulators

like Cyclin D1 are overexpressed in terminally differentiated cells

(Kranenburg et al., 1996). Besides the inactivation of the pRB,

it has been shown that in human fibroblasts, p16 activation

leads to an increase of reactive oxygen species (ROS) mediated

by a positive feedback loop that involves the downstream

activation of the protein kinase C delta and downregulation of

LATS1, in a mechanism that irreversibly blocks the cell cycle

progression (Takahashi et al., 2006). In this same direction, it

was reported that LATS2 participates in the repression of E2F

genes in cellular senescence after expression of pRB, particularly

from the dimerization partner, RB-like, E2F and multi-vulval

class B (DREAM)-repressor complex, and the formation of the

senescence-associated histone foci (SAHF) and the increased beta-

galactosidase activity, characteristic of senescent cells. Remarkably,

it was also found that both RB1 and LATS1 loci are mapped in

close proximity to the 13q locus, which is often lost in tumourigenic

cell lines and can impair the induction of cell cycle arrest (Tschöp
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et al., 2011). Finally, another key piece of evidence that links NDR

kinases in the permanent arrest of the cell cycle in senescent cells

comes from a series of papers published by Aylon et al., in which

they use multiple murine and human cell lines to investigate and

describe a pathway that involves the translocation of LATS2 from

the centrosomes to the nucleus in the context of mitotic stress,

where it binds to Mouse double minute 2 homolog (MDM2), thus

increasing p53 stability and transcription of downstream targets

such as CDKN1A (p21) and LATS2, creating a positive feedback

loop that helps to maintain the cell cycle arrest (Aylon et al., 2006).

Moreover, they showed that LATS2 deficiency allows cells to escape

oncogene-induced senescence (OIS) by HRAS (Aylon et al., 2009).

The malignant transformation of cells is often linked to intrinsic

causes, such as mutations in the DNA, and among them, mutations

in RAS genes are one of the most aggressive and main risk factors

of cancer. Interestingly, the expression of KRAS is sufficient to

increase the NDR1 protein levels, and inhibition of NDR1 induces

apoptosis and also increases p21 and LATS2 levels, possibly as a

compensatory mechanism.

These data together suggest that although NDR kinases might

have distinct roles within the pathways, there is a wide overlap

of functions. It has also been shown that NDR2 mRNA levels are

increased in pancreatic cancer patients which allows formalignancy

of transformed cells (Grant et al., 2017). Although this observation

is contradictory to the role of NDR kinases in inducing cell cycle

arrest in cellular senescence, it suggests that in cells that escape

the cell cycle arrest, NDR kinases might allow for survival and

an increase in the malignity of the tumors by hyperactivation of

growth and facilitating migration possibly through MOB-mediated

pathways and Hippo signaling. For example, it was shown that

human MOB2 competes with MOB1 for binding to NDR1/2 as a

negative regulator (Kohler et al., 2010) in a model of DNA damage

and that independently of NDR1/2, MOB2 promotes survival and

the cell cycle progression in human cells through inhibition of p21

and p53 (Gomez et al., 2015). Supporting this idea, it was shown

that, unlike MOB1 or MOB2, MOB3 inhibits LATS1/2 signaling

within the Hippo pathway and allows for continued proliferation of

cells even after OIS (Dutchak et al., 2022), potentially contributing

to cancer progression. This is consistent with the observation that

LATS2 enforces cell cycle arrest during OIS by engaging with pRB

and promoting the silencing of E2F genes (Tschöp et al., 2011). In

summary, it is evident that NDR kinases play a significant role in

cell cycle regulation through various mechanisms across different

species. While their direct involvement in the permanent cell cycle

regulation of cellular senescence has not been directly addressed,

we suggest that they could be crucial components of the machinery

enforcing the cell cycle arrest in senescent cells.

NDR kinases might facilitate resistance to
apoptosis in senescent cells

Many studies have examined the complementary and yet

contradictory relationship between cellular senescence and

apoptosis mechanism during aging. The current consensus in the

field is that both mechanisms have evolved as a regulatory process

for tissue modeling and to prevent the malignant transformation

of cells (Campisi, 2013), thus many of the molecular mechanisms

that induce apoptosis, cellular senescence or apoptosis resistance

in senescent cells overlap and are governed by the same proteins

such as p53, BCL-2 or extracellular-signal-regulated kinases (ERK)

signaling (Childs et al., 2014). It has been hypothesized that one

main factor that determines whether the cell will enter senescence

or apoptosis relates to cellular stress levels. Extreme cellular stress

resulting from various factors such as irreversible DNA damage,

exposure to UV irradiation, oncogenic activation, or withdrawal of

growth factors triggers the intrinsic apoptotic pathway (Visser and

Yang, 2010). It has been shown that both human LATS1 and LATS2

participate in parallel but independent apoptosis mechanisms,

one in which LATS1 engages p53 independently of BAX which

increases caspase 3 activity (Yang et al., 2001), and the other in

which LATS2 overexpression downregulates BCL-2 and BCL-xL,
resulting in a cascade that increases caspase 9 processing (Ke et al.,

2004).

Other additional pathways in which LATS1/2 has been

shown to be involved in the intrinsic apoptotic pathway are

the upregulation of LATS2 by Checkpoint kinase 1 (CHEK1)

upon activation of the DNA Damage Response (DDR) (Aylon

et al., 2009), and the activation of the protease OMI/HTRA2 by

LATS1, which is required for caspase cascade activation upon

mitochondrial permeabilization (Kuninaka et al., 2005). Except for

the case of excitotoxicity, aging neurons are highly resistant to

stress and apoptosis (Kole et al., 2013), probably as a consequence

of some of them becoming senescent (Si et al., 2021). Activating

Transcription Factor 4 (ATF4) plays an important role in neuronal

apoptosis and it is known that it induces the transcription of

the C/EBP homologous protein, which activates the protein p53

Upregulated Modulator of Apoptosis (PUMA) in mouse cortical

neurons (Galehdar et al., 2010). Additionally, it was shown

both in mouse and human cell lines that EI2F-α promotes the

translation of ATF4 and subsequent stabilization of LATS1 which

increases cell death after oxidative stress (Rajesh et al., 2016). A

downregulation on this pathway has yet to be demonstrated as a

possible link between NDR kinases and the resistance of apoptosis

in aging neurons.

NDR kinases might participate in the
regulation of inflammatory cytokines of the
SASP

SASP is a senescence state characterized by the secretion

of a diverse array of molecules, ranging from pro-inflammatory

cytokines to growth factors. While research on neuronal SASP is

limited, compelling in vitro evidence from rat primary neurons

suggests that senescent neurons also undergo SASP, a process

driven by the transcription factor GATA Binding Protein 4

(GATA4) and impaired autophagic flux (Moreno-Blas et al., 2019).

The potential involvement of NDR kinases in the regulation and

secretion of SASP remains largely unexplored. However, NDR

kinases have been associated with the regulation of established

SASP components, such as Tumor necrosis factor-alpha (TNF-α)

which has been implicated in the heightened neuroinflammatory

response and cognitive impairment during aging (Habbas et al.,
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2015; Probert, 2015). It has also been shown that murine NDR1

positively regulates the production of TNF-α and Interleukin 6 (IL-

6) by directly binding to Smad ubiquitination regulatory factor

1 (SMURF 1) which leads to ubiquitination and degradation

of mitogen-activated protein kinase 2 (MEKK2) and reducing

the transcription of its downstream targets (Wen et al., 2015).

Besides NDR2, another study reported that NDR1 activity also

increases TNF-α dependent activation of the transcription factor

nuclear factor “kappa-light-chain-enhancer” of activated B-cells

(NF-κB) in various human tumor cell lines (Shi et al., 2012),

supporting the important role of NDR1/2 in the regulation of

TNF-α activity. Interestingly, Braitsch et al. (2019) found an

opposing role for LATS1/2 in NF-κB regulation and reported that

LATS1/2 KO increases NFκB activation and vanin1 expression,

which favors epithelial-mesenchymal transition. NFκB is one of

the main transcription factors that accumulate in the chromatin of

senescent cells and controls the expression of SASP genes (Chien

et al., 2011; Freund et al., 2011), suggesting an important link

between NDR kinases and the control of the SASP.

In summary, NDR kinases serve as crucial regulators of the

cell cycle. While not directly addressed, the existing literature

strongly points out their involvement in enforcing cell cycle arrest

in senescent cells. When this effect is circumvented, the expression

of NDR kinases can have deleterious consequences, aiding cells in

survival and migration, particularly through their role in the Hippo

pathway. Additionally, it is plausible that NDR kinases participate

in the pathways dictating whether a cell enters senescence or

undergoes apoptosis and eventually providing senescent cells with

resistance to apoptosis. A maladaptive feature of this role is that

increased NDR expression is often observed in transformed cells

due to its pro-survival effect, facilitating tumor progression and

malignancy. Finally, it is well-known that mechanistically, NDR

kinases can participate in the increased inflammatory activity

during aging, and possibly in the control of SASP. As documented

in the previous literature, functions of NDR1/2 and LATS1/2 have

been associated with contradictory roles, which is compounded by a

general lack of insight into their essential role as regulators of aging,

a point that is highlighted throughout this review.

Nutrient signaling

Some of the most evolutionarily conserved pathways across

species are associated with how cells perceive the presence

or absence of nutrients and regulate intracellular metabolism.

These pathways collectively have profound connections with

the regulation of lifespan and are notably recognized for their

extensive crosstalk among the hallmarks of aging. Among these,

four major pathways have been extensively investigated: the

Insulin and Insulin growth factor 1 signaling (IIS) pathway, the

mammalian target of rapamycin (mTOR) pathway, the AMPK

pathway (Stallone et al., 2019), and, notably in the brain, the sirtuin

(SIRT) signaling. Importantly, NDR kinases emerge as a significant

upstream regulator of nutrient sensing mechanisms, given the

growing body of research that demonstrated their significant roles

across all four major pathways. Moreover, there is also evidence in

the literature which shows that NDR kinases interact with known

anti-aging proteins that also exercise their function within the

nutrient signaling pathways like Klotho and SIRT1. In the following

chapter, the known molecular interactions of NDR within the four

nutrient-sensing pathways are summarized.

NDR kinases participate in AMPK-signaling

There is enough evidence in the literature that links NDR

kinases to AMPK signaling, which is required for the proper

function of AMPK signaling, one of the main pathways that cells

have to respond to nutrient deprivation. Moreover, NDR activity

within the pathway has also been shown to play a maladaptive role,

particularly by promoting age-related diseases such as metabolic

syndrome. Besides nutrient sensing, activation of the AMPK

pathway with metformin prolongs lifespan across species (Novelle

et al., 2016), counteracts the development of neurodegenerative

diseases (Rotermund et al., 2018) and in middle-aged mice

improves cognitive performance by increasing autophagy of the

hippocampus (Kodali et al., 2021). Additionally, clinical studies

suggest that metformin treatment inhibits memory loss in diabetic

adults (Ng et al., 2014). In vitro, evidence shows that the

activation of the AMPK pathway by nutrient starvation, metformin

treatment, or its more potent analog phenformin increases the

phosphorylation and degradation of the NDR kinase downstream

target YAP, either by direct phosphorylation of YAP on its Ser-

94 residue and thus disruption of its interactions with TEAD or

indirectly through increase of LATS1/2 activity (DeRan et al., 2014;

Mo et al., 2015). In this line, it was also reported that silencing

of LATS1/2 is sufficient to ablate the effect of energy stressors

on AMPK-dependent YAP phosphorylation (DeRan et al., 2014).

Interestingly LATS1/2 is not always essential for the activation of

YAP via AMPK signaling since it was shown that AMPK can inhibit

the oncogenic transformation of LATS-null mouse embryonic

fibroblasts by directly inhibiting YAP activity (Mo et al., 2015).

Similarly, in Drosophila melanogaster larval central brain and

ventral nerve cord, it has been shown that AMPK together with the

AMPK upstream regulator liver kinase B1 (Lkb1), can inactivate

Yki independent of the NDR Kinases (Gailite et al., 2015). AMPK

signaling also seems to play a role in the shuttling of human YAP.

A signaling cascade that involves AMPK, LK1B and LATS1/2,

promotes the interaction of YAP with the WNT signaling protein

Disheveled, and its eventual nuclear export (Lee et al., 2018). The

mechanism involves the activation of AMPK, the downstream

increase of SCRIB (Liu et al., 2020), Angiomiotin-like protein

1 and 2 (AMOTL1/2) and Angiomotin (AMOT) (DeRan et al.,

2014) protein levels, which are involved in LATS1/2 stabilization

and therefore AMPK-dependent YAP degradation. Furthermore,

another study showed that Klotho± mice, a widely used knockout

mouse model in aging research that displays extremely short life

span and premature aging (Kuro-o et al., 1997) display a weaker

AMPK-LATS1 interaction as well as decreased AMPK-dependent

phosphorylation of YAP (Luo et al., 2023). Although the exact

mechanism has not been described yet, these data suggest that there

is a direct interaction between AMPK and LATS1 which might be

facilitated by the anti-aging protein Klotho.

The other mammalian NDR kinases have also been

linked to AMPK signaling. Overexpression of NDR1 in mice

Frontiers inMolecularNeuroscience 05 frontiersin.org83

https://doi.org/10.3389/fnmol.2024.1371086
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Jonischkies et al. 10.3389/fnmol.2024.1371086

decreases AMPK and the downstream Acetyl-CoA-carboxylase

phosphorylation, which leads to enhanced de novo lipogenesis

and increased incidence of non-alcoholic fatty liver diseases

(NAFLD). In accordance, NDR1 overexpression alone is sufficient

to cause NAFLD and increase inflammation in the liver under

a regular diet. Interestingly, NDR1 exhibits a deleterious effect

on the disease. A liver-specific KO of Stk38 ameliorated high-

fat-died (HFD) induced insulin resistance, hepatic inflammation,

and lipid accumulation, as well as can reduce the cholesterol

and triacylglycerol (TAG) levels (Rawat et al., 2023), which are

major indicators of metabolic syndrome. Moreover, besides a

systemic effect, NAFLD has been linked to reduced cognitive

functions in adults (Bertolotti, 2014; Seo et al., 2016; Takahashi

et al., 2017; Weinstein et al., 2018, 2019) and in mice, HFD has

been shown to impair amygdala and hippocampus-dependent

memory consolidation and cause neuroinflammation during

aging (Spencer et al., 2017). Additionally changes in cholesterol

as well as TAG levels have been linked to the neuronal aging

process and the etiology of various age-related diseases including

Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s disease

(Spitler and Davies, 2020; Nunes et al., 2022). It has been

extensively demonstrated that the responsiveness of rodent AMPK

to nutrient deprivation decreases during aging (Salminen and

Kaarniranta, 2012). Based on previous studies demonstrating the

significant interactions of AMPK and NDR signaling, we suggest

that the age-related reduction of AMPK signaling might involve

a decreased downstream inhibition of YAP by NDR-kinases and

increased lipid accumulation and higher incidence of NAFLD

observed during aging.

NDR kinases display extensive crosstalk
with mTOR signaling

The complex intercommunication between mTOR signaling

and NDR kinases has been intensively studied both in Drosophila

and in mammals. The first study that linked NDR-Kinases to

mTOR showed that Drosophila salivary gland-specific KO of wts

leads to decreased cell death, caspase activity and autophagy, while

the expression of a dominant negative form of Drosophila Tor,

abolished the effect of the wts KO (Dutta and Baehrecke, 2008).

Furthermore, a substantial body of evidence indicates a two-way

communication between NDR kinases and TOR signaling, with

particular relevance for neuronal function.

In Drosophila Trc phosphorylation at T449 was shown to be

dependent on TorC2 in class IV sensory neurons and required

for the regulation of dendritic tilting (Koike-Kumagai et al., 2009).

Along those lines, it is known that semaphorins promote neuronal

substance adhesion in Drosophila by blocking dendrite crossing in

a signaling cascade that involves the semaphorin receptor Sema-

2B, TorC2, the β-integrin-subunit myospheroid (Mys), and Trc

(Meltzer et al., 2016). Additionally, trc KO displays increased

synaptic boutons number in the neuromuscular junction (NMJ),

and a decrease in Yki phosphorylation therefore increasing Yki-

dependent transcription of the Wiskott-Aldrich Syndrome Protein

(Wasp) (Natarajan et al., 2015). It is well-known that Wasp

regulates the synapse development in the neuromuscular juntion

(Coyle et al., 2004; Khuong et al., 2010; Nahm et al., 2010)through

actin polymerization (Stradal et al., 2004), hence a model was

proposed where Trc acts downstream of TorC2 and regulates

Wasp levels and modulates actin polymerization and synapse

formation (Natarajan et al., 2015). In that regard, an accumulation

of filamentous actin (F-actin) in the Drosophila brain has recently

been suggested to occur during aging and disruption of actin

polymerization in aged animals rescues autophagy levels, restores

the youthful neuronal cell phenotype, and slows brain aging

(Schmid et al., 2023). Besides their role as essential regulators of

development in mammals (Kramer et al., 2022), the Drosophila

Wasp homolog has been implicated in the increase of neuronal F-

actin during aging in the brain, which suggests that their activity

could be related to the pathological loss of proteostasis and

deregulated nutrient sensing.

Another interesting role of NDR kinases in mTOR signaling

is that NDR1 has been shown to increase mTOR-Complex

1 (mTORC1) activity and Rabin8 phosphorylation, leading to

autophagy inhibition (Amagai et al., 2015), while on the other

hand, LATS2 participates in the suppression of mTORC1 activity

(Gan et al., 2020), which is implicated in pancreatic β-cell

apoptosis and autophagic cell death under diabetic conditions.

Additionally, the same study found that Lats2 KO rescues high

fat-died induced phosphorylation of the ribosomal S6 protein and

p62 accumulation, which stems from increased mTORC1 signaling

and impaired autophagic flux, respectively. Besides mediating

autophagy-dependent effects under diabetic conditions, LATS2

is also colocalized with autophagosomes and accumulates upon

treatment with bafilomycin or chloroquine, which are commonly

used inhibitors of lysosomal function, suggesting that LATS2

is degraded by the autophagosome-lysosomal machinery (Yuan

et al., 2021). Although not fully characterized, these data suggest

an evolutionary conserved regulatory axis of NDR kinases by

Tor/mTOR that participates in neuronal function and disease.

NDR kinases in insulin signaling

The IIS is one of the major nutritional signaling pathways

and has been thoroughly implicated in lifespan control, aging and

age-related pathologies across several species (Altintas et al., 2016;

Mathew et al., 2017; Zia et al., 2021). The canonical activation of IIS

commences with the binding of either insulin or IGF1 to the insulin

receptor, leading to autophosphorylation of its cytoplasmic tyrosine

residues. Subsequently, adapter proteins such as Insulin-receptor-

substrates (IRS) bind to the phosphorylated residues, initiating

the activation of the Phosphoinositide 3-kinases (PI3K), Protein

kinases B (PKB/AKT, hereafter referred to as AKT), and mTOR

cascade which results in the downregulation of forkhead box O

(FOXO) transcription factors. This constitutes one of the best-

defined regulatory networks central to the control of lifespan and

longevity (Wang et al., 2014; Webb and Brunet, 2014; Klotz et al.,

2015; Martins et al., 2016). The IIS has been shown to play a

neuroprotective role during mammalian brain aging, and low levels

of IGF1 are linked to several age-related diseases (Zia et al., 2021).

Within this regulatory axis, the activation of AKT has been

demonstrated to reduce MST1 and LATS1 activity. Similarly,
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inhibition of the PI3K-AKT pathway leads to an increase in MST1

and LATS1 phosphorylation that enforces cytosolic localization and

degradation of YAP. Intriguingly, in a non-phosphorylated state,

YAP remains in the nucleus and downregulates the phosphatase

and tensin homolog (PTEN), a negative regulator of the PI3K-

AKT pathway. This intricate interplay forms a positive feedback

loop that illustrates the complex and nuanced regulation within

this signaling network (Qian et al., 2021). AKT activation and

its downstream effect on NDR-Kinases seem to be dependent on

the DNA-double-strand-break-repairing protein DNA-dependent

protein kinase, catalytic subunit (DNA-PKcs), as suggested by

experiments in human glioblastoma cell lines. Inhibition of DNA-

PKcs decreases AKT phosphorylation at its S473 residue and NDR1

activation upon glucose deprivation. Additionally, AKT and DNA-

PKcs-dependent activation of MST1 in these conditions increases

phosphorylation of NDR1 at S281 and T282 (Shiga et al., 2020).

Supporting the role of NDR kinases in enforcing a positive feedback

loop on AKT signaling, adenoviral overexpression of NDR1 inmice

was shown to reduce the activation of AKT by phosphorylation at

S473 and T308. This resulted in impairment in glucose-dependent

Insulin signaling and increased inflammation, demonstrated by

higher levels of Interleukin-6 and TNF- α (Rawat et al., 2023).

Even though it has not been demonstrated yet, this could mean

that an increase or impairment in the function of NDR kinases

during aging might have a maladaptive role which promotes the

age-related loss of cognitive function through an increase in ISS.

NDR2 kinases and Sirtuins

Sirtuins are nicotinamide adenine dinucleotide (NAD+)

dependent protein deacetylases that have been thoroughly

implicated in the regulation of aging and lifespan. It has been

demonstrated in models ranging from C. elegans to humans

that SIRT1 function and protein levels decrease with age and

that overexpressing or reconstituting SIRT1 function can increase

lifespan and delay aging (Satoh et al., 2013; Kilic et al., 2015).

Moreover, the age-related alteration of autophagy has been linked

to a decrease in SIRT1 (Xu et al., 2020), and the other way around,

SIRT1 plays an essential role in the regulation of mammalian

autophagy through the regulation of several key steps of the

autophagic pathway (Kitada et al., 2016). In the brain, SIRT1

is predominantly expressed in neurons within the hippocampus

and plays a crucial role in memory and plasticity (Michán et al.,

2010). In human cell lines, it was shown that the acetyltransferases

p300 and CREB-Binding Protein (CBP) can specifically acetylate

NDR2 at K463, while SIRT1 is the major deacetylate of NDR2

(Tang and Yu, 2019). A similar study showed that LATS1 is

also under the regulation of Sirtuins. Like NDR2, LATS1 can

be acetylated by p300, but deacetylation takes place by distinct

Sirtuins, namely SIRT3 and SIRT4 (Yang S. et al., 2022). Further,

SIRT7 deacetylates the DNA damage-binding protein 1 (DDB1),

which under acetylated conditions is involved in ubiquitination and

degradation of LATS1 (Mo et al., 2017). While the evidence linking

NDR kinases to Sirtuins is still limited, it underscores an entirely

novel regulatory mechanism of NDR kinases that positions them

within the central regulatory network of lifespan and longevity.

Other functions of NDR-kinases in nutrient
signaling

Lastly, in human tumor cells with high glucose uptake, the

O-GlcNAc transferase (OGT) has been shown to O-GlcNacylate

YAP and disrupt its interaction with LATS, decreasing YAP-

phosphorylation and degradation, therefore increasing YAP-

dependent transcription in an AMPK-independent manner.

Interestingly OGT is under YAP-dependent transcription, forming

another feedback loop with the involvement of NDR-kinases in

nutrient signaling pathways (Peng et al., 2017).

One consequence of the increased metabolic activity of

senescent cells is elevated glycogenesis through a mechanism that

involves the activation of glycogen synthase, downregulation of

Glycogen synthase kinase 3 beta (GSK-3β) and an increase in

reactive oxygen species (ROS) (Seo et al., 2008). It has been shown

that GSK-3 β signaling is altered also in the murine brain during

aging, particularly in the hippocampus (Drulis-Fajdasz et al., 2018).

Interestingly, in vitro it has been shown that GSK-3β also inhibits

NDR1 activation, emphasizing the protective role of NDR1 in

preventing cell death under increased oxidative stress (Enomoto

et al., 2012). Similarly, in human melanoma cells, LATS1 has also

been implicated in the regulation of ROS, and LATS1 knockdown

results in increased oxidative stress (Kazimierczak et al., 2021).

Loss of proteostasis and disabled
macroautophagy

A balance between protein synthesis and degradation

is fundamental for the cell’s functional integrity, a concept

encapsulated in the term “proteostasis”. Proteostasis represents the

intricate regulatory mechanisms that ensure the proper handling of

proteins within a cellular environment. This equilibrium involves

the coordinated orchestration of protein synthesis by the ribosomal

machinery, folding and transport assisted by chaperones, and

eventual degradation mainly by the proteasome and the lysosomal

pathway (Mizushima et al., 2008; Hartl et al., 2011; Koga et al.,

2011). Maintaining proteostasis is essential for cellular health, and

disruptions in this delicate balance are at the core of several diseases

such as myopathy, metabolic disorders, cardiovascular disease,

ataxia, cataracts or persistent nephrotic syndrome. The importance

of proteostasis becomes even more evident during aging and in

neurodegenerative disorders, like AD, PD or amyotrophic lateral

sclerosis (ALS) which are characterized by the accumulation of

misfolded proteins (Labbadia and Morimoto, 2015). Autophagy

involves a series of networks that ensure the delivery and

degradation of biomolecules and organelles through the lysosome

and is one of the main mechanisms that controls proteostasis

which is prone to be altered during aging. Macroautophagy is the

most well-characterized form of autophagy and since the original

paper by López-Otín et al. (2023) postulated its decline as an

aging hallmark a decade ago, disruption in macroautophagy has

drawn great attention as a main contributor to aging and disease,

that now it is considered to be a hallmark of its own, given that

macroautophagy participates not only in proteolysis, but also

in cell-to-cell communication, antigen presentation, cell growth,
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nutrient sensing, and many more (Nieto-Torres, 2021; Münz, 2022;

Piletic et al., 2023). Here we summarize the role of NDR kinases

both in the regulation of autophagy and proteostasis, highlighting

how their maladaptive function during aging promotes disease,

leaving the involvement in other features related to autophagy for

the following chapters.

NDR kinases positively regulate autophagy

NDR kinases seem to play a major role in the regulation

of (macro) autophagy. Some early evidence pointed out that

a loss-of-function mutation of Wts impaired autophagy and

contributed to tissue degeneration. Interestingly, overexpression of

the downstream effectors of Wts, Yki and scalloped (Sd), failed

to rescue the effect, and that the activation of PI3K-Akt-Tor-

pathway was essential for the phenotype in mutant flies (Dutta

and Baehrecke, 2008), which indicated that Wts participated in

autophagy regulation independently of the core Hippo signaling,

through Tor signaling. Wts also plays a crucial role in autophagy-

mediated cholesterol trafficking and subsequent steroid production

in Drosophila. Yki-dependent transcription of the miRNA bantam

enhances Tor activation and inhibits ecdysone receptor signaling,

a potent inducer of autophagy in Drosophila. This process results

in diminished mobilization and trafficking of cholesterol (Texada

et al., 2019). In mammals, NDR1/2 enhances the inhibitory impact

of the guanine nucleotide-exchange factor Rabin8 on autophagy.

This effect was shown to be independent of Rabin8′s guanine-

exchange-factor activity toward its downstream target RAB8 or

others like SEC15 and Mammalian TRAPPII-specific subunit 130

(mTRS130) (Amagai et al., 2015). In the same study, it was observed

that the silencing of NDR1/2 leads to a reduction in mTORC1

activity, but silencing Rabin8 did not have an impact on it. These

observations suggest that besides Rabin8, additional mechanisms

through which NDR1/2 inhibits autophagy exist, for instance by

activating mTORC1 (Coyle et al., 2004; Joffre et al., 2015).

More direct recent evidence supporting the pleiotropic role

of NDR kinases in the regulation of autophagy is that NDR1

interacts with BECLIN1 and other proteins that are part of

the same complex required for early autophagosome formation,

and silencing NDR1 in human cell lines or its homolog Trc in

Drosophila impaired autophagy (Joffre et al., 2015). Interestingly,

NDR1 has been demonstrated to phosphorylate the nuclear

exit protein exportin1 (XPO1) at S1055, thereby influencing

the nuclear exit of BECLIN1, YAP and itself (Martin et al.,

2019). This discovery showcases the idea that the NDR family

of kinases have multiple and sometimes opposing roles, in this

case, in the regulation of autophagy. A different mechanism

has been proposed for the role of NDR2 in autophagy.

Under conditions of nutrient starvation, the E3-ubiquitin ligase

Tripartite Motif Containing 27 (TRIM27) ubiquitinates NDR2

at L6 and L11 which enhances NDR2 activity, resulting in the

downstream phosphorylation of Unc-51-like kinase 1 (ULK1)

at S495. Notably, this ULK1 phosphorylation leads to increased

binding of ULK1 to TRIM27 and ULK1 polyubiquitination.

Consequently, this polyubiquitination promotes the enhanced

proteasomal turnover of ULK1, suggesting an inhibitory role for

NDR2 in autophagy initiation. Intriguingly, the frequent presence

of TRIM27 overexpression in breast cancer (BC) patients is

associated with tumorigenesis, potentially through the inhibition of

ULK1-mediated autophagy (Yang Y. et al., 2022).

Due to its high level of similitude, it is usually assumed that

NDR1 andNDR2 have complementary and sometimes overlapping

functions. A notable exception is in the CNS, as it has been

suggested that NDR1 expression decreases postnatally and that

NDR2 is the main functional kinase of them in the adult rodent

brain (Zallen et al., 2000). Recently, a double KO of Stk38 and

Stk38l in mice has been linked to neurodegeneration in both

adult and prenatal mice. This neurodegeneration is associated with

impaired autophagy and the mechanism appears to involve the

absence of NDR1/2-dependent phosphorylation of the endocytosis

protein RAPH1. This deficiency leads to impaired endocytosis of

the autophagy protein Autophagy-related protein (ATG) 9A at the

presynapse, subsequently resulting in reduced axonal trafficking

(Roşianu et al., 2023). Lastly, one notable interaction of NDR

kinases and autophagy is that of the Drosophila Trc with Atg8

(Tsapras et al., 2022), which is the homolog of the Microtubule-

associated proteins 1A/1B light chain 3 (LC3A/B). Although this

interaction has not been described in mammals so far, it indicates

that the NDR kinases are tightly associated with the regulation of

autophagy and have to be considered one of the main regulators

of macroautophagy. With respect to other types of autophagy,

it is known that NDR1 is needed for mitochondrial clearance

through mitophagy upon Extracellular matrix (ECM) detachment

of Ras-transformed cells. NDR1 also participates in chaperone-

assisted selective autophagy (CASA), a type of chaperone-mediated

autophagy (Carra et al., 2008; Gamerdinger et al., 2009; Arndt et al.,

2010; Klimek et al., 2017), by binding and inhibiting the function of

the cochaperone BCL-2-associated athanogene 3 (BAG3) (Klimek

et al., 2019) in tension-dependent degradation of filamins (Arndt

et al., 2005, 2010). It is important to note that BAG3-mediated

protein clearance is critical for the disposal of proteins associated

with neurodegeneration like the AD-related protein TAU (Ji et al.,

2019), Huntingtin (Klimek et al., 2017) and ALS-related Superoxide

dismutase 1 (SOD1) (Crippa et al., 2010; Gamerdinger et al.,

2011). This function of NDR kinases is already being explored

for the treatment of age-related diseases. For instance, activating

LATS1 in mice, either through the use of the traditional Chinese

medicine compound Paris saponin VII or Long non-coding RNAs

(lncRNAs) like RP1-59D14.5, can effectively reduce the growth of

BC or prostate cancer cells in mice. This reduction is attributed

to the induction of autophagy in breast and prostate cancer cells,

respectively (Xiang et al., 2022; Zhong et al., 2022). Finally, the

extract of the plant Radix scrophulariae has recently been shown

to inhibit thyroid growth in a rat-hyperthyroidism model, through

MST-LATS1-dependent autophagy activation (Zhang et al., 2023).

NDR kinases participate in correct protein
folding

NDR kinases also seem to participate in protein folding

by interacting with the chaperone HSP (Heat shock protein)

90, which is one of the two main chaperones involved in
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maintaining proteostasis through the regulation of protein folding

and stabilization, particularly in the CNS. In vitro work shows,

that when HSP90 is inhibited, there is a notable decrease in the

levels and activity of LATS1/2 (Huntoon et al., 2010) and NDR1

(Enomoto et al., 2013). From a mechanistic standpoint, it has been

proposed that the HSP90 isoform HSP90β plays a role in inhibiting

the proteasomal degradation of LATS mediated by SMURF1 (Qu

et al., 2023). Furthermore, the build-up of methylglyoxal (MG)

in tumor cells results in increased glycation of HSP90. This

glycation, in turn, disrupts the interaction between HSP90 and

LATS1, causing impairments in Hippo signaling. Consequently,

this disruption is associated with heightened cellular growth and

an increased potential for metastasis (Nokin et al., 2016). HSP90

also plays a crucial role in the disassociation and reactivation of

LATS2 protein aggregates that form during heat shock. These

aggregates, in turn, induce protein-phosphatase-1-dependent

dephosphorylation of LATS2, highlighting the indispensable

function of HSP90 in the dynamic regulation of LATS2 in response

to protein stress (Jiang et al., 2021). It is also worth noting that

in yeast, the LATS1/2 homolog CBK1 has been demonstrated

to modulate HSP70 and inhibit the nuclear toxicity associated

with huntingtin protein aggregates (Wolfe et al., 2014). Mirroring

this pro-survival mechanism, HSP70 in mammals can form a

complex with BAG3 that regulates the early aggresome formation

in response to the accumulation of abnormal polypeptides in a

LATS1-dependent manner (Meriin et al., 2018).

In summary, it is evident that NDR kinases play a crucial

role in regulating proteostasis, specifically in governing protein

stability through interaction with HSP90 or HSP70, and also the

eventual protein degradation through autophagy. These kinases

contribute to various points in the autophagic pathway, and it

is crucial to underscore that their global impact on autophagy is

highly complex; depending on the specific level of the pathway

at which they participate, the distinct stress conditions inducing

autophagy, and the particular cell type involved. Remarkably, their

importance is especially evident in neuronal proteostasis, and the

disturbance of NDR kinases during aging could potentially signify

a previously unrecognized aspect of age-related neurodegenerative

diseases. Finally, considering the crucial role of autophagy in

memory maintenance during aging (Glatigny et al., 2019), this

dysregulation may contribute to cognitive decline and needs to be

further explored.

Mitochondrial dysfunction

For nearly 80 years, researchers have theorized that

mitochondria play a critical role in the regulation of lifespan,

dating back to the proposal of the mitochondrial theory of aging.

Even though it is considered an outdated theory, it is clear

that mitochondrial function plays a very important role in the

regulation of lifespan and aging, not only by producing free radicals

that damage cells over time but by impairing energy metabolism,

homeostasis, creating oxidative stress and dysregulating apoptosis

(Lima et al., 2022). NDR kinases also seem to have a pivotal role

in mitochondrial biology, particularly in mitochondrial quality

control (MQC), which is a system that involves the activation of

several signaling pathways that ensure mitochondrial homeostasis.

One of the main functions of the MQC is the clearance of

damaged mitochondria through mitophagy and mitochondrial

biogenesis through the transcription of mitochondrial genes. The

PTEN-induced kinase 1 (PINK1)/PARKIN signaling pathways

is one of the main effectors of MQC. It was shown that in

Drosophila upon mitochondrial damage by increased ROS

production through rotenone administration, Pink1 promotes

the localization of Trc to mitochondria by the phosphorylation

at the T453 in a Torc2-dependent manner, and by increasing

the Trc phosphorylation at S292 via an unidentified signaling

pathway (Wu et al., 2013). The mechanism by which the NDR

kinases might be involved in mitochondrial clearance was explored

further and it was demonstrated that phosphorylated Trc in

the mitochondria interacts with Atg1, ortholog of mammalian

ULK1/2, the mitochondrial transporter protein Miro and leads

to Parkin phosphorylation which promotes the activation of

pathways involved in MQC. Moreover, the mammalian ortholog

NDR1 also localizes to the outer membrane of mitochondria

and Stk38 knockdown leads to the accumulation of damaged

mitochondria due to dysfunctional PINK1/PARKIN pathway (Wu

et al., 2013). Another study demonstrated that the mechanism

behind the accumulation of damaged mitochondria in Stk38 KO

cells involves PINK1/PARKIN mediated mitophagy and NDR1

deficiency decreases the cell survival of the transformed cells after

ECM detachment (Bettoun et al., 2016), hinting that a common

maladaptive feature of NDR kinases is tumor metastasis. In

neurons, a potential role of NDR1/2 in MQC has been implicated

by the finding that murine neurons lacking NDR1/2 display

fragmented and rounded mitochondria (Roşianu et al., 2023),

a mitochondrial phenotype also observed in neurodegenerative

conditions (Su et al., 2010). Interestingly, yeast of the species

Neurospora crassa with mutations in COT-1 exhibit a higher

prevalence of mitochondria with irregular shapes (Gorovits et al.,

2000), suggesting an evolutionarily conserved feature of NDR

kinases in mitochondrial biology.

Even though NDR kinases have been linked directly to

the regulation of MQC through one of the most important

pathways involving PINK1/PARKIN, direct evidence is still missing

that demonstrates the role of this family of kinases in energy

metabolism, oxidative phosphorylation and related processes

that are a consequence of mitochondrial activity. Some indirect

evidence comes from observations related to the other mammalian

NDR kinases LATS1 and LATS2. Cells that are actively dividing

rely on glutamine as a metabolic source to support the building

of molecules needed for growth and to replenish the carbon

pool within the mitochondria. Increased ROS production after

glutaminolysis inhibition activates RAS homolog family member

A (RhoA), which suppresses LATS1 phosphorylation. This event

prevents the phosphorylation of YAP1 resulting in its nuclear

transport and transcription of downstream targets such as Sestrin

2, which leads to suppression of mTORC1 and activates survival

mechanisms such as autophagy (Kim et al., 2023). Another

pathway involves SMAC (second mitochondria-derived activator

of caspases), where LATS1 interacts with SMAC and promotes

the ubiquitination of apoptosis inhibitor proteins such as X-linked

inhibitor of apoptosis (XIAP) (García-Gutiérrez et al., 2022) that
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participate in mitochondrial permeabilization and cytochrome c

release (Zhao et al., 2020).

Genomic instability

It is commonly accepted that as organisms age, an interplay

of the elevated rate of genetic mutations with the decline in DNA

repair efficiency leads to genomic instability (Gorbunova et al.,

2007). Accumulation of various DNA damage exposures, both from

environmental and endogenous factors such as ROS and replication

errors, are the main threats to genomic integrity. Particularly, the

brain has a very high oxygen demand and is enriched with copper

and iron molecules that actively participate in ROS generation,

which results in substantial ROS-mediated oxidative stress on the

genome (Singh et al., 2019). Neurons are one of the longest-lived

cells in the body and have a high metabolic activity, thus, strongly

depend on DNA repair mechanisms to sustain proper genomic

function (Reid et al., 2021).

NDR kinases have been shown to regulate key processes that

are involved in regulating DNA repair pathways. It has been

demonstrated that NDR1 can be activated by hydrogen peroxide,

an oxidative agent that can trigger DNA damage, and modulate

metabolic pathways involved in oxidative stress response (Enomoto

et al., 2012). Double-strand breaks (DSBs) induced by mutagenic

agents represent the most deleterious DNA damage. Ataxia-

telangiectasia mutated (ATM) is one of the main proteins involved

in the orchestration of the DDR, along with the ATM-Rad3-related

(ATR) kinases and the ubiquitin-like UFMylation pathway (Fang

and Pan, 2019). Importantly, ATM kinases are also implicated in

the sustained DDR in senescent cells, suggesting their potential as

pharmacological targets for mitigating the effects of aging (Zhao

et al., 2020). Notably, both NDR1 and NDR2 harbor binding

motifs for Ubiquitin-fold modifier 1 (UFM1), the main effector

of UFMylation, and research using human cell lines has shown

that NDR1 is recruited to DSBs in response to DNA damage (Qin

et al., 2020), and that loss of NDR1 strongly sensitizes the DNA to

damage induced by ionizing radiation. Furthermore, it was shown

that NDR1-mediated ATM activation is crucial for DNA repair

(Qin et al., 2020). A parallel study validated this observation and

noted that, although primarily localized in the cytoplasm, NDR1

accumulates in the nucleus followingUV irradiation and confirmed

that silencing of NDR1 diminishes the activity of ATR-mediated

DNA repair (Park et al., 2015). It has also been shown that NDR1

promoter activity can be controlled by specificity protein 1 (SP1)

(Enomoto et al., 2013), a transcription factor that is degraded by

DNA damage-induced ATM activity (Swift and Azizkhan-Clifford,

2022), which might provide the potential feedback mechanism

for the repair machinery. Along with ATM and ATR, the DNA-

PKc, are the most important mediators of the complex DDR

network (Menolfi and Zha, 2002). It should be noted that DNA-PKc

plays a pivotal role in the non-homologous-end-joining (NHEJ)

repair mechanism which is the primary pathway for repairing

DSBs in non-dividing cells such as neurons (Yue et al., 2020). It

has been further demonstrated that NHEJ efficiency decreases in

both neurons as well as astrocytes during aging and contributes

to genomic instability in rats and mice, respectively (Vyjayanti

and Rao, 2006; Vaidya et al., 2014). Interestingly, DNA-PKc has

been shown to activate NDR1 in human glioblastoma cells (Shiga

et al., 2020). Given that NDR2 is the main NDR kinase in the

adult brain, we suggest that NDR2 might play a very important

role in maintaining genomic stability in aging neurons that has

not been explored up to this date. Along this line, a large-scale

analysis of the phospho-proteome after the activation of the DNA

damage response revealed that themouse NDR2 kinase is one of the

substrates of DNA-damage-induced ATM/ATR activity (Matsuoka

et al., 2007).

Another finding implicates NDR2 in the Ribosomal DNA

(rDNA) integrity, which as one of the most active parts of the

eukaryotic genome, is highly susceptible to damage during aging

(Kasselimi et al., 2022). RASSF1A is one of the main mediators

of rDNA repair that is recruited to rDNA breaks and mediates

ATM signaling (Tsaridou et al., 2022). Interestingly, it is known

that in the context of DDR, RASSF1A recruits LATS1 (Pefani

et al., 2014), and furthermore, RASSF1A can interact and inhibit

NDR2 in transformed cells (Keller et al., 2019). NHEJ is also

crucial to maintain efficient neurogenesis throughout the lifespan

and to ensure the seamless integration of adult-born neurons

into the circuitry. Previous studies have shown that neurogenesis

decreases notably during aging and this impairment is well-

linked to the aging-associated cognitive decline (Lupo et al., 2019;

Navarro Negredo et al., 2020). Cell cycle checkpoints are crucial

for controlling genomic stability during cell division since they

ensure the accuracy of the genome and can trigger DNA repair

mechanisms in case of genomic instability. As established before,

NDR kinases serve critical roles in the cell cycle progression and

the physical segregation of chromosomes after replication as a key

factor for the cell cycle and genomic integrity. In this context, it

is known that human NDR2 is translocated to the centrosomes in

mitosis progression and modulating NDR2 expression results in

over or under-duplication of centrosomes (Hergovich et al., 2007).

Lats1 KO mice display increased centrosome overduplication,

chromosomal misalignment and deficiency in cytokinesis (Yabuta

et al., 2013). NDR1 is also implicated in the mitotic spindle

formation and its activity is strictly regulated during kinetochore-

microtubule interactions (Yan et al., 2015). Lastly, it has been

reported that LATS can inhibit MDM2, which is required for p53

regulation in chromosome number maintenance during mitosis

(Aylon et al., 2006).

Overall, the NDR kinases seem to be very important

contributors to genome stability and are deeply connected to the

DDR network mainly by ATM and DNAPKc-dependent pathways.

They also participate in genomic stability by regulating the cell

cycle, and more directly, in the segregation of the chromosomes.

In the context of neuronal aging, cognitive decline in the human

brain is notably associated with a significant downregulation of

genes related to learning, memory and synaptic plasticity as well as

an increase in DNA damage and corresponding reduction of repair

mechanisms (Lu et al., 2004). Taken together, further exploration

of the NDR kinases in the maintenance of genomic stability with a

particular focus on DDR in neuronal aging is a compelling avenue

for future research.
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Epigenetic alterations

One of the consequences of aging on the genome is loss

of epigenetic information over the lifespan due to several

mechanisms that include alterations in chromatin remodeling,

post-translational modification of histones like H3K56ac,

H4K16ac, H3K4me3, H3K9me3, and H3K27me3, DNA

methylation patterns and regulation of non-coding RNAs

(ncRNAs) across different species (Yang et al., 2023). The exact

roles of NDR kinases in epigenetic remodeling are still scarce,

however, it was shown that In HeLa Cells LATS2 binds to the

Polycomb Repressive Complex 2 (PRC2) and increases its histone-

methyltransferase activity through phosphorylation, causing an

increase in H3K27me3 (Torigata et al., 2016), emphasizing the

role of NDR kinases in the control of the epigenetic architecture.

H3K27me3 is a modification that participates in gene silencing

and interestingly, age-related decrease of H3K27me3 is regarded as

one of the main age-related features of histone modification and

has been observed in several animal models and yeast (Wang et al.,

2022). Moreover, cells taken from Hutchinson-Gilford Progeria

Syndrome (HGPS) patients, characterized by rapid aging, display a

similar H3K27me3 decrease (Shumaker et al., 2006). Although an

alteration in LATS2-PRC2 interaction during aging has not been

experimentally confirmed, this evidence hints that further studies

are necessary to explore the role of LATS2 in histone methylation

in aging. On the other hand, increased H3K27me3 causes a loss

of function in mammalian mesenchymal stem cells and muscle

satellite cells during aging (Noer et al., 2009) and has been linked to

aging in killifish and mouse brain (Baumgart et al., 2014). Overall,

this suggests that the effect of LATS2 through histone-methylation

could be complex, species and tissue-specific but might accelerate

aging in neuronal tissue.

Altered intracellular communication

The complex function of the nervous system heavily depends

on communication between neurons, collaborative support

provided by non-neuronal cells and the interaction of neurons and

glia with their extracellular environment. During aging, significant

alterations of these intercellular communication pathways have

been demonstrated, ranging from an aberrant secretion of

inflammatory response (Ransohoff, 2016) to alterations in the

mechanical properties of the brain (Elkin et al., 2010) such as

increased stiffening. There is evidence that hints that as important

mediators of the immune response and central players in the

mechanosensing via the Hippo pathway, NDR kinases may have

maladaptive features that impair brain function during aging.

TNF-α is an upstream ligand of NF-κB signaling for the

inflammatory response and has been shown to accumulate during

aging (Bruunsgaard, 1999). It has been reported that the deficiency

of NDR1 inhibits TNF-α-mediated transcriptional responses (Ma

et al., 2017). Notably, TNF-α can activate both NDR1 and NDR2,

and silencing of Stk38 and Stk38l significantly reduces TNF-α-

mediated cellular effects, including apoptosis (Vichalkovski et al.,

2008). Interestingly, Stk38 KO mice display increased TNF-α and

interleukin production, which suggests that NDR kinases are also

a limiting factor for inflammation response (Wen et al., 2015). In

addition to TNF-α, several other interleukins, such as Interleukin-

17 (IL-17) whose receptors exhibit a high expression in the brain

(Das Sarma et al., 2009), show a significant increase in the aging

murine brain (Porcher et al., 2021). Conversely, while NDR1

facilitates IL-17 signaling by disinhibiting the IL-17 receptors (Ma

et al., 2017); NDR2 has been shown to block the IL-17 pathway and

silencing of NDR2 enhances IL-17-induced inflammatory response

(Vichalkovski et al., 2008). The brain is highly susceptible to blood-

circulating cytokines such as Interferon-1 (IFN1), particularly at the

choroid plexus which serves as an interface between the periphery

and central nervous system. Studies have shown that blocking the

exaggerated IFN1 response in aged mouse brains can potentially

restore cognitive impairments and neurogenesis defects associated

with aging (Baruch et al., 2014). Regarding the other mammalian

kinases, LATS1 is a previously recognized important player in the

IFN1 response. LATS1 is recruited to IFN1 receptors, undergoes

rapid activation upon IFN1 binding, and plays a pivotal role in

mediating downstream transcriptional signaling (Zuo et al., 2022).

Besides cell-to-cell inflammatory communication, alterations in

growth signal transductions such as IGF (Wrigley et al., 2017) and

vascular endothelial growth factor (VEGF) (Grunewald et al., 2021)

are commonly observed in aging organisms. A study demonstrated

that NDR2 is activated following IGF stimulation and that a

hyperactive NDR2 mutant can initiate downstream cell survival

pathways even in the absence of the IGF ligand (Suzuki et al.,

2006). Moreover, it has been reported that in multiple cell lines,

LATS1/2 kinase activity is inhibited by VEGF signaling and the

PI3K pathway, which is required for the VEGF effects on the

modulation of the Hippo pathway (Azad et al., 2018).

NDR kinases control extracellular matrix
communication

Several studies have reported that the stiffness of the brain

tissue changes throughout aging (Gefen et al., 2003; Sack et al.,

2009; Elkin et al., 2010). This altered mechanical signaling from

the extracellular space can be sensed via integrin receptors on

the membrane and Hippo pathway and consequently triggers

cytoskeleton remodeling as a response (Cai et al., 2021). Increased

stiffness of brain tissue may cause age-related alterations such as

loss of function of progenitor cells over time (Segel et al., 2019)

or modulation of neuronal morphology (Si et al., 2023). The

relationship between NDR kinases and ECM is tightly conserved

across species. The LATS kinase homolog DBF2 in S. cerevisiae

phosphorylates and activates both chitin synthase CHS2 and CYK3

during cell division. The localization of CYK3 is dependent on

DBF2, setting up a mechanism for the direct control of the primary

septum remodeling during the cell cycle, which is equivalent to

the metazoan ECM (Oh et al., 2012). NDR kinases contribute to

these processes both through the Hippo pathway and as critical

regulators of integrin-mediated intracellular signaling. In this line,

we have previously shown that NDR2 can modulate integrin

receptor trafficking and activity in T cells (Waldt et al., 2018)

and murine neurons (Rehberg et al., 2014). Furthermore, NDR

kinases regulate the arborization of dendrites and axons as well as

spine development and synaptic function in mammalian neurons
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(Ultanir et al., 2012; Rehberg et al., 2014). We showed that

NDR2 controls substrate selectivity by regulating integrin subunit

availability in growth cones during neurite growth (Demiray et al.,

2018). Notably, integrin receptor regulation is also addressed in

aging-associated pathologies, as enhancing integrin signaling holds

promise in alleviating impairments in blood-brain barrier integrity

in rats (Halder et al., 2023) and promoting cellular regeneration

(Rozo et al., 2016; Ojha et al., 2022).

Moreover, functioning as a scaffold, the ECM supports cells,

allowing them to perceive external forces and maintain their

shape (Hynes, 2009) by transducing mechanical cues from the

environment to the cells (Humphrey et al., 2014). Along this

line, previous studies revealed a functional link between the ECM

mechanotransducer glycoprotein AGRIN and Hippo pathway

mediator YAP. AGRIN, as a sensor of ECM stiffness, increases

the stability of YAP by the focal adhesion and LRP4/MUSK

receptor pathways. AGRIN inhibits the focal adhesion assembly

of Hippo pathway proteins by promoting ILK-PAK1 signaling

and decreasing MERLIN and LATS1/2 interaction (Chakraborty

et al., 2017). AGRIN also plays a role in supporting murine

adult hippocampal neurogenesis (Zhang et al., 2019), facilitating

synaptogenesis in developmental stages in a rat model of post-

exercise stroke (Zhang et al., 2020), maintainingmurine adult NMJs

(Samuel et al., 2012), and is implicated in the pathogenesis of

AD (Donahue et al., 1999; Verbeek et al., 1999). Altogether, NDR

kinases could potentially be involved in AGRIN function of the

developing and aging brain.

Beyond its mechanical function and role in transduction,

ECM serves as a cohesive substrate for cell movement. This

adhesive property is critical during cell migration and in processes

such as development, wound healing, and regeneration (Rolfe

and Grobbelaar, 2012; Kular et al., 2014). Fibronectin (FN),

an important member of brain ECM, has a neuroprotective

function in axonal regeneration and neurite outgrowth of cortical

and hippocampal adult mice neurons (Tonge et al., 2012) and

it diminishes during aging in the brain (Wang et al., 2011).

Interestingly, it has been shown that FN adhesion increases the

accumulation of YAP in the nucleus. Mechanistically, FN activates

the focal adhesion kinase (FAK), which negatively regulates

LATS1/2 via PI3K signaling. Reduction of LATS1/2 activity leads

to YAP nuclear accumulation and transcriptional response in

response to FN adhesion (Kim and Gumbiner, 2015). Notably,

integrin receptors on the membrane recognize the FN in ECM and

their activity can be modulated by NDR2 kinase activity (Rehberg

et al., 2014), indicating the potential role of NDR Kinases in

the neuroprotective functions of FN. Furthermore, cytoskeleton

remodeling is a key downstream target of ECM signals and

alterations in cytoskeletal dynamics have been closely associated

with aging (Starodubtseva, 2011; Zahn et al., 2011; Lai and Wong,

2020). Along this line, in vitro experiments using human cell lines

have shown that disturbance of microtubules with nocodazole

reduces the activity of LATS1/2, while the disruption of the actin

cytoskeleton with latrunculin B activates LATS1/2 (Zhao et al.,

2012), implying the involvement of the cytoskeleton in the LATS-

dependent regulation of YAP activity.

Taken together, the modulation of immune signaling between

cells, regulation of neuronal shape and synaptic signaling, and

the transduction of mechanosignalling driven by the extracellular

matrix underscore the crucial role of NDR kinases in governing

intercellular communication within the brain. However, further

studies are necessary to specifically address the role of NDR

kinases in the context of age-associated alterations in cellular

communication in the nervous system.

Closing remarks

There is abundant evidence supporting the crucial involvement

of NDR-Kinases in diverse cellular processes underlying aging.

This review summarizes their key roles in a comprehensive

way so that it reflects the hallmarks of aging, particularly in

cellular senescence, chronic inflammation, deregulated nutrient

sensing, loss of proteostasis, impaired macroautophagy, and to a

lesser extent, altered intracellular communication, mitochondrial

dysfunction, genomic instability, and epigenetic alterations, with an

increased focus on neuronal biology (Figure 1).

In summary, NDR kinases seem to be key components of

the complex changes observed in senescent cells. They might

contribute to the arrest of proliferation, chronic inflammation

through the regulation of constituents of the SASP such as TNF-

α, IL-6, and NF-κB, and the resistance of senescent cells to

apoptosis. Interestingly, NDR1/2 and LATS1/2 often seem to have

opposed roles in these processes which shows that understanding

the molecular mechanisms that maintain a balance between their

activity is a promising target to understand the nuances of

the regulatory network in senescent cells. Another avenue that

still needs further exploration is their involvement in neuronal

senescence, which has only recently gained recognition as a feature

of aging neurons. Another consequence is that by modulation

of interleukins, IGF, VGEF, integrin signaling or mechanosensing

through the ECM, which is sensitive to ECM proteases present in

the SASP, NDR kinases could participate in altered intercellular

communication during aging. Besides, it is plausible to assume

that NDR-Kinases play an important role in age-dependent stem

cell exhaustion as essential regulators of cell cycle progression and

previously shown players in stem cell function (Mo et al., 2014).

In the context of nutrient sensing, NDR Kinases play an

important role in insulin, mTOR, and AMPK signaling. These

pathways, including SIRT1, have been demonstrated to be the

central metabolic pathways that dictate lifespan and the rate

of aging across all eukaryotes. While NDR kinases have a

complex intercommunication with mTOR and AMPK signaling

that can result in both inhibition or activation of the pathways;

increased insulin signaling often leads to activation of NDR

kinases. There is a substantial body of evidence that indicates

NDR kinases as master regulators of autophagy, supported by

their involvement in macroautophagy, CASA, and mitophagy.

NDR kinases actively contribute to DNA repair through the

orchestration of the DDR and NHEJ in neurons. Together with

their functions in chromosomal alignment and maintenance, NDR

kinases demonstrate their importance as components of the cellular

machinery that maintains genomic stability under stress and

replication. There is also some evidence that points out their

role in epigenetic regulation, particularly by increasing H3K27me
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FIGURE 1

NDR kinases within the hallmarks of aging at a glance. (A) NDR kinases are involved in various key processes that are altered within the hallmarks of

aging. They are known to regulate AMPK and mTOR signaling and are modulated by GSK-3 and Sirtuins. NDR1/2 kinases play a crucial role in

regulating autophagy and integrating growth signals from AMPK, mTOR, and insulin signaling. They also participate in protein stabilization through

chaperones. In mitochondrial dysfunction, NDR kinases participate in mitophagy and MQC. They have a significant role in inflammation and cellular

senescence by participating in the formation of SAHF, regulating the cell cycle, resistance to apoptosis, and increasing inflammation through SASP,

TNF-α, NF-κB, and interleukin secretion. NDR kinases also participate in intercellular communication by modulating ECM transmission and regulating

inflammatory communication, in genomic instability mainly through NHEJ and DDR, and in epigenetic alterations by gene silencing through histone

methylation. However, their roles in stem cell exhaustion, telomere attrition, or dysbiosis are not yet reported. (B) NDR kinases participate in nutrient

signaling through a complex interplay between the major nutrient sensing pathways: AMPK, mTOR & Insulin signaling, and though the functional

outcome is not known yet, they are also deacetylated by SIRT1. For their role in the loss of proteostasis, they participate in protein stability by

regulating molecular chaperones like HSP70 and are in turn stabilized by it as well as HSP90. NDR kinases are regulators of macroautophagy (mTOR,

ULK1, AMPK, BECLIN1, Atg1, Atg8, and Atg3). Within mitochondrial dysfunction, they are known regulators of MQC and mitophagy by a

Pink1/Parkin-dependent mechanism that involves Atg1. NDR kinases participate in cellular senescence by regulating the cell cycle, mainly regulating

Cyclin A/B or Cyclin B/E and CDK protein complexes and modulation of E2F through pRB. Additionally, they regulate p21 and p53 signaling. LATS1 is

also a downstream target of ATF4. They also provide resistance to apoptosis through the same mechanism and interact with BCL-2, BCL-xL, and BAX

in parallel with SMAC and XIAP. They might be involved in regulating SASP and Chronic inflammation, mainly by increasing TNF-α and NF-κB

activation and proinflammatory interleukin secretion, mainly IL-6, as well as IFN1For altered intercellular communication, they participate as signal

transducers of growth factors like VEGF and IGF. They participate in inflammatory communication through TNF-α, NF-κB, and IL-17 and regulate

ECM signaling through activation of the integrins. They might participate in genomic instability by regulating DDR and rDNA integrity by coordinating

the response of ATM, ATR, and DNA PKc. Finally, there is evidence that links NDR kinases to the regulation of the epigenome by increasing the

methylation of the Polycomb repressive complex 2.

through the methyltransferase activity of PRC2. Although there

is no evidence indicating that NDR kinases play a role in the

maintenance of telomeres, given their close involvement in DNA

biology, the possibility of their involvement cannot be entirely

dismissed and warrants further attention. One last hallmark of

aging that remains to be addressed is dysbiosis. The paracrine

effect that the microbiome exerts over other cells has been explored

only in recent years as a mechanism that regulates lifespan and

aging, and it isn’t surprising that there is no evidence linking NDR

kinases to dysbiosis, given there are no prokaryotic analogs of the

NDR kinases. The mechanism by which the microbiome regulates

lifespan remains poorly understood, therefore an intriguing area of

exploration relates to the signals originating from the microbiome

and the mechanisms of how cells perceive them. It is known that

the primary receptors for microbiome signals are the immune

system and the CNS (Zheng et al., 2020; Park and Kim, 2021),

both of which have an active participation of NDR kinases.

These observations raise the possibility that NDR kinases might

participate in the transduction of gut microbiota alterations

during aging.

It is evident that NDR kinases have an intricate connection to

many of the cellular and molecular processes that are considered to

be the cause of aging by our current understanding. The functional

outcomes of many of the interactions described in this review are

not always clear, with the existence of much contradictory evidence.

For instance, while NDR kinases are required for proper cell
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function, they also participate in cancer and disease development.

They promote cell cycle progression, but in some contexts, they

also induce apoptosis and cellular arrest. NDR kinases both seem

to activate and inhibit central metabolic cascades or promote and

downregulate inflammatory signals. As a final remark, we want to

propose that many of the observed contradictions in the literature

regarding the function of NDR kinases arise from the fact that they

might have evolved having antagonistic pleiotropic functions in

aging. The current paradigm of the evolution of aging suggests that

aging occurs by the accumulation by natural selection of genes that

have antagonistic pleiotropic features that increase fitness during

a young age, but that also show maladaptive features during aging,

favoring a trade-off between reproduction and lifespan (Chistyakov

and Denisenko, 2019). The evidence presented so far indicates

that NDR kinases display these classic antagonistic pleiotropic

functions that contribute to the loss of fitness during aging. If

they are studied within this new perspective, many of the opposite

roles that they exhibit can be easily understood, paving the way

for further comprehending the interconnectivity that exists among

the hallmarks of aging and given their importance in neuronal

biology, also understanding more about the mechanisms that lead

to age-related loss of cognitive function.
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AD, Alzheimer’s Disease; AKT/PKB, Protein Kinases B; ALS,
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Angiomotin-like Protein; AMPK, Amp-activated Protein Kinase;

ATF4, Activating Transcription Factor 4; ATG, Autophagy-related

Protein; ATM, Ataxia-Telangiectasia Mutated; ATR, ATM-and
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extra Large; CASA, Chaperone-assisted Selective Autophagy;

CBK1, Cell Wall Biosynthesis Kinase; CBP, Creb-binding Protein;

CDC, Cell Division Control Protein; CDK, Cyclin-dependent-

kinase; CDKN1A, Cyclin-dependent-kinase-inhibitor 1a; CHEK1,

Checkpoint Kinase 1; DDB1, DNA Damage-binding Protein 1;

DDR, DNA Damage Response; DNA-PKcs, DNA-dependent

Protein Kinase, Catalytic Subunit; DREAM, Dimerization

Partner, Rb-like, E2f and Multi-vulval Class B-complex; DSBs,

Double Stranded Breaks; ECM, Extracellular Matrix; ERK,
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NDR, Nuclear Dbf2-related; NF-κB, Nuclear Factor Kappa B;

NHEJ, Non-homologous end joining; NMJ, Neuromuscular

Junction; OGT, O-linked N-acetylglucosamine Transferase;

OIS, Oncogene-induced Senescence; PD, Parkinson’s Disease;

PI3K, Phosphoinositide 3-kinase; PINK1, PTEN-induced Kinase
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α, Tumor Necrosis Factor-alpha; Trc, Tricornered; TRIM27,
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Deletion of a core APC/C 
component reveals APC/C 
function in regulating neuronal 
USP1 levels and morphology
Jennifer L. Day †, Marilyn Tirard  and Nils Brose *

Department of Molecular Neurobiology, Max Planck Institute for Multidisciplinary Sciences, 
Göttingen, Germany

Introduction: The Anaphase Promoting Complex (APC/C), an E3 ubiquitin 
ligase, plays a key role in cell cycle control, but it is also thought to operate in 
postmitotic neurons. Most studies linking APC/C function to neuron biology 
employed perturbations of the APC/C activators, cell division cycle protein 20 
(Cdc20) and Cdc20 homologue 1 (Cdh1). However, multiple lines of evidence 
indicate that Cdh1 and Cdc20 can function in APC/C-independent contexts, so 
that the effects of their perturbation cannot strictly be linked to APC/C function.

Methods: We therefore deleted the gene encoding Anaphase Promoting 
Complex 4 (APC4), a core APC/C component, in neurons cultured from 
conditional knockout (cKO) mice.

Results: Our data indicate that several previously published substrates are actually 
not APC/C substrates, whereas ubiquitin specific peptidase 1 (USP1) protein levels 
are altered in APC4 knockout (KO) neurons. We propose a model where the APC/C 
ubiquitylates USP1 early in development, but later ubiquitylates a substrate that 
directly or indirectly stabilizes USP1. We further discovered a novel role of the APC/C 
in regulating the number of neurites exiting somata, but we were unable to confirm 
prior data indicating that the APC/C regulates neurite length, neurite complexity, 
and synaptogenesis. Finally, we show that APC4 SUMOylation does not impact the 
ability of the APC/C to control the number of primary neurites or USP1 protein levels.

Discussion: Our data indicate that perturbation studies aimed at dissecting 
APC/C biology must focus on core APC/C components rather than the APC/C 
activators, Cdh20 and Cdh1.

KEYWORDS

SUMO, ubiquitin, E3 ligase, protein degradation, neuron, APC/C, USP1, Anaphase 
Promoting Complex

1 Introduction

A complex array of post-translational modifications regulates many simultaneously active 
signaling pathways within cells, thereby controlling cellular physiology (Chen et al., 2017). One 
class of such modifications involves a cascade of E1, E2, and E3 enzymes to covalently attach 
ubiquitin or small ubiquitin-like modifier (SUMO) to lysine residues of substrates. Ubiquitin 
itself contains seven different lysine residues that each can be ubiquitylated, allowing for the 
formation of diverse chain types that have a variety of functions. In some cases, ubiquitylation 
leads to substrate degradation by the proteasome, and in this way regulates complex signaling 
networks by triggering spatiotemporal selective protein degradation (Oh et al., 2018).
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The APC/C is an E3 ubiquitin ligase that stands out as a 
regulator of complex signaling networks. Upon activation by 
Cdc20 or Cdh1, the APC/C regulates the cell cycle via oscillating 
ubiquitylation of defined sets of proteins. The APC/C is a large 
complex of at least 11 distinct proteins (Peters, 2006), most of 
which are also expressed in non-dividing neurons, indicating 
functions of the APC/C beyond cell cycle control (Gieffers et al., 
1999). Accordingly, the APC/C has been implicated in the 
regulation of a variety of substrates and processes in neurons, 
from glycolysis to synaptogenesis (Eguren et al., 2011). However, 
the corresponding studies involved the perturbation of the APC/C 
activators and not core APC/C components. Indeed, deletion of 
the core APC/C component, APC2, from excitatory mouse 
forebrain neurons does not alter levels of Ski-novel protein (SnoN) 
and GluA1 (Kuczera et al., 2011). While this unexpected finding 
might be due to the fact that the APC/C ubiquitylates substrates 
only transiently, in certain cells, and under specific conditions, an 
alternative explanation is that Cdh1 and Cdc20 have APC/C-
independent “moonlighting” functions (Wan et al., 2011, 2017; 
Liu et  al., 2016; Han et  al., 2019), so that certain phenotypes 
caused by Cdh1 or Cdc20 depletion are unrelated to 
APC/C function.

In accordance with this notion, Cdh1 and Cdc20 operate 
independently of the APC/C to regulate protein stability and protein–
protein interactions. For instance, Cdh1 regulates SMURF1 protein 
levels and dimerization through a mechanism that requires a D-box 
but is independent of the APC/C (Wan et al., 2011; Kannan et al., 
2012). Similarly, APC/C-independent binding of Cdh1 to a D-box 
motif on c-Src inhibits its kinase activity (Han et al., 2019). Cdh1 
employs an APC/C-independent mechanism to suppress dimerization 
and kinase activity of BRAF (Wan et al., 2017), and it suppresses the 
auto-ubiquitylation of WWP2, increasing its activity (Liu et al., 2016). 
Finally, Parkin, an E3 ubiquitin ligase involved in the development of 
Parkinson’s disease, binds to both Cdh1 and Cdc20 independently, but 
not to core APC/C components, and this association regulates APC/C 
substrates and the cell cycle. A double knockdown of Parkin and core 
APC/C components are required to phenocopy a Cdh1 knockdown 
(Lee et al., 2015), but it is unclear if Parkin and Cdh1 also interact 
in neurons.

Our study was designed to directly explore the requirement for 
APC/C activity in nerve cell development and function. We inactivated 
the APC/C by genetically eliminating the core APC/C component, 
APC4, in cultured neurons and determined the effects on previously-
proposed APC/C substrates and related phenotypes. In contrast to 
prior studies employing activator depletion (Eguren et  al., 2011), 
we  show that neither SnoN, NEUROD2, and FEZ1 levels, nor, 
synaptogenesis and neurite length and branching are affected by 
APC/C-inactivation. Instead, we provide evidence for a temporally-
regulated pathway where the neuronal APC/C controls USP1 levels 
and the number of neurites exiting neuron somata. We demonstrate 
that these phenotypic changes are rescued by APC4 re-expression, and 
that APC4 SUMOylation does not alter APC/C-dependent regulation 
of neuron morphology and USP1 protein levels. Our data indicate that 
care must be  taken when extrapolating APC/C function from 
experimental data obtained by Cdh1 or Cdc20 perturbation. Finally, 
we show that the APC/C has a detectable but subordinate role in early 
nerve cell development, and that USP1 may be an important neuronal 
APC/C substrate.

2 Materials and methods

2.1 Animals

All mice were in the C57/N background. Mutant lines are listed 
in Supplementary Table S1. For harvesting of tissue, isoflurane-
anesthetized adult mice were killed by cervical dislocation, and P0 
pups and E16 embryos were killed by decapitation. Mice were 
housed in individually ventilated cages at ambient temperature 
under a 12 h light/dark cycle, with free access to food and water. The 
sex of mice used for cell cultures was not determined. For 
genotyping, DNA was isolated from tail biopsies using a genomic 
DNA isolation kit (Nexttec, #10.924). Genotyping primers and PCR 
product sizes are listed in Supplementary Table S2. The genotyping 
PCR reaction (96°C for 3 min; 42 cycles of 94°C for 30 s, 62°C for 
1 min and 72°C for 1 min; 72°C for 7 min) included 0.05 U/μL 
MyTaq HS DNA Polymerase (Biotool, #BIO-21113), MyTaq 
reaction buffer, 1 mM dNTPs, 0.2 nM primers, and 1 μL tail DNA 
(~15–80 ng DNA).

2.2 Plasmids

PCR was used to generate sequences encoding N-terminally HA 
and Myc tagged APC4. Resulting constructs were cloned into 
pcDNA3.1 or lentiviral vectors (kind gifts of C. Rosenmund) that 
drive APC4 expression with the neuron-specific Synapsin1 promoter. 
Cre NLS RFP and NLS RFP vectors are in the pf(syn)w-rbn lentivirus 
backbone. The lentiviral vector pf(syn)w-iCreRFP-P2A expresses 
iCre-RFP fused to a self-cleaving P2A sequence. This vector was used 
to generate the APC4 rescue vectors by cloning APC4 after the P2A 
sequence. APC4 lysines 772 and 797 were mutated to arginine using 
site directed mutagenesis. The EGFP pCS2+ control plasmid was 
cloned by replacing Cdc20 with EGFP. Supplementary Table S3 lists 
the remaining constructs.

2.3 Cell culture

HEK293FT cells (Invitrogen) were maintained at 37°C and 5% 
CO2 in DMEM containing 10% FBS (Gibco) and 50 units/mL 
penicillin/streptomycin (Gibco). For overexpression experiments, 
cells were transfected using Lipofectamine 2000 (ThermoFisher). 
Primary neuron cultures were generated as described previously 
(Daniel et al., 2017). P0 hippocampi and E16 cortices were digested 
for 30–60 min at 37°C using DMEM containing papain (25 units/mL; 
Worthington Biochemical), 0.2 mg/mL L-cysteine (Sigma), 1 mM 
CaCl2, and 0.5 mM EDTA (in DMEM). Dissociated neurons were 
plated on poly-L-lysine-coated glass coverslips (Thermo, 12 mm 
coverslips #1.0) or dishes (Sigma). Neurons were cultured at 37°C with 
5% CO2 in Neurobasal-A medium supplemented with 2% B27, 
penicillin/streptomycin, and 1% GlutaMAX-1 (Gibco). For imaging, 
cells were seeded on glass coverslips in a 24-well plate at 25,000–
50,000 cells/well. For biochemical analysis, ~1.2 million cells were 
seeded per well of a 6-well plate, and the media was changed the next 
day to promote cell survival.
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2.4 Lentivirus transduction

Lentivirus was prepared using standard methods (López-Murcia 
et al., 2019). HEK293 cells were plated on 15 cm dishes coated with poly-
L-lysine (Sigma) and grown in standard HEK293 cell media containing 
0.4 μg/μL Geneticin (Gibco). Immediately before transfection, when 
cells were 90% confluent, the media was changed to Opti-MEM with 
10% FBS (Gibco). All vectors (expression, envelope, and packaging) 
were co-transfected in Opti-MEM with Lipofectamine 2000 
(Invitrogen). After 6 h, the media was changed to pre-warmed media 
(DMEM, Gibco; 1% Penn/Strep, Gibco; 2% goat Serum, Gibco; 10 mM 
sodium butyrate, Merck). The virus was harvested after 44–48 h and 
concentrated with Amicon centrifugal filters (100 kDa; Millipore). 
Flash-frozen aliquots were stored at-80°C. The percentage of neurons 
co-expressing MAP2, RFP, and DAPI was used to determine virus titer. 
Infection rates were typically >90%.

2.5 Primary antibodies

Supplementary Table S4 lists the primary antibodies used.

2.6 Secondary antibodies

Supplementary Table S5 lists the secondary antibodies used.

2.7 Immunolabeling

Coverslips seeded with neurons were washed 3 times with PBS, 
fixed for 10 min (4% PFA; Serva), washed four times, and blocked for 
30 min in imaging solution (0.1% fish skin gelatin, Sigma; 1% goat 
serum, Gibco; 0.3% Triton X-100, Roche; PBS; Daniel et al., 2017). 
Coverslips were incubated with primary antibodies in imaging 
solution for 16–21 h at 4°C. After washing, coverslips were incubated 
with secondary antibodies for 1 h in imaging solution. Coverslips were 
then incubated with DAPI (Thermo; 1:10,000) for 10 min, washed 
with PBS, and mounted onto slides with Aqua-Poly/Mount 
(Polyscience Inc.).

2.8 Western blotting

Neurons were lysed in lysis buffer (150 mM NaCl; 10 mM Tris pH 
7.4; 1% Triton X-100) containing protease inhibitors (1 μg/mL 
aprotinin, Roche; 0.5 μg/mL leupeptine, Roche; 17.4 μg/mL PMSF, 
Roche), and fresh N-ethylmaleimide (NEM; 20 mM, Sigma) when 
required. Protein concentration was determined by the BCA method 
(Pierce). Typically, 20–25 μg of protein were loaded per lane of SDS/
PAGE gel (40 μg were required for detecting Cyclin B1). After 
SDS-PAGE (Laemmli, 1970), samples were transferred to 
Nitrocellulose membranes (0.2 mm NC; Amersham Protran, 
#1060001; Towbin et al., 1979). To assess transfer, membranes were 
stained with MemCode or Ponceau S. WB was conducted using 
standard procedures (Daniel et  al., 2017). Blocking and antibody 
incubation were done in PBS with 5% milk powder and 1% Tween. 
Signals were developed by enhanced chemiluminescence (GE 
Healthcare) and detected with a Chemostar Imager (INTAS Science 

Imaging) or, in some cases, by photographic film. For some 
experiments (Supplementary Figures S3A–D), WB was performed 
with fluorescent secondary antibodies and signals were detected by an 
Odyssey Infrared Imager (LI-COR Biosciences).

2.9 Immunoaffinity purification

Standard protocols (Tomomori-Sato et al., 2013) were adapted to 
perform IP of SUMOylated proteins. Cells were lysed in 150 mM 
NaCl; 10 mM Tris pH 7.4; 1% Triton X-100, protease inhibitors (1 μg/
mL aprotinin, 0.5 μg/mL leupeptine, 17.4 μg/mL PMSF) and 20 mM 
NEM when required. The lysate was sonicated for 4 s with a sonicator 
probe at power level 60 (Sonopuls, Bandelin). The lysate was then 
ultracentrifuged at 106,000 x g for 30 min at 4°C. Aliquots of the 
supernatant were taken (Input), and the remaining sample was 
incubated for 4 h at 4°C with anti-HA (Sigma) or anti-c-Myc (Sigma) 
agarose beads. The beads were washed twice in lysis buffer and 
proteins were eluted in Laemmli buffer (50 mM Tris pH 6.8; 10% 
glycerol; 0.2 g SDS; bromophenol blue; 33 mM DTT). Eluates (1/3 of 
the IP eluate/lane) were analyzed by SDS-PAGE and WB. For IP of the 
APC/C, NEM was excluded from lysates, as it caused non-specific 
attachment of the APC/C to beads, two ultracentrifuge steps were 
performed before IP, and the lysate was transferred to a new chilled 
tube after each centrifugation, and after incubation of the lysate with 
beads, the beads were washed 4 times with lysis buffer. Anti-HA 
(Sigma) and anti-c-Myc (Sigma) agarose beads were used for the IP of 
the APC/C activators. Protein G Sepharose beads (GE Healthcare) 
were used with anti-APC3 antibody or an IgG isotype control (Jackson 
Immuno Research) for the IP of endogenous APC/C.

2.10 Subcellular fractionation

Subcellular fractions of adult mouse cortex were prepared 
according to a published protocol (Carlin et al., 1980), with slight 
modifications. All steps were performed at 4°C, and all solutions 
contained protease inhibitors (1 mg/mL aprotinin; 0.5 mg/mL 
leupeptine; 17.4 mg/mL PMSF). The Homogenate (H) was obtained 
by homogenizing the cortex in Solution A (0.32 M Sucrose; 1 mM 
HEPES pH 7.4; 1 mM MgCl2; 0.5 mM CaCl2) with a Dounce 
homogenizer (12 strokes; 900 rpm). The sample was centrifuged for 
10 min at 1,400 x g. The supernatant was collected (synaptosomes, 
cytosol, mitochondria, and organelles; S1) and the pellet was 
resuspended in Solution A (nuclei; P1). The S1 fraction was 
centrifuged for 10 min at 13,800 x g, and the supernatant was collected 
(cytosol, microsomes; S2). To generate the P2 (mitochondria and 
crude synaptosome) fraction, the pellet from the second centrifugation 
was resuspended in Solution B (0.32 M Sucrose; 1 mM HEPES pH 7.4) 
and homogenized with a Dounce homogenizer (4 strokes; 900 rpm). 
Next, 2 mL of the P2 fraction were added to the top of a sucrose step 
gradient and centrifuged at 82,500 x g. The gradient was created using 
4 mL 1.2 M Sucrose, 3 mL 1 M Sucrose; 3 mL 0.85 M Sucrose in layers 
(1 mM HEPES pH 7.4 in all layers). After centrifugation, the turbid 
layer between the 1 M and 1.2 M sucrose phases was collected 
(synaptosomes; Syn). To generate the crude post-synaptic density 
(PSD) fraction, Solution C (0.32 M Sucrose; 1% Triton X-100; 12 mM 
Tris, pH 8.1) was added to the collected interphase and incubated with 
mild shaking for 15 min before centrifugation at 32,000 x g for 20 min. 
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The pellet was resuspended in a 1:1 mixture of Solution B and Solution 
C. After 5 min, the pellet was resuspended by pipetting. One-third of 
the PSD fraction was loaded and 20 μg of protein from the remaining 
fractions were loaded per well for SDS-PAGE. Subcellular 
fractionation of HEK293FT cells was performed following the 
manufacturer’s protocol, but the nuclear pellet was washed with 
ice-cold PBS to increase the purity (NE-PER; Thermo Scientific). All 
buffers contained protease inhibitors (1 mg/mL aprotinin; 0.5 mg/mL 
leupeptine; 17.4 mg/mL PMSF) and NEM (20 mM, Sigma #E1271-5 g). 
The amount of protein per fraction analyzed by SDS-PAGE was 
identical in mass for the Equal Protein Loading samples (E) or equal 
in the percent of the cell volume in the Cell Equivalent samples (P). 
For data analysis, the experimental average of SUMOylated protein in 
the nucleus was subtracted from the ratio in the cytosol and this 
number was compared for all three experiments to a predicted value 
of 0 using a paired sample t-test in Excel (Supplementary Figure S5C).

2.11 Estimating APC4 turnover

APC4 levels were normalized to β-Tubulin levels, and the 
normalized-APC4 levels upon Cre NLS RFP-infection were then 
normalized to the normalized-APC4 levels upon control NLS 
RFP-infection. The resulting values were plotted and fit by an 
exponential curve, which was used to calculate the half-life of APC4 
using standard procedures (Belle et al., 2006).

2.12 Fluorescence microscopy and image 
analysis

All images were acquired using a 63x oil-immersion objective on 
a Leica TCS SP2 confocal microscope (1,024 × 1,024 format size; 1.2 
zoom; 193.74 nm x 193.74 nm size; 12-bit; 4-lines average). Blinding 
was achieved for image acquisition and analysis by coverslip coding. 
During acquisition, all conditions were imaged each day, and the 
microscope settings were stored to allow for the use of the same 
settings over several days. Images are displayed as collected, except for 
MAP2 (color levels changed to 3,080 with Fiji; rescue experiment). 
When a neuron did not fit into a single field of view, overlapping 
images were acquired and stitched (Fiji, Pairwise Stitching of Images; 
Linear Blending Method; check peaks 5; compute overlap; Preibisch 
et al., 2009; Schindelin et al., 2012). Z-stacks for β III-Tubulin and 
MAP2 signals were taken using a 92–108 nm step-size (4–15 slices/
neuron), and a single maximum intensity projection was created to 
analyze β III-Tubulin. Scaled images were manually traced with the 
Fiji SNT plugin (Tavares et al., 2017; Hessian-based analysis: σ = 0.484 
and max = 3.69). All neurites shorter than 3 μm were excluded from 
the analysis. For rescue experiments, neurites were only traced when 
they might be too short for analysis or the morphology was complex. 
Sholl Analysis was done using a 5 μm step size (3.1.110 plugin). For 
synapse counting, single plane images were taken of PSD95, RFP, 
Synapsin1/2, and MAP2 signals. Z-stacks were taken using a 
92–108 nm step size (4–15 slices/neuron) for PSD95, Synapsin1/2, and 
MAP2. Scaled maximum projection images were used to determine 
total dendritic morphology (MAP2) with the Fiji NeuronJ plug-in 
(Meijering et al., 2004). Synapse numbers were determined with the 
Fiji SynapCountJ v2 plugin (Mata et al., 2017), which determines the 

number of synapses by quantifying co-localized PSD95 (threshold 
120) and Synapsin1/2 (threshold 255) puncta within 1.94 μm from the 
traced MAP2 stain.

2.13 Statistics

While one experiment was analyzed by a paired t-test using Excel 
(Supplementary Figure S5C), the statistical analyses of biochemical 
experiments was done in Excel using an independent sample t-test. 
Imaging data for synapse quantification and neuron morphology did 
not have a Gaussian distribution and had unequal variance between 
samples, complicating the analysis. As our data fit a heavy-tailed 
distribution with unequal variance, we chose to use a Welch’s t-test 
instead of a non-parametric test, since the former is the most accurate 
test for such data (Skovlund and Fenstad, 2001; Fagerland and 
Sandvik, 2009; Kroeger et al., 2021). All statistical analyses of imaging 
data were performed using SPSS (IBM, version 27). The column 
graphs that include data from individual experiments were generated 
in Excel or in Prism 10.

3 Results

3.1 The neuronal APC/C contains APC4

Data obtained by depleting the APC/C activators, Cdh1 or Cdc20, 
have been the basis for implicating the APC/C in ubiquitylating a 
variety of neuronal substrates and in controlling neuron physiology 
(Eguren et al., 2011). As Cdh1 and Cdc20 can operate independently 
of the APC/C (Wan et al., 2011, 2017; Lee et al., 2015; Liu et al., 2016; 
Han et al., 2019) corresponding studies cannot unequivocally link 
observed effects to core APC/C dysfunction. Thus, it is not surprising 
that the levels of some alleged APC/C substrates are unaltered after 
APC2 KO (Kuczera et  al., 2011). In view of these considerations, 
we attempted to assess APC/C function in neurons by depleting the 
core APC/C component APC4.

To confirm that neurons express APC4, we analyzed APC4 and 
APC5 protein levels in wildtype cortical cultures every 2 days in vitro 
(DIV). APC4 and APC5 levels decreased progressively from DIV3 but 
remained detectable until DIV17 (Figure 1A). To determine if APC4 
is an APC/C component in neurons, we conducted APC3 IP and 
co-IP of APC4 and APC5. We found that APC4 and APC5 robustly 
and specifically associate with APC3 in neurons, indicating that APC4 
is a component of the neuronal APC/C (Figure 1B).

3.2 Neuronal APC4 deletion affects APC5 
stability

To stringently explore the function of the APC/C in neurons, 
we genetically deleted an essential APC/C core component, rather 
than an activator. We obtained an ANAPC4 cKO mouse (IMPC, n.d.; 
Figure  1C-3). Cultured neurons were generated from cKO mice 
(tm1c/tm1c) and infected with a Cre-expressing lentivirus at DIV1, 
generating ANAPC4 KO cells (tm1d/tm1d; Figure 1C). To assess the 
efficacy of APC4 depletion, we analyzed APC4 expression in lysates 
of infected cultures. We found that APC4 was depleted by DIV11 
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FIGURE 1

APC4 is an APC/C component in cortical neurons and APC4 is depleted from ANAPC4 KO neurons. (A) The top panel shows WB analysis of APC4, 
APC5, and the total protein MemCode stain in wildtype primary cortical neuron cultures harvested at the indicated DIV. The bottom panel shows a 
graph depicting the quantification of the blots in the top panel after APC4 (black) and APC5 (gray) levels were normalized to MemCode. (B) WB analysis 
of APC3, APC4, and APC5 in wildtype DIV10 cortical cultures after lysis and IP with antibodies against APC3 or an IgG control (representative 
experiment). (C) The displayed strategy was used to generate the ANAPC4 cKO mouse allele. The tm1a allele has an insertion upstream of exon 3 of 

(Continued)
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when hippocampal neuron cultures were infected with Cre RFP P2A- 
(Figure 1D) or Cre NLS RFP-lentivirus (Figure 1E).

In control experiments, we determined that the cKO allele, tm1c, 
does not affect endogenous APC4 expression. Mice were crossed to 
generate wild-type (+/+), heterozygous (tm1c/+), or homozygous (tm1c/
tm1c) offspring. Lysates of cortical DIV11 neurons cultured from these 
mice exhibited comparable endogenous APC4 expression (Figures 1F,G).

We next determined the time course of APC4 loss upon 
Cre-infection in ANAPC4 cKO cortical neurons. APC4 levels in KO 
neurons decayed rapidly to ~25% of wildtype levels by DIV5, almost 
completely by DIV9, and completely by DIV11. The decay was 
exponential, with τ = 2.6 days and t1/2 = 1.8 days (Figures 1H–J).

Human cytomegalovirus viral infection targets APC4, APC5, and 
APC1 for degradation, resulting in loss of APC/C activity. Knockdown 
of any one of these components was shown to cause depletion of all 
three components (Wiebusch et al., 2005; Thornton et al., 2006; Tran 
et  al., 2010; Clark and Spector, 2015). We  also found that APC5 
expression is drastically reduced upon APC4 depletion (Figures 1D,E,I). 
Interestingly, APC4 depletion was more pronounced in cortical neurons 
(Figure  1H) than in hippocampal neurons (Figure  1E), and APC5 
expression was more strongly co-depleted in cortical neurons 
(Figures 1I, 3A). The parallel loss of APC5 upon APC4 depletion implies 
that APC/C function is compromised in ANAPC4 KO neurons. 
We subsequently used cortical neurons in experiments, because APC4 
depletion is more pronounced in these cells.

3.3 The neuronal APC/C regulates USP1

Since prior studies implicated Cdh1 and Cdc20  in the 
ubiquitylation and degradation of several neuronal substrates (Eguren 
et al., 2011), we tested whether these effects require the APC/C by 
analyzing the levels of previously-published substrates at DIV5 
(Figure 2) and DIV11 (Figure 3) in ANAPC4 KO cortical neurons.

As APC4 and APC5 are both depleted under our conditions 
(Figures 2A, 3A), the APC/C is likely inactive. To support this notion, 
we first assessed the protein levels of Cyclin B1, a canonical APC/C 
substrate involved in maintaining neurons in G0 (Almeida et al., 
2005; Maestre et al., 2008; Malureanu et al., 2010; Ledvin et al., 2023). 
As expected, Cyclin B1 levels were increased upon APC4 loss at DIV5 
(Figures 2B,C). Since Cyclin B1 is not detectable in neuron cultures 

after DIV7 (Almeida et al., 2005), we did not analyze Cyclin B1 at 
DIV11. Our findings indicate that the ANAPC4 KO system is well 
suited to study the effects of APC/C inactivation on putative 
substrates and to screen for novel substrates and phenotypes.

To possibly identify novel phenotypes associated with neuronal 
APC/C dysfunction, we  analyzed the levels of a selected subset of 
neuronal markers at DIV 5 (Figure 2A) and DIV11 (Figure 3D). We did 
not detect alterations in the levels of Synaptophysin (Figures 2A, 3D), 
Synapsins (Figure 3D), or PSD95 (Figure 3D) in KO neurons, indicating 
that the APC/C does not regulate these proteins.

The deubiquitinating enzyme, USP1, was suggested to be  a 
substrate of Cdh1-APC/C in cycling cells (Cotto-Rios et al., 2011; 
Cataldo et al., 2013). Its substrate status in neurons is unknown, but it 
is expressed in neurons and thought to regulating neuron morphology 
(Anckar and Bonni, 2015). We  analyzed USP1  in ANAPC4 KO 
cultures and detected increased USP1 levels in DIV5 KO neurons 
(Figures 2D,E), indicating that USP1 may be an APC/C substrate in 
cortical neurons. However, USP1 protein levels were decreased in 
ANAPC4 KO cells at DIV 11 (Figures 3B,C), indicating that an as yet 
unidentified APC/C substrate either directly or indirectly regulates 
USP1 in DIV11 cortical neurons.

We next analyzed previously-published candidate APC/C 
substrates to determine if their degradation requires the neuronal 
APC/C and not just Cdh1 or Cdc20. Specifically, we tested ANAPC4 
KO lysates to determine if the levels of SnoN, an axon-growth-
inducing transcriptional regulator proposed to be regulated by Cdh1-
APC/C (Ikeuchi et  al., 2009) and the levels of FEZ1, a protein 
involved in neurite development and intracellular transport and is 
proposed to be regulated by Cdc20-APC/C (Watanabe et al., 2014), 
were altered. Strikingly our data are consistent with prior data from 
APC2 KO neurons (Kuczera et al., 2011), as we also found that the 
levels of SnoN and FEZ1 are unaltered in DIV5 (Figures 2F–H) and 
DIV11 (Figures 3E–H) ANAPC4 KO neurons.

3.4 The APC/C does not regulate 
synaptogenesis

Studies employing Cdc20 knockdown in neurons led to the notion 
that a pathway involving APC/C-mediated NEUROD2 ubiquitylation 
and downstream regulation of Complexin 2 plays a key role in 

ANAPC4 that contains lacZ and neomycin (neo) sequences, flanked by FRT and loxP sites (1). Mice with the tm1a allele were crossed to FLIR mice 
expressing Flp recombinase (2), generating the cKO tm1c allele by removing the cassette at the FRT sites (3). Neuron cultures generated from ANAPC4 
tm1c/tm1c mice were infected with a lentivirus expressing Cre (4), which removes exon 3 and causes a frame shift that adds a premature stop codon. 
The resulting neurons express the tm1d allele, leading to the loss of APC4 (5). (D) WB shows the protein levels of APC4, APC5, and β-Tubulin in DIV11 
primary hippocampal cultures prepared from ANAPC4 cKO neurons infected at DIV1 with Cre RFP P2A or a No Infection control. The percentage of 
infected cells (below WB panel) was determined by quantifying MAP2-positive cells co-expressing RFP. In Cre RFP P2A-infected cells, APC4 protein 
levels were reduced to ~28% and APC5 was reduced to ~62% of No Infection levels. (E) WB shows APC4, APC5, and β-Tubulin in DIV11 primary 
hippocampal cultures prepared from ANAPC4 cKO neurons infected at DIV1 with Cre NLS RFP, NLS RFP, or a No Infection control. The percentage of 
infected cells (below WB panel) was determined by quantifying MAP2-positive cells that co-express RFP. In Cre NLS RFP-infected cells, the levels of 
APC4 were reduced to ~16% and APC5 to ~35% of the levels in NLS RFP-infected cells. (F) Lysates of DIV10 cortical cultures obtained from mice with 
the ANAPC4 alleles tm1c/tm1c, tm1c/+, or +/+ were analyzed by WB with antibodies against APC4 and β-Tubulin (representative experiment). (G) Bar 
graph depicting the average APC4 levels normalized to β-Tubulin for the lysates in F. Error bars: standard error of the mean (SEM) for three experiments. 
Experiments 1, 2, and 3 are represented by a circle, triangle, and square, respectively. (H–J) Primary cortical cultures prepared from ANAPC4 cKO mice 
infected at DIV1 with Cre NLS RFP or NLS RFP were harvested in a large experiment at the indicated times. (H) WB shows APC4 and β-Tubulin in DIV11 
cultures. The percentage of infected cells (below WB panel) was determined by quantifying MAP2-positive cells co-expressing RFP. APC4 was not 
detectable in Cre NLS RFP-infected cells. (I) WB shows APC4, APC5, and β-Tubulin levels over time. (J) Line graph depicting normalized APC4 levels 
from I. APC4 levels were first normalized to the β-Tubulin signal and then to normalized NLS RFP protein levels. The values in the line graph were fit by 
an exponential curve to determine APC4’s half-life (τ  =  2.6  days, t1/2  =  1.8  days).
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synaptogenesis (Yang et al., 2009). However, two lines of evidence 
challenge this notion. First, there are no changes in NEUROD2 
expression or synapse numbers in mutant mice with decreased Cdc20 
(Malureanu et  al., 2010). Second, the complete deletion of all 
Complexin paralogues also has no effect on synapse numbers (Reim 
et al., 2001; López-Murcia et al., 2019). In view of these discrepancies, 
we tested whether APC4 deletion itself affects synaptogenesis or alters 
NEUROD2 and Complexins levels.

We first assessed Complexin levels upon ANAPC4 KO in 
cortical neurons at DIV11, when Complexin expression peaks 
(Reim et  al., 2005), and found no changes in Complexin 1, 
Complexin 2, or Complexin 3 levels (Supplementary Figures 

S1A–D). While Complexin 3 is normally not detectable in neuron 
cultures, it becomes detectable upon viral infection 
(Supplementary Figure S1D). We  next analyzed the levels of 
NEUROD2 in KO lysates, and again did not detect alterations at 
DIV5 or DIV11 (Supplementary Figures S1E,F). These data show 
that the APC/C does not regulate NEUROD2 or Complexins in 
cultured cortical neurons.

While we  found that the APC/C does not modulate 
NEUROD2 or Complexin levels in cortical neurons, it could still 
employ another mechanism to regulate synaptogenesis. 
Therefore, we counted synapse numbers in ANAPC4 KO neurons 
by quantifying the number of co-localized Synapsin1/2 and 

FIGURE 2

APC4 loss is accompanied by USP1 accumulation in DIV5 neurons. (A–H) Cortical neurons were prepared from ANAPC4 cKO mice, and infected at 
DIV1 with Cre NLS RFP-or NLS RFP-expressing lentivirus. All cultures were harvested at DIV5, and lysates were analyzed by WB. Protein quantification 
was done by averaging values for three independent experiments (representative experiment displayed). Experiments 1, 2, and 3 are represented by a 
circle, triangle, and square, respectively. Error bars: SEM. (A) WB shows APC4, APC5, Synaptophysin, and β-Tubulin. (B) WB shows Cyclin B1 and 
β-Tubulin. (C) Bar graph depicting the average Cyclin B1 protein levels normalized to β-Tubulin. Cyclin B1 protein levels were increased in Cre NLS RFP-
infected samples (asterisk: significance; t(2)  =  2.971, p  =  0.041). (D) WB shows USP1 and β-Tubulin. (E) Bar graph depicting the average levels of USP1 
normalized to β-Tubulin. USP1 protein was increased in Cre NLS RFP-infected samples (asterisk: significance; t(2)  =  4.008, p  =  0.016). (F) WB shows 
SnoN, FEZ, and β-Tubulin. (G) Bar graph depicting the average levels of SnoN normalized to β-Tubulin. There was no significant difference in SnoN 
levels between Cre-and control-infected samples (t(2)  =  −0.001, p  =  1.000). (H) Bar graph depicting FEZ1 normalized to β-Tubulin. There was no 
significant difference in FEZ1 levels between Cre-and control-infected samples (t(2)  =  −0.894, p  =  0.422).
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PSD95 puncta (Supplementary Figure S1G), which were the 
markers used in the original study (Yang et al., 2009). Synapse 
numbers were not altered in KO neurons (Supplementary  
Figure S1H), indicating that the APC/C does not regulate 
synaptogenesis in DIV11 cortical neurons.

3.5 The APC/C regulates primary neurite 
formation

Cdc20 and Cdh1 knockdown studies implicated the APC/C 
in ubiquitylating a variety of different substrates, which, in turn, 
were proposed to regulate neuron morphology, including neurite 
length and complexity (Bobo-Jiménez et al., 2017), axon length 
(Konishi et al., 2004; Lasorella et al., 2006; Stegmüller et al., 2006; 
Kannan et al., 2012), and dendrite length and complexity (Kim 
et al., 2009; Watanabe et al., 2014). However, these morphological 
phenotypes have usually not been formally linked to core APC/C 
components, which is problematic because Cdc20 and Cdh1 have 
APC/C-independent functions. To determine if the APC/C 
indeed regulates neuronal morphology, we  analyzed neurite 
length and complexity in cortical ANAPC4 KO neurons at DIV5, 
when neurite morphology can easily be  assessed and APC4 
expression is heavily depleted (Figures  1I,J). Similarly aged 
neurons (DIV3 to DIV5) were also used in earlier studies that 
addressed the role of the APC/C activators in neurons, with no 
major differences in effects between DIV3 and DIV5 neurons 
(Konishi et al., 2004; Lasorella et al., 2006; Stegmüller et al., 2006; 
Kim et al., 2009; Kannan et al., 2012; Watanabe et al., 2014). Like 
prior studies (Kempf et  al., 1996), we  could not reliably 
distinguish between dendrites and axons using antibodies against 
MAP2 and SMI-312 (Figure  4A), so we  used β III-Tubulin 
immunolabeling to analyze all neurites longer than 3 μm 
(Figure 4B).

Prior studies indicated that Cdh1 knockdown increases axon 
length (Konishi et  al., 2004; Lasorella et  al., 2006; Stegmüller 
et  al., 2006; Kannan et  al., 2012) and that Cdc20 and APC2 
knockdown decrease dendrite length (Kim et al., 2009; Watanabe 
et al., 2014). Hence, we expected to observe changes in dendrite 
length in ANAPC4 KO neurons, but we  did not detect any 
corresponding alterations (Figures 4C–E). Primary neurites were 
defined as neurites directly exiting the somata. Subsequent 
branch levels were labeled as secondary and tertiary depending 
on their origin. We compared the lengths of primary, secondary, 
and tertiary neurites individually (Figure  4C; secondary and 
tertiary data not shown), and the total length of all neurites 
(Figure 4D), but detected no KO-induced changes, indicating 
that the APC/C does not regulate neurite length in DIV5 cortical 
neurons. To assess possible changes in axon length, we measured 
the length of the longest neurite (Figure  4E) and detected 
no alterations.

While we were unable to confirm previously-proposed roles of the 
APC/C in regulating neurite length and complexity, we detected a 
novel phenotype. Cortical KO neurons had increased numbers of 
primary neurites exiting their somata (Figure 4F). As the average 
neurite length was not changed (Figure 4C), our data indicate that the 
APC/C regulates the initiation of neurite formation and not neurite 
stabilization or extension.

We next tested whether the APC/C regulates neurite 
complexity and branching, parameters that had been linked to 
Cdc20-APC/C (Kim et al., 2009). We quantified the total number 
of branches per cell (Figure  4G) and the total number of  
branches off primary neurites (Figure 4H), but did not detect 
effects of ANAPC4 KO. We  also analyzed the total neuron 
complexity with Sholl analysis by quantifying the number of 
times neurites intersect with equally-spaced concentric  
circles around the center of the neuron (Sholl, 1953; Tavares 
et al., 2017). We detected increased intersections at 10–25 μm 
distance from the center of the somata in APC4-deficient cells 
(Figure  4I), which can be  explained by the increase in the  
number of primary neurites exiting the somata (Figure  4F). 
Finally, we did not observe alterations of the radius enclosing 
ANAPC4 KO neurons (Figure 4J). These data indicate that the 
APC/C does not affect the size and complexity of cortical neurons 
at DIV5, but instead regulates the formation of neurites 
exiting somata.

3.6 SUMOylation of APC4 does not affect 
USP1 levels and neuronal morphology

Several proteomic studies (Matic et al., 2010; Schimmel et al., 
2014; Cubeñas-Potts et al., 2015; Hendriks et al., 2018) as well as our 
own analyses of HA-His6-SUMO1 knock-in mice (Tirard et al., 2012; 
data not shown) identified APC4 as a SUMOylation target, and 
lysines 772 and 798 were shown to be SUMOylated in human APC4 
(Eifler et  al., 2018; Lee et  al., 2018; Yatskevich et  al., 2021). 
We mutated the corresponding lysines 772 and 797 in mouse APC4 
to generate a Myc-APC4K772R/K797R construct and showed that this 
variant cannot be  SUMOylated (Supplementary Figure S2). 
Surprisingly, APC4 SUMOylation was very stable in the absence of 
NEM, an irreversible inhibitor of SENPs (Supplementary Figure S2B, 
arrow), indicating that these SUMOylated APC4 residues are 
inaccessible to SENPs.

We next tested if APC4 SUMOylation affects APC/C formation 
or the subcellular localization of APC4. We  found that APC4 
SUMOylation does not alter APC/C formation in HEK293 cells 
(Supplementary Figures S3A,B) or the binding of the APC/C to the 
APC/C activators, and that the complex primarily exists in a state 
where APC4 is not SUMOylated (Supplementary Figures  3A–D). 
We  then examined whether APC4 SUMOylation affects APC4 
localization. Despite major efforts to optimize fixation and 
immunolabeling protocols to visualize endogenous APC4 by confocal 
microscopy, the specific APC4 signal (absent in KO neurons) 
remained weak and was difficult to distinguish from background. 
Hence, we sought to biochemically assess the subcellular localization 
of SUMOylated APC4. We found that SUMOylation does not impact 
the gross subcellular localization of APC4, as HEK293 cells had equal 
fractions of Myc-APC4WT and Myc-APC4K772R/K797R in nuclear and 
cytoplasmic fractions (Supplementary Figure S4).

As SUMOylation of APC4 does not affect APC4 localization 
(Supplementary Figure S4), APC/C formation, or activator binding 
(Supplementary Figures S3A–D), we tested if APC4 SUMOylation 
affects APC/C function, as other studies had indicated (Eifler et al., 
2018; Lee et al., 2018; Yatskevich et al., 2021). We first analyzed the 
subcellular localization of APC4 and SUMOylated APC4. Upon 
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subcellular fractionation of mouse cortex, we detected APC4 in all 
fractions, including synaptosomes (Syn) and the crude PSD (PSD) 
fractions. APC4 was most abundant in the cytosolic fraction (S2), 
where it was strongly SUMOylated (Supplementary Figure S5A). In 
cycling HEK293 cells, APC4 was present in cytosolic and nuclear 
fractions, but SUMOylated APC4 was enriched in the nucleus 
(Supplementary Figures S5B,C).

We next examined if APC4 SUMOylation is involved in APC/C-
dependent regulation of USP1 levels and the number of neurites 
exiting somata. We  previously observed increased USP1 protein 
levels in DIV5 KO neurons (Figures  2D,E) and decreased USP1 
protein levels in DIV11 KO neurons (Figures 3B,C). We repeated this 
analysis with cortical ANAPC4 KO neurons infected with lentiviruses 
expressing Cre RFP, NLS RFP, or rescue viruses expressing Cre RFP 
APC4WT (wildtype) or Cre RFP APC4K772R/K797R (SUMOylation-
deficient). The levels of APC4 and APC5 were fully rescued in Cre 
RFP APC4WT-and Cre RFP APC4K772R/K797R-infected cultures, 
indicating that APC/C integrity was rescued (Figures  5A–D). 
Consistent with our prior experiments, we saw increased USP1 levels 
at DIV5 (Figures 5A,B) and decreased levels at DIV 11 (Figures 5C,D) 
in KO cultures. These changes in USP1 levels were rescued in Cre 
RFP APC4WT-and Cre RFP APC4K772R/K797R-infected cultures 

(Figures 5A–D), indicating that USP1 is indeed regulated, directly or 
indirectly, by the APC/C, albeit independently of APC4 
SUMOylation. In a final set of experiments, we  tested if APC4 
SUMOylation affects the ability of the APC/C to regulate the number 
of primary neurites exiting somata (Figure 4F). We imaged DIV5 
cortical neurons and analyzed primary neurite numbers using β 
III-Tubulin immunolabeling (Figures 5E–G). Similar to what we had 
observed previously, ANAPC4 KO caused an increase in the number 
of neurites exiting somata (Figure 5G), and this KO phenotype was 
fully rescued in Cre RFP APC4WT-and Cre RFP APC4K772R/K797R-
infected cultures (Figure 5G). This indicates that the APC/C does 
indeed regulate the number of primary neurites exiting somata, albeit 
in a manner that does not require APC4 SUMOylation.

4 Discussion

The present study was designed to examine APC/C function in 
developing neurons. We  shut down APC/C function in cortical 
neurons by conditional deletion of the core APC/C component, 
APC4. The phenotype of APC4-deficient neurons indicates that the 
APC/C regulates the number of primary neurites and differentially 

FIGURE 3

APC4 loss is accompanied by decreased USP1 protein levels in DIV11 neurons. (A–H) Cortical neurons were prepared from ANAPC4 cKO mice and 
infected at DIV1 with Cre NLS RFP-or NLS RFP-expressing lentivirus. Cultures were harvested at DIV11, and lysates were analyzed by WB. Protein 
quantification was conducted by averaging values of three independent experiments (representative experiments displayed). Experiments 1, 2, and 3 
are represented by a circle, triangle, and square, respectively. Error bars: SEM. (A) WB shows APC4, APC5, β-Tubulin, and APC3. (B) WB shows USP1 and 
β-Tubulin. (C) Bar graph depicting the average USP1 levels normalized to β-Tubulin. USP1 levels were increased in Cre NLS RFP-infected samples 
(asterisk: significance; t(2)  =  −3.299, p  =  0.030). (D) WB shows Synaptophysin, β-Tubulin, Synapsin1/2, and PSD95. (E) WB shows SnoN and β-Tubulin. 
(F) Bar graph depicting the average levels of SnoN normalized to β-Tubulin. There was no significant difference in SnoN levels between Cre-and 
control-infected samples (t(2)  =  0.274, p  =  0.798). (G) WB shows FEZ1 and β-Tubulin. (H) Bar graph depicts the average levels of FEZ1 normalized to 
β-Tubulin. There was no significant difference in the FEZ1 levels between Cre-and control-infected samples (t(2)  =  −1.163, p  =  0.155).
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FIGURE 4

APC4-deficient cortical neurons form a greater number of primary neurites (A–J) Primary cortical neurons were prepared from ANAPC4 cKO mice, 
and Cre-or control-infected neurons were fixed at DIV5, immunolabeled, and imaged. The β III-Tubulin label was traced and neuron morphology was 

(Continued)
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regulates USP1 protein levels at distinct developmental stages, and 
that these functions are independent of APC4 SUMOylation. Our 
data do not confirm prior studies employing depletion of the APC/C 
activators and indicating that the APC/C regulates neurite length and 
branching, synaptogenesis, or the levels of SnoN, NEUROD2, 
and FEZ1.

4.1 ANAPC4 KO shuts down APC/C activity

After establishing that the neuronal APC/C contains APC4 
(Figures 1A,B), we used a cKO mouse line to delete ANAPC4, the gene 
encoding APC4, in neuron cultures (Figure 1C). We calculated the 
APC4 protein half-life to be ~1.8 days in cortical cultures (Figure 1J), 
which is consistent with prior studies (Mathieson et al., 2018) and 
indicates that APC4 is rapidly depleted in cKO neurons upon 
Cre-mediated recombination.

Similar to studies on cycling cells (Thornton et al., 2006; Tran 
et  al., 2010; Clark and Spector, 2015), we  found that APC4 
depletion causes the concomitant loss of APC5  in cortical 
(Figures 1I, 2A, 3A) and hippocampal (Figures 1D,E) neurons. This 
indicates that the loss of APC4 destabilizes the APC/C, rendering 
it dysfunctional. Indeed, studies on human cytomegalovirus show 
that the APC/C is not functional when APC4 or APC5 are depleted 
(Wiebusch et al., 2005; Tran et al., 2010). The fact that the canonical 
APC/C substrate, Cyclin B1, is increased upon ANAPC4 KO 
(Figures  2B,C) supports the notion that ANAPC4 KO leads to 
APC/C inactivation.

At first glance, the relatively modest increase in Cyclin B1 levels 
observed in KO neurons (Figures 2B,C) may appear surprising. In 
fact, this finding is not surprising for three reasons: (i) APC4 depletion 
is incomplete at DIV5 when we tested Cyclin B1 levels; (ii) the ability 
of the APC/C to ubiquitylate Cyclin B1 changes during the cell cycle 
and may vary in different cell types; (iii) other ubiquitin ligases, like 
Parkin, may control Cyclin B1 levels, which is also indicated by the 
fact that APC4 and Cyclin B1 levels decrease simultaneously during 
development (Lee et al., 2015).

4.2 APC/C inactivation and 
previously-proposed substrates

In our experiments, the levels of SnoN, FEZ1, and NEUROD2 were 
unaffected by ANAPC4 KO neurons, indicating that these proteins are 

not APC/C substrates at DIV5 and DIV11 (Figures  2F–H, 3E–H; 
Supplementary Figures 1E,F). Our findings on SnoN are in accord with 
a previous study showing that APC2 KO in excitatory forebrain neurons 
does not affect SnoN levels, in spite of the fact that APC/C function 
requires APC2 (Wirth et al., 2004; Kuczera et al., 2011). While it is 
unclear why FEZ1 levels are unaffected in ANAPC4 KO neurons, a 
possible explanation is that we worked with cultured neurons and the 
APC/C-FEZ1 link is based on an in vivo study (Watanabe et al., 2014).

One of the most intriguing APC/C substrates is NEUROD2, 
which was proposed to regulate synaptogenesis in an APC/C-
modulated manner via a signaling pathway that involves Complexin 
2 (Yang et al., 2009). We found NEUROD2 levels to be unaltered in 
ANAPC4 KO neurons, indicating it is not an APC/C substrate in 
cortical neurons (Supplementary Figures S1E–F). In agreement with 
this, we did not detect changes in Complexin 1 and Complexin 2 levels 
upon APC4 loss (Supplementary Figures S1A–C). Complexin 3 levels 
are barely detectable in forebrain neuron cultures (Xue et al., 2008). 
Hence, it is intrinsically difficult to analyze Complexin 3 
levels, and lentivirus infection increased Complexin 3 levels 
(Supplementary Figures S1A,D). Therefore, we are unable to make 
definitive statements regarding an interplay between the APC/C and 
Complexin 3. Similar, for instance, to human cytomegalovirus 
affecting the levels of APC/C components (Wiebusch et al., 2005; 
Thornton et al., 2006; Tran et al., 2010; Clark and Spector, 2015), 
lentiviral infection appears to affect the protein levels of Cyclin B1 
(Figures 2B,C), Complexin 1 (Supplementary Figures S1A,B), and 
Complexin 3 (Supplementary Figures S1A,D).

Finally, we estimated the numbers of synapses per neuron in 
wildtype and KO cultures by counting PSD95 puncta co-localized 
with Synapsin1/2. While not strictly at single-synapse resolution, 
such an approach of combining co-labelling for pre-and 
postsynaptic markers and confocal imaging allows to estimate 
synapse numbers in neuron cultures with substantial reliability 
(Burgalossi et al., 2010, 2012), and a similar methodology was 
employed in the original study that indicated altered synapse 
density upon perturbation of Cdc20-APC/C function (Yang et al., 
2009). Strikingly, we found no alterations in synapse numbers in 
KO neurons (Supplementary Figures S1G,H). Our data are in 
agreement with an earlier study employing a hypomorphic Cdc20 
deletion mutant mouse line, which is characterized by decreased 
Cdc20 expression but does not show altered NEUROD2 levels 
or changes in synapse numbers (Malureanu et  al., 2010). 
Finally, a significant role of an APC/C-NEUROD2-Complexin 
pathway in synaptogenesis is in general implausible because 

then analyzed from these traces. Statistical analysis compared the populations of Cre NLS RFP- (n  =  69) and NLS RFP-infected neurons (n  =  73). 
Asterisks: significant differences; error bars: SEM; circles: individual data points. (A) Representative images of a neuron infected with Cre NLS RFP shows 
immunolabeling of β III-Tubulin (magenta), SMI-312 (green), MAP2 (blue), RFP (red), and the merged images (black). Overlapping MAP2 and SMI-312 
patterns indicate that the axon and dendrites are not specified by DIV5. Scale bar: 10  μm. (B) Representative skeletonized traces of β III-Tubulin in Cre 
NLS RFP- (left) and NLS RFP-infected neurons (right). Scale bar: 10  μm. (C) Bar graph depicts the average primary neurite length/cell 
(t(120.829)  =  −1.919, p  =  0.057). (D) Bar graph depicts the average total neurite length, which is the sum of the lengths of all primary, secondary, and 
tertiary neurites (t(130.812)  =  1.083, p  =  0.281). (E) Bar graph depicts the average length of the longest neurite (t(139.700)  =  −0.021, p  =  0.984). (F) Bar 
graph depicts the average number of primary neurites ≥3  μm (t(111.91)  =  3.251, p  =  0.002). (G) Bar graph depicts the average of the total number of 
neurite branches per cell (t(138.785)  =  −0.661, p  =  0.510). (H) Bar graph depicts the average number of branches that form off a primary neurite. 
(I) Graph depicts Sholl analysis of traced neurons (10  μm: t(122.207)  =  2.119, p  =  0.036; 15  μm: t(110.252)  =  2.051, p  =  0.043; 20  μm: t(114.993)  =  2.311, 
p  =  0.023; 25  μm: t(118.033)  =  2.002, p  =  0.048; 30  μm: t(103.932)  =  1.546, p  =  0.125). (J) Bar graph depicts the average enclosing radius of a neuron 
(t(139.496)  =  0.283, p  =  0.777).
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FIGURE 5

APC4 SUMOylation does not affect APC/C-dependent regulation of USP1 protein levels in DIV5 or DIV11 neurons. (A–G) Primary cortical neurons were 
prepared from ANAPC4 cKO mice, infected at DIV1, and harvested at DIV5 or DIV11. Neurons were infected with lentivirus expressing Cre RFP, NLS RFP 

(Continued)
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Complexin-deficient neurons show no changes in synaptogenesis 
(Reim et al., 2001; López-Murcia et al., 2019).

4.3 APC/C inactivation and neuronal 
morphology

Multiple studies involving the perturbation of the APC/C 
activators, Cdc20 or Cdh1, implicated the APC/C in regulating 
neurite length and complexity (Bobo-Jiménez et al., 2017), dendrite 
length and complexity (Kim et al., 2009; Watanabe et al., 2014), and 
axon length (Lasorella et al., 2006; Stegmüller et al., 2006, 2008; Li 
et al., 2019). FEZ1 (Watanabe et al., 2014) and SnoN (Stegmüller 
et  al., 2006, 2008; Li et  al., 2019) were suggested to be  APC/C 
substrates involved in this context. Our data do not support these 
findings. First, our data indicate that FEZ1 and SnoN are not APC/C 
substrates in cultured mouse forebrain neurons (Figures  2F–H, 
3E–H). Further, we did not detect effects of ANAPC4 KO on neurite 
length (Figures 4C–E) and branching (Figures 4G,H), or overall 
neurite complexity (Figures 4I,J). Likewise, axon morphology does 
not appear to be affected by ANAPC4 KO, as the enclosing radii of 
neurons (Figure  4J) and the length of the longest neurite were 
unaltered (Figure 4E). In agreement with our data, a hypomorphic 
Cdc20 deletion mutant mouse neurons also showed normal dendrite 
lengths (Malureanu et al., 2010).

4.4 APC/C regulation of USP1 and the 
number of primary neurites

USP1 removes ubiquitin from substrate proteins, thereby 
stabilizing the substrate. Similar to prior studies indicating that USP1 
is a Cdh1-APC/C substrate in cycling cells (Cotto-Rios et al., 2011; 
Cataldo et al., 2013), we found that USP1 protein levels are upregulated 
in ANAPC4 KO cortical cultures at DIV5 (Figures 2D,E). A prior study 
showed that the APC/C ubiquitylates USP1 in vitro (Cotto-Rios et al., 
2011), but corresponding in vitro assays often lead to false positives, 
which is evident when one compares prior data on SnoN (Stegmüller 
et al., 2006, 2008; Li et al., 2019) with our data (Figures 2F,G, 3E,F). 
Hence, it is unclear whether the APC/C directly ubiquitylates USP1 in 
neurons, and methods to address this question are currently lacking.

Strikingly, elevated USP1 protein levels observed in KO cultures 
at DIV5 (Figures  2D,E) reverted to decreased levels at DIV11 
(Figures 3B,C). This observation is compatible with the notion that the 
APC/C ubiquitylates an unknown substrate in DIV11 cortical neurons 
that either directly or indirectly regulates USP1 levels. The 
physiological relevance of this differential regulation of USP1 by the 
APC/C is unclear. While it might simply reflect a transient 
requirement for a certain functionality during neuronal differentiation 
or development, the phenomenon may also represent a feedback 
mechanism in neurons, where the cell senses elevated USP1 levels or 
altered USP1 substrate levels and responds by decreasing USP1 
protein levels. Such a feedback mechanism would be important for 
cells with chronic USP1 overexpression, as USP1 regulates genomic 
stability, thereby affecting the ability of neurons to correct DNA 
damage. USP1 is currently a major target for the development of 
cancer therapeutics, as USP1 inhibitors are effective in treating cancers 
with a BRCA1 mutation (García-Santisteban et al., 2013; Simoneau 
et al., 2023). Neurodegeneration is also associated with a dysregulation 
of genomic stability and changes in APC/C substrates (Fuchsberger 
et  al., 2016), so USP1 may also be  dysregulated during 
neurodegeneration. Recent studies indicate that USP1 may also 
regulate the circadian clock (Hu et  al., 2024). In view of these 
considerations, a detailed understanding of how the neuronal APC/C 
differentially regulates USP1 protein levels may be  important for 
developing cancer and neurodegeneration treatments.

While we  did not observe changes in neurite length 
(Figures  4C,E) or branching (Figures  4G,H) upon APC4 loss, 
we discovered a phenotype that had previously not been attributed to 
APC/C function, namely an increase in the number of neurites 
exiting the somata of cortical neurons (Figure 4F). Given that neurite 
lengths were not altered, our data indicate that the APC/C affects a 
very early step in neurite formation, likely the step where actin is 
rearranged to form new neurites (Flynn, 2013). Interestingly, USP1 
depletion in cultured neurons was previously reported to induce a 
decrease in the number of primary neurites exiting the somata 
(Anckar and Bonni, 2015). We  observed the opposite effect in 
ANAPC4 KO neurons, where increased USP1 levels were correlated 
with more primary neurites (Figure 4F), so the APC/C may in fact 
regulate neuron morphology through a pathway that involves USP1. 
Unfortunately, elucidating this pathway and its involvement in 
regulating the number of primary neurites is complicated by a 

control, or Cre-expressing rescue constructs in the form of Cre RFP APC4WT (wildtype) or Cre RFP APC4K772R/K797R (SUMOylation-deficient). (A) WB 
analysis of DIV5 lysates immunoblotted for APC4, APC5, USP1, and MemCode (representative experiment). (B) Bar graph depicts average USP1 protein 
levels normalized to MemCode from three independent experiments. USP1 protein levels were elevated in Cre RFP-infected samples (t(2)  =  3.605., 
p  =  0.023), and USP1 protein levels were fully rescued to control levels by expressing APC4K772R/K797R (SUMOylation-deficient; t(2)  =  4.180, p  =  0.014) and 
there was a trend of rescue when APC4WT (wildtype; t(2)  =  1.801, p  =  0.146) was expressed. Experiments 1, 2, and 3 are represented by a circle, triangle, 
and square, respectively. Asterisk: significant difference; NS: no significant difference; error bars: SEM. (C) WB analysis of DIV11 lysates immunoblotted 
for APC4, APC5, USP1, and β-Tubulin (representative experiment). (D) Bar graph depicts average USP1 levels normalized to β-Tubulin from three 
independent experiments. USP1 was decreased in Cre RFP-infected samples (t(2)  =  −6.598, p  =  0.003), and the expression of Cre RFP APC4WT (wildtype; 
t(2)  =  −4.166, p  =  0.014) and Cre RFP APC4K772R/K797R (SUMOylation-deficient; t(2)  =  −8.756, p  =  0.001) rescued this decrease. Experiments 1, 2, and 3 are 
represented by a circle, triangle, and square, respectively. Asterisk: significant difference; NS: no significant difference; error bars: SEM. (E–G) Maximum 
projection images of β III-tubulin was used to determine the number of neurites greater than 3  μm long that exit the somata on DIV5 cortical neurons. 
(E) Representative images of DIV5 neurons that were fixed, immunostained, and imaged. Scale bar: 10  μm. (F) Representative skeletonized traces of β 
III-Tubulin immunolabeling. Scale bar: 10  μm; (n), cells analyzed. (G) Bar graph depicts the average number of primary neurites longer than 10  μm. 
There was an increase in the number of primary neurites exiting the somata of neurons infected with Cre RFP (t(127.462)  =  2.602, p  =  0.010), and this 
phenotype was rescued by the expression of Cre RFP APC4WT (wildtype; t(136.883)  =  3.201, p  =  0.002) and Cre RFP APC4K772R/K797R (SUMOylation-
deficient; t(117.113)  =  6.964, p  <  0.001). Asterisk: significant difference; NS: no significant difference; error bars: SEM; circles: individual data points.
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feedback mechanism connecting ID1, which is an USP1 substrate, to 
APC/C inhibition (Man et al., 2008; Chow et al., 2012).

4.5 APC4 SUMOylation does not impact 
APC/C activity

Our data confirm prior studies (Eifler et al., 2018; Lee et al., 2018) 
indicating that APC4 SUMOylation does not affect APC/C formation 
(Supplementary Figure S3) or APC4 localization 
(Supplementary Figure S4). Furthermore, we  found that APC4 
SUMOylation does not affect activator binding to the APC/C 
(Supplementary Figures 3C,D). Interestingly, the APC/C appeared to 
normally reside in a state where APC4 is non-SUMOylated, even when 
it was bound to an activator (Supplementary Figures 3C,D), which 
indicates that APC4 is only transiently SUMOylated. In view of this, 
we explored whether APC4 SUMOylation affects APC/C function.

We tested if APC4 SUMOylation affects the ability of the APC/C 
to regulate USP1 levels and neurite formation (Figures 2D,E, 3B,C, 
4F). We found that wild-type and SUMOylation-deficient APC4 fully 
rescue the key ANAPC4 KO phenotypes observed, including the 
concomitant loss of APC5, altered USP1 levels, and increased numbers 
of primary neurites. Our data indicate that these phenotypes are 
indeed due to ANAPC4 KO and APC/C dysfunction, and that APC4 
SUMOylation does not affect the corresponding APC/C functions 
(Figure 5).

Evidence from cycling cells indicates that APC4 SUMOylation 
affects the ability of APC/C to ubiquitylate a subset of substrates 
(Eifler et  al., 2018; Lee et  al., 2018; Yatskevich et  al., 2021). For 
example, Hsl1 is ubiquitylated by the Cdh1-and the Cdc20-APC/C, 
but APC4 SUMOylation only affects the ability of the Cdh1-APC/C 
to ubiquitylate Hsl1 (Eifler et al., 2018; Yatskevich et al., 2021). The 
SUMOylated APC4 residues are located in the interior of the APC/C 
and thought to alter the conformation of the APC/C when it is 
bound to the MCC, which affects the ability of the Cdc20-APC/C to 
ubiquitylate Cyclin B1 and Securin (Yatskevich et  al., 2021). 
Consistent with this notion, we show that APC4 SUMOylation is 
remarkably stable in buffers lacking NEM 
(Supplementary Figure S2B), indicating that the SUMOylated 
residues are not accessible to SENPs. While APC4 SUMOylation did 
not affect the ability of the APC/C to alter USP1 levels 
(Figures 5A–D), identification of novel neuronal APC/C substrates 
in the cytosol may enable the discovery of substrates that are likely 
differentially ubiquitylated by the SUMOylated complex.

4.6 Discrepancies between present and 
prior studies

Overall, our study indicates that many previously-proposed 
APC/C-linked substrates and phenotypes are not regulated by the 
APC/C in cortical neuron cultures. Several explanations can account 
for these discrepancies. First, species and cell-type differences may 
be the basis for the discrepant datasets, as we used mouse cortical 
neurons and other studies primarily employed rat cerebellar granule 
neurons. Second, knockdown approaches in neuron cultures are 
notorious for off-target effects that alter synaptic marker localization 
and neuronal morphology (Alvarez et al., 2006). Hence, some of the 

previously-published phenotypes may be due to off-target effects of 
corresponding knockdown approaches. Finally, most studies 
involved the depletion of Cdh1 or Cdc20 as a means to inactivate the 
APC/C, which is problematic because Cdh1 and Cdc20 can also 
function in an APC/C-independent manner (Wan et al., 2011, 2017; 
Kannan et al., 2012; Lee et al., 2015; Han et al., 2019). Hence, some 
of the substrates and phenotypes that were previously linked to the 
APC/C may be related to such “moonlighting” functions of Cdh1 
and Cdc20. In any case, our data demonstrate that care must 
be taken when extrapolating APC/C function from experimental 
data obtained by perturbing APC/C activators, and that more 
stringent approaches are required to tie substrates and phenotypes 
to APC/C function.
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Ubiquitination contributes to the 
regulation of GDP-mannose 
pyrophosphorylase B activity
Patricia Franzka 1*, Sonnhild Mittag 2, Abhijnan Chakraborty 1, 
Otmar Huber 2 and Christian A. Hübner 1*
1 Institute of Human Genetics, Jena University Hospital, Friedrich Schiller University, Jena, Germany, 
2 Department of Biochemistry II, Jena University Hospital, Friedrich Schiller University, Jena, Germany

GDP-mannose pyrophosphorylase B (GMPPB) loss-of-function is associated 
with muscular dystrophy and variable additional neurological symptoms. GMPPB 
facilitates the catalytic conversion of mannose-1-phosphate and GTP to GDP-
mannose, which serves as a mannose donor for glycosylation. The activity 
of GMPPB is regulated by its non-catalytic paralogue GMPPA, which can bind 
GDP-mannose and interact with GMPPB, thereby acting as an allosteric feedback 
inhibitor of GMPPB. Using pulldown, immunoprecipitation, turnover experiments 
as well as immunolabeling and enzyme activity assays, we provide first direct 
evidence that GMPPB activity is regulated by ubiquitination. We further show 
that the E3 ubiquitin ligase TRIM67 interacts with GMPPB and that knockdown 
of TRM67 reduces ubiquitination of GMPPB, thus reflecting a candidate E3 ligase 
for the ubiquitination of GMPPB. While the inhibition of GMPPB ubiquitination 
decreases its enzymatic activity, its ubiquitination neither affects its interaction 
with GMPPA nor its turnover. Taken together, we show that the ubiquitination of 
GMPPB represents another level of regulation of GDP-mannose supply.

KEYWORDS

GMPPB, ubiquitination, activity, Neuro-2a, glycosylation, TRIM67

Introduction

GDP-mannose pyrophosphorylase B (GMPPB) catalyzes the conversion of guanosine 
triphosphate and mannose-1-phosphate to GDP-mannose, which serves as the activated form 
of mannose required for glycosylation. This complex process is initiated in the endoplasmic 
reticulum (ER) and proceeds in the Golgi apparatus. Glycosylation can have important 
consequences for protein folding, stability, localization, turnover, and protein-protein 
interactions (Varki et al., 2009). For example, hypoglycosylation due to decreased GMPPB 
activity decreases the stability and abundance of α-dystroglycan (Franzka et  al., 2021a). 
α-dystroglycan is a peripheral membrane component of the dystrophin-glycoprotein complex 
(DGC), which can be found in the muscle, nerve, heart, and brain (Ervasti and Campbell, 
1991; Carss et al., 2013; Belaya et al., 2015; Jensen et al., 2015; Astrea et al., 2018). Mutations 
in GMPPB lead to variable neurological diseases ranging from severe congenital muscular 
dystrophy to myasthenic syndromes with eye and brain symptoms (Carss et al., 2013; Belaya 
et al., 2015). Notably, disease severity correlates with residual GMPPB activity (Liu et al., 2021).

GDP-mannose pyrophosphorylase A (GMPPA) is a catalytically inactive paralogue of 
GMPPB, which can still bind GDP-mannose. We have previously shown that GMPPA directly 
interacts with GMPPB and inhibits the activity of GMPPB in a GDP-mannose-dependent 
manner (Franzka et al., 2021a). Thus, the absence of GMPPA in men (Koehler et al., 2013) or 
mice (Franzka et al., 2021a) results in increased GDP-mannose levels, hypermannosylation of 
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different proteins, including α-dystroglycan, and characteristic 
neurological symptoms (Franzka et al., 2021a).

Notably, GMPPB itself is also a substrate for post-translational 
modifications, including glycosylation, phosphorylation, and 
ubiquitination (Hornbeck et al., 2015). Ubiquitination refers to the 
covalent binding of ubiquitin at lysine residues of the target protein, 
which involves the concerted action of E1 ubiquitin-activating 
enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin-protein 
ligases (Hershko and Ciechanover, 1998; Dikic and Schulman, 2023). 
The latter constitutes a large superfamily with three main subclasses: 
Homologous to E6AP C-Terminus (HECT) E3 ubiquitin ligases, Really 
Interesting New Gene/U-box (RING) E3 ubiquitin ligases, and RING 
between RING (RBR) E3 ubiquitin ligases (Uchida and Kitagawa, 2016; 
Yang et al., 2021). Ubiquitination occurs in various forms, ranging 
from simple mono-ubiquitination to polymeric ubiquitin chains with 
complex topologies (Kwon and Ciechanover, 2017).

One of the best-understood functions of ubiquitination is protein 
degradation, which is achieved by targeting proteins to the proteasome 
(Kaiser and Huang, 2005; Kirkpatrick et al., 2006). Ubiquitin tagging 
can also provide a signal to target proteins for lysosomal degradation 
(Komander and Rape, 2012). However, ubiquitination can also act as 
a regulatory signal that alters the activity, localization, and ultimate 
fate of the respective protein. For example, we recently showed that 
ubiquitination promotes the clustering of ER membrane-shaping 
proteins and its binding to LC3, thus regulating the degradation of 
ER-fragments by ER-phagy (Khaminets et al., 2015; Foronda et al., 
2023; González et al., 2023). Ubiquitination can also promote the 
interaction between proteins and even regulate enzyme activities 
(Walczak et al., 2012; Swatek and Komander, 2016; Wang et al., 2022).

In this study, we provide the first evidence that the enzymatic 
activity of GMPPB is modulated by ubiquitination, revealing an 
additional level of regulation in addition to allosteric feedback 
inhibition via GMPPA.

Methods

Cell culture

All cell lines used in this study were obtained from ATCC, Wesel 
(Germany). HEK-293 T, HEK-293, and Neuro-2a (N2A) cells were 
cultured in DMEM Glutamax (Sigma-Aldrich, Sant Gallen, 
Switzerland) supplemented with 10% (v/v) of FBS (Gibco, Dreieich, 
Germany) and 1% (v/v) of penicillin/streptomycin (Gibco, Dreieich, 
Germany) at 37°C.

MG132, bafilomycin A1, and cycloheximide 
treatment

HEK-293 T cells were seeded and treated with either 10 μM of 
MG132 (Merck, Darmstadt, Germany) or 100 nM of bafilomycin A1 
(Merck, Darmstadt, Germany) for different time points. Then, cells 
were lysed in lysis buffer (50 mM of Tris–HCl pH 7.4, 150 mM of 
NaCl, 1% (v/v) of NP-40, 1% (w/v) of sodium deoxycholate, 0.1% 
(w/v) of SDS, and 1 mM of EDTA) and complete protease inhibitor 
(Roche, Mannheim, Germany). Homogenates were centrifuged at 
16,900 g to remove nuclei and insoluble debris. Protein concentration 
was determined using the Pierce BCA assay kit (Thermo Fischer, 

Dreieich, Germany). The supernatant was stored at −80°C until 
further use. For degradation analysis of overexpressed GMPPB WT 
and mutant constructs, HEK-293 T cells were transfected with vectors 
encoding 3xFLAG-GMPPB, 3xFLAG-GMPPB D334N, and 3xFLAG-
GMPPB K143/162/195R with lipofectamine 200 reagent (Invitrogen, 
Dreieich, Germany). The next day, cells were treated with 100 nM of 
bafilomycin (Merck, Darmstadt, Germany) for 15 h. Then, the cells 
were lysed and processed as described above. For turnover 
experiments, HEK-293 T cells were either transfected with vectors 
encoding 3xFLAG-GMPPB, 3xFLAG-GMPPB D334N, or 3xFLAG-
GMPPB K143/162/195R with lipofectamine 200 reagent (Invitrogen, 
Dreieich, Germany). The next day, cells were treated with 10 μM of 
cycloheximide (Sigma-Aldrich, Sant Gallen, Switzerland) at different 
time points. Then, cells were lysed and processed as described above.

Co-localization and immunofluorescence 
microscopy

N2A cells were seeded, either not transfected or transfected with the 
vector encoding 3xFLAG-GMPPB WT using the lipofectamine 2000 
reagent (Invitrogen, Dreieich, Germany), and treated with Earle’s 
Balanced Salt Solution (EBSS, Thermo Fischer, Dreieich, Germany) 
containing 1% (v/v) of penicillin/streptomycin and/or 100 nM of 
bafilomycin (Merck, Darmstadt, Germany) for 6 h. Cells were fixed with 
4% of paraformaldehyde (PFA), blocked with 5% (v/v) with normal goat 
serum, and incubated with primary antibodies overnight at 4°C. For 
immunofluorescence detection, the following primary antibodies were 
used: rabbit anti-GMPPB (Proteintech, 15,094-1-AP, Planegg-
Martinsried, Germany) 1:100, mouse anti-p62 (Abcam, ab56416, 
Cambridge, United Kingdom) 1:500, rat anti-LAMP1 (BD Pharmingen, 
553,792, Heidelberg, Germany) 1:500, and rabbit anti-FLAG (Sigma-
Aldrich, F7425) 1:1000. Corresponding secondary antibodies were 
obtained from Invitrogen. Nuclei were stained with DAPI 1:10,000 
(Thermo Fischer, H3569, Dreieich, Germany). Samples were mounted 
with Fluoromount-G (Southern Biotech, Eching, Germany). Images 
were taken using a Zeiss LSM880, Jena (Germany) Airyscan confocal 
microscope. Z-projections with average intensities processed with 
ImageJ are shown. Co-localization was analyzed with the Comdet v05 
plugin from ImageJ.

For localization analysis of overexpressed WT and mutant 
GMPPB protein, HEK-293 T cells were either transfected with 
3xFLAG-GMPPB WT, 3xFLAG-GMPPB D334N, or 3xFLAG-
GMPPB K143/162/195R with lipofectamine 2000 (Invitrogen, 
Dreieich, Germany). The next day, cells were fixed with 4% of PFA, 
blocked with 5% (v/v) of normal goat serum, and incubated with 
rabbit anti-FLAG M2 antibody (Sigma-Aldrich, F3165, Sant Gallen, 
Switzerland) 1:1,000 overnight at 4°C. After washing with phosphate-
buffered saline (PBS) buffer, specimens were incubated with the 
respective secondary antibodies (Invitrogen, Dreieich, Germany) for 
2 h and subsequently treated with a mounting medium. Imaging was 
performed using a Keyence BZ-X800E, Erfurt (Germany) microscope.

Co-immunoprecipitation and Ni-NTA 
pulldown

HEK-293 T or HEK-293 cells were either transfected with vectors 
encoding GMPPA-Myc6, 3xFLAG-GMPPB, 3xFLAG-GMPPB D27H, 
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3xFLAG-GMPPB P103L, 3xFLAG-GMPPB R287Q, 3xFLAG-GMPPB 
D334N, 3xFLAG-GMPPB K143/162/195R, His6-ubiquitin or 
HA-ubiquitin, or HA-TRIM67 (the TRIM67 cDNA was a gift from 
Sevin Turcan (DKFZ Heidelberg, Germany)), using lipofectamine 
2000 reagent (Invitrogen, Dreieich, Germany) or polyethylenimine. 
For the knockdown of TRIM67, cells were transfected with 600 pmol 
of siRNA either directed against TRIM67 (Thermo Fischer, Dreieich, 
Germany) or scrambled control (Dharmacon, Colorado, Unites 
States) using the lipofectamine 2000 reagent (Invitrogen, Dreieich, 
Germany) a day before transfection with the respective vectors. Two 
days after transfection, cells were lysed using imidazole lysis buffer 
(20 mM of imidazole pH 8.0, 150 mM of NaCl, 2 mM of MgCl2, 
300 mM of sucrose, and 0.25% (v/v) of Triton X-100) and centrifuged 
at 16,900 g. The supernatant was incubated with either anti-Myc- and 
anti-FLAG-antibodies coupled to Protein A Sepharose™ CL-4B 
(Cytiva, Glattbrugg, Switzerland) or Ni-NTA agarose (Qiagen, Hilden, 
Germany) at 4°C for 2 h. After 3–6 washing cycles with lysis buffer, 
samples were boiled at 95°C for 10 min in Laemmli sample buffer.

Western blot analysis

Proteins were denatured at 95°C for 5 min in Laemmli buffer. 
After separation by SDS-PAGE (10% of polyacrylamide gels), proteins 
were transferred onto PVDF membranes (Whatman, Hilden, 
Germany, Roth, Dautphetal, Germany). Membranes were blocked in 
2% (w/v) of bovine serum albumin (BSA) and incubated with primary 
antibodies at appropriate dilutions overnight at 4°C. The following 
primary antibodies were used: rabbit anti-GMPPA (Proteintech, 
15,517-1-AP, Planegg-Martinsried, Germany) 1:500, rabbit anti-
GMPPB (Proteintech, 15,094-1-AP, Planegg-Martinsried, Germany) 
1:500, rabbit anti-GAPDH (Proteintech, 10,494-1-AP, Planegg-
Martinsried, Germany) 1:1,000, rabbit anti-Myc (Merck, 06–340, 
Darmstadt, Germany) 1:1,000, rabbit anti-FLAG M2 (Sigma-Aldrich, 
F3165, Sant Gallen, Switzerland) 1:1,000, rabbit anti-ubiquitin 
(Proteintech, 10,201-2-AP, Planegg-Martinsried, Germany) 1:1,000, 
and rat anti-HA (Roche, 11,867,423,001, Mannheim, Germany) 
1:1,000. Primary antibodies were detected with HRP-conjugated 
secondary antibodies. The detection was performed using the Clarity 
Western ECL Substrate Kit (BioRad). The quantification of bands was 
performed with ImageJ.

Coomassie blue staining of PVDF membranes was performed as 
described before (Franzka et al., 2021b) after protein detection. For 
Coomassie blue staining of transferred proteins, PVDF membranes were 
fixed for 3 min (10% (v/v) of acetic acid and 40% (v/v) of EtOH), stained 
in Coomassie blue solution (0.1% (w/v) of Brilliant Blue R (Serva), 45% 
(v/v) of EtOH, and 10% (v/v) of acetic acid) for 5 min, destained (10% 
(v/v) of acetic acid, 20% (v/v) of EtOH), rinsed in H2O, and then imaged.

Enzyme activity assays

HEK-293 T cells were transfected with vectors either encoding 
3xFLAG-GMPPB WT, 3xFLAG-GMPPB D334N, 3xFLAG-GMPPB 
K143/162/195R, or 3xFLAG-GMPPB K143/162/195R D334N with 
lipofectamine 2000 (Invitrogen, Dreieich, Germany). After 24 h, cells 
were treated with or without PYR-41 (Merck, Darmstadt, Germany) 
to inhibit ubiquitination. After another 24 h, proteins were isolated 
and enriched via methanol/chloroform precipitation for protein 

quantification. Protein pellets were homogenized in assay buffer 
(25 mM of Tris–HCl pH 7.5, 150 mM of NaCl, 4 mM of MgCl2, 0.01% 
(v/v) of Tween 20, 1 mM of dithiothreitol in ultrapure water 
supplemented with complete protein inhibitor cocktail (Roche, 
Mannheim, Germany)), and protein concentration was measured 
using the BCA assay kit (Thermo Fischer, Dreieich, Germany).

Recombinant human MBP-GMPPB and MBP-GMPPB 
K143/162/195R were expressed in E. coli (Merck, Darmstadt, 
Germany) using the pMal-c2X plasmids and purified on amylose-
resin (New England Biolabs, Frankfurt, Germany).

The GDP-mannose-pyrophosphorylase activity was measured as 
described before (Franzka et al., 2021a) by determining the quantity of 
inorganic phosphate generated from pyrophosphate in the presence of 
mannose-1-phosphate (150 μM), GTP (300 μM), and excess 
pyrophosphatase (1 U/mL, Merck, Darmstadt, Germany) in assay buffer 
at 37°C for 60 min. Biochemical reactions were terminated by adding 
equal volumes of revelation buffer (0.03% (w/v) of malachite green 
(Sigma-Aldrich, Sant Gallen, Switzerland), 0.2% (w/v) of ammonium 
molybdate, 0.05% (v/v) of Triton X-100 in 0.7 M HCl) at 30°C for 5 min, 
and the absorbance was measured at 650 nm.

Statistical analyses

For statistical analysis, raw data were analyzed for normal 
distribution with the Kolmogorov–Smirnov goodness-of-fit test or 
with graphical analysis using the Box-Plot and QQ-Plot. If appropriate, 
we either used one-way ANOVA, two-way ANOVA, or Student’s t-test. 
* indicates p < 0.01, ***p < 0.001 and ****p < 0.0001. For statistical 
analysis, we used GraphPad Prism 5. For all data, means with the 
standard error of the mean (SEM) or individual data points with SEM 
were shown.

Results

GMPPB is ubiquitinated

According to the PhosphoSitePlus database, lysines 143, 162, and 
195 of GMPPB are reported to be ubiquitinated (Hornbeck et al., 2015; 
Akimov et al., 2018). To confirm that GMPPB is indeed a target for 
ubiquitination, we co-transfected HEK-293 T cells with FLAG-GMPPB 
and His6-ubiquitin constructs. Subsequently, ubiquitin and ubiquitinated 
proteins were pulled down from cell lysates with Ni-NTA beads and 
analyzed by Western blotting. Indeed, bands for ubiquitinated FLAG-
tagged GMPPB were detectable in the pulldown (Figure 1A). Notably, 
upon co-precipitation of GMPPB with ubiquitin, a second higher 
molecular weight band of around 60 kDa was present, which was not 
visible in input samples that contained 5% of the input used for 
precipitation (Figure 1A). This higher molecular weight band potentially 
represents mono- and poly/multi-ubiquitinated GMPPB. To further 
confirm this assumption, we co-transfected HEK-293 T cells with FLAG-
GMPPB and HA-ubiquitin constructs and immunoprecipitated GMPPB 
with anti-FLAG antibodies. Subsequent SDS-PAGE and Western blotting 
with an anti-HA-tag antibody revealed a ladder of ubiquitinated bands 
in co-transfected cells but not in cells transfected with HA-ubiquitin or 
FLAG-GMPPB alone (Figure 1B).

Next, we co-transfected HEK-293 T cells with FLAG-GMPPB 
and different ubiquitin variants (K0, K63R, K48R, and K29R). 

117

https://doi.org/10.3389/fnmol.2024.1375297
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Franzka et al. 10.3389/fnmol.2024.1375297

Frontiers in Molecular Neuroscience 04 frontiersin.org

Again, we detected bands for FLAG-GMPPB at 50, 60, and 70 kDa, 
confirming the previous results (Figure 1C). In the ubiquitin K0 
variant, all seven lysines were replaced by arginine, thus only 
allowing the ligation to the substrate as mono-ubiquitin. When 
we co-transfected the FLAG-GMPPB with the K0 construct, only 

weak signals for ubiquitinated GMPPB were detectable after 
pulldown with Ni-NTA agarose (Figure 1C, lane 8). The presence 
of two bands for ubiquitin K0-modified GMPPB suggests that 
GMPPB is ubiquitinated at more than one site. However, for 
unknown reasons, the enrichment of ubiquitin K0 was not as 

FIGURE 1

GMPPB is ubiquitinated. (A) Ubiquitinated GMPPB is pulled down with Ni-NTA beads from lysates of HEK-293  T cells, transiently overexpressing His6-
ubiquitin and FLAG3-GMPPB. Input boxes represent 5% of the input used for pulldown. Unmodified and mono-ubiquitinated GMPPB bands (mono-Ubi) 
are indicated. (B) Ubiquitination is also evident upon overexpression of HA-ubiquitin and FLAG3-GMPPB and subsequent immunoprecipitation with 
anti-FLAG M2 antibodies. **heavy chain of the precipitating antibody. Poly-Ubiquitin bands (poly-Ubi) are indicated. Input boxes represent 5% of the 
input used for immunoprecipitation. (C) Ni-NTA pulldown experiments from cell lysates overexpressing FLAG3-GMPPB and His6-ubiquitin WT or His6-
ubiquitin mutant constructs (K0, K29R, K48R, and K63R) show significantly reduced ubiquitination of GMPPB with the ubiquitin mutant K0, while 
GMPPB ubiquitination is increased with the ubiquitin mutant K48R compared to ubiquitin WT (n  =  3 experiments, 1-way-ANOVA with Fischer’s LSD 
test). Unmodified, mono-ubiquitinated (mono-Ubi), and poly-ubiquitinated (poly-Ubi) GMPPB bands are indicated. Input boxes represent 5% of the 
input used for NiNTA-pulldown. Quantitative data are presented as mean  ±  SEM with individual data points. *p  <  0.05; **p  <  0.01; ***p  <  0.001; 
****p  <  0.0001.
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efficient as compared to WT ubiquitin variants (Figure 1C). We also 
assessed constructs, in which K29, K48, or K63 of ubiquitin were 
substituted by arginine, thus precluding the formation of the 
respective poly-ubiquitin chains. Although we did not observe a 
major difference upon co-transfection with either the ubiquitin 
K29R or K63R construct compared to ubiquitin WT (Figure 1C), 
the ubiquitination of GMPPB was significantly increased upon 
co-transfection of FLAG-GMPPB with the ubiquitin K48R variant. 
This suggests that either K48 is obstructive for poly-ubiquitination 
of GMPPB or that mono- or multi-ubiquitination of GMPPB via 
ubiquitin K48 leads to either stabilization or destabilization of the 
protein. Alternatively, the increase in ubiquitinated GMPPB upon 
co-transfection of FLAG-GMPPB with the WT ubiquitin may 
trigger proteasomal degradation, which is impaired when K48-poly-
ubiquitination is prevented, thus leading to the accumulation of 
the protein.

Overall, our findings suggest that GMPPB is indeed  
ubiquitinated.

Patient’s mutations can alter GMPPB 
ubiquitination

Disease-associated GMPPB variants include missense, nonsense, 
and frameshift mutations, which are assumed to result in GMPPB 
loss-of-function (Astrea et al., 2018; Tian et al., 2019). GMPPB activity 
is more severely compromised by missense mutations located in its 
N-terminal nucleotidyl-transferase domain compared to its 
C-terminal β-helix domain (Liu et al., 2021). The latter, however, often 
alters the subcellular localization of GMPPB (Carss et al., 2013; Belaya 
et al., 2015; Tian et al., 2019) or decreases the overall abundance of 
GMPPB (Belaya et al., 2015; Tian et al., 2019). We speculated whether 
the position of the respective patient variant might affect the 
ubiquitination of GMPPB. To this end, we analyzed the ubiquitination 
of the disease-associated variants D27H and P103L, which are located 
in the N-terminal part of GMPPB, as well as R287Q and D334N, 
which are located in the C-terminal part of GMPPB, in HEK-293 T 
cells (Figure 2). In addition, we cloned a construct in which the three 

FIGURE 2

Patient mutations can alter the ubiquitination of GMPPB. Representative blots of Ni-NTA pulldown of overexpressed His6-ubiquitin and FLAG3-GMPPB 
WT and mutant constructs (D27H, P103L, R287Q, D334N, and K143/162/195R) and quantification (n  =  3 experiments, 1-way-ANOVA with Fischer’s LSD 
test). GAPDH is the loading control for input samples. Intensities of pulled-down FLAG-GMPPB bands are normalized to the intensities of pulled-down 
ubiquitin bands and FLAG3-GMPPB bands detected in the input control (normalized to GAPDH). Unmodified and mono-ubiquitinated GMPPB bands 
(mono-Ubi) are indicated. Input boxes represent 5% of the input used for pulldown. Quantitative data are presented as mean  ±  SEM with individual data 
points. *p  <  0.05; **p  <  0.01; ***p  <  0.001; ****p  <  0.0001.
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ubiquitination sites K143, K162, and K195 were replaced by arginine 
(GMPPB 3KR) (Figure  2). Notably, we  could not detect FLAG-
GMPPB 3KR upon Ni-NTA pulldown of His6-ubiquitin (Figure 2). 
GMPPB mutants R287Q and D334N harboring patient mutations in 
the C-terminal part of the protein showed reduced ubiquitination 
(Figure  2), while GMPPB mutants with patient mutations in its 
N-terminal part were not affected (Figure 2).

Overall, these data suggest that patient mutations located in the 
C-terminal part of GMPPB may influence the ubiquitination status 
of GMPPB.

GMPPB interacts with the E3 ubiquitin 
ligase TRIM67

In the biogrid database, we  found that the RING E3 ligase 
TRIM67 is predicted to interact with GMPPB (Oughtred et al., 2021; 
Demirdizen et  al., 2023). To verify the GMPPB interaction with 
TRIM67, we  transfected HEK-293 T cells with FLAG3-GMPPB  
and HA-TRIM67 constructs, respectively. Indeed, upon 
immunoprecipitation of HA-TRIM67, a band for FLAG-tagged 
GMPPB was clearly visible (Figure 3A). To further confirm this result, 
we  co-transfected HEK-293 T cells with the constructs for 
HA-TRIM67 and FLAG3-GMPPB WT and the mutant devoid of all 
three reported ubiquitination sites (K143/162/195R: GMPPB 3KR) 
and immunoprecipitated GMPPB WT and variant protein with anti-
FLAG M2 antibodies. On Western blots, bands for HA-TRIM67 were 
visible when GMPPB WT and mutated constructs were present 
(Figure  3B). To further validate this finding, we  knocked down 
TRIM67 in HEK-293 T cells before co-transfection of FLAG3-GMPPB 
and His6-ubiquitin. Upon Ni-NTA pulldown of His6-ubiquitin, 
approximately 50% less ubiquitination of GMPPB was visible upon 
TRIM67 knockdown (Figure 3C).

In summary, these data show that the ubiquitination of GMPPB 
is at least in part mediated by TRIM67.

GMPPB abundance is controlled by 
autophagy

Ubiquitination can target proteins for proteasomal (Kaiser and 
Huang, 2005; Kirkpatrick et  al., 2006) or lysosomal degradations 
(Marques et  al., 2004; Clague and Urbé, 2010). To test whether 
ubiquitination controls the turnover of GMPPB, we  treated 
HEK-293 T cells with either MG132 to block proteasomal function or 
bafilomycin A1 to block lysosomal degradation. Increasing ubiquitin 
levels confirmed that MG132 treatment was effective (Figure 4A). The 
inhibition of lysosomal degradation by bafilomycin A1 was confirmed 
by the increase in the abundance of SQSTM1/p62 (Figure  4B). 
Because SQSTM1/p62 targets proteins in autophagosomes for 
degradation and is degraded itself during autophagy, increasing 
SQSTM1/p62 levels reflect efficient inhibition of lysosomal 
degradation by bafilomycin A1. While the abundance of GMPPB did 
not change by inhibiting proteasomal degradation (Figure 4A), the 
accumulation of GMPPB upon bafilomycin A1 treatment suggested 
that GMPPB is degraded by the lysosomal pathway (Figure 4B).

There are two major lysosomal-based degradation pathways: the 
degradation of endocytosed proteins by the endosomal pathway and 
the degradation of proteins and damaged organelles by autophagy. To 

further study the role of autophagy for GMPPB turnover, we starved 
neuroblastoma-derived N2A cells (Evangelopoulos et al., 2005) for 6 h 
with Earle’s Balanced Salt Solution (EBSS) to induce autophagy by 
cell starvation (Figure 4C; Supplementary Figure S1B): Bafilomycin 
A1 treatment served as positive control for inhibition of autophagy. 
Immunofluorescence microscopic analysis for GMPPB, SQSTM1/p62, 
a marker for autophagosomes, and the lysosomal marker protein, 
LAMP1, allowed us to assess the co-localization of GMPPB with 
autolysosomes (p62- and LAMP1-positive structures) under normal 
conditions and upon induction of autophagy and upon inhibition  
of autophagy. Notably, EBSS treatment increased the co-localization 
of GMPPB with autolysosomes (p62- and LAMP1-positive),  
which drastically increased upon simultaneous inhibition of  
lysosomal degradation with bafilomycin A1 (Figure  4C; 
Supplementary Figure S1B). To further validate this finding, 
we  overexpressed FLAG-tagged GMPPB in N2A cells and either 
induced autophagy by EBSS treatment for 6 h or blocked autophagy 
simultaneously with bafilomycin A1. Co-labeling of LAMP1, p62, and 
FLAG-tagged of GMPPB allowed us to quantify the co-localization of 
GMPPB with LAMP1 and p62. In agreement with Figure 4C, EBSS 
treatment increased the co-localization of GMPPB with 
autolysosomes, which was further triggered with bafilomycin A1 
treatment (Supplementary Figures S1A,B). These data suggest that 
GMPPB is predominantly degraded via autophagy.

To assess whether the ubiquitination of GMPPB is necessary for 
its lysosomal degradation, we  transfected HEK-293 T cells with a 
construct either encoding GMPPB WT, the disease-associated point-
mutation GMPPB D334N, or GMPPB 3KR and blocked autophagy 
with bafilomycin A1 (Supplementary Figure S2A). Notably, the 
abundance of overexpressed WT and mutant GMPPB increased upon 
bafilomycin A1 treatment (Supplementary Figure S2A).

To assess whether the ubiquitination of GMPPB is important for 
its protein stability and turnover, we overexpressed GMPPB WT, the 
disease-associated variant GMPPB D334N or GMPPB 3KR in 
HEK-293 T cells, and blocked protein translation by cycloheximide 
(CHX). Decreasing ubiquitin levels confirmed an efficient inhibition 
of protein translation (Supplementary Figure S2B). GMPPB WT, 
D334N, and 3KR protein levels decreased over time in a similar ratio 
(Supplementary Figure S2B).

To assess if overexpression of GMPPB results in an accumulation 
within vesicular structures, such as lysosomes, we overexpressed 
GMPPB WT as well as mutant constructs in HEK-293T cells in the 
absence of bafilomycin A1 or EBSS. Cells transfected with GMPPB WT 
and GMPPB 3KR mutant showed a diffuse cytoplasmic staining pattern 
for GMPPB, whereas cells transfected with the GMPPB D334N mutant 
showed a more aggregated staining pattern (Supplementary Figure S2C). 
Overall, ubiquitination does not seem to regulate the degradation 
of GMPPB.

The interaction of GMPPB and GMPPA is 
independent of the ubiquitination of 
GMPPB

Since ubiquitination can influence protein interactions (Foronda 
et  al., 2023), we  speculated whether the ubiquitination of GMPPB 
affects its interaction with GMPPA. To this end, we  overexpressed 
FLAG3-GMPPB WT and the disease-associated variant D334N, which 
is less ubiquitinated (Figure 2), and the ubiquitination-deficient mutant 
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FIGURE 3

GMPPB interacts with the E3 ubiquitin ligase TRIM67. (A) Overexpressed FLAG3-GMPPB co-precipitates with HA-TRIM67. GAPDH is the loading control 
for the input. Input boxes represent 5% of the input used for precipitation. (B) Overexpressed HA-TRIM67 co-precipitates with FLAG3-GMPPB WT and 
FLAG3-GMPPB 3KR (K143R, K162R, and K195R) upon IP with anti-FLAG M2 antibodies. GAPDH is the loading control for input samples. Input boxes 
represent 5% of the input used for precipitation. (C) Representative immunoblots of Ni-NTA pulldown of overexpressed His6-ubiquitin and FLAG3-
GMPPB WT at control condition (scrambled siRNA) or upon siRNA mediated knockdown and quantification (n  =  4 experiments, Student’s t-Test). 
GAPDH is the loading control for input samples. The Intensities of pulled-down FLAG3-GMPPB bands are normalized to the intensity of pulled-down 
ubiquitin bands and FLAG3-GMPPB bands detected in the input control (normalized to GAPDH). Unmodified and mono-ubiquitinated GMPPB bands 
(mono-Ubi) are indicated. Input boxes represent 5% of the input used for precipitation. Quantitative data are presented as mean  ±  SEM with individual 
data points. **p  <  0.01.
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FIGURE 4

GMPPB protein levels are controlled via autophagy. (A) The inhibition of proteasomal protein degradation with MG132 does not affect the abundance 
of endogenous GMPPB in HEK-293  T cells. Detection of ubiquitin served as a control for efficient MG132 treatment. GAPDH and Coomassie staining 
are the loading control. Mean band intensities are normalized to GAPDH (n  =  3 experiments, 1-way-ANOVA with Fischer’s LSD test). (B) The inhibition 
of lysosomal degradation with bafilomycin A1 in HEK-293  T cells leads to an increase in the abundance of GMPPB. The accumulation of SQSTM1/
p62 in the presence of bafilomycin A1 confirms the inhibition of lysosomal degradation. GAPDH and Coomassie staining served as loading control. 
Mean band intensities are normalized to GAPDH (n  =  3 experiments, 1-way-ANOVA with Fischer’s LSD test). (C) EBSS starvation for 6  h or the inhibition 
of lysosomal degradation with bafilomycin A1 increases the co-localization of GMPPB with autolysosomes (LAMP1- and p62-positive puncta) in N2A 
cells. Co-localization is analyzed with the Comdet v05 plugin from ImageJ. N  =  3 experiments with 10–15 cells/genotype per condition and 
experiment, scale bar: 15  μm. White arrowheads indicate exemplary co-localization. Quantitative data are presented as mean  ±  SEM with individual data 
points. *p  <  0.05; **p  <  0.01; ***p  <  0.001; ****p  <  0.0001.
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FLAG3-GMPPB 3KR together with HA-ubiquitin and GMPPA-Myc6 in 
HEK-293 T cells. We did not observe any difference in the interaction 
between GMPPA and GMPPB WT or mutated GMPPB variants, and 
co-expression of HA-ubiquitin also did not influence their interaction 
(Figure 5; Supplementary Figure S2A). Overall, these data suggest that 
ubiquitination does not affect the interaction between GMPPB 
and GMPPA.

The ubiquitination of GMPPB regulates its 
enzymatic activity

In addition to protein turnover and degradation, localization, 
protein interaction, trafficking, and secretion, ubiquitination can also 
affect the activity of enzymes (Pickart and Eddins, 2004; Yang et al., 
2021). Therefore, we  speculated whether this also applies to 
GMPPB. To this end, we either overexpressed FLAG3-GMPPB WT 

or the disease-associated D334N variant, the ubiquitination-deficient 
variant GMPPB 3KR or the 3KR D334N double mutant in HEK-293T 
cells. After protein enrichment by methanol–chloroform 
precipitation, we measured the enzymatic activity by colorimetric 
read-out of generated phosphate in the presence of mannose-1-
phosphate, GDP-mannose, GTP, and pyrophosphatase (Figure 6A). 
Of note, lysine 162 has been reported to be a part of the catalytic 
center of GMPPB (Zheng et al., 2021). As a control, we also incubated 
cells expressing FLAG3-GMPPB WT with PYR-41, which irreversibly 
blocks E1 ligases and thus ubiquitination (Yang et al., 2007). Notably, 
GMPPB activity was significantly reduced for GMPPB D334N, for 
GMPPB 3KR, and GMPPB 3KR D334N compared to WT (Figure 6B; 
Supplementary Figures S2B,C). The GMPPB 3KR D334N variant 
showed a slightly more decreased GMPPB activity compared to the 
single mutants (Figure  6B; Supplementary Figure S3B). The 
incubation of the WT control with the ubiquitination blocking agent 
PYR-41 significantly decreased the enzymatic activity of GMPPB WT 

FIGURE 5

The ubiquitination of GMPPB does not affect its interaction with GMPPA. HEK-293  T are co-transfected with constructs for GMPPA-Myc6 together with 
or without HA-ubiquitin and either FLAG3-GMPPB WT, D334N, or GMPPB 3KR, immunoprecipitated via anti-Myc antibodies coupled to beads and 
analyzed by immunoblot (n  =  3 experiments, one-way-ANOVA with Fischer’s LSD test). GAPDH is the loading control for input samples. Intensities of 
pulled-down FLAG-tagged proteins are normalized to the intensity of pulled-down ubiquitinated proteins and FLAG-tagged proteins detected in the 
input control (normalized to GAPDH). Input boxes represent 5% of the input used for precipitation. Quantitative data are presented as mean  ±  SEM with 
individual data points.
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(Figure 6B; Supplementary Figure S3B). To exclude that the amino 
acid substitutions in the GMPPB 3KR mutant might affect the overall 
structure or arrangement of its active center without ubiquitination 
being involved, we  generated a recombinant GMPPB WT and 
GMPPB 3KR mutant and measured their enzymatic activity. Notably, 
we did not detect differences between WT and mutant, suggesting 
that the amino acid substitutions did not change the arrangement of 
the catalytic center (Figure 6C; Supplementary Figure S3C).

In summary, the ubiquitination of GMPPB affects its 
enzymatic activity.

Discussion

We and others have previously shown that GMPPB, which 
facilitates the conversion of mannose-1-phosphate and GTP to 
GDP-mannose (Ning and Elbein, 2000), interacts with its paralogue 
GMPPA (Zheng et al., 2021; Franzka et al., 2021a). GMPPA lacks 
enzymatic activity but can still bind GDP-mannose and thus provides 
a feedback mechanism to limit GMPPB activity as an allosteric 
feedback inhibitor. Mutations in GMPPB are associated with variable 

disorders such as muscular dystrophy and other neurological 
symptoms, including intellectual disability, epilepsy, and cerebellar 
hypoplasia (Carss et al., 2013; Belaya et al., 2015; Liu et al., 2021).

According to the PhosphoSitePlus database (Hornbeck et al., 2015; 
Akimov et  al., 2018), GMPPB is predicted to be  ubiquitinated. In 
agreement with this prediction, we  here show that GMPPB can 
be precipitated with Ni-NTA beads, which bind to His6-ubiquitin. 
Notably, we  observed a second and a faint third band of higher 
molecular weight, likely representing mono- and poly/multi-
ubiquitinated GMPPB proteins. Because these bands were absent from 
input samples, we  hypothesize that they are only detected upon 
enrichment for ubiquitinated proteins. This suggests that only a 
fraction of GMPPB is modified by ubiquitination. The lower molecular 
weight band showed a more prominent intensity compared to the 
higher molecular weight bands. Possibly, GMPPB forms oligomeric 
complexes (Zheng et  al., 2021) with GMPPA, and thus, potential 
ubiquitination sites might be covered by this interaction. Upon FLAG3-
GMPPB co-immunoprecipitation with HA-ubiquitin, we  detected 
several bands at different molecular heights for HA-ubiquitin. These 
bands might represent mono- and poly/multi-ubiquitinated GMPPB 
or ubiquitinated interaction partners of GMPPB.

FIGURE 6

The ubiquitination of GMPPB is important for its enzymatic activity. (A) Rationale to monitor the activity of GMPPB. (B) Activity measurements were 
performed in a cuvette format. While FLAG3-GMPPB WT displayed enzymatic activity, the activity is significantly reduced for FLAG3-GMPPB D334N, 
FLAG3-GMPPB 3KR, and FLAG3-GMPPB 3KR D334N. As a control, the ubiquitination of FLAG3-GMPPB WT is inhibited with PYR-41 before measuring 
enzymatic activity. Purified proteins from cells transfected with the empty FLAG3-vector alone served as a negative control. Lysate of empty vector-
transfected cells served as a negative control (n  =  3 experiments, one-way-ANOVA with Fischer’s LSD test). (C) Activity measurements using 
recombinant unubiquitinated MBP-GMPPB WT and MBP-GMPPB 3KR. Quantitative data are presented as mean  ±  SEM with individual data points. 
*p  <  0.05; **p  <  0.01; ***p  <  0.001; ****p  <  0.0001.
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Protein ubiquitination plays a crucial role in various biological 
processes, including development, cancer (Shi and Grossman, 2010), 
aging (Hughes et al., 2022), neuronal differentiation and survival 
(Bax et al., 2019), and synaptic function (Hegde, 2010; Mabb and 
Ehlers, 2010), as well as axonal guidance and cognitive function 
(Pinto et al., 2021). Interestingly, ubiquitination is in crosstalk with 
various other post-translational modifications, including 
SUMOylation, phosphorylation, acetylation, methylation, 
hydroxylation, prolyl isomerization, PARylation, neddylation, and 
O-GlcNAcylation (Guan et al., 2018; Barbour et al., 2023). Moreover, 
ubiquitination can be modulated by O-GlcNAcylation (Guinez et al., 
2008). In addition to ubiquitination, GMPPB has been predicted to 
be  phosphorylated, methylated, and O-GlcNAcylated (Hornbeck 
et al., 2015), but the functional consequences of the PTMs have not 
been addressed so far.

Substrate specificity of ubiquitination is brought about by 
different E3 ligases. Because the E3 ligase TRIM67 was found in the 
interactome of GMPPB (Oughtred et al., 2021; Demirdizen et al., 
2023), we assessed whether TRIM67 and GMPPB indeed interact. 
Our co-immunoprecipitation studies confirm the interaction, 
suggesting that TRIM67 might serve as an E3 ligase for 
GMPPB. Indeed, ubiquitinated GMPPB was almost halved upon 
knockdown of TRIM67, confirming that TRIM67 acts as an E3 ligase 
for GMPPB. However, this also indicates that TRIM67 is not the 
only ligase responsible for GMPPB ubiquitination. Notably, GMPPA 
was also predicted to be ubiquitinated (Hornbeck et al., 2015) and 
also interacts with TRIM67 (Oughtred et al., 2021; Demirdizen et al., 
2023). TRIM67 is involved in cancer progression (Jiang et al., 2020; 
Demirdizen et al., 2023), neuritogenesis (Yaguchi et al., 2012), and 
axonal guidance (Boyer et al., 2020), as well as brain development 
and cognitive function (Boyer et  al., 2018). Remarkably, some 
disease-associated mutations with reduced enzymatic activity 
compromised the ubiquitination of GMPPB. Possibly, these 
mutations impair the binding of the E3 ligase to GMPPB. Since the 
E3 ligaseTRIM28 and the E2 enzyme UBE2V1 have been found to 
interact with GMPPB (Jang et al., 2018; Oughtred et al., 2021), and 
TRIM28 and PARK2 have been found in the interactome of GMPPA 
(Wan et al., 2015; Jang et al., 2018; Oughtred et al., 2021; Sun et al., 
2022), both proteins represent further potential E3 ligase candidates 
contributing to GMPPB ubiquitination, which should be assessed in 
future studies.

Ubiquitin itself contains seven different lysine residues (K6, K11, 
K27, K29, K33, K48, and K63) that potentially can be  used for 
ubiquitin modifications (Mallette and Richard, 2012; Callis, 2014). 
Depending upon the amount of ubiquitin molecules attached to a 
protein and the lysine linkage, proteins are targeted to different 
outcomes. Mono-ubiquitination, for example, is involved in DNA 
repair and gene expression (Passmore and Barford, 2004), while poly-
ubiquitination is involved in protein degradation, signal transduction, 
or kinase activation (Passmore and Barford, 2004). Notably, GMPPB 
ubiquitination was increased for a modified ubiquitin, with lysine 48 
being replaced by arginine. This suggests that ubiquitination of 
GMPPB stabilizes the protein at conditions where GMPPB is not 
predominantly poly-ubiquitinated at K48.

Ubiquitination often targets proteins for proteasomal degradation 
via K48-linked poly-ubiquitination (Kaiser and Huang, 2005; 
Kirkpatrick et al., 2006). Because the abundance of GMPPB did not 

increase upon the inhibition of proteasomal degradation, we  also 
considered that the ubiquitination may target GMPPB for lysosomal 
degradation (Marques et  al., 2004; Clague and Urbé, 2010). This 
assumption was confirmed by increased GMPPB levels upon the 
inhibition of lysosomal degradation with bafilomycin A1 and was 
further verified by the co-localization of GMPPB with autophagic 
vesicles, which strongly increased upon the inhibition of autophagy as 
seen in immunofluorescence and immunoblot analysis. In agreement, 
a previous study showed that disease-associated GMPPB variants were 
degraded via autophagy (Tian et  al., 2019). Notably, the protein 
abundance of a GMPPB mutant devoid of all three reported ubiquitin 
sites still increased upon inhibition of lysosomal degradation. This 
finding suggests that GMPPB degradation is independent of its 
ubiquitination. Of note, other proteins necessary for protein 
mannosylation, such as mannose-phosphate isomerase (MPI) or 
phospho-mannomutase (PMM), are predicted to be ubiquitinated as 
well in the PhosphoSitePlus database (Hornbeck et  al., 2015). In 
contrast to GMPPB, however, PMM is degraded by the proteasomal 
pathway (Vilas et al., 2020). Whether other mannosylation-associated 
enzymes, such as MPI, are degraded via the proteasomal or lysosomal 
pathway is still elusive.

Ubiquitin can act as a reversible and dynamic platform for protein–
protein interactions. Proteins that contain ubiquitin-binding domains 
can interact with each other by using ubiquitin as a linker molecule 
(Magits and Sablina, 2022). Since both GMPPB and GMPPA have been 
reported to be ubiquitinated (Hornbeck et al., 2015), we speculated 
whether the ubiquitination of GMPPB is important for its interaction 
with GMPPA. However, disruption of the three reported ubiquitination 
sites in GMPPB did not compromise the interaction between 
GMPPB and GMPPA. Upon HA-ubiquitin and FLAG3-GMPPB 
co-immunoprecipitation with GMPPA-Myc6, we  detected several 
bands at different molecular heights for HA-ubiquitin. These bands 
might represent mono- and poly/multi-ubiquitinated GMPPA or 
ubiquitinated interaction partners of GMPPA. To date, no other 
ubiquitinated interaction partners are known for GMPPA besides 
GMPPB, and it remains elusive whether the ubiquitination of GMPPA 
might be important for its interaction with GMPPB.

It has been shown that ubiquitination may also affect the activity 
of transcription factors and signaling proteins (Kim et al., 2003; Zhu 
et  al., 2021). Thus, we  considered whether the loss of GMPPB 
ubiquitination may affect its enzymatic activity. Indeed, blocking 
protein ubiquitination by irreversible inhibition of E1 ligases with 
PYR-41 or replacing the three potential ubiquitinated lysines of 
GMPPB with arginine decreased its catalytic activity. The disease-
associated patient variant GMPPB D334N, which is less ubiquitinated, 
also displayed reduced enzymatic activity, which is in agreement with 
a recent study (Liu et al., 2021), but it was assumed that this may also 
be related to a different subcellular localization of the mutant protein 
(Carss et  al., 2013). Interestingly, several enzymes important for 
protein mannosylation, such as phospho-mannomutase (PMM), 
mannose-6-phosphate-isomerase (MPI), or protein O-linked 
mannose N-acetylglucosaminyltransferase 1 (POMGNT1), are 
predicted to be ubiquitinated as well (Hornbeck et al., 2015) and also 
interact with the E3 ligase TRIM67 (Oughtred et al., 2021; Demirdizen 
et al., 2023), suggesting that ubiquitination might be common feature 
of enzymes in the mannosylation pathway. However, this has not been 
addressed experimentally so far.
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In summary, our study shows that ubiquitination of GMPPB does 
affect neither its stability nor its interaction with GMPPA but 
modulates its enzymatic activity. Thus, ubiquitination provides 
another level to regulate GMPPB activity and mannosylation.
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More than 650 reversible and irreversible post-translational modifications (PTMs) 
of proteins have been listed so far. Canonical PTMs of proteins consist of the 
covalent addition of functional or chemical groups on target backbone amino-
acids or the cleavage of the protein itself, giving rise to modified proteins with 
specific properties in terms of stability, solubility, cell distribution, activity, 
or interactions with other biomolecules. PTMs of protein contribute to cell 
homeostatic processes, enabling basal cell functions, allowing the cell to respond 
and adapt to variations of its environment, and globally maintaining the constancy 
of the milieu interieur (the body’s inner environment) to sustain human health. 
Abnormal protein PTMs are, however, associated with several disease states, 
such as cancers, metabolic disorders, or neurodegenerative diseases. Abnormal 
PTMs alter the functional properties of the protein or even cause a loss of protein 
function. One example of dramatic PTMs concerns the cellular prion protein 
(PrPC), a GPI-anchored signaling molecule at the plasma membrane, whose 
irreversible post-translational conformational conversion (PTCC) into pathogenic 
prions (PrPSc) provokes neurodegeneration. PrPC PTCC into PrPSc is an additional 
type of PTM that affects the tridimensional structure and physiological function 
of PrPC and generates a protein conformer with neurotoxic properties. PrPC 
PTCC into PrPSc in neurons is the first step of a deleterious sequence of events 
at the root of a group of neurodegenerative disorders affecting both humans 
(Creutzfeldt–Jakob diseases for the most representative diseases) and animals 
(scrapie in sheep, bovine spongiform encephalopathy in cow, and chronic wasting 
disease in elk and deer). There are currently no therapies to block PrPC PTCC 
into PrPSc and stop neurodegeneration in prion diseases. Here, we review known 
PrPC PTMs that influence PrPC conversion into PrPSc. We summarized how PrPC 
PTCC into PrPSc impacts the PrPC interactome at the plasma membrane and the 
downstream intracellular controlled protein effectors, whose abnormal activation 
or trafficking caused by altered PTMs promotes neurodegeneration. We discussed 
these effectors as candidate drug targets for prion diseases and possibly other 
neurodegenerative diseases.

KEYWORDS

neurodegenerative diseases, signaling, sialylation, phosphorylation, α-Secretases, 
ROCK, PDK1 (PDPK1), PDK4

1 Introduction

The structure, dynamics, and functionalities of proteins depend on or are influenced by 
post-translational modifications (PTMs), i.e., chemical reactions that occur after the synthesis 
of proteins. Protein PTMs can be reversible or irreversible and are, most often, driven by 
enzymes. Reversible PTMs of proteins are associated with the covalent addition of functional 
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or chemical groups, such as the acetyl, phosphate, methyl, glycan, 
short- and long-chain acyl, or ubiquitin groups, among others, on the 
side-chain of key amino acids of the targeted protein (Ramazi and 
Zahiri, 2021). The addition of those chemical functions relies on the 
activity of specific enzymes (acetylases, kinases, methylases, 
glycanases, ubiquitinases, etc) that catalyze the transfer of the group 
from a specific donor to the protein. Those PTMs are reversible as 
they are removed by hydrolytic enzymes (deacetylases, phosphatases, 
demethylases, deubiquitinases, etc.) that regenerate a naked protein 
with functional properties distinct from those of the post-
translational modified counterpart. Reversible PTMs contribute to 
the spatio-temporal regulation of biological processes that notably 
relate to cell signaling events, genome plasticity, the regulation of 
gene expression, or energy metabolism (Humphrey et  al., 2015; 
Millán-Zambrano et  al., 2022). By contrast, irreversible PTMs of 
proteins sometimes refer to glycation and deamidation but mostly 
relate to the proteolytic modifications of proteins. Several proteases 
achieve the cleavage of the concerned protein, giving rise to protein 
fragments with distinct biological functions (Walsh et al., 2005). For 
example, some enzymes (e.g., digestive enzymes) and hormones (e.g., 
insulin) are synthesized in an immature form, called the pro-form, 
and turn activated after the proteolytic removal of one or several 
fragments (Triebel et al., 2022). Those PTMs are irreversible, so the 
degradation of the modified protein is necessary to regulate the 
biological process in which the protein is involved. Another type of 
irreversible, non-classical PTMs relates to the transconformational 
conversion of proteins, which differs from the subtle protein 
structural changes associated with protein activity and regulation. 
The transconformational conversion of proteins consists of deep 
modifications of the protein folding, i.e., the rearrangement of the 
protein with changes in the ratio between α-helix and β-sheet 
elementary folding motifs (Louros et al., 2023). These PTMs that 
affect the global architecture of the protein cause changes in the 
physicochemical properties of the protein, such as the surface charges 
and solubility, thereby leading to protein conformers that often 
display biological activity distinct from the conformer they derive 
(Louros et al., 2023). One unfortunate famous example of such post-
translational conformational conversion (PTCC) of proteins relates 
to prions. Prions were highly publicized in the late 20th century with 
the mad cow disease crisis and the emergence of the variant 
Creutzfeldt–Jakob disease in humans caused by the transmission of 
prion pathology from cows to humans through food contaminated 
with prions (Knight, 2017). Even if the mad cow crisis is behind us, 
the emergence of chronic wasting disease (CWD) that concerns elk 
and deer and, for the moment, is confined to North America, Japan, 
and Scandinavia (Tranulis and Tryland, 2023), combined with the 
risk of CWD transmission to humans (Hannaoui et  al., 2022), 
necessitates improving our knowledge of the mechanisms underlying 
prion diseases to rationalize therapeutic strategies to combat these 
devastating neurodegenerative disorders.

Prion diseases are caused by an infectious and neurotoxic 
protein, the scrapie protein (PrPSc), which results from the post-
translational conformational conversion of the normal cellular prion 
protein PrPC (Prusiner, 1998). While the 3D structure of PrPC 
contains three α-helices in the ordered globular domain of the 
protein, the α-helices are remodeled in favor of the formation of 
β-sheets in the 3D structure of PrPSc. Such changes in PrP structure 
confer PrPSc insoluble properties in detergents and partial resistance 

to proteolysis. Moreover, PrPSc β-sheets are responsible for the 
aggregation of PrPSc molecules and the formation of fibrillar amyloid 
assemblies (Cobb et al., 2007; Kraus et al., 2021). As PrPSc promotes 
the conversion of PrPC through direct interaction of PrPSc with PrPC, 
post-translational conformational changes of PrPC into PrPSc are 
autocatalytic, which sustains the prion concept formulated in the 80s 
(Prusiner, 1986). It is established that PrPC conversion into PrPSc in 
neurons is at the root of prion diseases (Mallucci et al., 2003). PrPC 
is a ubiquitous protein that is more expressed in neurons and is 
present at the cell surface. Acting at the plasma membrane as a 
neuronal receptor or co-receptor (Mouillet-Richard et al., 2000) or a 
scaffolding protein that governs the dynamic assembly of signaling 
modules (Linden et al., 2008), PrPC controls signaling effectors that 
all contribute to the regulation of neuronal functions (Schneider, 
2011). As PrPC is subjected to several PTMs, we here review how 
those PTMs of PrPC impact the transconformational conversion of 
PrPC into PrPSc. We also summarize how PrPC PTCC into PrPSc (i) 
affects PrPC interactome at the plasma membrane and (ii) impacts 
PrPC downstream signaling effectors, whose activity or trafficking 
disturbed by imbalanced PTMs contribute to the progression of 
prion diseases.

2 Post-translational modifications of 
PrPC: friends or foes in prion diseases?

2.1 Several PrPC PTMs generate 
heterogeneity in the PrPC landscape

PrPC is coded by the PRNP gene located in chromosome 20 in 
the human genome (chromosome 2 in mice). The translation of the 
protein generates a single polypeptide chain of 253 amino-acids 
that folds as three α-helices and two short anti-parallel β-sheets in 
the C-terminal PrPC domain, while the N-terminal domain remains 
flexible (Zahn et al., 2000) and its conformation varies depending 
on the ligand interacting with this region (Zahn, 2003). Several 
PTMs occur on PrPC consisting of the removal of the N-terminus 
signal sequence when the protein enters the endoplasmic reticulum, 
the attachment of a GlycosylPhosphatidylInositol (GPI) moiety at 
residue 230 of PrPC C-terminus, two N-glycosylations at Asn181 
and Asn197, the formation of a disulfide bridge between Cys179 
and Cys214 that ensures the stability of the C-terminal domain of 
PrPC, and the cleavage of the protein between amino-acids 111 and 
112 by ADAM10 and TACE (aka ADAM17) α-secretases (Figure 1) 
(Vincent et al., 2001; Rudd et al., 2002). Such PTMs of PrPC give 
rise to a heterogeneous population of GPI-anchored PrPC molecules 
at the plasma membrane, i.e., full-length and truncated PrPC 
carrying no, one, or two N-glycans (Figure  1). Nevertheless, 
unglycosylated PrPC represents a minor proportion of PrPC 
molecules present in the plasma membrane. The nature of the 
sugars composing the glycans (Ermonval et al., 2009b), which are 
more or less decorated with sialic acid (Baskakov and Katorcha, 
2016), expands the diversity of cell surface PrPC molecules with an 
apparent molecular mass ranging from 17 to 35 kDa. In cells, 
sialoglycosylated PrPC resides in lipid rafts of the plasma membrane 
(Taylor and Hooper, 2006). Sialylation of PrPC GPI anchor acts as 
a signal that targets the protein to the synapse in neurons (Figure 1) 
(Bate et al., 2016).
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2.2 The GPI anchor of PrPC favors the 
amplification and spread of prion infectivity

As the GPI anchor is found attached to the C-terminus of both 
PrPC and PrPSc (Stahl et al., 1990), the GPI anchor has been initially 
proposed to play an active role in the replication of PrPSc. However, 
PrPSc replication occurs when using recombinant PrPC purified from 
bacteria, i.e., devoid of GPI anchor (Colby et al., 2007). PrPC PTCC 
into PrPSc also occurs in mice expressing GPI anchorless-PrPC 
(Chesebro et al., 2005; Aguilar-Calvo et al., 2017) and in patients with 
Gerstmann–Sträussler–Scheinker (GSS) Syndrome who express 
anchorless PrPC due to Q227X stop codon mutation in PRNP gene, 
i.e., before the site of insertion of the GPI anchor (Shen et al., 2021). 
Thus, the GPI moiety does not appear to be fundamental to PrPC 
PTCC into PrPSc. Nevertheless, based on the observation that mice 
expressing GPI anchorless-PrPC and infected with prions display 
fibril-containing plaques larger than those in prion-infected wild-type 
mice, the GPI anchor is suspected to obstruct fibril assembly (Aguilar-
Calvo et al., 2017).

Additional experiments combining cell-based assays and in vivo 
approaches also revealed that the GPI anchor is needed for the 
establishment and maintenance of chronic prion infection within a 
cell (McNally et  al., 2009). Such a role of the GPI anchor in the 
persistence of prion infection is presumably not attributed to the 
targeting of PrPC to specific membrane environments compatible with 
prion formation. GPI-anchored PrPC would rather serve to amplify 
PrPSc production, thus enabling the spreading of infectivity between 
cells (Figure  1) according to different cell modalities (Vilette 
et al., 2018).

2.3 Sialylation of N-glycans of PrPC acts as 
a filter for prion strain selection

Mutagenesis experiments designed to suppress the two N-linked 
glycosylation sites in the C-terminal PrPC domain indicated that 
glycans limit the formation of fibrils and spongiosis in the brains of 
prion-infected mice (Sevillano et  al., 2020). By stabilizing 

FIGURE 1

PrPC PTMs influence the post-translational conformational conversion of PrPC into PrPSc and determine features of prion diseases. Schematic 
representations of (i) PrPC structure showing PrPC PTMs (glycosylation, sialylation, disulfide bond, GPI anchoring, and α-cleavage) and (ii) PrPC isoforms 
(non, mono, or biglycosylated full-length and truncated PrPC) ranging from 17 to 35  kDa revealed by PrP immunoblotting (insert 1). The post-
translational conformational conversion (PTCC) of PrPC into pathogenic prions (PrPSc) changes the 3D structure of PrPC with the suppression of the 
three α-helices (H1, H2, and H3) and modification of the two β-sheets (β1 and β2) in favor of a global β-sheet enrichment in PrPSc. PrPSc displays 
physicochemical properties distinct from PrPC, including partial resistance to proteolysis of PrPSc submitted to proteinase K (PK) digestion (insert 2). 
Depending on the nature of PrPC PTMs, PrPC PTMs influence, positively or negatively, PrPC PTCC into PrPSc and take part in prion strain selection, prion 
accumulation, fibril formation, prion neurotoxicity, and spreading of prion infectivity.
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intramolecular interactions with the N-terminal domain of PrPC, the 
N-glycans maintain a PrPC physiological fold that resists the 
acquisition of a toxic conformation (Schilling et al., 2023). In addition, 
the sialylation of the N-linked carbohydrates, but not of the GPI 
anchor, was shown to create a prion replication barrier due to 
electrostatic repulsion forces between sialic residues that constraint 
PrPC structure (Katorcha et al., 2015, 2016). Thus, PrPC molecules that 
are poorly glycosylated with hyposialylated N-linked glycans would 
be more prone to convert into PrPSc (Bosques and Imperiali, 2003). 
Baskakov’s laboratory further showed that the sialoglycan profile of 
cell surface PrPC dictates the selective recruitment of PrPC molecules 
by pathogenic prions, leading to the emergence of a prion strain with 
a unique sialoglycoform signature and prion disease phenotype 
(Figure 1) (Makarava et al., 2020). Of note, the sialylation state of PrPSc 
evolves with PrPSc invasion of secondary lymphoid organs, such as the 
spleen, in which PrPSc is more sialylated than in the brain. The 
hypersialylation of N-glycans of PrPSc in secondary lymphoid organs 
vs. the brain reflects different equipment of sialyltransferases between 
organs and is proposed as a mechanism that dissimulates PrPSc from 
the immune survey (Srivastava et al., 2015). The selection of PrPC 
molecules with a definite level of sialic acid on N-glycans enters the 
complex process of prion strain evolution that balances the rapid 
conversion of PrPC into PrPSc and PrPSc protection against the immune 
system (Makarava and Baskakov, 2023).

2.4 The α-cleavage and shedding of PrPC 
brake PrPC conversion into PrPSc

ADAM10/17-mediated α-cleavage of PrPC between the amino 
acids 111 and 112 exerts protection against prion infection. Truncated 
PrPC (also called PrP C1 fragment) resists the post-translational 
conformational conversion induced by PrPSc and exerts a dominant 
negative effect on the conversion of full-length PrPC into PrPSc 
(Westergard et  al., 2011). However, prion infection cancels PrPC 
α-cleavage in favor of a redox-induced β-cleavage of PrPC between 
residues 89/90, generating PrP C2 fragment (Chen et al., 1995). As the 
C2 fragment converts into PrPSc and does not inhibit the conversion 
of full-length PrPC into PrPSc, the PTM switch between the α- and 
β-cleavage of PrPC contributes to the exponential accumulation of 
PrPSc. ADAM10 α-secretase also displays the capacity to execute PrPC 
cleavage upstream of the GPI anchor, which generates a 
GPI-anchorless PrP called shed PrP (Kovač and Čurin Šerbec, 2018). 
Shed PrP floats in bodily fluids, binds PrPSc oligomers, prevents their 
replication, or acts as nucleation seeds that promote the deposition 
and neutralization of PrPSc (Mohammadi et  al., 2023). Deficit in 
ADAM10-mediated shedding of PrPC within a prion infectious 
context contributes to PrPSc accumulation and progression of prion 
diseases (Figure 1) (Chen et al., 2014; Altmeppen et al., 2015).

2.5 PTMs of PrPC, prion strains, and prion 
diseases

While PrPC PTCC into PrPSc is at the root of all prion diseases, 
these neurodegenerative diseases constitute a heterogeneous group. 
Considering the same host, prion diseases can exhibit different 
phenotypes characterized by distinct clinical signs, magnetic 

resonance imaging (MRI) signals, disease incubation times, brain 
lesion profiles, and PrPSc deposit types. These phenotypes are 
associated with specific PrPSc biochemical properties in terms of 
electrophoretic profiles, degree of N-glycosylation, and resistance to 
proteinase K digestion (Silva et  al., 2015). The biochemical and 
pathological characteristics of PrPSc are stable and conserved when 
PrPSc is successively transmitted to the same host species, leading to 
the concept of prion strains and their classification into several 
disease-associated PrPSc types (Parchi et al., 1999; Collinge and Clarke, 
2007; Carta and Aguzzi, 2022). The structure analysis of ex vivo 
pathogenic prions at high resolution by cryogenic electron microscopy 
(Cryo-Em) revealed that prion strains display analogous β-arch 
topologies but differ in their conformation details (Kraus et al., 2021; 
Hoyt et  al., 2022; Manka et  al., 2022; Cracco et  al., 2023). 
Conformational differences between strains would relate to constraints 
exerted by PrPC PTMs at the level of N-glycans and the GPI anchor 
(Vázquez-Fernández et al., 2016).

As mentioned above, the post-translational modifications of PrPC 
by N-glycosylation, sialylation, and cleavage give rise to a great 
diversity of PrPC molecules at the cell surface. The PTM profile of PrPC 
varies according to the cell context due to cell-type specific equipment 
in sialyltransferases, glycosidases, α-secretases, etc. Specific PTM 
combinations at the proximal level of PrPC in defined brain areas and 
peripheral tissues would thus sustain the regio-selective emergence of 
peculiar prion strains, their accumulation, tropism toward definite 
neuronal cell types, and the susceptibility of specific neuronal 
populations to respond to prion strain infection, ultimately leading to 
neurodegeneration. Supporting the idea of an intricate link between 
PrPC PTM profiles, regionalized PTCC of PrPC into PrPSc, and prion 
strain-associated neuropathological lesions, post-mortem detection 
of spongiform degeneration in sporadic Creutzfeldt–Jakob disease 
(CJD) brain using diffusion MRI showed that the location of the 
epicenter and the propagation profile of lesions depend on the prion 
strain (Pascuzzo et al., 2020). In the near future, single-cell approaches, 
transcriptomic and proteomic analyses, and the profiling of PrPC 
PTMs should permit the categorization of brain cell populations that 
select, replicate, and propagate specific prion strains.

In prion diseases, PrPC PTCC into PrPSc represents the first critical 
step in neuropathogenesis, which is, positively or negatively, 
influenced by a set of limited PTMs that concern the N-glycans, 
GPI-anchor, and cleavages of PrPC (Figure 1). In the PrPSc-induced 
neurodegenerative domino game, PrPC PTCC into PrPSc impacts PrPC 
signaling partners in the plasma membrane (i.e., PrPC interactome) 
and downstream PrPC-coupled neuronal signaling effectors, whose 
deregulation causes the death of prion-infected neurons.

3 Post-translational modifications of 
PrPC interactome and prion diseases

3.1 PrPC interactome: PrPC orchestrates the 
organization and activity of membrane 
signalosomes

Many studies have been conducted to define the interactome of 
PrPC, which currently includes more than 30 protein and non-protein 
partners. These interactors of PrPC include soluble factors (copper, 
STI-1, etc.), components of the extracellular matrix (laminin, 
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vitronectin, etc.), or membrane proteins (caveolin 1, NCAM, 
MARCKS, neuronal receptors, β-integrins, laminin receptor, etc.) 
(Miranzadeh Mahabadi and Taghibiglou, 2020). The interaction of 
PrPC with all those partners underlies the complex role of PrPC in 
membrane signalosomes, i.e., signaling platforms in lipid rafts of the 
plasma membrane in which PrPC modulates the interactions of cell 
adhesion molecules with the extracellular matrix or the signaling 
activity of receptors (Linden et  al., 2008; Schneider, 2011). This 
regulatory role of PrPC in the assembly, dynamics, and activity of 
membrane signalosomes depends on PrPC-induced reversible PTMs 
of PrPC interactors. Within a prion infectious context, the conversion 
of PrPC into PrPSc impacts the PrPC interactome and the PTMs 
physiologically involved in the regulation of PrPC signalosomes.

3.2 PrPSc-induced alteration of PTMs linked 
to the PrPC-caveolin-1 signaling hub 
disrupts caveolae dynamics and promotes 
PrPC oversignaling in prion diseases

Our laboratory identified the first PrPC-associated signaling 
platform in neurite extensions of 1C11-derived serotonergic and 
noradrenergic neuronal cells (Mouillet-Richard et  al., 2000). This 
platform results from the assembly of GPI-anchored PrPC with 
caveolin-1 (Cav1), a scaffolding protein partially inserted into the 
inner leaflet of the plasma membrane. Cav1 would interact with the 
GPI anchor of PrPC via palmitoyl groups present at cysteine residues 
in the carboxy-terminal domain of Cav1 (Dietzen et  al., 1995; 
Arbuzova et  al., 2000). The PrPC-Cav1 complex activates the Src 
tyrosine kinase Fyn on the cytosolic face of the plasma membrane by 
dephosphorylating the Fyn inhibitory site at Tyr528 (Mouillet-Richard 
et al., 2000), possibly via the protein tyrosine phosphatase α (PTPα) 
(Wang et al., 2009). Subsequent phosphorylation of Cav1 at Tyr14 by 
activated Fyn stabilizes the PrPC-Cav1-Fyn platform (Pantera et al., 
2009; Gottlieb-Abraham et  al., 2013) and initiates downstream 
intracellular signaling events (Schneider et al., 2003). Depending on 
the cell type and cell compartment, the PrPC-Cav1 complex recruits 
and activates Fyn but also other tyrosine kinases of the Src family, such 
as Lyn or Src, in neurons (Lopes et al., 2005; Toni et al., 2006; Caetano 
et al., 2008), astrocytes (Dias et al., 2016), or immune cells (Stuermer 
et al., 2004; Krebs et al., 2006).

In addition to its role in the formation and regulation of 
signalosomes, Cav1 is the major scaffolding protein involved in 
caveolae formation. Cav1 oligomerization enables the formation of the 
caveolar coat. The Cav1 phosphorylation or dephosphorylation at 
Tyr14 destabilizes or stabilizes Cav1 oligomers, respectively, sustaining 
the bidirectional “kiss-and-run” movement of caveolae between the 
plasma membrane and the cytosol (Parton et al., 1994; Parton and 
Simons, 2007; Zimnicka et al., 2016). The Cav1 phosphorylation also 
drives caveolae anchorage to actin filaments thanks to the interaction 
between phosphorylated Cav1 and phosphorylated filamin A 
(Sverdlov et  al., 2009). By promoting Cav1 phosphorylation and 
influencing caveolae movement, PrPC would thus modulate the 
signaling activity of receptors present in caveolae (Luo et al., 2021).

Within a prion infectious context, co-immunoprecipitation 
experiments showed that PrPSc also interacts with Cav1  in brain 
homogenates of prion-infected hamsters (Shi et  al., 2013). Our 
laboratory provided evidence in 1C11 neuronal cells and mouse 

brains infected by prions that PrPSc chronically activates Fyn kinase 
(Pietri et  al., 2006; Pradines et  al., 2013) and disrupts the “kiss-
and-run” dynamics of caveolae, leading to the accumulation and 
freezing of Cav1-enriched vesicles underneath the plasma membrane 
(Figure 2) (Pietri et al., 2013). The freezing of Cav1-enriched vesicles 
within prion-infected neurons likely reduces the stock of Cav1 
available at the plasma membrane and dampens Cav1 regulatory 
functions in signal transduction, lipid raft-dependent endocytosis, etc. 
(Cha et al., 2015). We anticipate that, in prion-infected neurons, the 
sequestration of signalosomes in intracellular freeze caveolae alters the 
physiological homeostatic activity of signalosomes at the 
plasma membrane.

Interestingly, the fluidity of the plasma membrane also depends on 
caveolae fusion with the plasma membrane (Sohn et al., 2018; Yang 
et  al., 2020). Whether, in prion-infected neurons, the freezing of 
caveolae in the cytosol caused by the excessive phosphorylation of Cav1 
at Tyr14 affects the elastic properties of the plasma membrane and thus 
contributes to neurodegeneration deserves further investigation.

3.3 PrPSc-induced alteration of PTMs linked 
to PrPC interaction with adhesion 
molecules impacts cell adhesion and 
neuronal polarity in prion diseases

Although varying with the cell type, the molecular composition 
of the PrPC interactome always includes several proteins involved in 
cell adhesion, e.g., extracellular matrix proteins, such as laminin, 
vitronectin, and fibronectin, and membrane proteins, including 
integrins, neural cell adhesion molecule (NCAM), and myristoylated 
alanine-rich C-kinase substrate (MARCKS) proteins (Ghodrati et al., 
2018). MARCKS are proteins inserted into the inner leaflet of the 
plasma membrane via a positively charged domain and a myristoyl 
group added to Gly2 (Arbuzova et al., 2000). These proteins likely 
interact with the GPI anchor of PrPC.

A global proteomic study comparing PrPC interactomes of four 
mouse cell lines and the mouse brain revealed a highly conserved 
functional relationship between PrPC, MARCKS, and NCAM1 
(Mehrabian et  al., 2016). PrPC directly interacts with NCAM1, 
promoting NCAM1 recruitment to lipid rafts and NCAM1-dependent 
Fyn kinase activation (Santuccione et al., 2005; Lehembre et al., 2008). 
Through its coupling to MARCKS, PrPC indirectly controls NCAM1 
sialylation by regulating the expression of the polysialyltransferase 
ST8SIA2 (Boutin et al., 2009; Mehrabian et al., 2015). The PrPC-induced 
increase in NCAM1 polysialylation limits homophilic and heterophilic 
NCAM1 interactions and thereby modulates cell adhesion, a critical 
event for the onset and maintenance of neuronal polarity (Mehrabian 
et al., 2016). Any PrPSc-induced disturbance of the PrPC-NCAM1-
MARCKS signalosome would affect neuronal polarity in prion diseases.

Beyond NCAM1, PrPC is also functionally involved in the regulation 
of other adhesion proteins, such as β1 integrins, which orchestrate the 
assembly and the turnover of focal adhesions (FAs). PrPC prevents β1 
integrin microclustering and attenuates β1 integrin signaling in 1C11 
and PC12 cells (Loubet et al., 2012). By interacting with β1 integrins, 
PrPC would block the structural modifications required for β1 integrin 
activation. Alternatively, PrPC would limit β1 integrin signaling by 
neutralizing some β1 integrin activators such as CD98 or 
thrombospondin-1 (Ghodrati et al., 2018). In prion-infected neuronal 
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cells (Alleaume-Butaux et al., 2015), as well as in the brains of mice 
infected with the Chandler or Rocky Mountain Laboratory (RML) prion 
strains (Albert-Gasco et al., 2024), PrPSc-induced depletion of plasma 
membrane PrPC causes a loss of PrPC’s regulatory role toward β1 
integrins. This depletion leads to β1 integrin microclustering and 
oversignaling (Alleaume-Butaux et al., 2015). β1 integrin oversignaling 
induced by PrPSc likely promotes chronic Src kinase phosphorylation at 
Tyr418 and activation, the subsequent phosphorylation of focal adhesion 
kinase (FAK) at Tyr861 by Src kinases, and the phosphorylation of 
paxillin at Tyr31 and Tyr118 by both Src kinases and FAK, as observed 
in cells depleted for PrPC (Loubet et al., 2012; Alleaume-Butaux et al., 
2015; Ezpeleta et al., 2017). Such an overphosphorylated state of FA 
components enhances FA stability and reduces FA dynamics that disturb 
the adhesion properties of prion-infected neurons. This mechanism 
would contribute, at least in part, to the loss of neuronal polarity on prion 
infection (Figure 2) (Alleaume-Butaux et al., 2015).

Finally, PrPC modulates the laminin-mediated attachment of 
neurons to the extracellular matrix. PrPC interacts with laminin and 
laminin receptors (LRs) and limits laminin binding to its membrane 
receptor (Baloui et al., 2004). Our laboratory further showed in 1C11 
neuronal cells that PrPC, through its coupling to Cav1 and Fyn, 
regulates the activity of tissue non-specific alkaline phosphatase 

(TNAP), which phosphorylates laminin and reduces laminin-
dependent adhesion of cells (Ermonval et al., 2009a). As PrPSc interacts 
with LR in neuronal cells (Morel et al., 2005) and overactivates the 
PrPC-Cav1-Fyn platform, the excessive phosphorylation of laminin 
induced by PrPSc would also destabilize the neuronal cell-matrix 
interaction and neuronal polarity in prion-infected neurons.

Thus, by affecting several homeostatic PTMs in the PrPC adhesion 
interactome, PrPSc alters cell–cell and cell-extracellular matrix contacts 
required for the onset and stability of the neuronal polarity and the 
neuronal plasticity.

3.4 PrPSc-induced alteration of PTMs linked 
to PrPC interaction with synaptic 
protagonists disturbs neurotransmission in 
prion diseases

At the presynaptic and post-synaptic membrane of neurons, PrPC 
interacts with several ionotropic (NMDAR, AMPAR GluA1/2, KAR 
GluR6/7, and α7nAChR) and metabotropic (mGluR1/5) receptors 
(Kleene et al., 2007; Beraldo et al., 2010, 2011; Carulla et al., 2011; 
Watt et al., 2012; Um et al., 2013).

FIGURE 2

Contribution of PrPSc-induced PTMs dysregulation of PrPC membrane partners and coupled signaling effectors to prion neuropathogenesis. In prion 
diseases, post-translational conformational conversion (PTCC) of PrPC into PrPSc alters PTMs of PrPC membrane partners in PrPC signalosomes [Cav1, 
Fyn, components of focal adhesions (FA)] and deregulates downstream intracellular signaling effectors (NADPH oxidase-NOX, ROCK, PDK1, PDK4). The 
deregulation of PrPC-coupled signaling pathways on PrPC PTCC into PrPSc contributes to neurodegeneration through multiple deleterious events: 
onset of oxidative stress conditions, MAPK/SAPK-dependent neuronal stress, alteration of neuronal polarity and functions, amplification of PrPSc and Aβ 
production, increased vulnerability to TNFα inflammation by reduced shedding of plasma membrane TNFR into sTNFR, and energy metabolism 
abnormalities. NOX: NADPH oxidase; ROS: reactive oxygen species; ERK: extracellular-regulated kinases; SAPK: stress-associated protein kinases (p38 
and JNK); ROCK: RhoA-associated coiled-coil containing kinases; PERK: PKR-related endoplasmic reticulum kinase; PDK1: 3-phosphoinositide-
dependent kinase 1; TACE: TNFα converting enzyme; (s)TNFR: (soluble) TNFα receptor; N1: N-terminal fragment of α-cleaved PrPC; α/β/γ: α-, β-, and 
γ-secretases; sAPPα: neuroprotective α-cleaved APP fragment; Aβ: neurotoxic amyloid β-peptides; PDK4: Pyruvate Dehydrogenase Kinase 4; PDH: 
Pyruvate Dehydrogenase. TCA: tricyclic acid cycle or Krebs cycle; β-ox: fatty acid β-oxidation.
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Several studies have highlighted that group I metabotropic glutamate 
receptors (mGluR1/5) act as co-receptors of PrPC. The binding of laminin 
or STI1 to PrPC activates PrPC, which in turn recruits and activates 
mGluR1/5 (Coitinho et al., 2006; Beraldo et al., 2011). mGluR1/5 are G 
protein-coupled receptors (GPCR) coupled to heterotrimeric Gαq/11 
proteins involved in glutamate-dependent memory consolidation 
through neuritogenesis and neuronal plasticity events. The molecular 
mechanisms underlying PrPC modulation of mGluR1/5 activity remain, 
however, elusive. Nevertheless, the beneficial effect of mGluR1/5 
inhibition in scrapie-infected mice suggests that PrPSc impacts the PrPC-
mediated regulation of mGluR1/5 activity (Goniotaki et al., 2017). Since 
activation of mGluR1/5 involves binding of Fyn kinase to the C-terminal 
domain of mGluR1/5 and Fyn-dependent phosphorylation of mGluR1/5 
at Tyr937 (Jin et al., 2017), chronic activation of Fyn by PrPSc may corrupt 
mGluR1/5 activity by imbalanced phosphorylation of mGluR1/5.

NMDAR is a calcium-permeable channel composed of two GluN1 
and two GluN2 or GluN3 subunits involved in glutamate-mediated 
neuronal plasticity and excitotoxicity. PrPC interacts with GluN2D and 
GluN2B subunits (Khosravani et al., 2008; Barnes et al., 2020) and 
controls NMDA receptor activity through nitrosylation of GluN1 and 
GluN2A subunits (Gasperini et al., 2015). PrPC-bound Cu2+ acts as an 
electron acceptor that induces NO oxidation and subsequent 
S-nitrosylation of two cysteines on GluN1 and three cysteines on 
GluN2A, including Cys399, which mediates the predominant 
inhibitory effect on NMDAR activity. The reduction of NMDAR 
S-nitrosylation in prion-infected mice before the onset of clinical signs 
increases NMDAR-dependent excitation (Ratté et al., 2008). PrPSc also 
induces phosphorylation of the NMDAR GluN2B subunit at Tyr1472, 
probably via sustained activation of Fyn, and potentiates NMDAR 
activity in the hippocampus of a mouse model of CJD (Bertani et al., 
2017). By decreasing S-nitrosylation and increasing phosphorylation of 
NMDAR, PrPSc enhances NMDAR activity and renders prion-infected 
neurons hypersensitive to NMDA-induced excitotoxicity (Meneghetti 
et al., 2019). Disturbance of PrPC-governed PTMs of neuronal receptors 
by PrPSc thus alters neurotransmission in prion diseases.

Of note, the synapse interactome of PrPC also includes synapse-
associated proteins (synaptophysin and PSD-95), vesicle-associated 
proteins (synapsin), and ion pumps (Kv4.2 DPP6 and VGCC). 
Through these interactions, PrPC contributes to the assembly of 
functional complexes involved in neurotransmission at the pre- and 
post-synaptic membranes. Further investigations are needed to assess 
whether PrPSc-mediated disruption of those complexes or imbalanced 
PTMs of the above-mentioned synapse effectors would also contribute 
to the alteration of neurotransmission in prion diseases (Russelakis-
Carneiro et al., 2004).

4 PTMs of signaling effectors 
downstream of PrPC in prion diseases

4.1 PrPC contribution to neuronal 
homeostasis depends on PrPC coupling to 
several signaling effectors

The use of diverse neuronal cell lines (N2a neuroblastoma cells, 
1C11 neuronal stem cells and their serotonergic or noradrenergic 
neuronal progenies, PC12 pheochromocytoma cells, etc.) and primary 
cultures of neurons (cerebellar granule neurons, cortical or 

hippocampal neurons) showed that PrPC is involved in the regulation 
of a wide range of cellular functions, including cell adhesion (see 
Section 3.3), neuronal differentiation, synaptic plasticity, cell survival, 
redox equilibrium, stress protection, or energy metabolism (Schneider, 
2011; Castle and Gill, 2017; Wulf et al., 2017; Schneider et al., 2021). 
This multifaceted role of PrPC involves its capacity to act as a receptor/
co-receptor, governing a complex signaling network, and as a 
scaffolding protein that regulates the lipid rafts of the plasma 
membrane. This regulation affects the assembly and stoichiometry of 
interaction between partners such as integrins, laminin receptors, and 
mGluR, thereby controlling the activity of diverse signaling modules. 
Regardless of the context, PrPC is coupled to several intracellular 
signaling effectors, including Src kinase Fyn, NADPH oxidase, 
ERK1/2 MAP kinases, glycogen synthase kinase 3β (GSK3β), Protein 
kinase A (PKA), RhoA-associated coiled-coil containing kinases 
(ROCKs), 3-phosphoinositide-dependent kinase 1 (PDK1), Pyruvate 
Dehydrogenase Kinase 4 (PDK4), TACE α-secretase (aka ADAM17), 
and CREB transcription factor. These effectors all play a part in 
maintaining the homeostasis of neuronal functions (Chiarini et al., 
2002; Hernandez-Rapp et al., 2014; Arnould et al., 2021; Schneider 
et al., 2021). For most of the signaling intermediates downstream of 
PrPC, their regulation depends on reversible and transient PTMs by 
phosphorylation, which sustains the fine-tuning of neuronal 
functions. Within a prion infectious context, the corruption of PrPC 
signaling in response to PrPC PTCC into PrPSc leads to imbalance 
PTMs of PrPC-coupled signaling effectors, thus generating aberrant 
and deleterious signals for prion-infected neurons (Figure 2). A global 
comparative phospho-proteome analysis between PrPSc-infected N2a 
cells and non-infected cells identified 105 proteins differentially 
phosphorylated with chronic and excessive phosphorylation of some 
effectors (e.g., cofilin) or loss of phosphorylation for some others (e.g., 
stathmin) (Wagner et al., 2010). We here review PTMs of some PrPC-
coupled signaling effectors affected by prion infection and the 
consequences thereof for neurons.

4.2 PrPSc-induced corruption of PrPC/Fyn/
NADPH oxidase signaling causes the 
recruitment of stress-sensitive SAPK and 
the accumulation of bioamine-derived 
neurotoxins

One signaling pathway impacted by PrPSc in prion-infected 
neurons is the PrPC/Fyn/NADPH oxidase cascade. The chronic 
stimulation of this pathway triggers excessive production of reactive 
oxygen species (ROS) by NADPH oxidase (NOX) at the root of 
oxidative stress conditions. Overproduced ROS promote robust 
phosphorylation of MAPKs ERK1/2 (at Thr185/Tyr187) and 
additionally recruit stress-associated protein kinases (SAPKs) p38 and 
JNK1/2, which are activated by phosphorylations at Thr180/Tyr182 
and Thr183/Tyr185, respectively. The subsequent sustained activation 
of MAPKs and SAPKs contributes to the death of prion-infected 
neurons by apoptosis (Figure 2) (Pietri et al., 2006; Pradines et al., 
2013). The local rise of p38 phosphorylation at Thr180 and Tyr182 in 
dendritic spines of prion-infected hippocampal neurons was also 
shown to promote synaptic degeneration and decrement in synaptic 
transmission (Fang et  al., 2018). Augmented phosphorylation of 
ERK1/2, p38, and JNK was confirmed in vivo in the brains of hamsters 
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infected with the 263 K prion strain (Lee et al., 2005; Pamplona et al., 
2008). Of note, downregulating this pathway through the use of 
siRNAs against Fyn or the p22phox subunit of NADPH oxidase 
reverts those PTMs on ERK1/2, p38, and JNK induced by prion 
infection, supporting the therapeutic potential of targeting Fyn or 
NADPH oxidase to protect neurons in prion diseases (Pradines 
et al., 2013).

In addition, ROS overproduced by NADPH oxidase in prion-
infected serotonergic or noradrenergic neurons promote the 
generation of oxidized derivatives of serotonin (5-HT), such as 
tryptamine 4,5-dione (T-4,5-D) and 5,6-dihydroxytryptamine (5,6-
DHT), or catecholamines, such as 6-hydroxydopamine and 
tetrahydroisoquinolines. These derivatives are considered neurotoxins 
(Mouillet-Richard et al., 2008). Their neurotoxic action relies on the 
poisoning of metabolic enzymes involved in the synthesis of 5-HT or 
noradrenalin (NE), that is, a set of “toxic and accidental PTMs” 
affecting the tryptophan hydroxylase TPH (the rate-limiting enzyme 
for 5-HT synthesis) and possibly the tyrosine hydroxylase TH (the 
rate-limiting enzyme for NE synthesis) through the covalent grafting 
of 5-HT/catecholamine-derived neurotoxins at catalytic Cys residues 
of those biosynthetic enzymes (Figure 2).

Another consequence of ERK1/2 activation is the downstream 
activation of the transcription factor CREB by phosphorylation at 
Ser133 (Figure 2) (Lee et al., 2005; Pradines et al., 2013). In prion-
infected neurons, sustained CREB phosphorylation stimulates the 
expression of the immediate-early genes Egr-1 implicated in cell 
survival but lockdowns the transcription of the MMP9 encoding gene, 
which attenuates the metalloproteinase activity of MMP9. The 
decrease in MMP9 enzymatic activity leads to a reduction of 
β-dystroglycan cleavage at the neuronal cell surface that alters the 
interactions between neurons and the extracellular matrix (Pradines 
et al., 2013). Such CREB PTMs and subsequent modifications of gene 
expression in prion-infected neurons would contribute to the 
alterations of neuronal plasticity associated with prion diseases.

4.3 Rock oversignaling upon prion 
infection alters neuronal polarity and takes 
part in the unfolded protein response

Our study documented that PrPSc abrogates the negative 
regulatory role exerted by PrPC on ROCK signaling due to a loss of 
PrPC control of β1 integrin microclustering and signaling activity 
(Alleaume-Butaux et al., 2015). In prion-infected 1C11 neuronal cells, 
N2a58 neuroblastoma cells, mouse cerebellar granule neurons, 
hippocampal neurons, and the brains of prion-infected mice, ROCK 
overactivity leads to excessive phosphorylation of LIMK1/2 at Thr505 
and Thr508 and cofilin at Ser3. Stable phosphorylation of cofilin in 
prion-infected neurons cancels the severing activity of cofilin on the 
actin cytoskeleton (Figure 2) (Wagner et al., 2010; Alleaume-Butaux 
et al., 2015; Kim et al., 2020). The resulting PrPSc-induced stiffening of 
the actin cytoskeleton associated with fewer dynamics of focal 
adhesions (see section 3.3) disrupts neuronal polarity and provokes 
synaptic disconnection and dendrite/axon degeneration (Alleaume-
Butaux et al., 2015; Kim et al., 2020). Such neuronal damages are 
counteracted by ROCK inhibition with pharmacological compounds 
(Alleaume-Butaux et al., 2015). Alterations in ROCK, LIMK1, and 
cofilin were also evidenced in the post-mortem cortex and cerebellum 

samples of sporadic Creutzfeldt–Jakob disease (sCJD) patients at 
clinical and pre-clinical stages (Zafar et al., 2018), paving the road for 
developing therapeutic strategies targeting ROCK to limit 
neurodegeneration in prion diseases.

Apart from the action of ROCK on the actin cytoskeleton, our 
laboratory showed that overactivated ROCK plays a role in the 
unfolded protein response (UPR). In 1C11-derived serotonergic 
neurons infected by mouse-adapted human GSS prions (Fukuoka 
strain), overactivated ROCK enhances the phosphorylation of PERK 
at Thr980 in the endoplasmic reticulum. Phosphorylated PERK, in 
turn, promotes the hyperphosphorylation of the translational 
initiation factor eiF2α at Ser51 (Schneider et al., 2021), which halts the 
translation of some proteins involved in the maintenance of synaptic 
connections (Moreno et  al., 2012), likely contributing to synapse 
failure in prion-infected neurons (Figure  2). It remains unknown 
whether PERK is a direct substrate of ROCK. In any case, ROCK 
inhibition decreases the phosphorylation of PERK and eiF2α 
(Schneider et al., 2021), allowing restarting the expression of synaptic 
proteins and preserving neuronal transmission within a prion-
infectious context.

4.4 PrPSc-Induced deregulation of the PrPC/
PDK1/TACE signaling axis renders 
prion-infected neurons highly vulnerable 
to inflammation and amplifies the 
production of PrPSc and Aβ

In 2013, our laboratory provided prime evidence that the 
corruption of PrPC coupling to 3-phosphoinositide-dependent kinase 
1 (PDK1) and downstream TACE α-secretase plays a critical role in 
the neuropathogenesis of prion diseases (Pietri et al., 2013). In prion-
infected neurons, overactivated PDK1 promotes TACE 
phosphorylation at Thr735 and TACE displacement from the plasma 
membrane to caveolin-1-enriched microvesicles, which neutralizes 
TACE neuroprotective shedding activity (Figure 2). As PDK1 only 
admits AGC kinases as substrates (Leroux and Biondi, 2023), it is 
unlikely that TACE phosphorylation results from a direct action of 
PDK1 on TACE. The phosphorylation of TACE at Thr735 would 
be part of signals that impact the subcellular localization of TACE and 
modulate its shedding activity. Internalized, phosphorylated TACE in 
prion-infected neurons becomes uncoupled from three major 
substrates: (i) TNFα receptors (TNFR), which accumulate at the cell 
surface, rendering neurons hypersensitive to TNFα, (ii) PrPC, where 
the loss of PrPC PTM by α-cleavage between amino-acids 111/112 
strongly reduces the C1 fragment of PrPC in favor of full-length PrPC 
(and C2 fragment), which is highly prone to converting into PrPSc, and 
(iii) the amyloid precursor protein (APP), where the loss of APP PTM 
by α-cleavage in favor of APP PTM by β- and γ-secretases leads to the 
accumulation of neurotoxic Aβ peptides (Figure 2) (Pietri et al., 2013; 
Ezpeleta et al., 2019). Importantly, inhibiting PDK1 suppresses TACE 
phosphorylation at Thr735. The subsequent redirection of TACE at 
the plasma membrane allows TACE to reintegrate cell surface 
signalosomes and recover its protective shedding activity. This activity 
includes the cleavages of TNFR, PrPC, and APP. Such restored 
irreversible PTMs of TNFR, PrPC, and APP protect prion-infected 
neurons from TNFα toxicity and limit the production of toxic 
amyloids (Pietri et al., 2013; Ezpeleta et al., 2019).
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PDK1 activity is known to be  governed by several events: (i) 
translocation to the plasma membrane, (ii) post-translational 
modifications by phosphorylation, (iii) conformational changes, and 
(iv) interaction with different effectors (Sacerdoti et  al., 2023). 
We demonstrated that the overactivation of PDK1 in prion-infected 
neurons depends on the upstream kinase ROCK (Alleaume-Butaux 
et al., 2015). ROCK interacts with PDK1 and promotes phosphorylation 
of PDK1, a PTM that accounts for the increase in PDK1 enzymatic 
activity within a prion infectious context. Of note, ROCK-dependent 
phosphorylation of PDK1 occurs only after autophosphorylation of 
PDK1 at Ser241. The additional phosphorylation of PDK1 by ROCK 
leads to sustained PDK1 activity in prion-infected neurons. 
Importantly, as the pharmacological inhibition of PDK1 or ROCK 
reduces motor impairment, lowers brain PrPSc and Aβ levels, and 
prolongs the lifespan of prion-infected mice, PDK1 and ROCK are 
currently considered as potential therapeutic targets to combat prion 
diseases (Pietri et al., 2013; Alleaume-Butaux et al., 2015; Ezpeleta et al., 
2019). Therefore, any strategies aiming at rescuing the α-cleavage or 
shedding of PrPC and APP should help to limit the production of PrPSc 
and Aβ and thereby mitigate prion diseases (Linsenmeier et al., 2021).

4.5 PrPSc Deviates the energy metabolism 
by altering the PrPC/PDK4 coupling

We evidenced that prion infection also cancels the regulatory role 
of PrPC on glucose metabolism, leading to a metabolic reprogramming 
of infected neurons, i.e., a conversion from glucose oxidative 
degradation to β-oxidation of fatty acids (Arnould et al., 2021). From a 
mechanistic point of view, PrPSc abrogates the negative control exerted 
by PrPC on the expression of Pyruvate Deshydrogenase Kinase 4 
(PDK4) encoding gene, causing a high rise in PDK4 enzymatic activity. 
By phosphorylating the mitochondrial Pyruvate Dehydrogenase (PDH) 
complex, overactivated PDK4 decreases the activity of PDH that 
normally ensures the transfer of cytosolic pyruvate in the mitochondria 
and its conversion into acetylCoA for the production of energy. The 
consequences of such PTM of PDH and subsequently reduced activity 
of PDH are a slowdown of the glycolytic flux and limited oxidative 
degradation of glucose. To compensate for energy restriction, prion-
infected neurons divert their metabolism toward fatty acids β-oxidation. 
Since fatty acids can act as pro-oxidant molecules, the oxidative stress 
resulting from the degradation of fatty acids by the β-oxidation pathway 
has been shown to contribute to neurodegeneration in prion diseases 
(Figure 2). Interestingly, pharmacological inhibition of PDK4 with 
dichloroacetate (DCA), a medicine approved for treating congenital 
lactic acidosis, restores, at least partly, PDH activity in the brains of 
prion-infected mice, which favors the recovery of glucose metabolism 
over fatty acids β-oxidation and extends the lifespan of DCA-treated 
prion-infected mice (Arnould et al., 2021).

4.6 PrPSc alters Ca2+ signaling downstream 
of PrPC interacting neuronal receptors

PrPSc-induced dysregulation of ionotropic (NMDAR) and 
metabotropic receptors (mGluR) increases the intracellular Ca2+ level 
(Hu et al., 2022). Exposure of mouse cerebellar granule neurons to the 
neurotoxic PrP amyloidogenic polypeptide (PrP90-231) increases 

NMDAR-dependent uptake of Ca2+ (Thellung et al., 2017). In prion-
infected SMB-S15 cells, mGluR oversignaling enhances the release of 
Ca2+ from ER in response to PLC-mediated hydrolysis of 
4.5-biphosphate phosphatidylinositol and subsequent IP3 increase, 
combined with an increased level of IP3 receptor in the ER (Hu et al., 
2022). Calmodulin (CaM), a transducer of Ca2+ signals that activates 
different kinases, is upregulated in the cortex of sporadic CJD (sCJD) 
patients and in the brains of prion-infected hamsters (Shi et al., 2015; 
Zhang et al., 2017). On prion infection, the upregulation of the Ca2+/
calmodulin complex increases the Ca2+/calmodulin-dependent 
calcineurin (CaN) phosphatase activity. CaN is a type 2 phosphatase 
highly expressed in neurons, physiologically involved in synaptic 
plasticity, memory, and neuronal death. In prion-infected neurons, 
CaN dephosphorylates the pro-apoptotic protein Bad at Ser112, 
causing Bad translocation in mitochondria and the subsequent release 
of cytochrome c from mitochondria to the cytoplasm where it 
activates caspase-dependent apoptosis pathways (Agostinho et al., 
2008). PrPSc-induced CaN overactivity would also alter synaptic 
plasticity and trigger neurodegeneration by dephosphorylating the 
substrate slingshot 1 (SHH1) in prion diseases. SHH1 activates cofilin 
and triggers the formation of cofilin-actin rods, which are involved in 
glutamate-mediated excitotoxicity (Bamburg et  al., 2021). 
Pharmacological inhibition of CaN with the immunosuppressive drug 
FK506 limits neurodegeneration, reduces motor deficits, and increases 
the survival of mice infected with RML or Fukuoka-1 strains 
(Mukherjee et  al., 2010; Nakagaki et  al., 2013), introducing an 
additional way of therapeutic intervention for prion diseases.

The Calpain non-lysosomal cysteine proteases are other enzymes 
dysregulated by Ca2+ overload in prion-infected neurons (Baudry and 
Bi, 2024). In a sCJD mouse model, prion infection downregulates the 
neuroprotective Calpain-1 and upregulates the neurodegenerative 
Calpain-2, leading to global Calpain overactivity in the brain. 
Overactivated pathological Calpain- 2 enhances the cleavage of 
Calpain substrates such as Neurofilament Light Chain and γ-tubulin, 
additionally contributing to the loss of neuronal polarity (Llorens 
et al., 2017).

5 Conclusion

In prion diseases, the initial aberrant PTM concerns normal 
cellular prion protein PrPC with the post-translational conformational 
conversion (PTCC) of PrPC into pathogenic prions PrPSc. This 
dramatic change in PrPC folding is influenced by several PrPC PTMs 
(glycosylation, sialylation, cleavages, etc.) that oppose or favor the 
production of PrPSc. One consequence of the conversion of PrPC 
PTCC into PrPSc is the deregulation of PTMs at the proximal level of 
PrPC partners in PrPC signalosomes. Altered PTMs of PrPC partners 
in prion-infected neurons affect the homeostatic activity of plasma 
membrane adhesion proteins, neuronal receptors, or ion channels, 
likely contributing to neuronal polarity and neurotransmission defects 
in prion diseases. Altered PTMs in PrPC signalosomes impact 
downstream intracellular effectors such as Src kinases, ROCK, PDK1, 
PDK4, α-secretases, CREB transcription factor, and others. The 
imbalanced PTMs modify the biological activity or subcellular 
localization of these signaling effectors, thus hampering the signaling 
pathways they are involved in. It manifests by changes in redox 
equilibrium, metabolic reprogramming toward pro-oxidant fatty acids 
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metabolism, high sensitivity to several stresses such as inflammation, 
and possibly autophagy derangement (López-Pérez et al., 2019), which 
compromise neuronal homeostasis and contribute to 
neurodegeneration in prion diseases. Most of the signaling effectors 
with disturbed PTMs listed in this review were identified with the help 
of prion-infected cell lines and primary neuronal cultures and 
confirmed in vivo in the brains of mouse models with prion-like 
diseases or even in the post-mortem brains of Creutzfeldt–Jakob 
disease patients. These signaling effectors currently represent attractive 
therapeutic targets to combat prion diseases and possibly other 
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s 
diseases. Several studies have reported on the mechanistic convergence 
of these amyloid-based neurodegenerative diseases to PrPC. PrPC 
displays the capacity to interact with several unrelated amyloid 
proteins, including PrPSc, Alzheimer-linked Aβ oligomers, and 
Parkinson-linked pre-formed fibrils of pathological α-synuclein, and 
to relay their neurotoxicity (Laurén et al., 2009; Um et al., 2012; Aulić 
et al., 2017). Oligomers of Aβ or α-synuclein bind with a nanomolar 
affinity PrPC at the same epitopes, including one epitope in the hinge 
region of PrPC involved in PrPC PTCC into PrPSc (Chen et al., 2010; 
Smith et al., 2019; Corbett et al., 2020; Scialò and Legname, 2020). It 
would be tempting to genetically modify those PrPC epitopes with 
gene-editing technologies to generate PrPC molecules that are unable 
to bind amyloids or to be converted into PrPSc with the perspective of 
limiting or canceling amyloid neurotoxicity. Because PrPC is essential 
for the homeostasis of neurons and other cell types, such a genetic 
protective approach will be successful only if we are able to keep the 
PrPC cell functions intact, including PrPC signaling activity.

Of note, the binding to PrPC of Aβ or α-synuclein does not 
promote the conversion of PrPC into PrPSc, as PrPC PTCC into PrPSc is 
restricted to prion diseases. The binding to PrPC of Aβ/α-synuclein 
oligomers would deregulate PrPC signalosomes and downstream 
coupled signaling effectors on the removal of PrPC from signalosomes 
(loss-of-PrPC function). Alternatively, the binding to PrPC of Aβ/α-
synuclein oligomers would freeze PrPC in signalosomes, maintaining 
PrPC signalosomes in an active state (gain-of-PrPC function). 
Whatever the scenario, the corruption of PrPC signalosomes by PrPSc, 
Aβ, or α-synuclein leads to post-translation modifications and 
deregulation of the same signaling effectors, such as ROCK, PDK1, 
and others (Pietri et al., 2013; Ferreira et al., 2017; Koch et al., 2018; 
Abd-Elrahman et al., 2020). In conclusion, common PTM patterns 
appear to contribute to neurodegeneration in prion diseases, 

Alzheimer’s diseases, and Parkinson’s diseases. However, the pending 
question remains as to which other specific PTM patterns can 
be  specifically associated with each of these amyloid-based 
neurodegenerative diseases, as these diseases display different 
clinical manifestations.
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Skeletal muscle is one of the tissues with the highest ability to regenerate, a finely
controlled process which is critically depending on muscle stem cells. Muscle
stem cell functionality depends on intrinsic signaling pathways and interaction
with their immediate niche. Upon injury quiescent muscle stem cells get
activated, proliferate and fuse to form new myofibers, a process involving the
interaction of multiple cell types in regenerating skeletal muscle. Receptors in
muscle stem cells receive the respective signals through direct cell-cell
interaction, signaling via secreted factors or cell-matrix interactions thereby
regulating responses of muscle stem cells to external stimuli. Here, we discuss
how muscle stem cells interact with their immediate niche focusing on how this
controls their quiescence, activation and self-renewal and how these processes
are altered in age and disease.

KEYWORDS

muscle stem cell, satellite cell, skeletal muscle, regeneration, niche, receptor, aging,
rhabdomyosarcoma

Introduction

Skeletal muscle fulfills a variety of functions in the body and makes up over 40% of the
human body weight (Frontera and Ochala, 2015). The essential functions of skeletal muscle
include respiration, locomotion, body posture, thermogenesis, carbohydrate and amino
acid storage as well as glucose and energy metabolism of the body (Jensen et al., 2011;
Rowland et al., 2015; Sharma et al., 2019). Moreover, skeletal muscle tissue is also
responsible for the secretion of messenger molecules to facilitate communication with
other tissues (Pedersen and Febbraio, 2012). Loss of muscle mass and functionality, e.g., due
to hormonal changes, malnutrition, aging or disease, can have a prominent impact on the
quality of life and general health (Larsson et al., 2019).

The components of skeletal muscle

For fulfilling its essential functions skeletal muscle consists of a multitude of cell types
including myofibers, blood vessels, muscle stem cells as well as different support cells such
as fibrogenic adipogenic progenitor cells (FAPs) (Figure 1A). Furthermore, the
multinucleated myofibers are innervated by motor neurons, which facilitate
coordinated movements (Heckman and Enoka, 2012). However, postmitotic myofibers
make up the largest portion of cells in skeletal muscle (Figure 1A) containing several
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myofibrils (Figure 1B) and are allowing muscle contraction and
force generation (Dave et al., 2024). Contraction of skeletal muscle
depends on its smallest contractile unit, the sarcomere (Figure 1C),
consisting of thin and thick myofilaments. The thin myofilaments
are composed of two filamentous actin chains (α-actin) which are
anchored at the Z-discs (Cooper and September, 2008; Frontera
and Ochala, 2015; Wang et al., 2021), while the thick myofilaments
are formed by several hundred myosin motor proteins, which slide
on top of the thin myofilaments and thereby accomplish
contraction of skeletal muscle. A third myofilament, titin, is
required for regulating force generation, sarcomere organization

and mechanosensing (Linke and Kruger, 2010; Nishikawa
et al., 2020).

Different cell types in adult skeletal muscle

Skeletal muscle requires a multitude of cell types for full
functionality and to allow proper regeneration. While contraction
is carried out by myofibers, muscle stem cells (MuSCs) and different
kind of support cells such as FAPs (fibrogenic adipogenic progenitor
cells) are required for its regeneration. A fine network of blood

FIGURE 1
Schematic of the structure of skeletal muscle. (A) Myofibers, connective tissue, blood vessels, muscle stem cells (MuSCs), and various support cell
types, such as fibrogenic adipogenic progenitor cells (FAPs), are found in skeletal muscle. Motor neurons innervate the multinucleated myofibers,
enabling coordinated movement. The postmitotic myofiber is the primary cell type in skeletal muscle, responsible for force production and muscular
contraction. (B) Eachmyofiber contains several parallel myofibrils, composed of repeating contractile units, the sarcomeres. (C)Muscle contraction
is mediated by the sarcomere, the smallest contractile unit formed by overlapping elastic, thick, and thin filaments. Created with BioRender.com.
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vessels provide myofibers with oxygen and nutrients, while motor
neurons are required for coordinated contraction of myofibers and
thereby coordinated movements. Blood vessels provide oxygen and
nutrients and motor neurons are required for coordinated
movement of skeletal muscle. Interaction of the different cell
types in skeletal muscle–either through direct cell-cell contact or
via paracrine signaling–is required for homeostasis and full
functionality of skeletal muscle and is a prerequisite for
regeneration of skeletal muscle.

Myofibers make up the largest proportion of skeletal muscle,
they contain the sarcoplasmic reticulum and the mitochondrial
network within the inter-myofilament space which is providing
storage, release and reuptake of calcium after activation as well as
ATP for muscle activity (Hargreaves and Spriet, 2020; Rossi et al.,
2022). Of note, the myonuclei are evenly distributed in myofibers
resulting in the control of transcriptional activity in the surrounding
area of the cytoplasm which is termed the myonuclear domain
(Qaisar and Larsson, 2014). However, at neuromuscular junctions
(NMJ) an accumulation of nuclei occurs (Bruusgaard et al., 2003).

Each myofiber is surrounded by a basal lamina consisting of
different collagens and laminins among other proteins. The
endomysium, a fibrillar connective tissue surrounding each
myofiber, forms a continuous three-dimensional network and
provides a connection between adjacent myofibers (Sanes, 2003;
Purslow, 2020). MuSCs are located underneath the basal lamina next
to the myofibers (Figure 1A). Regeneration of skeletal muscle is
crucially dependent on those adult stem cells which are also termed
satellite cells (Lepper et al., 2011; Murphy et al., 2011; Sambasivan
et al., 2011). In addition to their role in regeneration of skeletal
muscle, MuSCs are contributing to adaptation of skeletal muscle to
physiological demands such as training and growth. Under resting
conditions, MuSCs are mitotically quiescent and are characterized
by the expression of paired box protein 7 (Pax7), sprouty-1, and
calcitonin receptor (CalcR) among others (Fuchs and Blau, 2020;
vonMaltzahn, 2021; Yamaguchi et al., 2015; Yin et al., 2013). Several
myofibers with their adjacent MuSCs are grouped into muscle
fascicles or myofiber bundles, which are surrounded by a second
connective tissue termed the perimysium. The complete muscle is
composed of a multitude of muscle fascicles, surrounded by a thick
layer of connective tissue, the epimysium, which is extending from
the tendons (Zhang W. et al., 2021). This connective tissue is
maintained by residual fibroblasts in skeletal muscle (Purslow,
2020). It provides the connection of the myofiber bundles to the
tendons while the vasculature supplies the individual myofibers with
nutrients, oxygen or signal molecules and removes waste products.
The vasculature consists of endothelial cells, smooth muscle cells
and connective tissue which are embedded as small capillaries in the
endomysium (Pittman, 2000; Korthuis, 2011). However, during
regeneration of skeletal muscle new myofibers are formed along
with the different layers of connective tissue. Especially during
regeneration tissue monocytes and differentiated macrophages
play fundamental roles including the removal of cell debris.
Differentiated macrophages arise either from residential
monocytes within the muscle tissue or are entering skeletal
muscle via the bloodstream (Pillon et al., 2013).

To allow proper control of muscle contraction, motor neurons
are in close contact with individual myofibers at the NMJs
(Figure 1A). Typically, only one NMJ is connected to one

myofiber (Rodriguez Cruz et al., 2020). These chemical synapses
are located between a myofiber and a motor neuron, allow the signal
transmission from the neuron to the myofiber and control the
induction of contraction of individual myofibers (Ang et al.,
2022). The neurotransmitter acetylcholine (ACh) binds to
acetylcholine receptors (AChRs) in myofibers after release by the
motor neuron. AChR subunits undergo a conformational change
resulting in the influx of positively charged ions changing the
membrane potential thereby triggering an endplate potential
resulting in local depolarization. The generated action potential is
spreading from the endplate finally resulting in muscle contraction
(Sanes and Lichtman, 1999; Rodriguez Cruz et al., 2020).
Performance of skeletal muscle declines if innervation and signal
transmission via NMJs are impaired, a condition occurring for
instance during aging and in neuromuscular pathologies such as
spinal muscular atrophy. This emphasizes the need for proper
innervation of skeletal muscle (Tintignac et al., 2015). However,
loss of innervation also affects regeneration of skeletal muscle
(Jejurikar et al., 2002; Wong et al., 2021; Henze et al., 2024). Of
note, also MuSCs actively participate in regeneration of the NMJ
underscoring the importance of proper crosstalk between NMJs and
MuSCs (Liu et al., 2015; Liu et al., 2017).

The myotendinous junction (MTJ) regulates force transmission
between myofibers and tendons (Charvet et al., 2012). MTJs are
responsible for transmitting the force which is generated by the
muscle to the collagen fibers of the adjacent tendon (Ciena et al.,
2010). Recent studies have provided insights into the development
and regeneration of muscles and MTJs. These findings indicate that
even in case of severely damaged MTJs they can still undergo
regeneration, a process which occurs simultaneously with
regeneration of muscle tissue and allows full functionality of
skeletal muscle after completion of the regeneration process
(Yamamoto et al., 2022).

Regeneration of skeletal muscle

Skeletal muscle is one of the tissues with the highest ability to
regenerate after injury, a process which involves different cell types
residing in skeletal muscle and requires a proper cross talk among
them (Bentzinger et al., 2013a) (Figure 2). The fine balance between
different signaling pathways and proper timing of cellular processes
are a prerequisite for effective regeneration of skeletal muscle.
Regeneration of skeletal muscle can be divided in the following
phases: the phase of degeneration, the inflammatory phase, the
regeneration phase and the maturation/remodeling phase
followed by functional recovery (Schmidt et al., 2019; Forcina
et al., 2020).

Injury of skeletal muscle triggers a precisely orchestrated
inflammatory process (Figure 2). Damage-activated mast cells
secrete Tumor Necrosis Factor α (TNF-α), histamine and
Tryptase and then initiate the synthesis of cytokines like IL-6
(Gibbs et al., 2001). This leads to the rapid attraction of
circulating granulocytes mainly consisting of neutrophils which
promote the proinflammatory environment required for the
clearance of cellular debris (Tidball, 1995). Neutrophils then
secrete the chemokines Mip-12, Mcp-1 among others leading to
the recruitment of monocytes (Kasama et al., 1993). Monocytes then
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FIGURE 2
Schematic of cell-cell interactions in skeletal muscle during regeneration. Injury of skeletal muscle triggers mast cells secreting TNF-α and IL-6. This
leads to the rapid attraction of granulocytesmainly consisting of neutrophils. Secreted chemokines (Mip-1α, Mcp-1) recruitmonocyteswhich then start to
differentiate into pro- and anti-inflammatorymacrophages. The pro-inflammatorymacrophages secrete TNF-α and IL-1β inducing proliferation of MuSC
(muscle stem cells), whereas factors secreted by anti-inflammatory macrophages, such as IL-4 or IGF-1, stimulate myogenic differentiation.
Moreover, ECM proteins secreted by anti-inflammatory macrophages, such as Fibronectin and ColVI, promote self-renewal of MuSCs. Upon injury,
MuSCs leave the quiescent state and enter the cell cycle. Activated MuSCs canmigrate to the site of injury and fuse with the damagedmyofibers, which is
controlled by Ephrins andWnt7a signaling. Abbreviations: FAP, fibrogenic adipogenic progenitor cells; IL, Interleukin; TNFɑ, Tumor necrosis factor α; Mip-
12, Macrophage Inflammatory Protein 12; Mcp-1, Monocyte Chemotactic Protein 1; IGF-1, Insulin Growth-Like Factor 1; ColVI, Collagen type VI. Created
with BioRender.com.
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start to differentiate into two subtypes of macrophages (Figure 2).
The pro-inflammatory macrophages, formerly termed
M1 macrophages, secrete IL-1β, IL-6 and TNF-α inducing
proliferation of myogenic cells. The anti-inflammatory
macrophages, formerly termed M2 macrophages, release IL-4 and
IGF-1 thereby promoting myogenic differentiation (Horsley et al.,
2003; Dumont and Frenette, 2010; Saclier et al., 2013). Moreover,
anti-inflammatory macrophages secrete different extracellular
matrix (ECM) proteins which are important components of the
MuSC niche and promote their self-renewal, among them
Fibronectin and Collagen type VI (ColVI) (Gratchev et al., 2001;
Schnoor et al., 2008; Bentzinger et al., 2013b; Urciuolo et al., 2013).
Upon injuryMuSCs get activated and enter the cell cycle (Bentzinger
et al., 2010). They then become myogenic progenitor cells or fuse
with the damaged myofibers after migration to the site of injury, a
process which is controlled by signaling through Ephrins andWnt7a
(Stark et al., 2011; Bentzinger et al., 2014). Wnt signaling is one of
the important signaling pathways in muscle regeneration. Wnt5a,
Wnt5b, and Wnt7a are upregulated at early phases of regeneration
while Wnt3a and Wnt7b expression increase at later phases
(Polesskaya et al., 2003; Brack et al., 2008). While Wnt3a drives
differentiation of MuSCs through activation of the canonical Wnt
signaling pathway, Wnt7a promotes asymmetric MuSC division
together with the ECM protein Fibronectin. Furthermore, Wnt7a
induces migration of MuSCs and growth of myofibers through
activation of different non-canonical Wnt pathways (Polesskaya
et al., 2003; Brack et al., 2008; Otto et al., 2008; Le Grand et al., 2009;
Bentzinger et al., 2014). Interestingly, Wnt7a always signals through
Fzd7 in skeletal muscle activating different signaling pathways in the
respective cell types, among them the planar cell polarity pathway
and the AKT/mTOR pathway (von Maltzahn et al., 2012). A fine
regulation of Wnt signaling is required for proper regeneration of
skeletal muscle. For instance, increased canonical Wnt signaling
during aging causes impaired regeneration of skeletal muscle and
increased fibrosis (Brack et al., 2007). However, the anti-aging
hormone soluble Klotho (sKlotho) is an antagonist of canonical
Wnt signaling and important for maintaining MuSC functionality.
This suggests that Klotho may be a naturally occurring inhibitor of
increased canonical Wnt signaling in aged skeletal muscle and its
availability could overcome over live time acquired changes in aged
MuSCs (Ahrens et al., 2018). Furthermore, R-spondin plays a role in
differentiation of myogenic progenitor cells during regeneration by
positively regulating canonical Wnt signaling (Lacour et al., 2017).
In addition to regulatingWnt activity, a temporal switch fromNotch
to canonical Wnt signaling is required for proper myogenic
differentiation during regeneration (Brack et al., 2008). Here,
Notch ligands control MuSC proliferation and differentiation
(Conboy and Rando, 2002; Conboy et al., 2007; Brack et al.,
2008; Mourikis et al., 2012). Especially the interplay between
Notch and the transmembrane receptor Syndecan-3 (Sdc3)
controls the maintenance of the MuSC pool and myofiber size
after regeneration (Pisconti et al., 2010). Myogenic Regulatory
Factors (MRFs) like Myf5, MyoD, Myogenin and Mrf4 facilitate
myogenic differentiation of MuSCs allowing myogenic lineage
progression required for regeneration of skeletal muscle (Braun
et al., 1992; Rudnicki et al., 1992; Rudnicki et al., 1993; Singh and
Dilworth, 2013). Myogenic progenitor cells become elongated and
then fuse to form multinucleated myotubes expressing

developmental myosin heavy chains (MHCs) (Bentzinger et al.,
2010; Yin et al., 2013). In addition to the formation of new
myofibers during regeneration reinnervation takes place,
important for controlling MuSC behavior and maturation of
myofibers (Vignaud et al., 2007; Forcina et al., 2020; Henze
et al., 2024).

Muscle stem cells and myogenic lineage
progression in the adult

Regeneration of skeletal muscle is critically depending on
MuSCs, a stem cell population residing underneath the basal
lamina of myofibers first described by Alexander Mauro in 1961
(Mauro, 1961; Lepper et al., 2011; Murphy et al., 2011;
Sambasivan et al., 2011; Schmidt et al., 2019) (Figure 1A). In
adult skeletal muscle all MuSCs express the paired box
transcription factor Pax7, which is essential for MuSC
functionality, while subsets of them also express Pax3 or
myogenic regulatory factor 5 (Myf5) (Relaix et al., 2005;
Kuang et al., 2007; Lepper et al., 2011; Relaix and Zammit,
2012; Relaix et al., 2021). Although all MuSCs are expressing
the canonical marker Pax7, the MuSC population is
heterogeneous (Kuang et al., 2007; Mourikis et al., 2012;
Chakkalakal et al., 2014). Under resting conditions MuSCs are
quiescent but can be readily activated due to injury or other
stimuli such as exercise (Fry et al., 2015; Schmidt et al., 2019).

After injury of skeletal muscle quiescent MuSCs become
activated and then undergo myogenic lineage progression
resulting in the expression of MyoD and Myf5. This causes
their transformation into myogenic precursor cells (Chang and
Rudnicki, 2014; Henze et al., 2020; von Maltzahn, 2021). However,
MuSCs are capable of self-renewal thereby maintaining the MuSC
pool and giving rise to myogenic progenitor cells required for
regeneration of skeletal muscle (Blau et al., 2015). Myogenic
differentiation is driven by the MRFs which comprise Myf5,
MyoD, Myogenin and Mrf4, which control the process of
elongation of myogenic progenitor cells into myocytes
(Soleimani et al., 2012; Singh and Dilworth, 2013; Hernandez-
Hernandez et al., 2017). Of note, fusion of myocytes into
multinucleated myotubes depends on the expression of
myomaker and myomerger (Millay et al., 2013; Leikina et al.,
2018). The final step in regeneration of skeletal muscle is the
maturation of myofibers which is coinciding with the migration of
the centrally located nuclei into the periphery of myofibers
(Forcina et al., 2020).

Receptors in muscle stem cells

Proper regeneration of skeletal muscle requires an effective
communication between the different cell types in skeletal muscle
and MuSCs (Figure 2). MuSCs receive signals from the immediate
niche and surrounding cells through a variety of transmembrane
receptors. The interactions of signaling molecules with the
transmembrane receptors in MuSCs activate signaling pathways
which regulate their quiescence, activation and differentiation
(Figure 3). Interactions of MuSCs with their surroundings can be
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divided into the following categories: direct cell-cell interactions
(Figure 3A), signaling via secreted factors (Figure 3B) or cell-matrix
interactions (Figure 3C) which we will discuss in detail in the
following paragraphs.

Direct cell-cell interactions

Notch signaling

One of the main receptors in MuSCs controlling quiescence and
differentiation are the Notch receptors. They are highly conserved
single-pass transmembrane proteins with a large extracellular
portion (Figure 3A). Mammals comprise four different Notch
receptors (Notch 1–4) which are expressed on the cell surface of
the signal-receiving cell. The Notch ligands Delta-like
(Dll) −1, −4 and Jagged (Jag) −1, −2 are also transmembrane
proteins located on the opposing signal-sending cell making a
direct cell-cell communication a prerequisite for activation of the
Notch signaling pathway. Activation of the Notch receptor by its
ligands then leads to proteolytic cleavage of the receptor into a
Notch extracellular domain (NECD) by Adam10 and into a Notch
intracellular domain (NICD) by γ-secretases. The ligand remains
bound to the extracellular part and is endocytosed by the signal-
sending cell, while the cytosolic part migrates to the nucleus and
binds to the transcription factor Recombination Signal Binding
Protein for Immunoglobulin Kappa J Region (RBPJ) regulating
the expression of Notch target genes (Vasyutina et al., 2007a;
Kopan and Ilagan, 2009; Gioftsidi et al., 2022).

Notch signaling controls asymmetric division and quiescence of
MuSCs. Importantly, high levels of Notch keep MuSCs in a
quiescent state (Bjornson et al., 2012; Wen et al., 2012). The
essential role of Notch signaling in maintaining MuSC quiescence
was further supported by the finding that loss of Notch 1 and Notch
2 receptor in murineMuSCs results in break of quiescence (Fujimaki
et al., 2018). Of note, expression of RBPJ, a downstream factor of
Notch signaling, is a prerequisite for maintenance of MuSC
quiescence (Bjornson et al., 2012; Mourikis et al., 2012). The
genetic loss of RPBJ induces a break of quiescence and leads to
spontaneous activation and premature differentiation of MuSCs
(Bjornson et al., 2012; Bentzinger et al., 2013a). RBPJ and the Notch
ligand Dll1 play an essential role in the maintenance of muscle
progenitor cells (Vasyutina et al., 2007a), e.g. mutations in RBPJ and
Dll1 lead to extensive and uncontrolled differentiation of progenitor
cells resulting in an increased population of differentiated myogenic
cells expressing MyoD and Myogenin and a reduced number of
progenitors expressing Lbx1 and Pax3 (Vasyutina et al., 2007b;
Schuster-Gossler et al., 2007). This uncontrolled myogenic
differentiation leads to the depletion of the progenitor cell pool,
resulting in insufficient muscle growth during development and
severe muscle hypotrophy (Vasyutina et al., 2007a; Vasyutina et al.,
2007b; Brohl et al., 2012).

While the Notch 2/Dll1 signaling pair was identified as the
mediator of MuSC self-renewal (Yartseva et al., 2020), Dll1 also
controls the differentiation of early myoblasts and the maintenance
of myogenic progenitor cells in mouse embryos (Schuster-Gossler
et al., 2007). In addition to its role in regulating MuSC functionality
in the adult, Notch signaling plays an important role in embryonic

FIGURE 3
Receptors in MuSCs. MuSCs expresses various transmembrane receptors to interact with their local niche including (A) the myofiber (green
background), (B) the stem cell niche (blue background), and (C) the extracellular matrix (ECM) (light brown background). Arrows indicate interaction
partners. Abbreviations: Dvl, Dishevelled; LRP, Low density lipoprotein Receptor-related Protein; Wnt, Wingless-related integration site; Fzd, Frizzled
receptor; Sdc, Syndecan; Itg, Integrin; Dll, Delta-like protein; Notch, Neurogenic locus notch homolog protein; EGF, Epidermal Growth Factor;
EGFR, Epidermal Growth Factor Receptor; ErbB, Anti-apoptotic ErbB receptor; FGF, Fibroblast growth factor; FGFR, Fibroblast Growth Factor Receptor;
HGF, Hepatocyte growth factor; c-Met, Mesenchymal epithelial transition factor; CalcR, Calcitonin receptor; Gpr116, adhesion G-protein-coupled
receptor 116. Created with BioRender.com.
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and postnatal myogenesis controlling processes such as
maintenance of the quiescent state, regulation of self-renewal and
differentiation (Bjornson et al., 2012).

Furthermore, Notch signaling controls the interaction of MuSCs
with their immediate niche, e.g., Notch1/RBPJ regulates the
expression of the ECM molecule ColV, which promotes
quiescence of MuSCs by binding to the Calcitonin receptor
(CalcR) in an autocrine manner (Baghdadi et al., 2018) (Figures
3A, B). Notch also interacts with the single-pass transmembrane
proteoglycan Sdc3 to regulate maintenance of the MuSC pool as well
as self-renewal and reversible quiescence of MuSCs (Pisconti et al.,
2010) (Figure 3). Syndecans interact with ECM proteins (e.g.,
Collagens, Laminins, Fibronectin) and growth factors (e.g., FGF-
2, HGF, EGF, VEGF) via their ectodomain and with intracellular
signaling molecules and cytoskeletal proteins through their
intracellular domain (Leonova and Galzitskaya, 2013; Gondelaud
and Ricard-Blum, 2019). Sdc3, along with Notch, is expressed in
MuSCs and regulates their maintenance, proliferation and
differentiation emphasizing the connection of the different
signaling pathways (Fuentealba et al., 1999). Furthermore,
Sdc3 controls myofiber size after regeneration and can be used as
a membranous molecular marker to identify MuSCs next to Sdc4
(Pisconti et al., 2010; Wang et al., 2014).

Cadherins

Quiescence of MuSCs is controlled by Notch signaling as well as
through signaling via cadherins. Cadherins are single pass
transmembrane glycoproteins, which mediate calcium-dependent
cell-cell adhesion (Ivanov et al., 2001). Cadherins facilitate the direct
binding of MuSCs to myofibers (Figure 3A). Three different
cadherins are expressed by MuSCs and adult myofibers: M-, N-
and VE-Cadherin. However, not all Cadherins appear to play similar
roles in skeletal muscle (Kann et al., 2021). M-cadherin was found in
quiescent and activated MuSCs and is one of the molecular markers
of MuSCs (Wang et al., 2014). M- and N-cadherin regulate MuSC
quiescence through the canonical Wnt/β-catenin signaling (Goel
et al., 2017). In the absence of injury, removal of N-cadherin from
adult MuSCs induces a break in quiescence, which can be enhanced
by additional removal of M-cadherin. Removal of N-cadherin alone
from MuSCs does not lead to an exit from the niche or loss of cell
polarity, suggesting that the function of N-cadherin is rather related
to maintenance of MuSC quiescence (Goel et al., 2017). Under
homeostatic conditions, expression of M-cadherin in MuSCs
mediates their adhesion to myofibers (Marti et al., 2013).
Furthermore, M-cadherin is crucial for activation of cell division,
e.g., in vitro treatment of MuSCs with M-cadherin stimulates cell
division, whereas incubation with M-cadherin blocking antibodies
reduces cell divisions (Marti et al., 2013).

Gpr116

Another important regulator of MuSC quiescence is the
adhesion G-protein-coupled receptor Gpr116, which belongs to
the G-protein-coupled receptor (GPCR) superfamily. GPCRs are
seven-pass-transmembrane receptors which are stimulated by

extracellular ligands leading to the dissociation of the
heterotrimeric G-protein (Gα, Gβ, Gγ) resulting in the activation
of the respective intrinsic signaling cascades. Nevertheless, adhesion
GPCRs have several atypical characteristics, including an
exceptionally long extracellular N-terminus, which contains
adhesion domains and a highly conserved region for
autoproteolytic cleavage (Bassilana et al., 2019). Adhesion GPCRs
like Gpr116 carry an agonistic sequence within the autoproteolysis-
inducing (GAIN) domain. Short peptides derived from this region,
called Stachel sequence, serve as a tethered agonist and can activate
the respective receptor and initiate the respective signaling cascade
(Stoveken et al., 2015; Demberg et al., 2017). Sénéchal and colleagues
recently showed that adhesion GPCR Gpr116 is present at high
levels in quiescent MuSCs being essential for long-term
maintenance of the MuSC pool regarding quiescence and self-
renewal capacity (Figure 3C). Of note, stimulation of MuSCs
with the Gpr116 Stachel peptide prevents activation and
differentiation of MuSCs. This stimulation also leads to a strong
association with β-arrestins and increases the nuclear localization of
β-arrestin 1, where it interacts with the cAMP response element
binding protein (CREB) to regulate gene expression (Senechal et al.,
2022). Furthermore, expression of Gpr116 is rapidly downregulated
in activated MuSCs. MuSCs lacking Gpr116 are incapable of
maintaining quiescence by showing progressive depletion over
time and impaired self-renewal underscoring the importance of
Gpr116 for maintenance of MuSC quiescence (Senechal et al., 2022).

Interaction with secreted niche factors

Wnt signaling

In addition to direct cell-cell-interactions controlling mainly
MuSC quiescence, MuSC functionality is regulated by secreted niche
factors, e. g., Wnt signaling regulating divisions of MuSCs. Wnt
signaling through Frizzled (Fzd) receptors plays an important role in
asymmetric division and migration of MuSCs. Fzd receptors are
seven-pass transmembrane proteins with a large extracellular
cysteine-rich domain (CRD), which is involved in ligand binding
(Nusse, 2008; Sethi and Vidal-Puig, 2010; Clevers and Nusse, 2012).
Fzd receptors are activated by different Wnt proteins, a large family
of secreted glycoproteins, related to the wingless gene in Drosophila
(Sethi and Vidal-Puig, 2010; Willert and Nusse, 2012). In mammals,
the Wnt family comprises 19 members, with high amino acid
sequence identities but distinct signaling properties resulting in
multiple intracellular responses (Nusse, 2008).

The canonical Wnt signaling pathway, also known as Wnt/β-
catenin pathway, requires the transmembrane low density
lipoprotein receptor-related protein (LRP) as a co-receptor as
well as the transcriptional activity of β-catenin (Nusse, 2012). β-
catenin forms a degradation complex with axin, adenomatous
polyposis coli (APC) and glycogen synthase kinase-3 beta (GSK-
3β). In the absence of Wnt, β-catenin is phosphorylated within the
degradation complex, leading to its own degradation (Katoh and
Katoh, 2007). Binding of Wnt ligands to their respective Fzd
receptors causes the activation of heterotrimeric G-proteins and
the cytoplasmic phosphoprotein Dishevelled (Dvl). This results in a
phosphorylation-dependent recruitment of axin to the Fzd co-
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receptor LRP and inactivation of the β-catenin degradation complex,
followed by the accumulation and stabilization of β-catenin in the
cytoplasm and its translocation into the nucleus. Here, β-catenin
binds to the transcription factors T-cell factor (TCF) and lymphoid
enhancer factor (LEF) and acts as a transcriptional coactivator
inducing Wnt/β-catenin target genes (Abu-Elmagd et al., 2010;
Grumolato et al., 2010). In adult skeletal muscle canonical Wnt
signaling is mainly mediated through the Fzd ligand Wnt3a which
drives differentiation of MuSCs (Otto et al., 2008; von Maltzahn
et al., 2012) (Figure 3B). Upon activation of MuSCs canonical Wnt
signaling increases and antagonizes the effects of Notch signaling.
The temporal switch from Notch to Wnt signaling is essential for
normal myogenesis regarding differentiation and progression of
myogenic commitment (Brack et al., 2008). Additionally,
maintaining a balanced and proper canonical Wnt signaling is
crucial for successful regeneration. It has been demonstrated that
R-spondin, a modulator of canonical Wnt signaling, plays an
important role in differentiation of myogenic progenitor cells
during regeneration (Lacour et al., 2017). Furthermore, it was
shown that conditional activation or disruption of β-catenin in
adult MuSCs also impairs regeneration of skeletal muscle (Rudolf
et al., 2016).

In contrast to the canonical pathway, non-canonical Wnt ligands
activate several non-canonical pathways inMuSCs and myofibers, such
as the planar cell polarity, the PI3K/AKT/mTOR and theWnt/Calcium
pathway (von Maltzahn et al., 2011; von Maltzahn et al., 2013a; von
Maltzahn et al., 2013b). Of note, all ligands signal through Fzd receptors
independently of β-catenin and LRP (Nusse, 2012; von Maltzahn et al.,
2012). In skeletal muscle, Wnt7a and its receptor Fzd7 mediate non-
canonical Wnt signaling thereby regulating regeneration and growth of
skeletal muscle (Bentzinger et al., 2014; Bentzinger et al., 2013b; Le
Grand et al., 2009; Schmidt et al., 2022; von Maltzahn et al., 2011; von
Maltzahn et al., 2013b) (Figure 3B). Wnt7a signaling specifically
promotes symmetric satellite stem cell divisions, a subpopulation of
MuSCs, via the formation of a coreceptor complex with the ECM
glycoprotein Fibronectin and the receptor Sdc4 (Le Grand et al., 2009;
Bentzinger et al., 2013b) (Figure 3B). Another Wnt family protein,
Wnt4, is released by myofibers and controls MuSC quiescence by
activating the Rho GTPase and repressing the Yes-associated protein
(YAP) via a non-canonical Wnt pathway (Eliazer et al., 2019).

FGF, EGF, and HGF signaling

While Wnt signaling mainly regulates MuSC divisions, FGF
signaling preferentially controls proliferation of MuSCs. Fibroblast
growth factor receptors (FGFRs) are receptor tyrosine kinases
(RTKs) comprising the four homologous members FGFR1-4.
Like all common RTKs, they contain an intracellular tyrosine
kinase domain and a large extracellular ligand-binding domain,
which binds fibroblast growth factors (FGFs) as their native ligands.
FGFR signaling is involved in various physiological processes like
proliferation, differentiation, cell migration and survival (Dai
et al., 2019).

The expression of all four FGF receptors was shown in
myofiber cultures and in MuSCs (Kastner et al., 2000). The
fibroblast growth factors FGF-2 and FGF-6 regulate MuSC
function via various signaling pathways including ERK MAPK,

p38α/β-MAPK, PI3 kinase, PLCγ or STAT signaling
(Pawlikowski et al., 2017). FGF-2 and FGF-6 promote
proliferation of MuSCs and inhibit their differentiation in
mice (Bentzinger et al., 2010; Pawlikowski et al., 2017). In rat
myofiber cultures, FGF-1, FGF-4 and FGF-6 enhance
proliferation of MuSCs similar to FGF-2 in mice (Kastner
et al., 2000). FGF-6 is present at high concentrations in
isolated myofibers, suggesting that the myofiber is the main
source of FGF-6 in vivo (Kastner et al., 2000). The unique
localization of FGF-6 and FGFR4 may have a specific function
during myogenesis (Kastner et al., 2000). However, presumably
FGF-6 has a dual role during myoblast proliferation, migration
and muscle differentiation, hypertrophy and regeneration which
is depending on the activation of distinct signaling pathways that
recruit either FGFR1 or FGFR4 receptors in a dose-dependent
manner (Armand et al., 2006). Proper FGF signaling in MuSCs
requires the interaction with Sdc4, β1-Integrin and Fibronectin
(Pawlikowski et al., 2017) (Figure 3B). Alteration or reduction of
levels of either β1-Integrin, Fibronectin or Sdc4 modulates FGF
signaling in MuSCs and affects their behavior (Pawlikowski et al.,
2017). For example, an abnormal localization of β1-Integrin
during aging leads to a diminished FGF-2 response, resulting
in aberrant ERK signaling controlling activation of MuSCs (Rozo
et al., 2016).

In addition to FGF receptors, MuSCs express another class of
RTK receptors, the anti-apoptotic ErbB receptors which comprise
four members: the epidermal growth factor (EGF) receptor (also
known as ErbB1), ErbB2, ErbB3 and ErbB4. They are single-pass
transmembrane proteins with an extracellular ligand-binding
domain for EGF-related growth factors, and a cytoplasmic
protein tyrosine kinase domain being able to form homo- and
heterodimers (Olayioye et al., 2000) (Figure 3B). Golding et al.
demonstrated in 2007 that MuSCs do not express any ErbB
receptors in the quiescent state. However, within 6 h of
activation ErbB1, ErbB2 and ErbB3 are expressed, while ErbB4 is
activated in the first 24 h of activation. Furthermore, Golding and
colleagues show that ErbB2 signaling plays a role in preventing
apoptosis thereby preserving MuSCs during the critical phase of
stem cell activation (Golding et al., 2007).

Receptors can be also used as molecular surface markers to
identify MuSCs, among them c-Met and CXCR4 (Figure 3B).
Mesenchymal epithelial transition factor (c-Met) is a single-pass,
disulfide-linked α/β-heterodimer of the RTK family with high
affinity to hepatocyte growth factors (HGF). Ligand/receptor
interaction activates different signaling pathways, which are
involved in proliferation, motility, migration, invasion and
evasion of apoptosis (Organ and Tsao, 2011). c-Met is one of the
molecular markers of MuSCs and required for regeneration of
skeletal muscle (Webster and Fan, 2013; Wang et al., 2014;
Lahmann et al., 2021). The study by Lahmann et al. (2021)
showed that c-Met and C-X-C chemokine receptor type 4
(CXCR4) signaling cooperate during muscle regeneration.
CXCR4 is a GPCR of the chemokine family, which is activated
by the chemokine CXCL12 (Sdf-1α) and stimulates proliferation and
migration of MuSCs (Vasyutina et al., 2005; Griffin et al., 2010).
Consequently, MuSCs deficient of c-Met and CXCR4 are susceptible
to apoptosis, while c-Met and CXCR4 signaling protects MuSCs
from TNF-α-induced apoptosis (Lahmann et al., 2021).

Frontiers in Cell and Developmental Biology frontiersin.org08

Majchrzak et al. 10.3389/fcell.2024.1378548

148

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1378548


Cell-matrix interactions

Integrin signaling

MuSCs are embedded in their niche. ECM molecules make up a
large portion of the MuSC niche and regulate MuSC functionality.
Here, Integrin receptors (Itg) are responsible for cell-matrix and
cell-cell interactions. They function as extracellular receptors for
ECM ligands such as Fibronectin, Laminin, Collagens or Vitronectin
and thus form the structural and functional link between the ECM
and intracellular cytoskeletal proteins (Figure 3C). Integrins consist
of non-covalently bound α- and β-subunits. In the resting state they
present in an inactive conformation, while binding of chemokines
and growth factors results in their activation and binding of
intracellular molecules such as Paxillin, Talin and Kindlin to the
β-subunit thereby allowing binding to ECM components. This
binding promotes the recruitment of signaling molecules such as
Integrin Linked Tyrosine (ILK), Focal Adhesion Kinases (FAK) and
modulation of signaling pathways such as AKT, ERK, Rho-GTPases
and mTOR (Hynes, 2002; Takada et al., 2007; Campbell and
Humphries, 2011; Taylor et al., 2022).

The heterodimer α7/β1-Integrin can be mainly found in skeletal
muscle and has a high affinity for Laminin (Kramer et al., 1991;
Loreti and Sacco, 2022) (Figure 3C). Quiescent MuSCs express high
levels of α7- and β1-Integrin, which makes them good molecular
markers of MuSCs (Blanco-Bose et al., 2001; Wang et al., 2014). Of
note, β1-Integrin is involved in the maintenance of MuSC
homeostasis as well as the expansion and self-renewal of MuSCs
during regeneration. Moreover, β1-Integrin interacts with FGF-2
thereby controlling MuSC proliferation and self-renewal while β3-
Integrin regulates differentiation of MuSCs in regenerating muscle
(Liu et al., 2011; Rozo et al., 2016). Integrins also play an important
role in the interaction of MuSCs with their immediate niche, MuSCs
adhere to the ECM molecule Fibronectin via α4/β1-, α4/β7-and α5/
β1-Integrins or to Laminin via α6/β1-Integrin (Figure 3C),
interactions which are especially important during myogenesis
(Taylor et al., 2022). Here, Fibronectin mediates the peripheral
nuclear positioning through binding to α5-Integrin, a process
depending on activation of FAK and the tyrosine kinase Src
(Roman et al., 2018).

Signaling through the calcitonin receptor

While the ECM molecules Fibronectin and Laminin mainly
interact with Integrins, ColIV binding to the Calcitonin receptor
(CalcR) regulates quiescence of MuSCs (Baghdadi et al., 2018)
(Figure 3C). The CalcR is another member of the GPCRs which
regulates quiescence of MuSCs, similar to Gpr116. Binding of the
peptide hormone Calcitonin to the CalcR causes its activation
resulting in the activation of multiple signaling pathways through
its interaction with different G-protein family members (Gs and Gq)
involved in maintaining calcium homeostasis (Masi and Brandi,
2007). In addition to regulating quiescence by signaling via the
CalcR-protein kinase A (PKA)-Yes-associated protein 1 (Yap1) axis,
CalcR is a molecular marker of MuSCs (Wang et al., 2014;
Yamaguchi et al., 2015; Zhang et al., 2019; Zhang L. et al., 2021).
MuSCs are retained in a quiescent state by the Notch-ColV-CalcR

signaling pathway (Baghdadi et al., 2018). Here, ColV is produced as
a result of Notch signaling and acts as a ligand for the CalcR. ColV
production is reduced uponMuSC activation and inhibition of ColV
synthesis leads to their activation and differentiation (Baghdadi
et al., 2018).

The MuSC niche and its remodeling
after injury

Receptors in MuSCs are connecting MuSCs to the local
environment, also known as the MuSC niche. The niche plays a
prominent role in regulating quiescence and activation of MuSCs,
myogenic differentiation and thereby regeneration of skeletal
muscle. For instance, quiescence of MuSCs is regulated through
the tight expression of multiple transcription factors in MuSCs.
Binding of ECM components from the MuSC niche by receptors in
MuSCs controls their expression and thereby the state of quiescence
(Chang and Rudnicki, 2014). The ECM, a complex network of
proteins and carbohydrates, provides structural support to MuSCs.
Its composition is tightly connected to the age of an individual and
state of regeneration regulating MuSC functionality. The most
prominent components of the ECM in the MuSC niche include
Collagens, Laminins, Vitronectin, Fibronectin and other
glycoproteins as well as adhesion molecules such as M-Cadherin
and CD34 (Casaroli Marano and Vilaro, 1994; Beauchamp et al.,
2000). Post-translational modifications (PTMs) are essential for the
proper functionality of ECM molecules and play an important role
in regulating cellular behavior (Hu et al., 2022). These PTMs can
occur at various stages of ECM protein synthesis, secretion or
degradation and include mostly phosphorylation, glycosylation,
acetylation and ubiquitination (Yuan and Ye, 2021).

The MuSC niche is severely remodeled during regeneration of
skeletal muscle including a change in the composition of cell types in
the immediate MuSC niche. Here, the interplay betweenMuSCs and
various muscle resident cell types such as fibroblasts, immune cells
(including macrophages, eosinophils and neutrophils) and FAPs
affects and controls proper regeneration of skeletal muscle (Abou-
Khalil et al., 2010; Lander et al., 2012). During regeneration dynamic
remodeling of the ECM takes place, which is driven by changes in
expression and thereby secretion of ECM molecules by MuSCs and
other cell types in regenerating muscle. This remodeling causes
alterations in MuSC behavior required for regeneration. For
instance, MuSCs become activated through upregulation of
Fibronectin expression and consequently activation of the
respective receptors (Bentzinger et al., 2010; Shirakawa et al.,
2022). Of note, activated mast cells create a pro-inflammatory
environment after injury through secretion of cytokines, tryptase
and TNF-α, which in turn is responsible for the downregulation of
the expression of Pax7 (Palacios et al., 2010). Afterwards, monocytes
differentiate into macrophages (pro-inflammatory and anti-
inflammatory) which stimulate the early and late phases of
myogenic processes by secretion of ECM components including
Fibronectin and ColVI, respectively (Bentzinger et al., 2014;
Mashinchian et al., 2018). In addition to MuSCs and immune
cells, FAPs get activated after injury and rapidly increase in
number (Sastourne-Arrey et al., 2023). They contribute to
myogenic differentiation by secretion of the cytokine interleukin
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(IL)-6. However, eosinophils secrete additional cytokines such as IL-
4 or IL-3, which are responsible for blocking the adipogenic
differentiation of FAPs (Bentzinger et al., 2013a). Moreover,
endothelial cells secrete a variety of antiapoptotic factors (e.g.,
VEGF) which stimulate the proliferation of MuSCs during
regeneration (Frey et al., 2012).

Alterations in regeneration of skeletal
muscle in age and disease

As outlined above, regeneration of skeletal muscle is a highly
orchestrated process in which each step is tightly controlled. During
aging as well as in different disease states this precise control is out of
balance resulting in impairments or delays of regeneration.

Aging is characterized by a decline of organ function and
integrity, accompanied by a decrease of regenerative capacity and
an increase in vulnerability. The reduced ability of tissues to
regenerate is mainly caused by stem cell exhaustion and
deterioration (Kirkwood, 2005; Sousa-Victor et al., 2014; Lopez-
Otin et al., 2023). Aging of skeletal muscle is marked by the gradual
loss of muscle mass, strength and overall impaired physical
performance, also called sarcopenia (Cruz-Jentoft et al., 2019).
Additionally, muscle tissue is often replaced by adipose tissue
(Rahemi et al., 2015; Yoshiko et al., 2017). During aging MuSCs
switch to an irreversible cell cycle arrest and show increased levels of
H3K27me3, which is associated with transcriptional repression (Liu
et al., 2013; Sousa-Victor et al., 2014; Sousa-Victor et al., 2018)
(Figure 4). Furthermore, functionality of MuSCs is impaired
through the aberrant induction of developmental pathways
caused by permissive chromatin states (Figure 4). For example,
expression of Hoxa9 is induced and activates pathways such as JAK/
STAT signaling limiting MuSC function (Schworer et al., 2016).
Also, p38α/β-MAPK signaling displays aberrant upregulation in
aged MuSCs inhibiting their self-renewal and thus regenerative

potential (Cosgrove et al., 2014). Upregulation of
developmentally important signaling pathways such as canonical
Wnt signaling, JAK/STAT signaling and downregulation of Notch
signaling further diminishes MuSCs functionality and drives them
into a fibrogenic fate (Brack et al., 2007; Carlson et al., 2009; Price
et al., 2014; Tierney et al., 2014) (Figure 4). In MuSCs from geriatric
mice epigenetic p16INK4a depression is lost driving MuSCs into an
irreversible pre-senescent state (Sousa-Victor et al., 2014; Schworer
et al., 2016). An additional driver for loss of stem cell functionality
with increasing age is their reduced autophagic activity leading to an
accumulation of damaged mitochondria and increased ROS levels
(Garcia-Prat et al., 2016). In addition to intrinsic changes in MuSCs,
systemic factors show alterations during aging, e.g., serum levels of
TGF-β1 are increased in elderly humans and mice which stimulates
the expansion of tissue-resident fibroblasts and inhibits the
myogenic differentiation of MuSCs, leading to a diminished
regenerative capacity of aged muscle (Carlson et al., 2009).
Furthermore, reduced levels of the well-known anti-aging
hormone Klotho lead to a perturbed number and functionality of
MuSCs resulting in a reduction of the regenerative capacity of
skeletal muscle (Ahrens et al., 2018).

As outlined above, MuSCs are also directly affected by their local
environment. Here, the ECM shows the biggest alterations during
aging (Birch, 2018).With increasing age, systemic cytokine levels are
altered and shift towards a low-grade chronic inflammation, a
process also known as “inflammaging” (Franceschi et al., 2018).
In skeletal muscle, this leads to the deregulation of ECM remodeling
enzymes and their inhibitors, thereby increasing the amount of
fibrotic tissue and impairing differentiation of myoblasts into
myofibers (Blau et al., 2015). Additionally, the altered elasticity of
fibrotic muscle tissue is likely to impair self-renewal of MuSCs
(Urciuolo et al., 2013). Furthermore, it was shown that the direct
interactions betweenMuSCs and the myofiber are controllingMuSC
behavior (Bischoff, 1990). The exact mechanism for this interaction
is not known but FGF-2 is increasingly secreted by aged myofibers

FIGURE 4
Alterations in MuSCs during aging. Induction of developmental pathways during aging impairingMuSCs functionality. MuSC, muscle stem cell; ECM,
extracellular matrix; FN, fibronectin; FAP, fibro-adipogenic progenitor; NMJ, neuromuscular junction. Figure was modified from Henze et al. (2020).
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and, at least in part, responsible for the age-related depletion of the
MuSC pool (Chakkalakal et al., 2012). Increased FGF-2 levels hinder
MuSCs to return to quiescence via constant activation of ERK
signaling (Chakkalakal et al., 2012). In addition to alterations in
the secretome of myofibers, the myofiber size seems to directly affect
number and function of MuSCs, both of which are reduced during
aging (Verdijk et al., 2007). Moreover, other muscle resident cell
types change their functionality during aging, e.g., FAPs, which
contribute to muscle homeostasis and regeneration, are displaying
alterations during aging. For instance, it was shown that the
matricellular protein Wisp1 is important to promote the
expansion of MuSCs during regeneration. However, with
increasing age Wisp1 secretion by FAPs is reduced, contributing
to impaired MuSC functionality which then causes a reduced
regenerative capacity. This is reminiscent of the observation that
loss of Fibronectin expression in aged skeletal muscle impairs its
regeneration (Lukjanenko et al., 2016; Lukjanenko et al., 2019).

With increasing age regeneration of skeletal muscle is reduced.
However, other physiological states or diseases can also lead to an
insufficient tissue restoration and/or maintenance of skeletal muscle.
Among those are cancer cachexia, congestive heart failure, chronic
obstructive pulmonary disease, chronic infectious diseases,
neuromuscular diseases, chronic inflammatory diseases and acute
critical illness. In those diseases functionality of MuSCs is affected
through increased inflammation, oxidative stress, metabolic changes
or unbalanced nutrition (Sharifi-Rad et al., 2020). Duchenne
Muscular Dystrophy (DMD) pathology is one of the degenerative
diseases affecting regeneration and maintenance of skeletal muscle.
Here, the absence of the Dystrophin protein leads to sarcolemma
instability and fragility. DMD is associated with extensive damage of
myofibers upon contraction which cannot be rescued by newly
regenerated myotubes (Ohlendieck et al., 1993; Grounds et al.,
2008). Furthermore, divisions of MuSCs are affected in mdx
mice, the mouse model of DMD (Dumont et al., 2015). Another
example for muscle wasting diseases is myositis which affects
proximal skeletal muscles and is clinically characterized by
muscle weakness and a low level of muscle endurance (Lundberg
et al., 2016). Here, an inflammatory cell infiltration, mainly
composed of T-cells, macrophages and dendritic cells, occurs in
skeletal muscle although the molecular mechanisms causing muscle
wasting is not fully understood yet (Engel and Arahata, 1984;
Greenberg et al., 2005). However, it was suggested that muscle
weakness is caused by a loss of capillaries leading to tissue hypoxia
and a loss of myofibers due to degeneration and necrosis of
myofibers as a result of direct cytotoxic effects of T-cells (Emslie-
Smith and Engel, 1990; Hohlfeld and Engel, 1991). Severe muscle
wasting and loss of MuSC functionality is also occurring in cancer
cachexia, the loss of muscle mass and functionality due to cancer.
Here, Wnt7a was shown to effectively counteract muscle wasting
through activation of the anabolic AKT/mTOR pathway as well as
improve MuSC functionality (Schmidt et al., 2020). In addition to
loss of muscle mass, cancer cachexia is associated with muscle
damage which results in activation of MuSCs. Although MuSCs
are activated, they fail to properly differentiate due to aberrant
expression of Pax7 (He et al., 2013), a situation which shows
similarities to rhabdomyosarcoma cells, a type of cancer cells
thought to arise from myogenic precursor cells and which are
also characterized by impaired myogenic differentiation.

Rhabdomyosarcomas

Although skeletal muscle is a tissue which does not undergo
extensive tissue replacement and proliferation in the adult–except
after injury - myogenic cells undergo proliferation during
development, the time when rhabdomyosarcomas (RMS) arise.
Rhabdomyosarcomas are the most common soft-tissue sarcoma
in children and resemble cells committed to the skeletal muscle
lineage in embryonic and fetal stages of development (Wei et al.,
2022). However, the cell of origin is not well characterized so far.
Literature suggests that RMS tumors could be initiated by cells of
myogenic origin or by cells of non-myogenic origin (Keller et al.,
2004; Hatley et al., 2012; Blum et al., 2013; Drummond et al., 2018).

RMS can be divided in two main subtypes, the most common
embryonal rhabdomyosarcoma [ERMS, (~70%)] and the more
aggressive alveolar rhabdomyosarcoma [ARMS, (~20%)]. The
remaining RMS cases are caused by pleomorphic and spindle
cell/sclerosing RMS (Ognjanovic et al., 2009). Classification in the
clinics is mainly done by morphological and cytological assessment
of hematoxylin and eosin-stained histology sections (Asmar et al.,
1994; Davicioni et al., 2009). RMS tumors tend to occur at three
main anatomical regions of the human body including the head and
neck regions, the genitourinary system and the extremities (Arndt
and Crist, 1999; Ma et al., 2015). However, RMS tumors can arise
also at other locations in the human body. Of note, in all types of
RMS a deregulated myogenic differentiation program leads to
continuous proliferation and impaired terminal myogenic
differentiation (Skapek et al., 2019).

The genetic alterations in most ARMS cases (approximately
80%) are well understood, here a chromosomal translocation
between the PAX3 [t (2; 13) (q35; q14)] or PAX7 [t (1; 13) (q36;
q14)] and Forkhead box protein O1 (FOXO1) occurs. This results in
fusion genes thereby generating oncogenic transcription factors
consisting of the DNA binding domain of the PAX and the
transactivation domain of FOXO1, PAX-FOXO1. A minority of
ARMS cases (~20%) lacks these translocations and shares clinical
and biological features of ERMS (Parham and Barr, 2013). The
presence of a PAX-FOXO1 fusion (fusion-positive/FP RMS cases)
drives unfavorable outcomes in children and is recognized as an
important prognostic factor (Hibbitts et al., 2019). Both PAX-
FOXO1 fusion proteins show more transcriptional activity, are
expressed at a higher level and are proteolytically more stable
than their wild-type PAX counterparts (Davis and Barr, 1997;
Bennicelli et al., 1999; Miller and Hollenbach, 2007). Thereby,
they contribute to tumorigenicity through affecting growth,
apoptosis, differentiation and cell migration. The enhanced
expression of PAX3 or PAX7 in ARMS–here as a fusion
protein–is reminiscent of MuSCs in cancer cachexia which are
also displaying aberrant high levels of Pax7 expression (He et al.,
2013). The aberrant expression of Pax7 or Pax3 might be one of the
main drivers of impaired myogenic differentiation in ARMS as
observed in MuSCs in cancer cachexia.

While ARMS tumors are classified as fusion-positive tumors
ERMS tumors are fusion-negative and show a high variability in the
genetic alterations causing cancer. Among those alterations are a
loss of heterozygosity at chromosome 11p15.5, an increase in
aneuploidy, mutations of TP53, RAS genes, PIK3CA, β-catenin
and FGFR4, as well as NF1, FBXW7 and BCOR affecting RTK-
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RAS-RAF-MAPK, PI3K-AKT-mTOR signaling, cell cycle
progression, apoptosis and developmental pathways such as Wnt,
Notch, SHH and Hippo among others (Scrable et al., 1989; Stratton
et al., 1989; Taylor et al., 2009; Zibat et al., 2010; Annavarapu et al.,
2013; Shern et al., 2014; Mohamed et al., 2015; Conti et al., 2016;
Skapek et al., 2019). Interestingly, mutations in ERMS often affect
signaling pathways and receptors which also control MuSC
functionality (Figure 3). However, in the vast majority of ERMS
tumors the transcriptional repressor TRPS1 displays an increased
expression causing impaired myogenic differentiation (Huttner
et al., 2023). Of note, reduction of aberrant TRPS1 levels in
ERMS tumor cells permits myogenic differentiation (Huttner
et al., 2023).

All RMS tumors are diagnosed by the expression of myogenic
markers such as the myogenic regulatory proteins MYOD and
MYOGENIN, MHCs, skeletal α-ACTIN, Creatine Kinase and
DESMIN (Tonin et al., 1991; Dias et al., 2000; Sebire and Malone,
2003). Histologically ERMS resembles an undifferentiated and
embryonal state, while ARMS tumors are characterized by a more
widely expression of key myogenic regulatory factors responsible for
terminal differentiation such as MYOD and MYOGENIN (DeMartino
et al., 2023). RMS treatment involves a multimodal approach including
surgical excision, chemotherapy and radiation therapy. The outcome of
metastatic or recurrent RMS patients remains poor, but localized
instances are curable (Malempati and Hawkins, 2012; Dantonello
et al., 2013). In recent decades, chemotherapy regimens have steadily
improved, but remain non-specific to the tumor and include the
application of vincristine, actinomycin D combined with
cyclophosphamide or ifosfamide. However, recent modifications of
these standard regimens have shown improvements in the outcomes
of patients with rhabdomyosarcoma (Chen et al., 2019; Miwa et al.,
2020). Nevertheless, additional treatment options for RMS would be
desirable, potentially through inducing myogenic differentiation in
tumor cells.

Conclusion

Skeletal muscle is the most abundant tissue of the human body,
it is characterized by a high plasticity and ability to self-renew.
Skeletal muscle supports mobility and body posture. Any kind of
muscle impairments, such as disease, aging, injury, etc. has an
impact on the general health and therefore quality of life.
Regeneration of skeletal muscle is a highly orchestrated process
involving the reception of signals from the niche through a variety of

receptors located in the plasma membrane of MuSCs. A better
understanding of the interplay of the different cell types and
signaling pathways during regeneration of skeletal muscle is
required, especially in age and disease. A focus on the secretome
of the different cell types in skeletal muscle and how the secreted
factors are affecting MuSC functionality might be a promising
approach to the development of new therapies for improving
regeneration of skeletal muscle.
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