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ABSTRACT
Tubulin Polymerization Promoting Proteins (TPPPs) are highly conserved across species but remain poorly understood. There 
are three TPPP genes in humans, with only one homologous TPPP gene in invertebrates, such as Drosophila and C. elegans. The 
human TPPP (TPPP1/p25/p25α) is enriched in the brain and shares sequence similarities with the invertebrate TPPPs. TPPP/p25 
associates with microtubules and plays a pivotal role in microtubule dynamics, bundling, and polymerization, thereby stabilizing 
the microtubular network. This is essential for cytoskeletal organization and proper functioning of neurons and glial cells, in-
cluding axonal growth, regeneration, migration, trafficking, synapse formation, and myelination of axons. However, studies have 
also uncovered that besides its cytoplasmic/microtubular localization, TPPP/p25 is present in other subcellular compartments, 
including the mitochondria and nucleus, underscoring the presence of additional novel functions. At the molecular level, TPPP/
p25 is predicted to exist as an intrinsically disordered protein and is implicated in neurological and neurodegenerative disorders, 
including Parkinson's and related disorders and Multiple Sclerosis. In this article, we provide a comprehensive overview of TPPP/
p25, highlighting its evolutionary conservation, cellular and subcellular localization, established and emerging functions in the 
nervous system, interacting partners, potential clinical relevance to human neurological disorders, and conclude with unre-
solved questions and future areas of study.

1   |   Introduction

Tubulin polymerization promoting proteins (TPPPs) is a fam-
ily of proteins known for more than two decades and was iden-
tified during the purification of the tau protein kinase II from 
bovine brain extracts (Takahashi et al. 1991). The first member 
of the TPPP protein family to be identified was TPPP1/p25α/
p25, which is a 25 kDa protein enriched in the human brain and 
is expressed in the nervous systems of other vertebrates and 

invertebrates (Takahashi et al. 1991, 1993; Seki et al. 1999; Orosz 
and Ovadi 2008; Ovadi and Orosz 2009). TPPP1/p25α/p25, here-
after referred to as TPPP, will be the focus of this review. Human 
TPPP was identified and mapped to the p15.3 region of chromo-
some 5 (Seki et al. 1999). TPPP is highly conserved across many 
species, underscoring its biological significance (Skjoerringe 
et  al.  2006; Orosz and Ovadi  2008; Mino et  al.  2016), yet is 
very understudied, and much remains unknown. Many of the 
reported studies on TPPP using various in  vitro cell culture 
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systems have provided important insight into TPPP functions 
(Hlavanda et al. 2002; Lehotzky et al. 2004; Tokesi et al. 2010; 
Ejlerskov et al. 2013; Mavroeidi et al. 2022). However, the lack 
of any knockout animal model of TPPP for over a decade and a 
half since its first identification posed a significant impediment 
to understanding the scope of the in vivo physiological roles of 
TPPP. The first in vivo knockout animal of TPPP was reported 
in Drosophila melanogaster (Mino et al. 2016) followed by the 
in vivo knockout of mouse TPPP (Fu et al. 2019). These knock-
out models have started paving the way to explore the develop-
mental, behavioral, biochemical, and mechanistic roles of TPPP 
in the nervous system across invertebrate and vertebrate spe-
cies. Subsequent studies on TPPP since its initial discovery that 
have provided key insight into its functions are summarized in 
Figure 1.

TPPP plays a pivotal role in microtubule dynamics and cy-
toskeletal organization (Hlavanda et  al.  2002; Lehotzky 
et al. 2004, 2010; Acevedo et al. 2007; Schofield et al. 2013). 
TPPP's role in microtubule bundling and polymerization is es-
sential for the stability of the microtubular network that is re-
quired for proper axonal outgrowth, regeneration, and axonal 
ensheathment/myelination (Mino et al. 2016; Fu et al. 2019; 
Shi et al. 2019; Vargas et al. 2020). In addition to these well-
known functions of TPPP in orchestrating cytoskeletal organi-
zation, studies have highlighted its presence in mitochondria 
and its related functions (Ota et al. 2014; Xie et al. 2021). These 
studies underscore the existence of additional novel roles of 
TPPP that may have functional implications in oxidative stress 
and neuronal survival. These emerging roles are relevant 
since TPPP is implicated in various human nervous system 
disorders, including neurological and neurodegenerative dis-
orders (Kovacs et al. 2004; Lindersson et al. 2005; Hoftberger 
et al. 2010; Jellinger and Lantos 2010; Kon et al. 2024). In ad-
dition, TPPP is also an intrinsically disordered protein (IDP). 
IDPs are often associated with neurodegenerative and other 
disorders. This dual structure–function component of TPPP 
could have significant implications toward understanding the 
molecular mechanisms behind the human disorders.

The objective of this review article is to provide an overview of 
the functional diversity of TPPP, delving into its well-established 
functions while also shedding light on the newly identified roles 
within the nervous system across species. Additionally, the arti-
cle seeks to explore the cellular and subcellular localizations of 
TPPP, the array of proteins with which it interacts with and the 
potential clinical significance of TPPP in human nervous system 
disorders.

2   |   Evolutionary Conservation of TPPP

Sequence homology of TPPP proteins is seen from unicellular 
organisms to vertebrates (Tirian et al. 2003; Orosz 2009). The 
high conservation of TPPP across various species (Figure 2) un-
derscores its crucial role in cellular processes. TPPP functions 
primarily as a microtubule-associated protein (MAP). Despite 
the long phylogenetic distance, TPPP across species possesses 
the same tubulin binding and polymerizing properties as 
human TPPP, suggestive of an evolutionarily conserved func-
tion (Štifanić et  al.  2011). Interestingly, the region responsible 
for tubulin binding is the same in the sponge TPPP as in the 
human TPPP (Olah et al. 2017a). Multiple sequence alignments 
from TPPP proteins across diverse species highlight the highly 
conserved regions within the TPPP protein family, particularly 
emphasizing the central microtubule binding (or p25α) domain, 
suggesting significant functional importance of this domain 
(Figure 3).

TPPP is conserved in the genomes of ciliated organisms (Orosz 
and Ovadi 2008; Orosz 2022). Cilia and flagella are microtubule-
based cellular extensions and function mainly as sensory and 
motile units (Linck et al. 2014). The presence of TPPP orthologs 
in all ciliated organisms is suggestive of their association with 
ciliary functions. The primary cilium, which is a sensory ap-
pendage present in most mammalian cells, including neurons 
and glial cells, plays critical roles in various signaling pathways. 

Summary

•	 Tubulin polymerization promoting proteins (TPPP) 
are known for well over two decades but remain 
understudied.

•	 Although their most characterized function is in mi-
crotubule bundling and polymerization, emerging evi-
dence highlights novel roles of TPPP with implications 
for neuronal survival.

•	 Human TPPP is associated with multiple nervous sys-
tem disorders, including α-synucleinopathies, such 
as Parkinson's disease, Multiple System Atrophy, and 
Lewy Body Dementia, as well as Multiple Sclerosis.

•	 This review article provides a comprehensive overview 
of TPPP across species, emphasizing its functional di-
versity and relevance in human disease pathogenesis.

FIGURE 1    |    Milestones in TPPP research. A schematic presentation 
of the key milestones in TPPP research since its initial discovery. Image 
created with BioRe​nder.​com.

http://biorender.com


3 of 15

Deficits in the structure or function of primary cilia lead to 
ciliopathies that encompass more than a dozen syndromes, 
including Joubert syndrome and Usher syndrome (Youn and 
Han  2018). TPPP was identified in the proteomic analysis of 
mouse photoreceptor sensory cilium (Liu et al. 2007) and was 
also downregulated along with several ciliary genes in gene 
expression studies carried out from ciliary dyskinesia patients 
(Geremek et al. 2014). These studies suggest that TPPP is pres-
ent in the cilia in various organisms and might contribute to cil-
iopathies in humans, but their role in the cilium remains to be 
further explored.

There are three TPPP genes in humans, TPPP/p25 (~25 kDa), 
TPPP2/p18 (18 kDa), and TPPP3/p20 (20 kDa) (Vincze 
et  al.  2006). Human TPPP and TPPP3 are known for their 
microtubule-associated functions (Olah et  al.  2017a, 2022), 
whereas TPPP2 is implicated in male fertility (Liu et al. 2013; 
Zhu et  al.  2019; Wang et  al.  2021; Alagundagi et  al.  2023; 
Orosz  2024). In invertebrates, such as Drosophila melanogas-
ter, Caenorhabditis elegans, and Anopheles gambiae, there is 
generally one TPPP, which is ~40–48% identical with each 
other and with the mammalian TPPP proteins. The identity 
becomes considerably higher (~80%) within only the last 50 
amino acids of the C-terminal sequences of the TPPP proteins 
(Mino et al. 2016; Olah et al. 2017a). The TPPP family of proteins 
across species is characterized by the presence of the p25α do-
main named after its first member, TPPP/p25. TPPP/TPPP-like 
proteins can be further grouped according to either the length 
of their p25α domain (such as long, short, truncated, or partial) 
or the presence of additional domain(s) such as EF-hand and 
doublecortin (Orosz  2023), and most eukaryotes contain one 
long TPPP (Orosz  2012). Long-type TPPPs are characterized 
by a Rossmann-like motif (GXGXGXXGR) in their C-termini 

(Figures  3 and 4) (Tirian et  al.  2003; Orosz  2012). These mo-
tifs are of ancient evolutionary origin, are present in a variety of 
metabolic enzymes, and are capable of binding diverse ligands 
to perform diverse functions (Medvedev et al. 2021). The pres-
ence of the Rossmann-like sequence motif may also contribute 
toward the functional diversity of TPPP and potentially its rele-
vance in certain disorders (Medvedev et al. 2019).

3   |   TPPP Cellular and Subcellular Localization in 
the Nervous System

Understanding the cellular and subcellular localization of TPPP 
is crucial for deciphering its physiological and pathological 
roles. TPPP is enriched in the human brain and is expressed in 
various cell types in the nervous system across species. TPPP 
also exhibits diverse sub-cellular localizations, including the 
well-established cytoplasmic/microtubule localization as well 
as nuclear and mitochondrial localizations that suggest its in-
volvement in multiple cellular processes and functions (summa-
rized in Figure 5).

3.1   |   Cellular Localization of TPPP Across Species

In humans and other vertebrates, such as mice and rats, TPPP 
is strongly expressed in the CNS oligodendrocytes (Takahashi 
et al. 1993; Song et al. 2007; Fu et al. 2019). TPPP is a constitu-
ent of myelin and colocalizes with myelin basic protein (MBP) 
in the healthy human brains (Song et  al.  2007). In healthy 
human brain neurons, TPPP transcripts were detected at sig-
nificant levels in both the excitatory and inhibitory neurons 
using RNA scope and single nuclear RNA sequencing studies. 

FIGURE 2    |    Evolutionary conservation of TPPPs across animal phyla. TPPP is conserved across all major animal phyla from Porifera to verte-
brates highlighting its essential biological functions during animal evolution.
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However, the immunoreactivity of TPPP in the neurons re-
mains to be established (Kon et al. 2024). In the adult rat brain, 
TPPP expression is seen in most regions of the CNS and neuro-
pil (Takahashi et al. 1993). TPPP is expressed in oligodendro-
cytes and in the specialized membrane of the choroid plexus. 
In the pre- and post-natal rat brain, TPPP is localized to the 
perinuclear cytoplasm of myelinating oligodendrocytes from 
embryonic day 20 (E20) that was verified from the cellular co-
localization with 2′,3′-cyclic nucleotide 3′-phosphodiesterase 
(CNP) (Lee et al. 2005). Oligodendrocyte progenitor cells and 

pre-myelinating oligodendrocytes identified by the expres-
sion of NG2 proteoglycan and CD9, respectively, did not show 
co-localization with TPPP. TPPP co-localized with beta (IV)-
tubulin from post-natal day 10 (P10) in developing, myelin-
ating oligodendrocytes. TPPP is expressed in the supraoptic 
nucleus (Lindersson et  al.  2005), hippocampal neurons, and 
detected in synaptic membrane and synaptic vesicle prepara-
tions (Frykman et al. 2012). In the mouse brain, TPPP mRNA 
expression is high in oligodendrocytes and low in astrocytes, 
microglia, and neurons (Goldbaum et al. 2008; Fu et al. 2019). 

FIGURE 3    |    Multiple sequence alignment of TPPP-family proteins across diverse species. Protein sequences from human (TPPP1), 
Strongylocentrotus purpuratus, Crassostrea virginica, Drosophila melanogaster, Capitella teleta, Caenorhabditis elegans, Schistosoma japonicum, 
Nematostella vectensis, and Suberites domuncula were aligned using SnapGene software. The alignment was performed using the integrated mul-
tiple sequence alignment tool and visualized within the SnapGene protein viewer. Highlighted residues (in yellow) indicate positions conserved 
among multiple species but not necessarily matching the consensus sequence. Gaps introduced to optimize the alignment are indicated by dashes 
(–). The colored bars above the sequences represent conservation scores: Dark red blocks indicate regions of high sequence conservation, whereas 
lighter blue/yellow/orange blocks represent regions of moderate to low conservation. Regions without color or with dark blue indicate no strong con-
servation across aligned sequences. This visualization highlights highly conserved regions within the TPPP protein family, particularly emphasizing 
the central microtubule binding (or p25α) domain, suggesting significant functional importance despite evolutionary divergence. Within the p25α 
domain, the GXGXGXXGR motif stands out as a highly conserved sequence, indicative of a Rossmann-like fold. The conservation of this motif across 
species implies a fundamental role in the protein's function.

FIGURE 4    |    Protein sequence of human TPPP/p25. Presence of specific motifs in human TPPP corresponding to a phosphorylation site (green, 
TPPKSP) within this segment is also present in tau protein; LC3B-interacting region (LIR) motif (blue, WSKL and FSKI), and a Rossmann motif 
(red, GKGKGKRGR).
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TPPP is detected as puncta along oligodendrocyte processes 
coinciding with Golgi outposts that act as sites of local mi-
crotubule nucleation and were also reported in Drosophila 
(Ori-McKenney et al. 2012) and in mammalian neuronal den-
drites (Horton et al. 2005; Quassollo et al. 2015). TPPP is also 
detected in the neuropil and synapses (Frykman et al. 2012; 
Tripon et  al.  2018; Moritz et  al.  2019). TPPP is expressed in 
the zinc-rich retina and its localization both in the mice and 
human eyes was observed in the postsynaptic nerve terminals 
(Tripon et al. 2018).

Expression of the Drosophila TPPP, named Ringer (Mino 
et  al.  2016), is dynamically regulated in the embryonic CNS 
with initial expression in pioneer midline neurons and axons 
that initiate the formation of intersegmental connections 
(Kuzina et  al.  2011). However, during later stages of em-
bryonic ventral nerve cord development, Ringer expression 
became stronger in the midline glia. Midline glia are akin 
to the vertebrate oligodendrocytes as they perform crucial 
neuron–glial interactions and ensheathment of commissural 
axons in the CNS (Jacobs 2000; Banerjee et al. 2017). Besides 
the embryonic nervous system, Ringer is expressed in the 
larval sensory neurons (Vargas et  al.  2020) and localizes to 
the larval presynaptic neuromuscular junction terminals (Shi 
et al. 2019). It is also abundantly expressed in all neurons of 
the adult fly brain (Xie et al. 2021). Similar to the fly TPPP/
Ringer, expression of TPPP/TPPP-like proteins was observed 
in the sensory trigeminal neurons, spinal neurons including 
RB neurons, and primary motor neurons in wild-type zebraf-
ish embryos (Aoki et  al.  2014). Thus, TPPP across species is 
abundantly expressed in the nervous system and is enriched 
in oligodendrocytes but also has neuronal and synaptic ex-
pression indicating its capability of performing diverse cellu-
lar functions.

3.2   |   SubCellular Localization of TPPP

In healthy human brain, TPPP is localized in the cytoplasmic 
compartment of the oligodendrocytes, including perinuclear cy-
toplasm and peripheral processes in the white matter, and in a 
subset of oligodendrocyte nuclei. Immunoelectron microscopy 
studies have further confirmed subcellular TPPP localization 
in the nucleus and mitochondrial membranes of healthy oligo-
dendrocytes. In addition, biochemical subcellular fractionation 
and immunoblotting analyses also supported the nuclear and 
mitochondrial presence of mammalian TPPP (Ota et al. 2014). 
Significant TPPP transcript expression was recently reported 
both in the nucleus and cytoplasm of neurons at the pontine 
base of healthy human brains (Kon et al. 2024). In invertebrates, 
such as Drosophila, endogenous TPPP/Ringer is expressed in the 
cytoplasm and the microtubular network, both in the midline 
glia/glial processes as well as in the neuronal and synaptic mi-
crotubules (Mino et al. 2016; Shi et al. 2019; Vargas et al. 2020). 
In the adult fly brain, TPPP/Ringer localizes to the neuronal 
mitochondria, as revealed from immunohistochemical and bio-
chemical subcellular fractionation experiments (Xie et al. 2021). 
Thus, the diverse cellular and subcellular localizations of TPPP 
are a major contributing factor toward its functional diversity.

4   |   Diverse TPPP Functions

The most well-established in vitro and in vivo physiological func-
tion of TPPP is similar to that of the MAPs (Hlavanda et al. 2002; 
Tirian et al. 2003; Lehotzky et al. 2004; Shi et al. 2019). However, 
besides its microtubular functions, TPPP displays remarkable 
functional diversity as it plays multiple crucial roles at the cel-
lular and molecular levels that are described below and summa-
rized in Figure 6.

FIGURE 5    |    TPPP localization in the nervous system across species. A schematic illustration of the various cell types and subcellular compart-
ments that TPPP localizes to.
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4.1   |   Microtubule-Associated Functions

Microtubules, one of the major constituents of the cytoskele-
ton, are composed of α- and β-tubulin dimers, whose stability 
is ensured by MAPs (Goodson and Jonasson 2018; Bodakuntla 
et  al.  2019). TPPP binds to the tubulin/microtubular network 
under in  vitro and in  vivo conditions (Hlavanda et  al.  2002; 
Tirian et  al.  2003; Lehotzky et  al.  2004; Vargas et  al.  2020). 
TPPP induces microtubule assembly, and under different cir-
cumstances, aberrant forms, such as double-walled microtu-
bules and aggregates, are also formed as visualized by electron 
and atomic force microscopy (Hlavanda et  al.  2002). TPPP 
displays extensive microtubule bundling activity both in  vitro 
and in vivo, which is one of its physiological functions (Tirian 
et al. 2003; Lehotzky et al. 2004, 2010; Zotter et al. 2011; Olah 
et al. 2013; Mino et al. 2016). The bundling activity of TPPP re-
sults in the stabilization of the microtubular network (Hlavanda 
et al. 2002; Vincze et al. 2006; Tokesi et al. 2010) and protects 
the microtubules against depolymerizing agents (Hlavanda 
et  al.  2002; Lehotzky et  al.  2004; Mino et  al.  2016). TPPP is 
capable of dimerization stabilized by disulfide bridges (Olah 
et al. 2012) which is crucial for its bundling and cross-linking 
activities (DeBonis et al. 2015; Olah et al. 2017b).

In addition to microtubule bundling activity, TPPP is impli-
cated in regulating the levels of acetylated tubulin (Tokesi 
et  al.  2010; Szabo et  al.  2017). Acetylation of microtubules 
is an evolutionarily conserved posttranslational modifica-
tion and reflects the stability of the microtubular cytoskele-
ton (Janke and Montagnac  2017; Eshun-Wilson et  al.  2019). 
Overexpression of TPPP in stable cell lines and in  vivo re-
sulted in increased acetylated tubulin levels, while knock-
down or loss of TPPP results in decreased levels of acetylated 
tubulin (Acevedo et al. 2007; Shi et al. 2019). TPPP binds to 
histone deacetylase 6 (HDAC6) and inhibits its deacetylase 
activity (Tokesi et al. 2010). TPPP also influences the microtu-
bule dynamics by decreasing the growth velocity of the micro-
tubule plus ends and affects cell motility, further suggesting 

that TPPP can influence microtubule organization in multiple 
ways. Thus, TPPP regulates the dynamics and stability of the 
microtubule network both in vitro and in vivo across species 
through its roles in promoting microtubule assembly, cross-
linking, and enhancing acetylation.

4.2   |   TPPP in Oligodendrocyte Differentiation, 
Myelination, and Behavior Regulation

Using rat primary oligodendrocyte cells and a glial CG-4 cell 
line, TPPP was found to be significantly upregulated during 
oligodendrocyte differentiation, indicating its essential role in 
this process (Lehotzky et  al.  2010). This upregulation might 
be linked to microtubule rearrangement during process elon-
gation prior to the onset of myelination. In vitro studies have 
also shown that the reduction of TPPP levels in mammalian 
oligodendrocytes impairs differentiation and process exten-
sion, further suggesting its role in cellular process growth 
during development. Studies from TPPP knockout mice oligo-
dendrocytes showed aberrant microtubule branching, mixed 
microtubule polarity, and hypomyelination with shorter my-
elin sheaths. Behaviorally, TPPP knockout mice displayed 
motor coordination defects (Fu et  al.  2019), lack of fear re-
sponses, and revealed deficits in fear conditioning, suggestive 
of a possible short-term memory deficit in these mice (Nguyen 
et al. 2020). Together, these studies implicate a role for TPPP 
in CNS myelination, myelin maintenance, and behavior regu-
lation in mice.

4.3   |   TPPP and Aggregation Promoting Properties

In oligodendrocytes, TPPP has been shown to be a potent 
stimulator of α-Synuclein (α-Syn) aggregation both in vivo and 
in vitro (Lindersson et al. 2005; Hasegawa et al. 2010; Ejlerskov 
et al. 2013; Mavroeidi et al. 2019, 2022). There was increased 
α-Syn aggregation and cell death in oligodendroglial KG1C 

FIGURE 6    |    Diverse functions performed by TPPP. TPPP exhibits a broad range of functions in the nervous system across species. Under normal 
physiological conditions, it is involved in microtubule bundling/polymerization and stability, oligodendrocyte differentiation/myelination, neuronal 
survival, axon growth/regeneration, and synaptic organization and growth. TPPP is also pro-aggregatory and promotes α-Synuclein aggregation 
under pathological conditions.
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cell lines when TPPP was expressed, which was partly res-
cued by SIRT2, a tubulin deacetylase (Hasegawa et al. 2010). 
Inhibition of SIRT2 by TPPP has been demonstrated; however, 
the TPPP-associated microtubule ultrastructure appeared to 
be resistant to SIRT2 activity (Szabo et  al.  2017). The struc-
tural and functional effects of TPPP on SIRT2 are thought to 
provide a refinement of the regulation of microtubule dynam-
ics and stability.

The disordered structure of TPPP contributes to its functional 
diversity. TPPP displays a range of both physiological and patho-
logical functions by interacting with distinct partners. Using 
human recombinant TPPP, Tokesi et  al.  (2014) demonstrated 
the role of the disordered N- and C-termini straddling a mid-
dle flexible segment in the distinct functions of TPPP and iden-
tified the binding motifs responsible for its associations with 
tubulin and α-Syn, believed to be its physiological and patho-
logical interacting partners, respectively. Truncation of the dis-
ordered termini of TPPP altered the folding state of the middle 
segment that had functional consequences related to its binding 
to tubulin, microtubule assembly promoting, and microtubule 
bundling activities. Double truncation of N- and C-terminal do-
mains of TPPP diminished its binding to tubulin/microtubules 
and erased the tubulin polymerization/microtubule bundling 
activities of TPPP, thus highlighting a role of the disordered 
termini in its physiological function. Interestingly, the interac-
tion of TPPP with α-Syn and its aggregation promoting abilities 
were unaffected by these truncations, indicating that the α-Syn 
binding motif was localized within the middle segment of TPPP 
(Tokesi et al. 2014). These structure/function analyses suggest 
that TPPP has unique domains that interact with specific pro-
teins and that this structural diversity may also underlie tissue- 
or cell-specific pathologies based on the co-expression of these 
interacting proteins.

4.4   |   TPPP and Neuronal Functions

TPPP's neuronal functions were largely identified through stud-
ies using Drosophila, where it is abundant in neurons through-
out development and in the adult brain. The Drosophila TPPP/
Ringer functions in proper neuronal and glial cell placement, 
and in axon targeting in the embryonic nervous system (Mino 
et  al.  2016). Ultrastructural examination of Ringer mutants 
revealed defective axonal microtubule morphology, organi-
zation, and integrity (Mino et al. 2016; Shi et al. 2019). Ringer 
is essential for axon outgrowth and axon regeneration (Mino 
et al. 2016; Vargas et al. 2020). Zebrafish TPPP/TPPP-like pro-
tein also performs similar functions as the fly TPPP/Ringer in 
regulating sensory axon growth in zebrafish embryos (Aoki 
et al. 2014; Orosz 2015) further demonstrating functional con-
servation of TPPPs across species. In vivo phenotypic and func-
tional characterization of Ringer showed that Ringer regulates 
synaptic growth, cytoarchitecture, and synaptic transmission 
(Shi et al. 2019). Studies from the mouse and human retina also 
implicated a role of vertebrate TPPP in the organization of syn-
aptic connections and visual integration in vertebrates (Tripon 
et al. 2018).

Ringer functions in the adult brain neurons and is implicated in 
neuronal survival (Xie et al. 2021). Adult Ringer mutants exhibit 

progressive locomotor defects, shortened lifespan, and neurode-
generation, including dopaminergic neuron loss, resembling key 
features of Parkinson's disease (PD). These mutants provide a 
valuable fly model for studying the genetic and molecular basis of 
PD and may provide insights into the role of human TPPP in PD. 
Ringer mutants also display mitochondrial structural damage 
and dysfunction, including higher superoxide levels indicative 
of increased oxidative stress, reduced mitochondrial membrane 
potential, and ATP levels (Xie et  al.  2021). Uncovering these 
novel mitochondrial functions of the fly TPPP/Ringer in main-
taining mitochondrial bioenergetics will unravel the crucial role 
of TPPP in neuronal survival.

4.5   |   TPPP Phosphorylation

In vitro phosphorylation of wild type and a truncated form of 
human recombinant TPPP was detected by extracellular signal-
regulated kinase 2 (ERK2), cyclin-dependent kinase 5 (Cdk5), 
and cAMP-dependent protein kinase (PKA). Several phosphory-
lation sites by these kinases were identified by mass spectrometry 
(Hlavanda et  al.  2007). Three N-terminal sites were also phos-
phorylated in vivo in TPPP isolated from bovine brain. The phos-
phorylation of TPPP by ERK2 and Cdk5 perturbed the structural 
alterations induced by the interaction between TPPP and tubulin 
and resulted in the loss of microtubule-assembling function of 
TPPP. A similar effect was observed upon the phosphorylation of 
TPPP by LIM kinase 1 (Acevedo et al. 2007). The rho-associated 
coiled coil kinase also phosphorylates TPPP on the serine residues; 
however, it did not affect the tubulin polymerization-promoting 
activity of TPPP but inhibited its interaction with HDAC6, re-
sulting in reduced microtubule acetylation (Schofield et al. 2012, 
2013). Therefore, the phosphorylation of distinct sites of TPPP by 
different kinases likely plays an important role in the functional 
diversity of TPPP. What consequences the phosphorylation states 
of TPPP would have in the context of human health and disease 
remains to be investigated.

5   |   TPPP-Interacting Proteins

Among additional factors that may contribute toward the func-
tional diversity of TPPP is the wide range of proteins that it inter-
acts with under both physiological and pathological conditions. 
These include MAPs, cytosolic proteins, various kinases, Ca2+-
binding proteins, signaling proteins as well as disease relevant 
proteins such as prion proteins, α-Syn, amyloid-beta (Aβ), and 
MBP (summarized in Table 1).

TPPP interacting proteins that influence the microtubular net-
work are tubulin, MAP1B/Futsch, and the tubulin deacetylase, 
HDAC6 (Tokesi et al. 2010; Olah et al. 2019; Shi et al. 2019; Vargas 
et al. 2020). TPPP was identified as a novel S100A2-binding protein 
(Doi et al. 2021) that belongs to the EF hand-type Ca2+-binding pro-
tein family and plays a role in various intracellular Ca2+-signaling 
and other extracellular activities (Heizmann et al. 2002; Donato 
et al. 2013). The cytosolic protein glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), widely considered a housekeeping protein, 
was identified as an interacting partner of TPPP and was found to 
be co-enriched in the Lewy bodies under pathological conditions 
in the human brain (Olah et al. 2006).
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TPPP interacts with various disease-associated proteins. For 
example, TPPP forms a molecular complex with the cytosolic 
prion proteins (PrP) and influences the aggregation and fibril-
lization of PrP (Zhou et  al.  2011). Interactions between TPPP 
and α-Syn were shown using human recombinant proteins 
(Szunyogh et  al.  2015) and cell lines such as oligodendroglial 
KG1C (Hasegawa et al. 2010). TPPP also binds to myelin basic 
protein (MBP), a protein implicated in the pathogenesis of 
Multiple Sclerosis (MS) (Song et al. 2007; Hasegawa et al. 2010; 
Martinsen and Kursula  2022). TPPP interacts with DJ-1, a 
highly conserved protein involved in oxidative stress response, 
which is implicated in human PD (Bonifati et al. 2003). TPPP 
was identified as an interacting partner of γ-secretase from rat 
brain synaptic membrane and synaptic vesicle preparations and 
was found to regulate Aβ levels (Frykman et al. 2012).

Among various kinases, direct interaction between TPPP and 
ERK2 was demonstrated using affinity binding experiments 

(Hlavanda et al. 2007). TPPP also interacted directly with the 
PDZ domain of LIMK1 (Acevedo et al. 2007). TPPP interactions 
were also demonstrated with GSK-3, Cdk5, and Protein kinase 
A (Martin et al. 2002). These findings indicate that TPPP may 
potentially function in a variety of cellular processes, many of 
which are yet to be characterized, including metabolism, signal-
ing, synaptic plasticity, and gene transcription.

In vivo interactions between Complexin and TPPP were reported 
from studies on spatial learning and memory consolidation per-
formed in the rat hippocampus (Nelson et  al.  2004). TPPP's in-
volvement in the memory-specific changes that involve synapse 
formation, structural changes, and reorganization of growth cones 
is further suggestive of a role of TPPP in synaptic structural reorga-
nization. Interactions between TPPP and the well-known autoph-
agy protein, LC3B, were reported recently (Lehotzky et al. 2021). 
The majority of the proteins degraded by selective autophagy can 
be recognized by the presence of short, conserved sequence motifs 

TABLE 1    |    TPPP interacting proteins.

Protein name Nature of protein References

Futsch/microtubule associated protein (MAP1B) MAP Shi et al. (2019)

Tubulin Cytoskeletal Hlavanda et al. (2002), Shi 
et al. (2019), Vargas et al. (2020)

Histone Deacetylase (HDAC6) Tubulin Deacetylase Tokesi et al. (2010), Olah et al. (2019)

Dynein light-chain DYNLL/LC8 MAP Olah et al. (2019)

Sirtuin 2 (SIRT2) Cytoplasmic Szabo et al. (2017)

Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH)

Cytoplasmic Olah et al. (2006)

S100A12 Cytoplasmic/Ca2+ binding Doi et al. (2021)

Prion protein (PrP) Cytoplasmic Zhou et al. (2011)

(Myelin Basic Protein) MBP Cytoplasmic Song et al. (2007), Hasegawa et al. (2010)

Parkinsonism-associated deglycase 7/DJ-1 Cytoplasmic, mitochondrial 
translocation under 

oxidative stress

Olah et al. (2021)

α-Synuclein Cytoplasmic Szunyogh et al. (2015), 
Hasegawa et al. (2010)

γ-secretase Late endosome/lysosome Frykman et al. (2012)

Amyloid β Extracellular/mitochondrial-
associated membrane

Olah et al. (2011), JBC

Complexin Cytoplasmic/presynaptic 
terminals

Nelson et al. (2004)

MAP 1A/1B light-chain 3B (LC3B) Cytoplasmic Lehotzky et al. (2021)

Lim domain kinase 1 and 2 (LIMK1 and LIMK2) Serine/Threonine Kinase Acevedo et al. (2007), Heng et al. (2012)

Extracellular signal-regulated kinase 2 (ERK2) Serine/Threonine Kinase Hlavanda et al. (2007)

Glycogen synthase kinase 3 (GSK-3) Serine/Threonine Kinase Martin et al. (2002)

Cyclin dependent kinase 5 (Cdk5) Serine/Threonine Kinase Martin et al. (2002)

Protein kinase A (PKA) Serine/Threonine Kinase Martin et al. (2002)

Yin Yang 1 Transcription factor Chen et al. (2019)
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known as LC3-interacting regions (LIR) (Birgisdottir et al. 2013), 
which can be found within the sequence of human TPPP (Figure 4, 
Lehotzky et al. 2021). This interaction may have important impli-
cations in the clearance of toxic protein assemblies in neurodegen-
erative diseases involving TPPP.

6   |   Clinical Relevance of TPPP

Human TPPP has immense clinical relevance, which further un-
derscores its significance. Aberrant expression or dysfunction of 
TPPP has been implicated in various pathological conditions, in-
cluding various nervous system disorders, as highlighted below.

6.1   |   TPPP and α-Synucleinopathies

TPPP is associated with human α-synucleinopathies, a group of 
neurodegenerative disorders that include PD, Lewy body demen-
tia (LBD), also considered an Alzheimer's disease-related de-
mentia (ADRD), and multiple system atrophy (MSA) (Spillantini 

et al. 1997; Gai et al. 1998). The common hallmark of these dis-
orders is the development of α-Syn aggregates in the form of 
Lewy body inclusions in neuronal soma and Lewy neurites in 
axons as seen in PD and LBD (Goedert et  al.  2013; Kalia and 
Lang  2015; Yang et  al.  2022), and oligodendroglial inclusions 
in MSA referred to as Papp-Lantos inclusions (Papp et al. 1989; 
Wakabayashi et al. 2024). TPPP co-localizes with α-Syn in the 
Lewy bodies, Lewy neurites, and glial cytoplasmic inclusions in 
these disorders (Kovacs et al. 2004).

Both TPPP and α-Syn are IDPs that display high conforma-
tional plasticity. A neural network-based algorithm, Predictor 
of Natural Disordered Regions (PONDR), that predicts disor-
dered and ordered regions of proteins shows the disordered re-
gions of human TPPP and α-Syn (red, Figure 7a,b, respectively; 
Orosz et al. 2004). The N-terminal region of TPPP is disordered. 
Although the protein sequence of TPPP is very different from 
that of α-Syn, there still exist similarities in their unstructured 
segments interrupted by stabilization centers, phosphorylation, 
and tubulin binding motifs (Orosz et al. 2004). TPPP was also 
determined to be an IDP using NMR spectroscopy (Kovacs 

FIGURE 7    |    Disorder prediction in human TPPP and α-Synuclein and their co-aggregation in Lewy bodies of Parkinson's disease. (a, b) The 
predicted disorder in the full-length human TPPP (a) and α-Synuclein (b) by PONDR (Predictor of Natural Disordered Region; Orosz et al. 2004). 
Protein sequences were obtained from NCBI database. The accession number of human TPPP is O94811.1 and human α-Synuclein is P37840.1. (c–c″) 
Confocal images from a Parkinson's disease patient substantia nigra brain region labeled with human anti-TPPP (green, c, c″) and anti-aggregated 
α-Synuclein (red, c′, c″) antibodies show co-aggregation of TPPP and α-Synuclein in Lewy bodies. Anti-TPPP (Kovacs et al. 2004) and anti-aggregated 
α-Synuclein (Abcam, ab209538) were used at 1:800 and 1:400 dilutions, respectively. Secondary antibodies conjugated to Alexa-488 and Alexa-568 
(Invitrogen) were used at 1:400 dilution. Scale bar in c–c″ = 10 μm.
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et al. 2004; Orosz et al. 2004). Consistent with previous studies, 
immunofluorescence labeling and confocal microscopy demon-
strate convincingly that TPPP (Figure  7c,c″) is enriched in α-
Syn positive Lewy bodies (Figure  7c′,c″) of PD patients from 
substantia nigra (Figure 7c–c″).

Although TPPP has been demonstrated as a pro-aggregatory 
protein promoting α-Syn aggregation, interestingly, there are 
proteins identified that can counter this effect. One such protein 
identified recently is DJ-1 from studies using human cells that 
revealed antiaggregation effects of DJ-1 on the toxic assembly 
of TPPP and α-Syn (Olah et al. 2021). This was attributed to an 
increase in the proteolytic degradation of α-Syn/TPPP complex. 
DJ-1 may also modulate the α-Syn/TPPP aggregation process 
by binding directly to the proteins as has been demonstrated in 
studies using a human cell line (Olah et  al.  2021). These data 
suggest a protective effect of DJ-1 against toxic α-Syn assemblies 
and have therapeutic potential. The identification of more such 
proteins that function at the pathological interface promoting 
the disassembly of α-Syn/TPPP and have neuroprotective ef-
fects may serve as therapeutic targets in the development of new 
treatments for α-synucleinopathies.

Clearance of damaged organelles, misfolded/aggregated 
proteins and intracellular pathogens by autophagy and the 
ubiquitin-proteasome system underlie the major protein quality 
control mechanisms in eukaryotic cells and are implicated both 
in health and disease (Kocaturk and Gozuacik 2018). TPPP was 
shown to stimulate secretion of α-Syn aggregates from neurons 
by blocking autophagic pathways (Ejlerskov et  al.  2013). This 
could contribute to noncell autonomous activation of microglia 
and astrocytes and in turn unleash a strong neuroinflammatory 
response and neuronal loss. Association of α-Syn with TPPP 
after their uptake from the medium by human cells inhibited 
their elimination by autophagy and the ubiquitin-proteasome 
system. This was achieved by TPPP's hindering of the autophagy 
maturation at the stage of LC3B-SQSTM1/p62-derived autopha-
gosome formation and its fusion with the lysosome (Lehotzky 
et al. 2021). Evidence of TPPP-overexpressing oligodendroglial 
cells taking up human preformed α-Syn fibrils was also shown 
to form insoluble, highly aggregated, pathological assemblies, 
and autophagy-mediated clearance was also demonstrated 
(Mavroeidi et al. 2019, 2022). The co-aggregation of TPPP with α-
Syn frequently results in more toxic α-Syn strains or species that 
are resistant to degradation (Ferreira et al. 2021). Therefore, a 
better understanding of degradation pathways becomes crucial. 
In recent studies, using the nerve growth factor-differentiated 
catecholaminergic PC12 neuronal cell line, TPPP was shown to 
aggregate α-Syn and impose a partial autophagosome-lysosome 
block to replicate aspects of lysosomal deficiency commonly 
seen in neurodegenerative diseases (Borland et al. 2022).

Human MSA patients show dysregulation of MBP and TPPP 
(Song et al. 2007; Wenning et al. 2008). In these patient brains, 
TPPP relocates within oligodendroglial compartments away 
from the myelin sheath toward the cell body and shows en-
larged oligodendrocytes (Song et al. 2007). TPPP accumulation 
within affected oligodendrocytes in MSA is considered an early 
detectable change with potential relevance to early myelin dis-
ruption. Co-localization of TPPP with MBP is markedly reduced 
in MSA brain in addition to altered distribution of TPPP (Song 

et al. 2007). Together, these changes suggest a sequence of patho-
genic events in which the normal cellular function of TPPP in 
myelin is affected with decreased stability of MBP and increased 
aggregation of α-Syn with disease progression (Song et al. 2007; 
Wenning et  al.  2008). While under physiological conditions, 
TPPP is expressed in the oligodendroglial nucleus, cytoplasm, 
and myelin (Acevedo et al. 2007; Hoftberger et al. 2010; Kovacs 
et al. 2004; Lindersson et al. 2005; Olah et al. 2006; Skjoerringe 
et  al.  2006), TPPP redistributes from the nucleus and myelin 
sheath to an abnormally expanded perinuclear cytoplasm in 
pathological conditions (Ota et al. 2014; Song et al. 2007). While 
the significance of this TPPP redistribution, its contribution to-
ward the progress of the pathology or its underlying mechanisms 
are still unclear, it is not uncommon, however, for proteins to 
redistribute/mislocalize in different subcellular compartments 
in neurodegenerative diseases (Suk and Rousseaux 2020), which 
is a reflection of the physiological changes occurring in specific 
cell types during pathogenesis.

6.2   |   TPPP and Alzheimer's Disease

Co-occurrence of α-Syn with Aβ and tau in human brain inclu-
sions has long been reported (Moussaud et  al.  2014), suggest-
ing the existence of mixed pathologies and crosstalk between 
proteinopathies, thus posing significant challenges in the ac-
curate disease diagnosis and treatment. While TPPP is well 
documented in cases of α-synucleinopathies to coaggregate 
with α-Syn, what role it plays in Alzheimer's disease (AD) and 
ADRD neuropathology is not well understood. TPPP was iden-
tified as an interacting partner of the soluble Aβ oligomers, 
which are major risk factors for AD (Olah et al. 2011) and has 
also been shown to partially colocalize with Aβ in diffuse LBD 
with AD (Kovacs et  al.  2004). Immunopositivity of TPPP was 
also documented in postmortem brain tissue of AD patients at 
the pretangles, and punctate TPPP localization was observed in 
the neuronal cytoplasm in areas with abundant tau pathology 
(Kovacs et al. 2004). TPPP was also found to accumulate in in-
traneuronal granules and fibrous structures in the hippocampus 
from human AD subjects (Frykman et al. 2012). Interestingly, 
a phosphorylation site motif (TPPKSP, Figure  4) is present in 
the unstructured part of both TPPP and tau proteins (Orosz 
et al. 2004). This sequence was described as a Cdk5 phosphory-
lation site in tau and was shown to be phosphorylated by Cdk5 
in TPPP as well in vitro (Takahashi et al. 1991). It could be spec-
ulated that the phosphorylation of this site in TPPP may also 
have physiological/pathological significance. Thus, TPPP could 
potentially be involved in multiple pathological protein–protein 
interactions leading to protein aggregations characteristic of 
several neurodegenerative proteinopathies.

6.3   |   TPPP and Multiple Sclerosis

The studies to date implicate a crucial role of TPPP in other 
neurological disorders, such as multiple sclerosis (MS). MS is 
a chronic inflammatory demyelinating disease of the CNS that 
has variable extents of remyelination (Filippi et al. 2018). Using 
monoclonal anti-TPPP antibodies, oligodendrocytes from differ-
ent subtypes and disease stages of MS patients, including acute, 
primary progressive, secondary progressive, and relapsing 
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remitting MS, together with controls, were analyzed along with 
degenerative changes (Hoftberger et al. 2010). In these studies, 
demyelinated lesions displayed loss of TPPP-positive oligoden-
drocytes within the plaques. During remyelination, TPPP was 
first expressed in the oligodendrocyte cytoplasm, later becom-
ing positive in the myelin sheaths. In addition, increased num-
bers of TPPP immunoreactive oligodendrocytes in the normal 
appearing white matter were seen in MS patients. The cytoplas-
mic area of TPPP immunopositivity in the oligodendrocytes 
was also significantly higher in the peri-plaque white matter 
as in other lesions. Interestingly, the cytoplasmic area of TPPP 
immunoreactivity correlated inversely with the duration of the 
disease. In addition, significantly increased levels of TPPP were 
also detected in the cerebrospinal fluid of MS patients compared 
to non-MS controls (Vincze et al. 2011). Impaired oligodendro-
cyte differentiation, migration, and activation capacity were 
also observed in later disease stages of MS (Vincze et al. 2011). 
Given that TPPP reduction impacts the differentiation of oli-
godendrocyte progenitors and the development of myelin pro-
jections required for the myelination/remyelination process 
(Lehotzky et al. 2010), the demyelination and/or remyelination 
deficits in MS could be related to the reorganization and stabi-
lization of the oligodendroglial microtubular network required 
for ensheathment of axons. Whether the altered levels and dis-
tribution of TPPP is a primary consequence of the disease or a 
secondary consequence of the impacted oligodendrocytes and 
possibly other myelin genes needs further investigations.

7   |   Conclusions and Future Areas of Study

As summarized in this article, TPPP plays multiple pivotal roles 
in cellular processes in health and disease. Several factors that 
contribute to the functional diversity of TPPP include its diverse 
cellular and sub-cellular localization, disordered structure, wide 
range of binding/interacting partners, posttranslational modi-
fications, and presence of distinct sequence motifs in the TPPP 
protein. Despite the progress made toward understanding TPPP 
biology since its initial discovery, several key questions outlined 
below, particularly in the context of neurodegenerative disor-
ders, remain unanswered and could serve as potential areas for 
future study to uncover the mechanisms underlying the associ-
ated pathologies.

What role does TPPP phosphorylation play in neurodegenera-
tive disorders? Posttranslational modifications are known to 
contribute to neurodegeneration (Iqbal et al.  2009). The phos-
phorylation and other posttranslational modifications of TPPP 
may alter its activity or associations with other proteins in neu-
rological disorders. Thus, understanding these molecular inter-
actions is key to developing therapeutic targets for TPPP-related 
nervous system diseases.

Are TPPP's mitochondrial functions independent of its micro-
tubular functions? Mitochondria–microtubule interactions are 
crucial for mitochondrial morphology, transport, and function. 
TPPP, a unique MAP, also influences mitochondrial structure 
and function. Given that both microtubules and mitochondria 
are vital for neuronal survival and their dysfunction is linked 
to neurodegenerative disorders (Johri and Beal  2012; Sferra 
et al. 2020), it is important to explore whether TPPP's roles in 

microtubules and mitochondria are independent or interlinked 
in neuronal survival and neurodegeneration, and whether these 
roles could have distinct molecular pathways.

What role does TPPP play in the nucleus? Although studies 
have reported subcellular nuclear localization of TPPP (Ota 
et  al.  2014; Hoftberger et  al.  2010; Acevedo et  al.  2007), the 
specific roles that TPPP plays in the nucleus are an interesting 
area of future studies. Human TPPP has predicted nuclear lo-
calization signals indicating its potential translocation to the 
nucleus and is speculated to play a role in nucleocytoplasmic 
transport (Ota et al. 2014). Could the nuclear presence of TPPP 
have any consequences on the chromatin structure or nucle-
ocytoplasmic transport as both these processes are linked 
to neurodegenerative diseases including AD, ALS, and FTD 
(Zhang et al. 2015)?

Given the common crosstalk between proteinopathies, it remains 
to be elucidated whether TPPP serves as a potential link between 
various proteinopathies, especially considering its aggregation-
promoting properties. A much deeper understanding of TPPP bi-
ology will broaden our knowledge of many cellular processes it is 
involved in, both in healthy and diseased states, and may uncover 
novel therapeutic targets for related neurological diseases.
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