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Zusammenfassung 

Tauopathien, zu denen auch die Alzheimer-Demenz (AD) gehört, stellen eine Klasse 

neurodegenerativer Erkrankungen dar, die durch die pathologische Aggregation des Mikrotubuli 

assoziierten Proteins TAU gekennzeichnet sind. Unter physiologischen Bedingungen stabilisiert 

TAU die Mikrotubuli, die für die neuronale Struktur, den intrazellulären Transport und die 

synaptische Funktion wesentlich sind. Bei Tauopathien löst sich TAU jedoch von den Mikrotubuli, 

wird hyperphosphoryliert, fehlsortiert und aggregiert, was in einer Destabilisierung der 

Mikrotubuli, einer synaptischen Dysfunktion und einer neuronalen Degeneration gipfelt. Neue 

Erkenntnisse unterstreichen die Rolle der posttranslationalen Modifikationen (PTM) des Tubulins, 

wie die Polyglutamylierung, bei der Regulierung der Mikrotubuli-Stabilität. Die 

Polyglutamylierung, die durch Tubulin-Tyrosin-Ligase-ähnliche (TTLL) Enzyme vermittelt wird, 

moduliert die Interaktionen zwischen Mikrotubuli, Motorproteinen und trennenden Enzymen. Eine 

dysregulierte Polyglutamylierung wurde jedoch mit Mikrotubuli-Instabilität und Neurodegeneration 

in Verbindung gebracht. In dieser Arbeit wird die Hypothese aufgestellt, dass TTLL-Enzyme zur 

Mikrotubuli-Dysfunktion bei Tauopathien beitragen und dass eine gezielte Beeinflussung dieser 

Enzyme die TAU-bedingte Neurodegeneration verhindern oder zumindest abschwächen kann. 

Hierfür wurden in der Studie aus menschlichen induzierten pluripotenten Stammzellen (iPSC) 

abgeleitete kortikale Neuronen (iNeurons) und pR5-Mäuse, die das krankheitassoziierte 

humanes P301L-TAU exprimieren, als Modelle für Tauopathien verwendet. iNeuronen wurden 

durch induzierbare genetische Differenzierung von iPSCs in kortikale glutamaterge Neuronen der 

Schicht 2/3 generiert, und die TAU-Pathologie wurde durch lentivirale Expression von P301L-

TAU oder Behandlung mit oligomerem Amyloid-beta (oAβ) induziert. Die Fehlsortierung von TAU, 

die Mikrotubuli-PTMs und die synaptische Integrität wurden mittels 

Immunofluoreszenzmikroskopie und Western Blotting untersucht. Der lentivirale Knockdown von 

TTLL-Enzymen wurde mit Hilfe von short hairpin RNA (shRNA)-Konstrukten durchgeführt, und 

die Auswirkungen auf die Mikrotubuli-Stabilität und die neuronale Funktion untersucht. Zur 

Charakterisierung der TTLL-Aktivität wurden rekombinante TTLL-Enzyme in HEK293T-Zellen 

exprimiert, um ihre Glutamylierungsprofile und die Mikrotubuli-Dynamik mittels 

Lebendzellbeobachtung zu analysieren, was durch Live-Zell-Bildgebung der Mikrotubuli plus 

endbindendem Protein EB3 beurteilt wurde. Außerdem wurde die Wirksamkeit eines neuartigen 

TTLL-Inhibitors auf seine Fähigkeit getestet, die pathologische Mikrotubuli-Destabilisierung 

umzukehren. 
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Die Ergebnisse zeigten, dass P301L-TAU in pR5-Mäusen pathologisch in die 

somatodendritischen Kompartimente fehlsortiert, begleitet von reduzierter Mikrotubuli-

Acetylierung und erhöhter Polyglutamylierung in Hippocampus-Neuronen, was mit Mikrotubuli-

Fragmentierung und beeinträchtigter dendritischer Morphologie in gealterten Mäusen korreliert. 

Die Expression von P301L-TAU in iNeuronen führte jedoch nicht zu einer Fehlsortierung oder 

Aggregation von TAU, aber durchaus zu einer weniger erhöhten Tubulinacetylierung und 

ausgeprägteren Polyglutamylierung als die wt-TAU Kontrolle. Andererseits führte oAβ-Exposition 

von iNeuronen zu Fehlsortierung von TAU in Kombination mit erhöhter Tubulin-

Polyglutamylierung, verringerter Acetylierung und Synapsen Verlust, gut vereinbar mit der 

menschlichen Pathologie. Der Knockdown der wichtigsten Hirnpolyglutamylase TTLL1, und in 

geringerem Maße auch der Knockdown von TTLL4, in iNeuronen führte zu einer signifikanten 

Verringerung der Tubulin-Polyglutamylierung, einer Abschwächung der TAU-Fehlverteilung und 

einer teilweisen schützten die synaptische Integrität. Fluoreszenz-Resonanz-Energie-Transfer 

(FRET)-basierte Interaktionsstudien in HEK293T-Zellen ergaben eine direkte Interaktion 

zwischen TTLL1 und TAU, was TTLL1 als Vermittler der TAU-bedingten Mikrotubuli-Dysfunktion 

erscheinen lässt. In ähnlicher Weise wurde gezeigt, dass TTLL6, eine weitere Polyglutamylase, 

in rekombinanten Proteinexpressionsversuchen in HEK293T-Zellen Mikrotubuli destabilisiert. Ein 

neuartiger TTLL-Inhibitor blockierte wirksam die Glutamylierungsaktivität mehrerer TTLLs, kehrte 

die TTLL6-induzierte Mikrotubuli-Destabilisierung um, und stellte die Mikrotubuli-Dynamik in 

HEK293T-Zellen wieder her. 

Diese Ergebnisse belegen, dass TTLL-Enzyme, insbesondere TTLL1, TTLL4 und TTLL6, 

entscheidende Vermittler der Mikrotubuli-Dysfunktion bei Tauopathien sein und zu der 

pathologischen Kaskade beitragen könnten, die durch die Fehlsortierung und Aggregation von 

TAU ausgelöst oder zumindest begleitet wird. Die gezielte Beeinflussung von TTLLs stellt eine 

vielversprechende therapeutische Strategie für Tauopathien dar, die es durch Mikrotubuli- und 

Synapsenstabilisierung ermöglicht, frühzeitig in das Fortschreiten des Krankheitsprozesses 

einzugreifen. Die Verwendung menschlicher iPSC-Neuronen und TAU-humanisierter Mäuse in 

dieser Studie bieten physiologisch relevante Modelle zur Untersuchung der TAU-Pathologie und 

zur Bewertung des therapeutischen Potenzials der TTLL-Inhibition. Während diese Studie die 

Durchführbarkeit einer gezielten TTLL-Behandlung zeigt, werden künftige Arbeiten diese 

Ergebnisse auf In-vivo-Modelle,für die bereits wichtige Vorversuche wie AAV-Injektionen etabliert 

wurden, ausweiten, und die langfristige Wirksamkeit und Sicherheit einer TTLL-gerichteten 

Gentherapie untersuchen. 
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Zusammenfassend lässt sich sagen, dass diese Arbeit das Zusammenspiel zwischen der TAU-

Pathologie und der Mikrotubuli-Dynamik beleuchtet und die TTLL-Enzyme als zentrale Akteure 

bei der Neurodegeneration aufdeckt. Indem der Schwerpunkt von der möglicherweise eher 

symptomatischen und irreversiblen TAU-Aggregation auf die Mikrotubuli-Regulierung verlagert 

wird, werden neue, vielversprechende Ziele und therapeutische Ansätze identifiziert, um die 

verheerenden Auswirkungen von Tauopathien wie beispielsweise die Alzheimersche Erkrankung 

zu bekämpfen.  
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Summary 

Tauopathies, including Alzheimer’s disease (AD), represent a class of neurodegenerative 

disorders characterized by the pathological aggregation of the microtubule-associated protein 

TAU. Under physiological conditions, TAU stabilizes microtubules, which are essential for 

neuronal structure, intracellular transport, and synaptic function. However, in tauopathies, TAU 

detaches from microtubules, becomes hyperphosphorylated, missorted and aggregated, 

culminating in microtubule destabilization, synaptic dysfunction, and neuronal degeneration. 

Emerging evidence highlights the role of tubulin post-translational modifications (PTMs), such as 

polyglutamylation, in regulating microtubule stability. Polyglutamylation, mediated by Tubulin 

Tyrosine Ligase-Like (TTLL) enzymes, modulates interactions between microtubules, motor 

proteins, and severing enzymes. However, dysregulated polyglutamylation has been implicated 

in microtubule instability and neurodegeneration. This thesis hypothesizes that TTLL enzymes 

contribute to microtubule dysfunction in tauopathies and that targeting these enzymes can 

mitigate TAU-driven neurodegeneration. 

To address this hypothesis, the study utilized human induced pluripotent stem cell (iPSC)-derived 

cortical neurons (iNeurons) and pR5 mice, transgenic for P301L-TAU, as models of tauopathies. 

iNeurons were generated by differentiating iPSCs into cortical layer 2/3 glutamatergic neurons, 

and TAU pathology was induced via lentiviral expression of P301L-TAU or treatment with 

oligomeric amyloid-beta (oAβ). TAU missorting, microtubule PTMs, and synaptic integrity were 

assessed using immunocytochemistry, Western blotting, and fluorescence imaging. Lentiviral 

knockdown of TTLL enzymes was achieved using short hairpin RNA (shRNA) constructs, and the 

effects on microtubule stability and neuronal health were evaluated. To further characterize TTLL 

activity, recombinant TTLL enzymes were expressed in HEK293T cells to analyze their 

glutamylation profiles and their effects on microtubule stability, which was assessed via live-cell 

imaging of the microtubule plus end-binding protein EB3. Additionally, the efficacy of a novel TTLL 

inhibitor was tested for its ability to reverse pathological microtubule destabilization. 

The results demonstrated that P301L-TAU in pR5 mice pathologically missorted into the 

somatodendritic compartments, accompanied by reduced microtubule acetylation and elevated 

polyglutamylation in hippocampal neurons, correlating with microtubule fragmentation and 

impaired dendritic morphology in aged mice. However, P301L-TAU expression in iNeurons did 

not result in TAU missorting or aggregation, but only in elevated tubulin acetylation and 

polyglutamylation. On the other hand, oAβ treatment of iNeurons led to TAU missorting, combined 
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with increased tubulin polyglutamylation, reduced acetylation, and synaptic loss, thus providing a 

suitable human tauopathy model. Knockdown of the major brain polyglutamylase TTLL1, and to 

a lesser extent TTLL4, in iNeurons significantly reduced tubulin polyglutamylation, mitigated TAU 

missorting, and partially protected synaptic integrity. Fluorescence resonance energy transfer 

(FRET)-based interaction studies in HEK293T cells revealed a direct interaction between TTLL1 

and TAU, implicating TTLL1 as a mediator of TAU-driven microtubule dysfunction. Similarly, 

TTLL6, another polyglutamylase, was shown to destabilize microtubules in recombinant protein 

expression experiments in HEK293T cells. A novel TTLL inhibitor effectively blocked 

glutamylation activity across several TTLLs, reversed TTLL6-induced microtubule destabilization, 

and restored microtubule dynamics in HEK293T cells. 

These findings establish TTLL enzymes, particularly TTLL1, TTLL4, and TTLL6, as critical 

mediators of microtubule dysfunction in tauopathies, and contributors to the pathological cascade 

initiated by TAU missorting and aggregation. Targeting TTLLs offers a promising therapeutic 

strategy for tauopathies, with the potential to intervene early in disease progression by stabilizing 

microtubules and preserving neuronal health. The use of human iPSC-derived neurons in this 

research provided a physiologically relevant model to study TAU pathology and evaluate the 

therapeutic potential of TTLL inhibition. While this study demonstrates the feasibility of targeting 

TTLLs, future work will extend these findings to in vivo models and investigate the long-term 

efficacy and safety of TTLL-targeting gene therapy. 

In conclusion, this thesis highlights the interplay between TAU pathology and microtubule 

dynamics, uncovering TTLL enzymes as pivotal players in neurodegeneration. By shifting the 

focus from TAU aggregation to microtubule regulation, it identifies novel targets and therapeutic 

approaches that hold promise for mitigating the devastating effects of tauopathies such as AD.  
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1. Introduction 

1.1     TAU and Tauopathies 

1.1.1 TAU structure, expression, and physiological role  

TAU is a microtubule-associated protein predominantly expressed in neurons, where it is 

traditionally suggested to play a pivotal role in stabilizing microtubules and promoting their 

assembly 1,2. TAU is encoded by the MAPT gene, located on chromosome 17q21, and is 

implicated in several neurodegenerative disorders collectively known as tauopathies, including 

Alzheimer’s disease (AD), frontotemporal dementia (FTD), and Parkinsonism 3–6.  

The MAPT gene, consisting of 16 exons, undergoes complex alternative splicing to produce six 

main isoforms in the human brain. These isoforms differ in the number of microtubule-binding 

repeat domains (three or four repeats) and the presence of either zero, one, or two N-terminal 

inserts, resulting in six combinations: 0N3R, 1N3R, 2N3R, 0N4R, 1N4R, and 2N4R 5,7. The 

inclusion or exclusion of exon 10 is critical, as it determines the presence of the second 

microtubule-binding repeat, influencing TAU’s binding affinity and regulatory properties 8,9. In the 

peripheral nervous system, a specific isoform, known as “big” TAU, that differs by 254 amino 

acids from the largest isoform (2N4R), is highly abundant 10. TAU is also expressed in the enteric 

nervous system 11. Besides neuronal systems, TAU has been also found in the heart, kidney, 

skeletal muscles, among other tissues 12–14.  

The 3-repeat (3R) and 4-repeat (4R) isoforms are differentially expressed during development, 

with 3R TAU predominantly found in the fetal brain, while the adult human brain expresses a 

roughly equal ratio of 3R and 4R isoforms 15,16. Imbalances in this ratio are associated with various 

tauopathies, as seen in Pick’s disease (3R) and progressive supranuclear palsy (4R) 17–19. Mice 

express only up to four TAU isoforms. Similar to human, 0N3R is produced during murine 

neuronal development, but in adult mouse brains, the isoform composition shifts to exclusively 

4R TAU isoforms 20–22. These differences may account for humans’ susceptibility to splicing 

deficits in MAPT and the lack of TAU pathology in transgenic mouse models of Alzheimer’s 

disease 23,24. 

TAU is an intrinsically disordered protein, characterized by a lack of a stable tertiary structure 

under physiological conditions 25. Its primary structure consists of a N-terminal projection domain, 

a proline-rich region, a microtubule-binding domain (MTBD), and a C-terminal tail 26. The MTBD, 
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located towards the C-terminus, is responsible for interactions with microtubules and comprises 

either three or four repeats of approximately 31 amino acids 27. 

The disordered nature of TAU allows it to adopt multiple conformations, facilitating interactions 

with various proteins and other cellular components. This structural flexibility is essential for its 

physiological function but also predisposes TAU to pathological misfolding and aggregation under 

certain conditions, such as hyperphosphorylation, acetylation, contact with negatively charged 

molecules such as RNA, traumatic brain injury and oxidative stress 28–32. 

TAU is primarily localized in neurons, particularly in axons, where it supports microtubule stability 

and dynamics (see also 1.2.1 for microtubule dynamics) 33,34. More than 80% of TAU is bound to 

microtubules, inducing their nucleation, elongation, and promoting their stability and rigidity 24,35,36. 

It is also present, albeit at lower levels, in the somatodendritic compartment and in glial cells, 

along the length of microtubules, but also on ribosomes and in the nucleus 37,38. This 

predominantly axonal sorting of TAU is thought to be controlled by a diffusion barrier located at 

the axon initial segment (AIS) that blocks the passage of TAU from the axon into the soma and 

dendrites 39. 

In pathological conditions, TAU’s distribution is altered, with an abnormal accumulation in the 

somatodendritic compartment, leading to a loss of its normal function and the formation of 

insoluble aggregates called neurofibrillary tangles (NFTs), which are considered a hallmark of 

TAU pathology and are associated with neurodegeneration and cognitive impairment 40–43. 

TAU is subject to extensive post-translational modifications (PTMs), with phosphorylation being 

the most critical. Over 85 putative phosphorylation sites have been identified, over 50 of which 

have been validated experimentally, primarily at serine, threonine, and tyrosine residues. Most of 

these phosphorylation sites are present within the proline-rich and C-terminal regions, and to a 

lesser extent in the N-terminal domain, with fewer sites identified in the repeat domains 44–49. 

These modifications are regulated by a balance between kinases (most notably: glycogen 

synthase kinase-3β (GSK-3β), cyclin-dependent kinase 5 (CDK5), and mitogen-activated protein 

kinase (MAPK)), and phosphatases (such as protein phosphatase 2A (PP2A)), which control 

TAU’s affinity for microtubules and its susceptibility to aggregation 50–53. 

Physiologically, phosphorylation of TAU at specific sites, such as Ser262 and Ser356 within the 

MTBD, reduces its binding to microtubules, allowing dynamic reorganization of the cytoskeleton 
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44,54. However, hyperphosphorylation at multiple sites, including Ser202, Thr212, Ser214, and 

Ser396/404, reduces microtubule binding affinity significantly, promoting TAU misfolding, 

aggregation, and toxicity 55–58. This pathological phosphorylation pattern is a hallmark of AD and 

other tauopathies, contributing to the formation of NFTs and neuronal dysfunction 59–61. 

TAU’s primary physiological role is to stabilize microtubules, which are essential components of 

the cytoskeleton that facilitate intracellular transport, cell shape maintenance, and signaling 1,2. 

By binding to microtubules, TAU promotes their polymerization and prevents depolymerization, 

particularly in axons, where microtubule stability is crucial for the transport of vesicles, organelles, 

and proteins necessary for synaptic function. By binding to axonal microtubules, TAU promotes 

axonal differentiation, morphogenesis, outgrowth, and neuronal plasticity. 9,62–65. Dendritic TAU 

functions include regulating synaptic plasticity via interactions with N-methyl-D-aspartate (NMDA) 

receptors and Fyn kinase 66,67. While TAU knockout in mice does not result in severe phenotypes, 

likely due to the compensatory upregulation of other microtubule-associated proteins (MAPs) 68, 

loss of TAU delays neuronal maturation and affects dendritic arborization in primary cultures 69. 

These negative impacts could be age-related, as aged TAU knockout mice exhibit impaired long-

term potentiation and depression, motor deficits resembling parkinsonism, and subtle memory 

deficits 70–72.  

1.1.2 Tauopathies  

TAU protein plays a critical role in maintaining neuronal health through its regulation of 

microtubule dynamics and interactions with various cellular components. However, under 

pathological conditions, TAU undergoes missorting and hyperphosphorylation, leading to its 

dissociation from microtubules and aggregation into NFTs, which is the hallmark of a wide group 

of neurodegenerative diseases known collectively as tauopathies 73–75. 

Tauopathies can be categorized into primary and secondary forms based on their etiology. 

Primary tauopathies are neurodegenerative diseases where TAU pathology is the predominant 

or sole hallmark 76. These conditions include MAPT-associated-Frontotemporal Dementia (FTD), 

Progressive Supranuclear Palsy (PSP), and Corticobasal Degeneration (CBD), among others 77.  

Mutations in the TAU-coding MAPT gene plays a critical role in the pathogenesis of primary 

tauopathies. Such mutations can alter TAU's structure, function, its ability to bind microtubules, 

and interfere with alternative splicing 78,79. One well-known mutation is the P301L mutation in exon 

10 of the MAPT gene. This mutation reduces TAU ability to bind and assemble microtubules 18,80, 
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makes TAU more prone to hyperphosphorylation by increasing its accessibility to kinases 81, and 

shifts the physiologically equal ratio of 3R and 4R isoforms 82. The P301L mutation is mainly 

associated with Frontotemporal Dementia with Parkinsonism linked to chromosome 17 (FTDP-

17), characterized by enhanced TAU aggregation, leading to early-onset dementia and motor 

dysfunction 83,84. 

Secondary tauopathies are characterized by TAU pathology that occurs secondary to other 

primary pathologies, most notably AD 24. AD is the most common cause of dementia worldwide 

and features both amyloid-beta (Aβ) plaques and TAU NFTs 85. Amyloid pathology in AD is 

primarily characterized by the accumulation of Aβ peptides in the brain, forming extracellular 

plaques. Aβ peptides are produced through the sequential cleavage of the amyloid precursor 

protein (APP) by β-secretase and γ-secretase 86,87. Two major forms, Aβ40 and Aβ42, differ in 

length by two amino acids, with Aβ42 being more prone to aggregation and more toxic 88. The 

imbalance between these two peptides, particularly the increased Aβ42/Aβ40 ratio, is a critical 

factor in AD pathogenesis, promoting plaque formation, neuronal toxicity, and ultimately leading 

to synaptic dysfunction and neurodegeneration 89–91. Additionally, Aβ accumulation is presumed 

to initiate a cascade of pathological events that eventually lead to TAU hyperphosphorylation and 

aggregation 92. Aβ oligomers have been shown to activate kinases such as GSK-3β, which 

hyperphosphorylates TAU 93. Once TAU is hyperphosphorylated, it detaches from microtubules, 

destabilizing the cytoskeleton and leading to synaptic dysfunction and neurodegeneration. On the 

other hand, TAU pathology is necessary for Aβ to exert its full neurotoxic effects. Transgenic 

mouse models expressing both human Aβ and TAU show more severe neurodegenerative 

phenotypes than those expressing either protein alone, indicating a synergistic relationship 94. 

Furthermore, TAU seems to be more tightly connected to cognitive impairment in AD, with 

reduction of TAU levels reverting behavioral and memory deficits in APP transgenic mice 67,95,96. 

Microtubules and synapses in primary neurons from TAU knockout mice show resistance against 

Aβ toxicity 97, while TAU knockout protects human neurons from Aβ-induced dampening of 

network activity 98. 

While primary tauopathies often have a genetic basis, sporadic tauopathies like AD do not 

typically involve direct mutations in the MAPT gene, but arise due to a complex interplay of genetic 

and environmental factors, such as aging, traumatic brain injury, and lifestyle. These factors might 

influence TAU phosphorylation and aggregation indirectly through mechanisms involving 

oxidative stress, neuroinflammation, and altered cellular signaling pathways 77,99. 
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1.2     Microtubules: Structure, functions, modifications, and disease association 

1.2.1 Structure and functions of microtubules 

Microtubules are essential components of the cytoskeleton, playing a critical role in maintaining 

cell shape, intracellular transport, cell division, and various other cellular processes 100. 

Microtubules are hollow, cylindrical structures composed of α- and β-tubulin protein subunits. 

These tubulin heterodimers polymerize head-to-tail to form protofilaments, and typically, 13 

protofilaments arrange in parallel to create the cylindrical microtubule structure, with a diameter 

of approximately 25 nm 101,102. Microtubules are highly dynamic, capable of rapid polymerization 

and depolymerization. This is driven by the binding and hydrolysis of guanosine triphosphate 

(GTP) in the tubulin subunits, where GTP-bound tubulin is more stable and supports microtubule 

growth, while guanosine diphosphate (GDP)-bound tubulin leads to depolymerization 103,104. 

Microtubules exhibit polarity, meaning they have distinct plus (+) and minus (−) ends 105. The plus 

end, where polymerization occurs more rapidly, is typically oriented toward the cell periphery, 

while the minus end, which is more stable, is anchored near the microtubule-organizing center 

(MTOC) or centrosome 106,107. This polarity is fundamental for the directionality of intracellular 

transport, as motor proteins interact with microtubules in a polarized manner 108. 

In neurons, microtubules are particularly vital, as they support the unique architecture and 

functions of these highly polarized cells, which have long axons and dendrites extending from the 

cell body. Their dynamic nature and specialized arrangement in neurons are crucial for synaptic 

function, intracellular transport, and overall neuronal health 109–111. In mature neurons, the 

centrosome loses its function as the primary MTOC, with γ-tubulin and non-centrosomal MTOCs 

playing a crucial role in organizing complex microtubule network required for neuronal function. 

γ-tubulin can nucleate microtubules from sites like the Golgi apparatus and pre-existing 

microtubules 112–114. Microtubules in axons and dendrites differ in their orientation and functional 

roles. Axonal microtubules are uniformly oriented, with their plus ends pointing away from the cell 

body and toward the axon terminal 115,116. This orientation is essential for anterograde transport, 

where motor proteins like kinesin move cargo such as vesicles, organelles, and proteins from the 

soma to the synaptic terminals 117. Axonal microtubules are also responsible for retrograde 

transport, carried out by dynein, which moves cargo in the opposite direction, bringing back 

signaling molecules, damaged organelles, and waste products to the soma for degradation or 

processing 118. Dendritic microtubules, in contrast, exhibit mixed polarity, where microtubules can 

have either orientation 115,119. This arrangement supports the bidirectional transport of cargo 
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required for maintaining dendritic spines and synaptic plasticity. The mixed polarity of dendritic 

microtubules facilitates the flow of materials both toward and away from the cell body, which is 

essential for the dynamic nature of synaptic communication and plasticity 120–122. 

Besides their role in intracellular transport and maintaining polarity and shape, microtubules are 

also involved in processes like neuronal migration and axon guidance during neurodevelopment, 

ensuring that neurons reach their correct destinations in the developing brain 123–125. They are 

also essential for axonal growth and regeneration after injury, where they play a role in the 

reformation of the cytoskeleton, which is necessary for axonal regrowth and repair 126,127. 

1.2.2 Post-translational modifications of microtubules 

PTMs of tubulin play a critical role in modulating microtubule function, stability, and interactions 

with other cellular components. These modifications provide a versatile and dynamic regulatory 

mechanism that governs microtubule participation in diverse cellular activities. Essential PTMs of 

microtubules include acetylation, detyrosination, tyrosination, and glutamylation, among others. 

Acetylation of tubulin primarily occurs on lysine 40 (K40) of α-tubulin 128,129, and it is most 

commonly associated with long-lived, stable microtubules 130,131. Acetylation is mediated by 

tubulin acetyltransferase (TAT) and is reversed by deacetylases like histone deacetylase 6 

(HDAC6) 132,133. This modification enhances microtubule resilience to mechanical stress and 

promotes the interaction of motor proteins such as kinesin and dynein 134–138. Acetylated 

microtubules are often found in both axons and dendrites, where they support long-distance 

intracellular trafficking, neuronal polarity, and structural integrity 139. 

Detyrosination involves the removal of the C-terminal tyrosine residue from α-tubulin by 

vasohibins, namely VASH1 and VASH2, and their co-factor small vasohibin binding protein 

(SVBP) 140,141, in addition to the recently identified microtubule-associated tyrosine 

carboxypeptidase (MATCAP) 142, while re-adding tyrosine is catalyzed by tubulin tyrosine ligase 

(TTL) 143. Detyrosinated microtubules are more stable 144,145, and this modification is prominent in 

neurons and has important implications in neuronal activity and polarity. Stable detyrosinated 

microtubules are enriched in axons and thought to control neuronal polarization, as TTL depletion 

in cell culture leads to the emergence of neurons bearing multiple axons 146,147. On the other hand, 

dynamic tyrosinated microtubules are typically found in dendrites, supporting synaptic plasticity 

and function 121, with decreased tyrosination in mice leading to reduced dendritic spine density, 

compromised synaptic plasticity, and memory deficits 148. Tyrosination cycles are critical for 
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regulating the interaction between microtubules and motor proteins. For example, experiments 

on purified recombinant tubulin demonstrated that tyrosination facilitates the initiation of dynein-

tubulin encounter, while detyrosination enhanced kinesin-1’s landing rate, with decreased binding 

affinity to tyrosinated microtubules 149–151.  

Polyglutamylation involves the addition of glutamate side chains to the γ-carboxyl group of 

glutamate residues in the C-terminal tails of both α- and β-tubulin 152,153. This modification is 

catalyzed by a subset of tubulin tyrosine ligase-like (TTLL) enzymes 154. Tubulin polyglutamylation 

is particularly enriched in the brain 155, where it regulates the interaction of neuronal microtubules 

with MAPs, motor proteins, and severing enzymes. It has been shown that polyglutamylation 

recruits the microtubule-severing enzymes spastin and katanin 156,157, slows the run length of 

motor proteins such as kinesin family member 5B (KIF5B) 158, negatively regulate microtubule 

growth 159, and increases the affinity of TAU for microtubules 158. The length of the glutamate 

chain influences microtubule properties and regulates microtubule severing. Specifically, spastin 

activity increases as the number of glutamates in the side chain rises from one to eight, but it 

decreases once this glutamylation threshold is exceeded, with the severing activity of spastin 

shifting to a microtubule stabilizing function 160. Interestingly, excessive glutamylation, due to the 

depletion of one or more of the deglutamylating enzymes cytosolic carboxypeptidases (CCPs), 

leads to microtubule destabilization, neurodegeneration, and perturbed axonal transport 161–163. 

Other tubulin PTMs include glycylation, which adds glycine residues to the C-terminal tails of 

tubulin in motile cilia and flagella 164,165, and regulates their interactions with MAPs and motor 

proteins 166, with depletion of the glycylating enzymes TTLL3 and TTLL8 resulting in the complete 

disintegration of motile cilia and reduced number of primary cilia in corneal endothelial cells and 

mouse embryonic fibroblasts 164,167, potentially linking tubulin glycylation to ciliopathies. In 

addition, tubulin phosphorylation, although less understood than other PTMs, is mediated by 

kinases such as CDK1, and regulates microtubule polymerization during mitosis 168, as mutations 

in the β-tubulin phosphorylation site Ser172 is associated with defects in microtubule stability and 

cell cycle in yeast, and abnormal cortical development in humans 169,170. Furthermore, tubulin 

palmitoylation, a lipid modification that involves the addition of palmitic acid, is believed to 

enhance microtubule dynamics by promoting interactions with lipid membranes 171,172, yet its 

impact on microtubule properties and functions remains largely unknown, with reports suggesting 

involvement in spindle abnormalities and cancer proliferation 173,174.  
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Together, these modifications are hypothesized to provide a "tubulin code" that modulates 

microtubule behavior and fine-tune their structure and function in a highly regulated manner. This 

code could create a highly dynamic system, enabling microtubules to adapt to diverse functional 

demands placed upon them in various cellular environments 175. 

1.2.3 Microtubule-interacting proteins  

In neurons, microtubules are regulated by MAPs that exert several functions, including regulating 

microtubule stability and dynamics, serving as linkers to other cytoskeletal elements, and 

controlling the activity of other microtubule-interacting proteins 176. TAU is one of the most well-

known MAPs, particularly in neurons, where it binds to microtubules and promotes their 

stabilization, especially in axons. However, TAU dysregulation, such as hyperphosphorylation, 

can lead to its detachment from microtubules and subsequent aggregation, as seen in tauopathies 

like AD. TAU hyperphosphorylation destabilizes the microtubule network, impairs intracellular 

transport, and contributes to neuronal dysfunction and degeneration 24,43. Another notable MAP 

is MAP2, which is mainly found in dendrites. MAP2 stabilizes microtubules in these 

compartments, contributing to dendritic structure and function 177,178. 

Motor proteins, such as kinesin and dynein, are responsible for transporting cargo along 

microtubules. These proteins recognize the inherent polarity of microtubules, with kinesin moving 

toward the plus (+) end (anterograde transport) and dynein moving toward the minus (-) end 

(retrograde transport) 115,117,118. This bidirectional transport is essential for neurons, where 

materials such as vesicles, proteins, and organelles need to be efficiently transported over long 

distances along axons and dendrites 105,119. Motor proteins are crucial for maintaining neuronal 

function, and defects in motor protein activity can lead to neurodegenerative diseases due to 

impaired intracellular transport 179,180. 

Microtubule-severing proteins, like spastin and katanin, regulate microtubule turnover and 

remodeling by cutting microtubules into smaller fragments 181,182. This severing activity is essential 

for various cellular processes, including cell division, axon branching, and neuronal plasticity 183. 

Spastin, for example, plays a role in axonal growth and branching by severing microtubules to 

allow for their dynamic reorganization 184,185. Mutations in spastin are linked to hereditary spastic 

paraplegia (HSP), a neurodegenerative disorder that affects motor neurons. These mutations 

often impair spastin’s ability to sever microtubules, leading to microtubule stabilization defects 

and axonal degeneration 186,187. 
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Microtubule-interacting proteins are essential for regulating the dynamic properties of 

microtubules, ensuring proper cell function and structural integrity. MAPs like TAU stabilize 

microtubules, while motor proteins like kinesin and dynein enable intracellular transport. Severing 

proteins such as spastin ensure microtubules can be efficiently remodeled. Disruptions in these 

proteins can lead to severe neurological and cellular dysfunction, underlying various 

neurodegenerative diseases. Understanding the roles of microtubule-interacting proteins is 

crucial for deciphering the molecular mechanisms that maintain cellular health and the 

development of therapies for diseases like AD and HSP. 

1.2.4 Microtubules in AD and other tauopathies 

Microtubule dysfunction is a hallmark of AD and other tauopathies. In AD patients’ brains, there 

is a notable decrease in microtubule density 188,189. Hyperphosphorylated TAU from AD brains 

prevents microtubule assembly 190, while Aβ-treated primary hippocampal cultures exhibit 

microtubule disassembly and fragmentation 191. Disruptions of microtubule dynamicity lead to 

interrupted axonal transport and synaptic dysfunction, contributing to neurodegeneration 192,193. 

Several tubulin PTMs have been linked to neurodegeneration. Acetylation of microtubules, 

particularly in axons, is reduced in transgenic mice expressing human TAU, with NFT-bearing 

neurons exhibiting deacetylation of their microtubules 194,195. Microtubule deacetylation is 

associated with impaired axonal transport and neurodegeneration in mouse models of 

Parkinson’s and Charcot-Marie-Tooth diseases, effects that are reversed with HDAC6 inhibition 

196,197. Recently, significant accumulation of detyrosinated tubulin in the brains of advanced AD 

patients has been reported 148. Oligomeric Aβ (oAβ) induces microtubule detyrosination in 

hippocampal neurons, and disruption in the tyrosination/detyrosination cycle contributes to 

synaptotoxicity and memory deficits 198,199. 

On the other hand, post-mortem AD brains exhibit increased tubulin polyglutamylation 189,200. oAβ-

treated primary neurons show similar increase in tubulin polyglutamylation, inducing spastin-

mediated microtubule severing 97, while mice deficient in CCP1, the major deglutamylating 

enzyme, suffer from neurodegeneration and impaired axonal transport 162. Interestingly, loss of 

CCP1 is associated with infantile-onset neurodegeneration in humans 201. Therefore, targeting 

tubulin-modifying enzymes, such as HDAC6, vasohibins, and TTLLs, could be an alternative 

therapeutic strategy for tauopathies and related dementias.  
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1.3     Tubulin Tyrosine Ligase-Like enzymes 

1.3.1 Family members 

Tubulin Tyrosine Ligase-Like (TTLL) enzymes are a group of adenosine triphosphate (ATP)-

dependent enzymes involved in microtubule PTMs. TTLLs are particularly known for their role in 

polyglutamylation and polyglycylation, two polymodifications in which glutamyl or glycyl chains 

are added to a glutamate residue on the C-terminal tail of either α- or β-tubulin 153,165. While 

polyglutamylation is highly enriched in neuronal microtubules 202, polyglycylation is largely 

restricted to cilia 203.  

The TTLL family consists of thirteen enzymes that share a conserved TTL homology domain 

containing an essential ATP binding site, but exhibit varying substrate and reaction specificities 

and tissue distributions 154. Only TTLL3, TTLL8, and TTLL10 exhibit glycylating activities, while 

eight of the remaining TTLLs are primarily glutamylases 204. Among glutamylating TTLLs, TTLL1, 

TTLL5, TTLL6, TTLL11, and TTLL13 have higher affinity to α-tubulin, while TTLL4 and TTLL7 

modulate β-tubulin more efficiently. TTLL4, TTLL5, and TTLL7 exhibit preference for initiating the 

glutamate side chain, while TTLL1, TTLL6, TTLL11, and TTLL13 function as side chain elongators 

205,206. Substrate and activity specificities of glutamylating TTLLs are depicted in Fig. 1. 

 

Figure 1. TTLLs and tubulin glutamylation. Schematic representation of the generation of glutamate side 

chains on C-terminal tails of tubulin by TTLLs, with tubulin isotype specificity (α- or β-tubulin) and reaction 

preference (initiation or elongation) delineated. Dashed lines indicate low preference. 

These enzymes add varying lengths of glutamate chains to the γ-carboxyl group of glutamic acid 

residues in tubulin, which alters microtubule properties such as stability and interaction with motor 

proteins and severing enzymes 158,207 (See also 1.3.2). The length and distribution of these 

glutamate chains are tightly regulated by a balance between the activity of TTLL enzymes (which 

add glutamates) and CCPs, the enzymes that remove them 161,208. 
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1.3.2 Physiological Roles of TTLLs 

By adding glutamate chains to tubulin, TTLLs modulate the interaction of microtubules with motor 

proteins, MAPs, and severing enzymes. Most importantly, tubulin polyglutamylation enhances 

spastin's affinity for microtubules and influences its enzymatic activity. Spastin's severing activity 

rises as the length of the glutamate side chain increases. The highest severing efficiency occurs 

when microtubules have 8–9 glutamates per tubulin. However, longer glutamyl side chains 

diminish spastin's activity 156,160. Spastin-mediated microtubule fragmentation is essential for 

microtubule maintenance and reorganization, and increases the pool of free tubulin in the cell 

209,210.  

In the brain, tubulin polyglutamylation is essential for the development of healthy neurons and is 

mainly carried out by TTLL1 and TTLL7 211. TTLL7-mediated polyglutamylation is required for the 

growth of MAP2-positive neurites 212, while polyglutamylation by TTLL1 regulates molecular 

motors and synaptic vesicle transport 213. Polyglutamylation by TTLL1 and TTLL7 increases the 

affinity of TAU and the severing enzyme katanin to microtubules, while TTLL7-induced β-tubulin 

polyglutamylation reduces the run length of the motor protein KIF5B 158. 

Besides neurons, TTLLs are essential for the proper functioning of cilia and flagella. In particular, 

polyglutamylation is required for proper ciliary assembly and motility and intraflagellar transport, 

regulating the functions of airway cilia and sperm flagella 214–216. Additionally, TTLL11-mediated 

polyglutamylation ensures the proper regulation of spindle microtubules during mitosis, thus 

playing a role in accurate chromosome segregation and the prevention of aneuploidy 217. 

1.3.3 Diseases associated with TTLL dysfunction 

Glutamylation is the predominant tubulin modification in brain tissue and it progressively increases 

throughout development 218. Dysregulation of tubulin glutamylation has been implicated in 

infantile-onset progressive neurodegeneration in humans, a condition caused by inactivating 

mutations in CCP1, leading to developmental delays, motor problems, and severe cognitive 

decline 201. Similarly, a spontaneous autosomal recessive mouse mutation in Ccp1 gene causes 

severe degeneration of cerebellar Purkinje neurons, thalamic neurons, olfactory bulb, 

photoreceptors, in addition to male infertility 219. This mouse model, known as Purkinje cell 

degeneration (pcd) mouse, has served as a valuable tool in studying the link between 

glutamylation and neurodegeneration. Recent findings unveiled that pcd mice exhibit excessive 

polyglutamylation in their CCP1-deficient neurons 162, and that knocking out TTLL1 and TTLL4, 
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but not other TTLLs, attenuated Purkinje cell loss and mitigated olfactory bulb and photoreceptor 

degeneration, but didn’t rescue male infertility 220. In the past decade, more evidence of TTLL 

involvement in TAU-mediated neurodegeneration has accumulated: TTLL6 was shown to 

translocate with missorted TAU to the somatodendritic compartment of oAβ-treated rat neurons 

where it drove hyperglutamylation and spastin-mediated microtubule severing 97. Mutation of all 

glutamylation sites in the C-terminal tail of tubulin alpha-4A chain (TUBA4A) reversed TAU 

hyperphosphorylation, TAU oligomerization, and increased microglial activation in brain tissue of 

a murine tauopathy model 221. Hyperglutamylation can affect axonal transport and synaptic 

activity, evidenced by enhanced mitochondrial axonal motility and kinesin-microtubule binding 

interaction and run time in primary neurons from TTLL1 and TTLL7 knockout mice, respectively 

158,207. 

Besides neurodegeneration, TTLLs have been associated with various ciliopathies, which are 

disorders that affect the structure or function of cellular cilia. Several case reports have linked 

mutations in TTLL5 to cone-rod dystrophies, azoospermia, and hearing loss 222–225, while 

depletion of TTLL1 and TTLL9 leads to abnormal spermatogenesis 214,226. More recently, some 

TTLLs have been implicated in cancer. TTLL11-induced microtubule polyglutamylation is required 

for chromosome segregation fidelity and the enzyme is downregulated in various human tumors 

217. In contrast, TTLL12 is upregulated in prostate and ovarian cancers, among others, and its 

oncogenic activity is thought to emanate from its suppression of tubulin nitrotyrosination, a cellular 

check-point induced by excessive oxidative stress 227. 

Taken together, glutamylating TTLL enzymes play a crucial role in the spatial and temporal 

regulation of microtubules in various physiological processes. Disruption of polyglutamylation 

homeostasis is associated with a wide range of diseases, making these enzymes an emerging 

promising therapeutic target, most notably for tauopathies and related neurodegenerative 

disorders. However, the majority of research concerning TTLLs has been done in rodents, and 

their physiological functions and potential druggability in human disease-relevant models is 

critically understudied. 
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2. Aims 

In tauopathy paradigms in rodent models, missorted TAU may recruit TTLL6 to the dendrites, 

where it induces microtubule polyglutamylation and spastin-mediated microtubule loss, hinting 

towards a TAU-triggered, TTLL- and spastin-driven degradation of microtubules following Aꞵ 

insult 97. Additionally, knockout of TTLL1 and TTLL4 mitigated neurodegeneration in pcd mice 220. 

However, the role of TTLLs in human neurons and TAU-humanized mice remains unexplored. In 

this work, we aimed to establish human tauopathy-relevant models using human induced 

pluripotent stem cell (hiPSC)-derived cortical neurons, treated with oAβ or transduced with FTDP-

17-causing P301L mutation of TAU, along with brain sections from human P301L-TAU-transgenic 

pR5 mice.   

Using these models, we investigated TAU-related effects on microtubule dynamics and stability, 

assessed primarily via their PTMs. We sought to identify the specific TTLL(s) involved in 

interacting with pathological TAU and mediating microtubule destabilization. Additionally, we 

examined whether reducing TTLL expression in human neurons could prevent AD-like pathology, 

microtubule loss, and synaptic dysfunction.  

The aims of this study can be listed as follows:  

Aim 1: Establishing TAU missorting and microtubule loss in human neuronal models.  

Aim 2: Investigating TAU- and TTLL-mediated loss of microtubules and neuronal dysfunction, as 

well as the therapeutic potential of reducing TTLL expression in human neuronal models.  

Aim 3: Studying the expression and glutamylation activity of different recombinant TTLLs and their 

impact on microtubule dynamics in human cells. 

By addressing these questions, we hope to shed more light on the physiological roles of TTLLs 

and their pathological implications in TAU-related neurodegeneration, potentially revealing new 

therapeutic approaches for AD and related tauopathies.   
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3. Publications and preprints 

3.1     Overview 

The findings of this doctoral thesis have been summarized in three independent research articles, 

one of which was accepted and published in a peer-reviewed journal, while the other two articles 

were uploaded to a publicly available preprint repository. Additionally, one project-related 

viewpoint article and one protocol were published in peer-reviewed journals. In this chapter, the 

main findings from these articles and their contribution to the thesis aims will be described, and 

my individual contribution to the results and writing of the articles will be delineated. 

Table 1. Overview of manuscripts included in this thesis. 

Manuscript Year Type Current status 
Aim 

1 2 3 

Article 1 2022 Viewpoint Published - 

Article 2 2024 Protocol chapter Published - 

Article 3 2024 Research article Published x   

Article 4 2024 Research article Preprint/Submitted x x  

Article 5 2024 Research article Preprint   x 
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3.2  Article 1: AAV-based gene therapy approaches for genetic forms of tauopathies and   

related neurogenetic disorders 

Authors 

 

Mohamed Aghyad Al Kabbani, Gilbert Wunderlich, Christoph Köhler, 

Hans Zempel 

Type Viewpoint 

Journal Biocell 

Date of publication 14.12.2021 

DOI 10.32604/biocell.2022.018144 

 

3.2.1 Key message  

In this viewpoint, we explored the potential of gene therapy, specifically using adeno-associated 

virus (AAV) vectors, for treating tauopathies - neurodegenerative diseases primarily characterized 

by the abnormal accumulation of hyperphosphorylated TAU protein in neurons. These diseases, 

both genetic and sporadic, currently lack effective treatments. 

We highlighted the promising potential of AAV-based gene therapy in treating difficult-to-treat 

genetic tauopathies, and emphasized that this approach could offer patient-specific therapeutic 

interventions, particularly in genetically defined cases. However, challenges remain, including 

technical and safety concerns, as well as the complexity of different tauopathy variants. The 

viewpoint calls for further research to optimize the use of AAV-based therapies and suggests that 

future clinical approaches could personalize treatments based on patient-specific genetic and 

epigenetic profiles. 

In summary, while AAV-based gene therapy holds considerable promise for the treatment of 

tauopathies, further studies are needed to address its limitations and refine its application. 

3.2.2 Individual contribution 

As the first author of this viewpoint, I developed an existing idea and conceived and drafted the 

manuscript. All co-authors refined the concept and scientific context, especially Hans Zempel. 
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3.3  Article 2: Optimized Calcium-Phosphate-Based Co-transfection of TAU and tdTomato 

into Human iPSC-Derived Neurons for the Study of Intracellular Distribution of Wild-

type and Mutant Human TAU 

Authors Panagiotis Lilis, Mohamed Aghyad Al Kabbani, Hans Zempel 

Type Protocol chapter 

Journal Tau Protein: Methods and Protocols, Methods in Molecular Biology 

Date of publication 22.03.2024 

DOI 10.1007/978-1-0716-3629-9_32 

 

3.3.1 Key findings 

In this protocol, we outlined a method for improving the transfection efficiency of iPSC-derived 

neurons. This approach uses calcium phosphate to introduce wild-type and mutant TAU proteins 

along with fluorescent markers like tdTomato. It achieves a higher efficiency (20-30%) compared 

to standard transfection methods, while maintaining neuron health. This optimized method is 

useful for studying intracellular TAU distribution in neurodegenerative diseases. 

3.3.2 Individual contribution 

As a second author of this protocol, I helped generating the data and creating the figures. The 

first author was an intern in our laboratory (Research Group Zempel, Institute of Human Genetics, 

University Hospital Cologne) at the time of conceiving this protocol and was methodologically 

supervised by me. 
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3.4  Article 3: Effects of P301L-TAU on post-translational modifications of microtubules in 

human iPSC-derived cortical neurons and TAU transgenic mice 

Authors Mohamed Aghyad Al Kabbani, Christoph Köhler, Hans Zempel 

Type Research article 

Journal Neural Regeneration Research 

Date of publication 26.06.2024 

DOI 10.4103/NRR.NRR-D-23-01742 

3.4.1 Key findings 

In this study, we investigated the effects of the P301L-TAU mutation, a known cause of 

tauopathies such as FTDP-17, on PTMs of microtubules in human iPSC-derived neurons and 

transgenic P301L-TAU mice. The findings indicate that the mutation leads to increased TAU 

phosphorylation and missorting into the somatodendritic compartments of neurons, and changes 

in microtubule stability-related PTMs, particularly acetylation and polyglutamylation. 

In P301L-TAU transgenic mice, there was a significant reduction in microtubule acetylation, linked 

to reduced stability, and an increase in polyglutamylation, associated with microtubule 

fragmentation. In human iPSC-derived neurons, P301L-TAU expression led to increased 

microtubule polyglutamylation, further implicating microtubule instability in tauopathy progression. 

These results suggest that microtubule destabilization, driven by specific PTMs, may contribute 

to the neurodegenerative process in tauopathies. Targeting these PTMs could offer potential 

therapeutic avenues for diseases like AD and FTD. 

3.4.2 Individual contribution 

As the first author of this study, I conceived, performed and analyzed the experiments, interpreted 

the data, and drafted the manuscript. All co-authors reviewed the manuscript and contributed to 

conception and data interpretation. 
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3.5  Article 4: Knockdown of TTLL1 reduces Aβ-induced TAU pathology in human iPSC-

derived cortical neurons 

Authors Mohamed Aghyad Al Kabbani, Tamara Wied, Daniel Adam, Jennifer 

Klimek, Hans Zempel 

Type Research article 

Preprint server bioRxiv 

Date of upload 19.11.2024 

DOI 10.1101/2024.11.19.624324 

3.5.1 Key findings 

In this study, we explored the involvement of TTLL proteins in TAU pathology associated with AD, 

utilizing human iPSC-derived cortical neurons treated with oAβ to simulate AD-like conditions. We 

focused on three TTLL proteins: TTLL1, TTLL4, and TTLL6. 

The results demonstrated that oAβ treatment led to TAU missorting, decreased tubulin 

acetylation, elevated tubulin polyglutamylation, and synaptic destabilization in the neurons. 

Knockdown of TTLL1 significantly diminished TAU missorting, tubulin polyglutamylation, and 

synaptic damage, whereas TTLL4 knockdown showed moderate effects and TTLL6 knockdown 

helped restore microtubule acetylation. Importantly, these knockdowns did not disrupt neuronal 

networks or impair neuronal activity, highlighting TTLL1 as a promising therapeutic target. 

Further analysis through fluorescence resonance energy transfer (FRET) microscopy indicated a 

direct interaction between TTLL1 and TAU, emphasizing TTLL1’s crucial role in oAβ-induced TAU 

pathology. Overall, the findings suggest that targeting TTLL1 could potentially alleviate 

microtubule dysfunction and synaptic loss in AD, presenting a novel therapeutic strategy for 

tauopathies. 

3.5.2 Individual contribution 

As the first author of this preprint, I co-designed the study alongside Hans Zempel, performed the 

experimental work, and analyzed and interpreted the data. All co-authors offered technical 

support and reviewed the manuscript. 
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3.6  Article 5: Expression of recombinant human glutamylating TTLLs in human cells leads 

to differential tubulin glutamylation patterns, with only TTLL6 disrupting microtubule 

dynamics 

Authors Mohamed Aghyad Al Kabbani, Pragya Jatoo, Kathrin Klebl, Bert M 

Klebl, Hans Zempel 

Type Research article 

Preprint server bioRxiv 

Date of upload 27.11.2024 

DOI 10.1101/2024.11.25.624814 

3.6.1 Key findings 

In this study, we investigated the effects of several glutamylating TTLLs on tubulin glutamylation 

patterns and microtubule stability in human HEK293T cells. We found that expression of different 

TTLLs led to distinct patterns of tubulin glutamylation, validating their varied roles in initiating or 

elongating glutamate chains. TTLL4, for instance, mainly initiated glutamylation, while TTLL6 and 

TTLL11 were primarily involved in elongating these chains. Among the TTLLs examined, TTLL6 

had a unique impact on microtubule dynamics, significantly reducing microtubule stability, as 

shown through live-cell imaging. This destabilization was associated with an unexpected increase 

in microtubule growth rate, suggesting that TTLL6 may facilitate a dynamic restructuring of the 

microtubule network. 

The study also explored the therapeutic potential of LDC10, a novel TTLL inhibitor, and 

demonstrated its ability to block glutamylation activity across all TTLL enzymes tested. 

Importantly, LDC10 was able to counteract the microtubule-destabilizing effects induced by 

TTLL6, restoring microtubule stability and growth rate. These findings suggest that TTLL6 could 

play a pathogenic role in disorders related to microtubule destabilization and that LDC10 could 

be a promising pharmacological tool for mitigating the effects of TTLL-induced microtubule 

instability. 

3.6.2 Individual contribution 

As the first author of this preprint, I carried out the experiments, analyzed and interpreted the data, 

and drafted the manuscript. The study was conceived by me and Hans Zempel, who also 

reviewed the manuscript.  
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4. Discussion 

Neurodegeneration and cognitive decline associated with AD and other tauopathies represent a 

significant challenge for the ageing population. Despite extensive research, effective therapies 

remain elusive, with most interventions focusing on targeting aggregated TAU or Aβ showing only 

modest efficacy. Challenges of achieving effective brain concentrations of aggregate-targeting 

antibodies, limited cognitive improvement, and concerning side effects such as brain swelling, 

bleeding, and seizures, still persist 228. Microtubule loss is a major hallmark of tauopathies 188,229, 

prompting exploration of microtubule-stabilizing drugs like paclitaxel. However, limited brain 

penetration and significant toxicities have hindered their therapeutic application 230,231. These 

challenges emphasize the need to investigate alternative molecular targets and delivery routes 

that may offer more substantial benefits with reduced side effects. 

Gene therapy is a cutting-edge approach that involves delivering genetic material into patients’ 

cells to treat a disease. This technique has shown potential in addressing genetic diseases by 

either silencing faulty genes or introducing functional ones. The delivery method of therapeutic 

genetic materials is usually viral-based, with adeno-associated virus (AAV) being the vehicle of 

choice due to their safety and efficacy 232. There are currently six AAV-based gene therapies 

approved by the Food and Drug Administration (FDA) for the treatment of retinal dystrophy, 

hemophilia, Duchenne muscular dystrophy, and spinal muscular atrophy. Therefore, 

neurodegenerative diseases where the genetic cause is clearly identified, such as genetic 

tauopathies or CCP1-assocaited infantile-onset neurodegeneration, are optimal targets for AAV-

based gene therapy 233. 

In this work, we explored alternative microtubule-targeting strategies in the paradigm of AD and 

tauopathies from a gene therapy-focused angle. Microtubules exhibit a complex code of PTMs 

that regulate their stability, dynamics, and protein interactions. The most abundant neuronal 

tubulin PTM, polyglutamylation, has been linked to microtubule severing and neurodegeneration 

in animal models 162,163,202. Therefore, we decided to target several of the TTLL enzymes that 

catalyze tubulin glutamylation in human tauopathy-relevant models to assess how reduced TTLL 

expression affects TAU sorting, microtubule stability, and neuronal morphology and function. We 

identified stability-decreasing alterations in microtubule PTMs in pR5 mice transgenic for P301L-

TAU, shedding the light on the effects of this disease-causing mutation. In addition, by treating 

hiPSC-derived neurons (iNeurons) with oAβ and lentivirally knocking down specific TTLLs, we 

established AD-like pathology in these human neurons and identified TTLL1 as a major 
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contributor to TAU-mediated pathology and a potential therapeutic target. Lastly, recombinant 

protein expression and pharmacological treatment experiments in human cells demonstrated the 

efficacy of a novel TTLL inhibitor in reducing glutamylation and reversing TTLL6-induced 

microtubule instability. 

4.1  Establishing TAU missorting and microtubule loss in human neuronal models 

TAU missorting and microtubule loss are two events that occur early in the course of tauopathies, 

including AD 41,234. Studies on TTLLs in rodent models link these tubulin-modifying enzymes to 

neurodegenerative processes, including spastin- and katanin-mediated microtubule severing, 

interaction with missorted TAU, and synaptic dysfunction 97,162,220. However, insights on TTLLs 

and their potential pathological roles in human tauopathy models remain limited. To address this 

gap, we aimed to establish a human model of tauopathy to explore the effects of TAU pathology 

on microtubules and their PTMs, particularly polyglutamylation.  

Our first approach (Article 3) utilized the well-established pR5 mouse strain, which expresses the 

longest human TAU isoform (2N4R) with the P301L mutation under the murine neuronal-specific 

Thy1.2 promoter 235. pR5 mice exhibit TAU hyperphosphorylation and NFT assembly across 

various brain regions by approximately eight months of age 235–237, and develop tauopathy-like 

spatial reference memory deficits 238,239. Additionally, we expressed the same mutant TAU 

construct in iNeurons via lentiviral transduction on a MAPT knockout background 98. iNeurons are 

engineered from human iPSCs and differentiated into cortical layer 2/3 glutamatergic neurons 

through doxycycline-induced expression of the transcription factor neurogenin 2, resulting in 

highly pure cultures of polarized, active cortical neurons 240.  

In immunolabelled paraffin sections of pR5 mouse brains, we observed significant TAU 

aggregation, hyperphosphorylation, and missorting. These pathological features were associated 

with decreased acetylated tubulin in NFT-bearing neurons compared to adjacent tangle-free 

neurons, indicating decreased microtubule stability in these neurons. Interestingly, the number of 

hippocampal long dendrites positive for polyglutamylated tubulin was significantly decreased in 

24-month-old pR5 mice compared to age-matched non-transgenic littermates, replaced with 

short, stubby dendrites, with increased polyglutamylation levels in the remaining long dendrites. 

These findings suggest that polyglutamylation may drive microtubule loss, with spastin-recruiting 

signaling potentially happening earlier, as indicated by increased polyglutamylated tubulin levels 

in immunoblotted hippocampal lysates of 9-month-old pR5 mice. However, P301L-TAU-

expressing iNeurons did not exhibit TAU missorting or aggregation when compared to wildtype 
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TAU-expressing iNeurons. This could be due to the young age of these neurons compared to the 

aged mice, or because the exposure to mutant TAU in iNeurons was not as long as in the mice. 

While mutant TAU expression led to slightly increased tubulin polyglutamylation, acetylated 

tubulin levels were actually elevated rather than reduced, suggesting microtubule stabilization via 

TAU binding. This outcome indicates that lentiviral expression of P301L-TAU in iNeurons may not 

be a suitable model for studying TAU pathology and the associated TTLL/microtubule axis. 

As an alternative, we employed oAβ to induce TAU pathology. Although Aβ42 are more 

aggregation-prone and more neurotoxic than Aβ40 241,242, oligomers of Aβ40 and Aβ42 together 

in a 7:3 ratio exhibit stronger neurotoxicity, better synaptic colocalization, enhanced stability, and 

are more physiologically relevant compared to aggregates from isolated peptides 243. In rodent-

derived primary neurons, oAβ induces tau missorting, microtubule loss, and synaptic declustering 

97,244. Following 3 hours of oAβ exposure, our day 21 iNeurons showed increased tau localization 

in somatic compartments, indicating TAU missorting, alongside decreased tubulin acetylation and 

increased polyglutamylation. These changes mirror early tauopathy-like conditions, suggesting 

impaired microtubule stability and possible spastin recruitment. In addition, the size of synaptic 

clusters, identified through Homer1 and synaptophysin co-staining, was significantly reduced. In 

sum, day 21 oAβ-treated iNeurons recapitulated some AD-like conditions, such as TAU 

missorting, reduced microtubule stability, and synaptic loss, thus providing a suitable human 

tauopathy model for subsequent studies discussed in the following sections. 

4.2  Investigating TAU- and TTLL-mediated loss of microtubules and neuronal dysfunction, 

as well as the therapeutic potential of reducing TTLL expression in human neuronal 

models 

TTLL-induced hyperglutamylation has been linked to neurodegeneration due to CCP1 loss and 

the resulting imbalance between glutamate chain addition and removal 162,201. We examined 

whether TTLLs contribute to TAU pathology in our oAβ-treated iNeurons by knocking down one 

initiator (TTLL4) and two elongators (TTLL1 and TTLL6) (Article 4). Prior studies have implicated 

TTLL6 in oAβ-induced, TAU-driven dendritic microtubule loss through interaction with missorted 

TAU and subsequent spastin-mediated microtubule severing 97, while TTLL1 and TTLL4 have 

been identified as the key drivers of neurodegeneration in pcd mice 220.  

In our study, we successfully reduced the expression of all three TTLLs in iNeurons by 20-50% 

using lentiviral transduction with target-specific short hairpin ribonucleic acid (shRNA) constructs. 
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When assessing readouts of AD-like pathology established in Aim1, we found that TTLL1 

knockdown, and to a lesser extent TTLL4 knockdown, reduced TAU missorting, decreased 

microtubule polyglutamylation, and partially protected synaptic clusters from the detrimental 

effects of oAβ insult. Interestingly, only TTLL6 knockdown restored tubulin acetylation, though it 

did not affect TAU missorting or tubulin polyglutamylation levels, suggesting a potential TAU-

independent pathway of microtubule stabilization. Previous studies in human embryonic kidney 

(HEK) 293 cells have proposed a potential direct interaction between recombinant TAU and 

TTLL6 97. Therefore, we asked whether a similar interaction between TAU and any of the TTLLs 

studied here could be the underlying mechanism behind the mitigation of oAβ-induced TAU 

pathology following TTLL knockdown. To this end, we used fluorescence resonance energy 

transfer (FRET) microscopy to assess potential interactions between teal fluorescent protein 

(TFP)-TAU and yellow fluorescent protein (YFP)-tagged TTLL1, TTLL4, and TTLL6. Notably, we 

observed a significant increase in FRET efficiency only in HEK293T cells co-expressing TFP-TAU 

and YFP-TTLL1, compared to negative controls and cells co-expressing TFP-TAU with YFP-

TTLL4 or YFP-TTLL6. This result suggests a potential direct interaction between TAU and TTLL1, 

potentially explaining the mitigating effects of TTLL1 knockdown on TAU pathology, microtubule 

stability, and synaptic structure.  

Our findings suggest that TTLL1 may translocate with missorted TAU to the somatodendritic 

compartments of affected neurons, leading to microtubule hyperglutamylation, spastin 

recruitment, and subsequent dendritic microtubule and synaptic loss (Fig. 2). However, our 

experiments did not reveal direct interactions between TAU and TTLL4 or TTLL6. Another 

possible explanation for the pathological roles of these TTLLs could be the creation of repulsive 

forces between negatively charged hyperphosphorylated TAU and the similarly negatively 

charged glutamate resides on the microtubule surface. This repulsion could lead to TAU 

detachment from microtubules, promoting TAU aggregation and microtubule disassembly 245. 
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Figure 2. Proposed mechanism of TAU missorting and TTLL1-mediated microtubule destabilization 

in response to Aβ insult. Under normal conditions, TAU is localized predominantly in axons, where it 

stabilizes microtubules. Upon exposure to Aβ, TAU becomes missorted to the somatodendritic 

compartments. Concurrently, TTLL1, potentially directly interacting with TAU, translocates to the dendrites, 

where its activity promotes excessive microtubule polyglutamylation. This polyglutamylation destabilizes 

the microtubule network, leading to microtubule loss and subsequent synaptic dysfunction, contributing to 

neuronal impairment and tauopathy progression. 

Polyglutamylation plays a crucial role in spatial and temporal regulation of microtubule dynamics 

and interactions with other proteins 157–159, and it is the most abundant tubulin PTM in the brain 

202. Therefore, manipulating the expression of glutamylating TTLLs could have significant effects 

on neuronal morphology and function, especially given that TTLL1, our primary target, is the major 

glutamylase in the brain 211,220. To address this issue, we carried out Sholl analysis to assess 

dendritic arborization and complexity in TTLL-knockdown iNeurons, and performed 

immunostainings of neurofilament-L (NF-L) and MAP2 to examine axonal and dendritic networks, 

respectively. Neither analysis revealed significant changes in neurite structure following TTLL 

knockdowns. Moreover, microelectrode array (MEA) recordings showed no erratic changes in 

neuronal activity. 

Taken together, our results position TTLL1, and potentially other TTLLs, as promising therapeutic 

targets for AD and tauopathies by targeting microtubule PTMs rather than protein aggregation. 

This is especially important since subtle changes in TAU localization and microtubule code likely 

occur earlier in the pathological cascade than TAU aggregation and Aβ plaque formation. Thus, 
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targeting TTLLs and similar microtubule modifying enzymes could serve as an early intervention 

strategy to prevent subsequent neuronal death and cognitive impairment.  

4.3  Studying the expression and glutamylation activity of different recombinant TTLLs and 

their impact on microtubule dynamics in human cells 

At least eight TTLLs are known to have glutamylating activity, with distinct functions based on 

their substrate specificity -either α- or β-tubulin- and their preference for initiating or elongating 

glutamate side chain 204,205. Understanding these differences is essential to distinguish the unique 

glutamylation patterns carried out by individual TTLLs, and their specific roles in microtubule 

dynamics. This knowledge is critical for selectively targeting specific TTLLs without affecting 

broader cellular processes. HEK293T cells express low endogenous levels of glutamylating 

TTLLs 246, making these cells a suitable controlled model for studying the function and impact of 

exogenously expressed recombinant TTLLs. 

Following expression in HEK293T cells (Article 5), initiator TTLL4 exhibited the strongest 

monoglutamylation activity, followed by moderate activity from another initiator, TTLL7. On the 

other hand, the elongator TTLL11 showed the highest polyglutamylation activity, though initiators 

TTLL4 and TTLL7 also displayed some elongation activity. TTLL6, another elongator, had 

remarkably lower polyglutamylation activity but was the only expressed TTLL to significantly 

destabilize microtubules, as observed through live-cell imaging of EB3 comets. Substrate and 

activity preferences of TTLLs are not strictly exclusive, with initiators still exhibiting minor 

elongation activity and vice versa 205,247. Polyglutamylation, rather than monoglutamylation, is 

expected to exert the strongest influence on microtubule dynamics since longer chains recruit the 

severing enzyme spastin. However, excessively long glutamate chains (over eight residues) shift 

the function of spastin from severing to stabilizing microtubules 160. This might explain why modest 

polyglutamylation by TTLL6 could be enough to trigger the microtubule severing activity of spastin 

or katanin, while excessive polyglutamylation by TTLL11 could stabilize rather than destabilize 

microtubules. 

Given the role of TTLLs in various diseases, including neurodegenerative disorders, ciliopathies, 

and cancer, developing selective TTLL inhibitors holds significant therapeutic potential. 

Therefore, we tested a novel compound, LDC10, with a potential TTLL inhibitory activity. LDC10 

effectively inhibited the glutamylating activities of recombinant TTLL4, TTLL6, and TTLL11 in 

HEK293T cells, with only modest activity against TTLL7. Notably, LDC10 counteracted TTLL6 
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effects on microtubule dynamics, restoring microtubule stability and growth rate to control values. 

While these results are promising, further investigation into the potential side effects of 

manipulating tubulin glutamylation is necessary. In addition, because other proteins, such as 

nucleosome assembly proteins (NAPs) and certain histones, also undergo polyglutamylation 

248,249, further studies are warranted to assess possible off-target effects of pharmacological TTLL 

inhibition. 

4.4  Significance, limitations, and outlook 

This doctoral thesis explores understudied aspects of tauopathies and their underlying molecular 

mechanisms, contributing to the field of neurodegenerative disease research. Tauopathies, such 

as AD and FTD, represent a class of neurodegenerative disorders marked by the pathological 

accumulation of hyperphosphorylated TAU protein, which disrupts neuronal function and leads to 

cognitive decline. Despite significant advances, effective therapeutic strategies for tauopathies 

remain limited. The studies presented here shed light on novel mechanisms that may offer new 

avenues for therapeutic intervention. 

The major significance of this thesis lies in its approach to addressing TAU pathology from a 

microtubule-centric perspective, particularly through the investigation of PTMs of tubulin and their 

influence on TAU pathology. By focusing on the role of TTLLs in microtubule dynamics, this 

research explores a new and underexplored area of tauopathies. The findings suggest that 

targeting specific TTLLs, such as TTLL1, could offer an innovative therapeutic strategy by 

modulating the microtubule code rather than directly targeting TAU aggregation. This is 

particularly significant because microtubule dysfunction is an early event in tauopathies 250,251, 

potentially offering an opportunity for early intervention, before the onset of widespread TAU 

aggregation, neuronal death, and cognitive decline. 

Additionally, the usage of human-based models such as iPSC-derived neurons in this research 

enhances the relevance and translational potential of the findings. The use of these models allows 

for a more accurate depiction of human tauopathies, as opposed to rodent models, which often 

do not fully recapitulate the complexity of human neurodegenerative diseases 252,253. By 

employing lentiviral-based knockdowns of several TTLLs in cell culture and identifying novel 

potential therapeutic targets, this thesis lays the groundwork for genetic targeting of TTLL1 and 

other TTLLs in animal models using AAVs carrying murine shRNAs. We have in fact successfully 

established intracerebroventricular (ICV) injections to administer AAVs into mouse brains. 
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Additionally, we have obtained the necessary regulatory approvals to conduct experiments in 

mice, which involves AAV-based expression of mutant APP to establish an AD-like phenotype 

and AAV-based knockdown of TTLLs to evaluate their protective potential as well as possible 

detrimental effects on neuronal function and viability. These effects will be assessed through 

biochemical analyses such as Western blotting and immunostaining of mouse brain lysates for 

TAU, tubulin PTMs, and synaptic markers, as well as through behavioral, motor, and cognitive 

tests, as represented in Fig. 3. By bridging the gap between basic molecular biology and clinical 

relevance, we hope to make a significant contribution to the ongoing search for effective 

treatments for tauopathies. 

 

Figure 3. Schematic representation of the workflow of a preliminary experiment in mice to 

investigate AAV delivery to the brain. Mouse pups at the postnatal age of 1-2 days will undergo ICV 

injections to deliver mock AAVs, followed by animal sacrifice after four weeks and subsequent brain 

sectioning and microscopic analysis. 

While this thesis provides novel insights into targeting microtubule modifying enzymes as a 

therapeutic strategy for AD and tauopathies, it is not without limitations. A significant limitation is 

the reliance on cellular models, particularly iPSC-derived neurons, to study TAU pathology. While 

iNeurons are proving to be an invaluable tool for investigating human-specific disease 

mechanisms, they also have inherent limitations. iNeurons are not perfect representations of the 

complex neuronal networks found in the human brain. Their limited maturity, homogeneity, and 

the lack of fully developed dendritic spines may lead to incomplete representation of tauopathy 

features, especially those related to advanced stages of disease progression 254,255. One potential 

solution is co-culturing iNeurons with primary or iPSC-derived glial cells, such as astrocytes, to 

provide mechanical support and promote neuronal maturation 256,257. In addition, the 3-hour oAβ 

treatment used in our model to mimic certain AD-like features represents an acute insult that does 

not fully capture the complexity of a chronic, progressive disorder like AD. Future strategies 
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should explore approaches that induce more robust and long-term pathological changes, such as 

overexpression of mutant APP. 

Moreover, the studies presented here primarily focused on specific tubulin PTMs and TTLLs, but 

other molecular pathways and cellular mechanisms contributing to tauopathies, such as 

neuroinflammation or the role of glial cells, were not explored. Co-cultures of iNeurons with glia 

could also address this limitation by enabling the assessment of glial structure and function under 

different tauopathy-inducing stressors. Additionally, such co-culture models could facilitate the 

investigation of neuroinflammatory markers, providing a more comprehensive understanding of 

the contributions of glial cells and inflammation to tauopathies 258.  

Another limitation is the relatively narrow focus on specific TTLLs, particularly TTLL1, TTLL4, and 

TTLL6. While the results are promising, it remains unclear whether targeting TTLL1 alone would 

be sufficient for therapeutic success, or if other TTLLs or tubulin-modifying enzymes could play 

significant roles in the disease process. The complexity of PTMs, the potential redundancy of 

some enzymes, and the variability across different tauopathies mean that a more comprehensive 

understanding of the entire tubulin code is necessary to create robust therapeutic strategies. 

TTLL1-immunoprecipitation coupled with mass spectrometry could be a valuable approach to 

identify novel TTLL1 interactors involved in microtubule regulation or dysregulation under both 

naïve and pathological conditions. These findings could reveal new independent or synergistic 

therapeutic targets. In addition, investigating the role of other TTLLs, such as brain-enriched 

TTLL7 and disease-associated TTLL5, is crucial to gaining a more complete understanding of the 

functions, redundancies, and pathological relevance of the full spectrum of glutamylating TTLLs. 

Despite these limitations, the findings of this thesis open up several exciting avenues for future 

research and therapeutic development. One promising direction is the continued investigation into 

the role of TTLLs and other microtubule modifying enzymes in tauopathies. Future studies should 

aim to identify additional PTMs that contribute to TAU pathology and microtubule destabilization, 

potentially revealing other novel therapeutic targets. Future research should also focus on 

validating the therapeutic potential of TTLL depletion in animal models. Our successful lentiviral-

based knockdown of different TTLLs in cell culture paves the way for establishing AAV-based 

vectors targeting murine TTLLs in vivo. This approach will enable the investigation of the long-

term effects of TTLL manipulation on both disease progression and neuronal health in complex 

living organisms, which is essential for translating this research into viable clinical therapies. 

Beyond gene therapy approaches, our data highlight the promising potential of a novel TTLL 
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inhibitor in reducing TTLL6-mediated polyglutamylation and microtubule destabilization. Further 

studies should focus on elucidating the inhibitor’s brain permeability and specificity, identifying 

potential off-target effects, and conducting pharmacokinetics and pharmacodynamics studies to 

optimize its pharmacological properties. Furthermore, it is important to evaluate potential 

compensatory mechanisms activated by the depletion or inhibition of specific TTLLs. Differential 

mass spectrometry or transcriptomics could be employed to identify genes and proteins that are 

upregulated or downregulated in response to such interventions, providing insights into adaptive 

cellular response and uncovering additional therapeutic targets. 

Another exciting direction for future research is the application of the aforementioned multi-omics 

approaches to identify other molecular pathways involved in tauopathy, as well as potential 

interactors of TTLLs that may influence their function or act downstream of them. The potential 

TAU and TTLL1 direct interaction that we observed with recombinant proteins in HEK293T cells 

using FRET microscopy should be validated in neuronal models with endogenous proteins under 

healthy and pathological conditions, such as oAβ insult or APP overexpression, using techniques 

like co-immunoprecipitation or proximity ligation.  

Finally, the development of more sophisticated and human-relevant disease models, including 3D 

neuronal cultures and brain organoids, could further enhance the understanding of tauopathies 

and facilitate the testing of therapeutic interventions. While these models would better mimic the 

human brain’s architecture, they are not without limitations, as they exhibit high heterogeneity and 

culture-dependent alterations, lack proper vascularization and blood brain barrier, and are 

deficient in myelination 259. 

In conclusion, this thesis identifies TTLLs, especially TTLL1, as novel potential therapeutic targets 

for AD and related tauopathies, offering new insights into the molecular mechanisms underlying 

these diseases. The novel approach of targeting microtubule PTMs, particularly via TTLLs, 

provides a fresh perspective on how to address TAU-related neurodegeneration. Future work 

should continue exploring these pathways and validate our findings in more advanced disease 

models, including mouse models, paving the way for more effective, gene therapy-based 

treatments for tauopathies in the future. 
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Abstract: Tauopathies comprise a spectrum of genetic and sporadic neurodegenerative diseases mainly characterized by the

presence of hyperphosphorylated TAU protein aggregations in neurons or glia. Gene therapy, in particular adeno-associated

virus (AAV)-based, is an effective medical approach for difficult-to-treat genetic diseases for which there are no convincing

traditional therapies, such as tauopathies. Employing AAV-based gene therapy to treat, in particular, genetic tauopathies has

many potential therapeutic benefits, but also drawbacks which need to be addressed in order to successfully and efficiently

adapt this still unconventional therapy for the various types of tauopathies. In this Viewpoint, we briefly introduce some

potentially treatable tauopathies, classify them according to their etiology, and discuss the potential advantages and

possible problems of AAV-based gene therapy. Finally, we outline a future vision for the application of this promising

therapeutic approach for genetic and sporadic tauopathies.

Abbreviations
AAV: Adeno-associated virus
AD: Alzheimer’s Disease
AGD: Argyrophilic Grain Disease
ASO: Antisense oligonucleotide
CBD: Corticobasal Degeneration
CDK5: Cyclin-dependent kinase 5
CNS: Central nervous system
DM: Myotonic Dystrophy
ELISA: Enzyme-linked Immunosorbent Assay
FDA: US Food and Drug Administration
FTLD-TAU: Frontotemporal Lobar Degeneration with

Tauopathy
GoF: Gain-of-function
iPSCs: Induced Pluripotent Stem Cells
ITR: Inverted terminal repeats
LoF: Loss-of-function

MAP: Microtubule-associated proteins
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PSP: Progressive Supranuclear Palsy
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RNAi: RNA interference
RPE65: Retinal-pigment epithelium-specific-65-kDa-

protein
scAAV: Self-complementary AAV
shRNA: Short hairpin RNA
siRNA: Small interfering RNA
VUS: Variant of unknown significance

Introduction

TAU is a microtubule binding protein encoded in humans by the
gene MAPT, which is alternatively spliced to produce eight
isoforms, six of which are expressed in the human central
nervous system (CNS). Under normal conditions, TAU is
sorted into the axons likely due to several sorting mechanisms
(Zempel and Mandelkow, 2019), where it promotes
microtubule assembly and stability. However, in disease
conditions (e.g., Alzheimer’s Disease (AD), pathological TAU
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mutations, etc.) these sorting mechanisms malfunction, which
leads to mislocalization of TAU into the soma and dendrites.
Under pathological conditions, TAU missorting is associated
with TAU hyperphosphorylation and subsequent dissociation
from microtubules. Hyperphosphorylated TAU can form
insoluble aggregates called neurofibrillary tangles, the hallmark
of several neurodegenerative diseases known collectively as
tauopathies, the most frequent of which is AD (Zempel and
Mandelkow, 2014).

Tauopathies encompass a spectrum of neurodegenerative
diseases whose main feature is the presence of aggregated
deposits of TAU protein in the form of neurofibrillary or
gliofibrillary tangles (Goedert and Spillantini, 2017). Most
tauopathies present clinically as syndromes of cognitive
deterioration or movement disorders, or both (Murley et al.,
2020). Several systems to classify tauopathies have been
proposed, but the diversity of their etiologies, pathomechanisms
and phenotypes leads to overlapping classifications. The
distinction between primary and secondary tauopathies is often
blurry, as in the case of AD, which is traditionally classified as a
secondary tauopathy, but mounting evidence suggests a central
role of TAU pathology in driving the pathomechanisms of the
disease. Only 1–2% of AD cases are familial, presenting a clear
genetic inheritance, and while the causes of the rest of AD cases
are poorly understood, the disease starts almost universally with
the accumulation of Aβ plaques and TAU tangles in the brain,
leading to neurodegeneration and loss of cognitive function
(Long and Holtzman, 2019). Moreover, imbalanced or altered
isoform expression alone of TAU can be causative for an AD-
like form of Frontotemporal Dementia (FTD), Frontotemporal
Lobar Degeneration with tauopathy (FTLD-TAU), and is
observed in several FTD-associated tauopathies, i.a. Progressive
Supranuclear Palsy (PSP), Corticobasal Degeneration (CBD),
Pick’s Disease (PiD), Argyrophilic Grain Disease (AGD) (Park
et al., 2016). Here, we subdivide major tauopathies into either
genetic diseases, in which proven inherited genetic mutations
are the cause of the disease, or sporadic or idiopathic diseases,
in which clear genetic causes are absent (Table 1) (For a more
extensive list see Zimmer-Bensch and Zempel, 2021), and
outline potential AAV-based gene therapy approaches.

Gene therapy aims to correct a genetic problem at its
roots, and focuses on gene modification to treat genetic
diseases by repairing or suppressing defective genes or
reintroducing functional ones (Kaji and Leiden, 2001). The
delivery of the therapeutic genetic material is usually
achieved via vectors, the majority of which are of viral
origin, although other non-viral methods do exist (e.g.,
naked DNA, electroporation, lipoplexes, etc.), albeit with
reduced levels of transfection and therapeutic efficiency
(Ramamoorth and Narvekar, 2015).

As of 2021, over 3,180 gene therapy clinical trials were
conducted, with more than half of them in phase I. In 263 of
these trials (approximately 8.3% of the total number of gene
therapy clinical trials), AAV has been used as the vector of
choice for gene transfer, with 24 trials relevant to neurogenetic
diseases (Gene Therapy Clinical Trials Worldwide Database.
The Journal of Gene Medicine. Wiley 2021). Following the
approval of Spark Therapeutics’ Luxturna (for the treatment of
Retinal-pigment epithelium-specific-65-kDa-protein(RPE65)-
mutation-induced blindness/retinitis pigmentosa) by the U.S.

Food and Drug Administration (FDA) in 2017 as the first
AAV vector-based gene therapy, several gene therapies have
also received FDA approval, with Novartis’ Zolgensma (to
treat spinal muscular atrophy) being the second FDA-
approved AAV-based gene therapy.

The recombinant adeno-associated virus (rAAV) is the
standard vehicle of choice when it comes to AAV-based
gene therapy, renowned for its safety and efficacy. It is a 4.8
kb single-stranded DNA virus that comprises two inverted
terminal repeats (ITR) framing the expression cassette,
which contains either a constitutive or a tissue-specific
promoter that drives the transgene expression, and a polyA
sequence (Le Bec and Douar, 2006).

The current line of treatment for tauopathies is generally
supportive, aiming at symptom alleviation. A variety of efforts
have been made to develop drugs that manipulate TAU post
translational modifications or aggregation, or target TAU
immunologically via antibodies, but most of these trials have
shown varying, and sometimes disappointing, levels of
success (Coughlin and Irwin, 2017). The promise of gene
therapy is to cure the disease, improve symptoms, and stop
disease progression. Several studies have demonstrated
that TAU knockout mice have no obvious phenotype,
with Microtubule-associated proteins (MAP)/microtubule
functions being preserved probably via compensation by
upregulation of other MAPs (van Hummel et al., 2016).
Therapeutically, reducing TAU levels or its toxic gain-of-
function can be achieved by inhibiting TAU translation or
even by inducing alternative splicing in favor of one isoform
or the other, via the use of small interfering RNA fragments
(siRNA) or antisense oligonucleotides (ASOs) (DeVos et al.,
2017; Sud et al., 2014; Xu et al., 2014). While potentially
promising, delivery of siRNA and ASOs remains challenging,
and effects are limited to a few weeks or months, requiring
several administrations per year. Viral vectors, such as AAV,
can present an optimal medium to deliver not only RNAi
(RNA interference), but also serve as a vector for gene
replacement therapy with long lasting expression.

Viewpoint

With approximately 150 clinical trials completed (~50% with
met clinical safety and endpoints), more than 3000 treated
patients, only 9 serious adverse events and no related deaths
(Kuzmin et al., 2021), AAVs are the best choice for difficult-
to-treat neurological disorders, like genetic forms of
tauopathy. AAVs are not pathogenic, and some of their
serotypes have a natural tropism for the CNS (Serotypes 4,
5, 8, 9). Also, AAV expression can persist for decades in
neurons and other long lasting cells like cardiomyocytes
(which is relevant for tauopathies that also affect the heart,
e.g., Myotonic Dystrophy (DM) type 1 and 2), unlike
mitotically active cells in which AAV expression is lost
overtime (Sun and Roy, 2021). Tauopathies with clear genetic
causes would be prime targets for AAV-based gene therapy;
similar approaches have been tested in animal models of
other neurodegenerative diseases like Huntington’s disease
(Franich et al., 2008), and AAV2/8 have already been used to
deliver anti-TAU antibodies into the brain of P301S-tg-mice,
a model of frontotemporal dementia (Ising et al., 2017).
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These AAV-mediated gene transfer methods can be employed
to deliver shRNAs (short hairpin RNA) based on siRNAs that
suppressed the expression of P301S-mutated human TAU in
mouse primary neurons, leading to amelioration of
behavioural deficits in this mouse model of tauopathies (Xu
et al., 2014).

The potential therapeutic benefits of AAV-based therapy are
not exclusive to genetic tauopathies, but may be extended to
sporadic forms of those diseases, if pathomechanistic workup
reveals clear targets. AAV-delivered RNAi interference (RNAi),
e.g., targeting of Cyclin-dependent kinase 5 (CDK5), a
major TAU kinase that contributes to pathological TAU
hyperphosphorylation, decreased the numbers of neurofibrillary
tangles in the brains of AD mice (Piedrahita et al., 2010).

Naturally, there are limitations (For notable advantages
and limitations of AAV-based gene therpay, see Box 1):
Although AAVs are considered non pathogenic, activation of

the host immune response can occur. Neutralizing antibodies
or other forms of immunity against certain serotypes (AAV1,
AAV2) are present in up to 70% of the population (Mingozzi
and High, 2013). Although very young children are naive to
AAV exposure, maternal antibodies may restrict the use of
peripherally delivered AAVs to the age of approximately 7–
11 months (Calcedo et al., 2011). However, hardly any severe
adverse effects have been noticed in AAV-based gene therapy
clinical trials, with transient, and usually asymptomatic,
hepatitis being the most severe side effect (Kuzmin et al.,
2021; Büning and Schmidt, 2015). Another issue is diseases
that require a high proportion of transduced cells in the
body, and for which much higher virus doses are needed to
achieve beneficial results. Such high doses can be toxic and
lead to liver failure and shock (Hinderer et al., 2018).

The diagnosis of pediatric forms of tauopathies and
neurogenetic diseases is usually based on unclear genetic

TABLE 1

List of noteworthy examples of tauopathies with (epi)genetic etiologies or risk factors (Adapted from Zimmer-Bensch and Zempel (2021))

Disease
entity

Clinical description Etiology Potential Gene
therapy approaches

Tested species/Major
findings

Familial
FTLD-TAU

Very heterogeneous group of age-
related tauopathies, including
formerly FTDP17(t) and patients
diagnosed with PSP

Genetic: MAPT AAV-based silencing
of MAPT (Wegmann
et al., 2021)

Mouse: TAU reduction rescues
neuronal damage

Other forms
of FTLD-
TAU (like)
tauopathies

Heterogenous group of age-related
tauopathies, like CBD, PiD, AGD
and others, most of which are
further subclassified

Sporadic, (epi)genetic causes
unclear

Antisense-mediated
exon skipping (Sud et
al., 2014)

Human neuroblastoma cell
lines, Mouse: Reduced TAU
protein levels up to 80%,
reduced susceptibility to
seizures

Progressive
supranuclear
palsy (PSP)

Rare neurodegenerative disorder,
but a common atypical
Parkinson’s syndrome with
cognitive, motor, behavior and
language abnormalities, often
misdiagnosed as AD

Epigenetic:
Hypomethylation of MAPT
Genetic: MAPT Sporadic:
GWAS with loci close to
MAPT, STX6, EIF2AK3,
MOBP, DUSP, SLCO1A2,
RUNX2, i.a.

AAV-mediated
silencing of MAPT
(Wegmann et al.,
2021)

Mouse: TAU reduction rescues
neuronal damage

Myotonic
Dystrophy
(DM)

Muscular dystrophy, often
accompanied by intellectual
disability, cardiac arrhythmia,
endocrine disorders, and cataracts

Genetic:
Type 1: DMPK
Type 2: CNBP
Mutations leading to repeat
expansions

AAV-delivered RNAi-
targeting of mRNA
containing the
expanded repeat
(Bisset et al., 2015)

Mouse:
Reduced disease pathology in
muscles

Familial
Alzheimer
Disease

Age of onset usually between 40
and 70 years, fast progression

Genetic: APP, PSEN1,
PSEN2, up to ~75 risk
modifying genes

AAV-delivered
CRISPR/Cas9
mediated disruption of
mutated APP (György
et al., 2018),
AAV-delivered
antibodies targeting Aβ
(Kou et al., 2011),
AAV-based expression
of APPsα (Fol et al.,
2016)

Mouse:
Decreased pathogenic Aβ and
plaque load, restored synaptic
plasticity and rescued spine
density deficits, enhanced
memory

Niemann
Pick Disease
Type C

Lysosomal storage disease with
hepatosplenomegaly, progressive
dementia, ataxia, spasticity, and
premature death ranging from
infancy to late adulthood

Genetic: NPC1, NPC2 AAV delivery of NCP1
or 2 gene (Chandler et
al., 2017)

Mouse:
Increased lifespan, diminished
motor decline, reduced
cholesterol accumulation
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evidence, which makes pinpointing a specific target for gene
therapy an exhausting task. On the other hand, in age-
associated tauopathies, brain damage that has already
happened at the disease onset is unlikely to be reversed with
AAV-based gene therapy. Yet, given the probable ability of
atrophic neurons to regenerate their normal function
(Huang et al., 2014), the timing of initiation of the
treatment would be a crucial factor in its success, with
patients with known familial tauopathies treated in the
presymptomatic phase having the highest chance of
benefiting from treatment (Martier and Konstantinova,
2020). This complicates clinical studies due to necessary
long-term follow up.

Vision of the Future

Several issues must be addressed for AAV-based gene therapy
to become useful for genetic forms of tauopathy and related
disorders.

Host immunity: One way to overcome host immunity
when using AAVs is to focus on recombinant viruses derived
from AAV-serotypes that i) are not serotype 1/2, and ii)
already have a natural tropism for the CNS (i.e., serotypes
4,5,8,9, and for certain neuromuscular diseases with muscle
involvement also skeletal/cardiac muscle, i.e., serotypes 6,7,8,9),
and unconventional/novel AAVs already in clinical use/trials
(e.g., AAVrh10, AAVrh74, LK200, AAVHSC15, SPK100,
AAVhu37). To further reduce the danger of neutralizing
antibodies/immunity, in case of pre-existing immunity against
certain serotypes, standard Enzyme-linked Immunosorbent
Assay (ELISA)-based serotesting or antibody titration of
patients for existing antibodies against the specified AAV-
serotypes could be used to identify the therapeutic serotype
window on a patient-by-patient basis, where adequate.

Toxicity and tropism: To further reduce the (already low)
risk of peripheral immune response or other possible
peripheral side effects (such as hepatic toxicity), and to reduce
the necessary amount of virus (also reducing production cost/
time), intrathecal delivery should be the preferred route of
administration for CNS specific disease. Other points to

consider in order to avoid administering very high doses of
AAV can include designing new promotors and capsids that
enhance respectively the transgene expression and target tissue
specificity, dose adjustment based on patient-specific factors
and genetic predispositions, and the calculated administration
of immunosuppressive agents to eliminate neutralizing
antibodies (He et al., 2021). Further, modifying cap-proteins
could constitute an approach to set up a library of viruses
redundantly targeting CNS cells: Cap gene of AAV encodes
three capsid proteins, which interact to form the capsid. These
capsid proteins contain 12 hypervariable regions, and their
serotype determines the tropism of the AAV virus (Gao et al.,
2003). Consequently, hybrid AAV particles, in which the
capsid is provided by one strain and the genome by another
or the capsid itself is the result of hybridized capsids from
different strains, can achieve more controlled and higher
specific tissue targeting (Burger et al., 2004). This will provide
a redundant battery of viruses from all specified serotypes with
different (CNS)-tropisms, with up to a 1000-fold higher
delivery capacity for specific cells compared to native AAVs
(Ravindra Kumar et al., 2020), dramatically reducing titer
necessity, potential toxicity and production cost/time.

Delivery: Interestingly, the tropism of different AAV
serotypes is not solely controlled by the capsid proteins, but
can also be influenced by the conditions of administration.
Different serotypes tend to show different tropism depending
on the route of delivery. For example, AAV9 showed higher
transduction efficiency of cardiomyocytes when injected via
the mouse tail vein, but this efficiency was reduced in
comparison to AAV6 when both were injected into the left
ventricle of the heart (Zincarelli et al., 2010). Moreover, age
of the host at the time of AAV administration can affect the
biodistribution of AAV particles; changing the time of
injection from the day of birth to later stages of development
shifted the tropism of several AAV serotypes from neuronal
to non-neuronal, respectively (Chakrabarty et al., 2013).
These factors should be considered carefully when designing
clinical trials for AAV-based gene therapy.

Human specific disease-relevant neuronal assay systems:
In case of necessity for a patient-specific genetic intervention

BOX 1

Notable advantages, limitations, and examples of possible technical solutions of AAV-based gene therapy

Advantages:

� Not pathogenic, unusual low rate of side- and adverse effects.

� Efficient entry and transduction of target cells, tunable tropism biotechnologically possible.

� AAV expression persists for decades in non-dividing cells (e.g., neurons, cardiomyocytes).

Limitations & Possible Solutions:

� Neutralizing antibodies (in particular against serotypes 1/2) are expressed in the population after childhood age for certain serotypes.
○ Solution: The use of novel AAV viruses that are not derived from AAV 1/2, and measuring neutralizing antibody titers to identify
patient-specific immunity gaps.

� Limited genome capacity (4.8 kb), limiting the expression to smaller genes proteins.
○ Solution: Use of trans-splicing AAV vectors, in which two AAV genomes form head-to-tail concatemers, increasing the packaging
capacity (Yan et al., 2000).

� Conversion of the single-stranded vector DNA into double-stranded DNA by the host cell is rate-limiting.
○ Solution: Use of self-complementary AAV (scAAV) to circumvent the need for second DNA strand synthesis (McCarty et al., 2001).
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(e.g., diseases with gain-of-function (GoF) mutations where
silencing of the single nucleotide-mutated allele is
necessary), the use of induced Pluripotent Stem Cells
(iPSC)-derived CNS-cells expressing the mutated transgene
could help to validate patient-tailored knockdown efficiency
and functional consequences. Functional tests in iPSC-
derived CNS-cells (e.g., allele specific knockdown) could also
resolve candidate genetic alterations in case of a clear disease
entity but unclear genetic pathogenic cause, and also serve as
the functional readout for the genetic intervention (for scheme
see Fig. 1). The arguments raised above, the current
methodologies that allow testing AAVs on human cells of
specific lineages, and the potentially patient specific shRNA
design or gene replacement strategies all speak against the
notion of routinely using non-human primates to test the
safety of the developed viruses. With cell-type specific
tropism of engineered AAVs, and human specific RNAi/
gene expression paradigms, experiments in primates appear
to us unnecessary and unhelpful due to unpredictable side/
off-target effects simply due to interspecies differences. We
strongly discourage the routine testing of all AAV-based
gene therapy approaches in primates.

In conclusion, AAV-based gene therapy is a potentially
powerful tool to cure hereditary diseases. Genetic
tauopathies and related neurogenetic diseases are prime
targets for this kind of therapy, especially since there is no
traditional therapy in sight, and promising data have been
obtained from a number of clinical trials for other
neurogenetic and neurodegenerative diseases. Nonetheless,
strategies to adapt current AAV-based gene therapy
approaches to target the heterogeneous group of genetic or
sporadic, pediatric or age-related tauopathies need to be
developed and implemented in order to establish a safe,
effective and personalized AAV-based gene therapy for
specific tauopathies.
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Chapter 32 

Optimized Calcium-Phosphate-Based Co-transfection 
of Tau and tdTomato into Human iPSC-Derived Neurons 
for the Study of Intracellular Distribution of Wild-type 
and Mutant Human Tau 

Panagiotis Lilis, Mohamed Aghyad Al Kabbani, and Hans Zempel 

Abstract 

The study of Tau protein in disease-relevant neuronal cells in culture requires efficient delivery systems for 
transfection of exogenous Tau and also modulators and interactors of Tau. Transfection of cultivated cells 
using calcium phosphate precipitation is a simple and cost-effective approach, also for difficult-to-transfect 
and sensitive cells such as primary neurons. Because of its low cell toxicity and ease of use, the Ca2+-
phosphate transfection method is one of the most widely used gene transfer procedures in neuroscience. 
However, Ca2+-phosphate transfection efficacy in neurons is poor, often in the range of 1–5%, limiting its 
use in functional investigations. Here, we outline our improved Ca2+-phosphate transfection methodology 
for human iPSC-derived neurons that yields a reasonable efficiency (20–30% for bright volume markers) 
without apparent effects on cell health. We have used it to introduce wild-type and mutant human Tau with 
and without co-transfection of a volume marker (used here: tdTomato). In sum, our procedure can deliver 
neuronal genes (e.g., MAPT) using typical eukaryotic expression vectors (e.g., using CMV promoter) and is 
optimized for transfection of human iPSC-derived neurons. 

Key words Tau, Co-transfection, tdTomato, iPSC-derived neurons, Calcium-phosphate transfection, 
Transfection efficiency 

1 Introduction 

Because primary neurons are postmitotic and sensitive to microen-
vironmental alterations, they are among the most difficult cell types 
to transfect [1–4]. In comparison to viral vectors, the Ca2+-phos-
phate transfection approach permits transfection of plasmid DNA 
regardless of its size and is labor- and cost-effective [2, 3, 5]. Gra-
ham and Van Der Eb (1973) were the first to employ this approach 
to transport adenovirus DNA into mammalian cells [6]. Transfec-
tion with Ca2+-phosphate causes the formation of DNA crystals 
that are complexed with the calcium ions in the phosphate buffer
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[2, 3]. This permits DNA/Ca2+-phosphate precipitates to develop, 
which attach to the cell surface (when gradually deposited over a 
monolayer of cells), are taken up by endocytosis, and eventually 
reach the nucleus [7]. Ca2+-phosphate transfection efficiency typi-
cally ranges from 0.5% to 5% [1, 3–5]. It is feasible though to 
achieve a transfection efficiency of about 30–40% with thorough 
tuning and consistent execution of the experimental methodology 
[3]. The formation of optimally sized precipitate particles and the 
subsequent dissolution of the Ca2+-phosphate precipitate are cru-
cial components in obtaining this high rate [3, 5]. The develop-
ment of homogenous and tiny Ca2+-phosphate precipitates, as well 
as their removal following transfection, was crucial in the prior 
work [3, 8].
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Here, we have improved the former approach [3] by using 
completely defined components and no commercial kits. For con-
sistent tiny precipitates, we optimized the quantity of DNA and 
calcium chloride concentration. Moreover, we developed a washing 
buffer that dissolves all Ca2+-phosphate precipitates after transfec-
tion. The approach presented here may be used to transfect neu-
rons at practically any stage of differentiation in culture, with the 
exception of extremely early stages and with decreasing efficiency 
when neurons become more mature. 

In sum, our procedure can (i) deliver neuronal genes (e.g., 
MAPT) using typical eukaryotic expression vectors (e.g., using 
CMV promoter), (ii) be used for co-transfection, (iii) be adapted 
for efficiency and expression duration, and (iv) is optimized for 
transfection of human iPSC-derived neurons. 

Neuronal gene delivery can be achieved using typical eukary-
otic expression vectors [4]. A number of genes and gene combina-
tions (i.e., co-transfection) have previously been carried out using 
Ca2+-phosphate transfection [9]. Here we use MAPT/TAU knock-
out human iPSC-derived neurons to introduce wild-type (wt) and 
mutant human Tau, co-transfected with a volume marker (tdTo-
mato), 10 days after seeding. The WT and mutant Tau (used here: 
P301L- Tau) plasmids make use of the CMV promoter and are 
both fused with a green fluorescent protein (here: Dendra2c, a 
particularly dim fluorescent protein). They are thus easily distin-
guishable from the co-transfected volume marker (here, tdTomato, 
red fluorescence). To summarize, using the procedure outlined 
below, we were able to transfect notoriously difficult-to-transfect 
human iPSC-derived neurons with decent efficiency using both Tau 
fused to Dendra2c and tdTomato (Figs. 1 and 2). 

We also used single gene transfection (tdTomato only) to study 
the correlation between transfection efficiency and DNA concen-
tration. We demonstrate that different DNA concentrations can be 
used to change the time course and quantities of protein expression 
[10, 11]. Low amount of DNA equals low efficiency, while after a 
certain threshold of DNA concentration, the efficiency plateaued



with gradual increase in cell death. We identified a range of 
1.0–1.5 μg of DNA to be the optimal one for transfection efficiency 
in a well of a 24-well plate (Chart 1). 
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Fig. 1 Representative Ca2+-phosphate-based co-transfection of 0.2 μg tdTomato with either 0.8 μg hTau 
(upper panel) or 1.6 μg hTau-P301L (lower panel), respectively. iPSC-derived neurons were transfected with 
the corresponding plasmids at D10 of differentiation for 4 days and then imaged in live conditions using a 
standard cell culture microscope. Note that even with one-eighth or one-fifth of optimal DNA/plasmid content 
(in case of tdTomato, left panels), and with the very dim protein Dendra2c, (co-)transfected neurons can be 
identified and imaged in standard cell culture place, in conditioned and phenol-red containing medium, in low 
magnification (shown here: 10x). (Scale bars: 100 μm) 

Last, we examined the duration of protein expression after 
transfection, by recording the expression levels under an epifluor-
escence microscope on each day up to day 10 after transfection. 
Daily monitoring of protein expression levels under the epifluores-
cence microscope concludes that protein expression (tdTomato) is 
visible even after a few (3–6) hours after transfection, reaching its 
peak between day 4 and day 6 after transfection. One week after 
transfection, the protein expression levels begin to drop, correlat-
ing with increasing death of transfected cells (Chart 2). 

2 Materials 

2.1 Equipment 1. Standard laminar flow hood 

2. 5% CO2 incubator at 37 °C
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Fig. 2 Representative CaP-based co-transfection of 0.1 or 0.5 μg tdTomato with either 0.8 μg hTau (upper 
panel) or 1.5 μg hTau-P301L (lower panel), respectively. Briefly, iPSC-derived neurons were transfected with 
the corresponding plasmids at D10 of differentiation for 6 days and then fixed and stained with a specific anti-
Tau antibody (K9JA) 

3. 10% CO2 incubator at 37 °C 

4. Vortex machine 

5. Centrifuge 

6. Water bath (37 °C) 

7. pH meter 

8. Sterile 24-well tissue culture plates 

2.2 Buffers and 

Reagents 

1. Tissue culture sterile water (nuclease-free water). 

2. Cell culture media (500 mL MEM, 5% FBS, 10 mL B27 
supplement, 100 mg NaHCO3, 20 mM D-glucose, 0.5 mM 
L-glutamine) [4, 5]. 

3. Transfection medium: Dulbecco’s Modified Eagle Medium/ 
Nutrient Mixture F-12 (DMEM/F-12), without supplements. 

4. 2X Hepes-buffered saline (HBS), pH = 7.05–7.12 [6]: 16.4 g 
NaCl (0.28 M final), 11.9 g HEPES (N-2-hydroxyethylpiper-
azine-N′-2-ethanesulfonic acid; 0.05 M final), 0.21 g 
Na2HPO4 (1.5 M final), and 800 mL H2O; titrate to 
pH 7.05–7.12 with NaOH or HCl; add H2O to 1 L; filter-
sterilize through a 0.45-μm nitrocellulose filter. Check for
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Chart 1 Correlation of introduced DNA concentration on Ca2+-phosphate transfection efficiency. Human iPSC-
derived neurons were transfected with tdTomato plasmid in a 24-well plate (see protocol for details) and 
observed 5 days post-transfection. Different concentrations of the plasmid were used in order to study the 
correlation between protein expression levels and plasmid DNA concentration. [6, 12]. When a small amount of 
DNA (0.1–0.2 ug per well in a 24-well plate) is introduced into the iPSC-derived neurons, the transfection 
efficiency is low (below 1%). However, the number of transfected neurons increases dramatically when we 
introduce >0.5 ug of plasmid DNA and levels off after the threshold of 1 ug of DNA. Concentrations higher than 
1 ug per well show imperceptible changes in transfection efficiency indicating a saturation point for the cells. 
Further increase of DNA amount appears to be toxic to the cells reducing the transfection efficiency alongside. 
Error bars: SEM from n = 3 experiments 

Chart 2 Correlation between level of protein expression and time (days) after Ca2+-phosphate transfection. 
Human iPSC-derived neurons 10 days after differentiation were transfected with tdTomato plasmid only in a 
24-well plate (see protocol for details). Chart shows the outcome of a typical experiment using single 
transfection of tdTomato (1 μg of DNA/24 well, see protocol for details). Measurements of normalized 
tdTomato intensity are per transfected cell
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transfection efficiency. Store at -20 °C in 10 mL aliquots (see 
Note 1). 

5. 1X phosphate-buffered saline (PBS) solution (see Note 2). 

6. 2.5 M CaCl2: Weigh 183.7 g CaCl2.2H2O (powder for cell 
culture), and add H2O to 500 mL; filter-sterilize through a 
0.45 μm nitrocellulose filter. Store at -20 °C in 10 mL ali-
quots. This solution can be frozen and thawed repeatedly. 

7. Solution A: 1 μg plasmid DNA (optimal concentration), 
2.48 μL 2.5 M CaCl2, and sterile water to 25 μL; add water 
first, and then the DNA, mix well, and finally the CaCl2 solu-
tion and mix again. 

8. Solution B: 25 μL 2X HBS. 

9. Vector DNA (plasmids): Check DNA concentration and purity 
before use. Plasmids used here are pShuttleCMV/td-Tomato, 
pDendra2c-hTau40, and pShuttleCMV/Dendra2c/ht40/ 
P301L. 

3 Methods 

This protocol is optimized for human iPSC-derived neurons and 
for a 24-well plate (WP). We have experienced that upscaling (e.g., 
to standard 12 or 24 well plates) results in improved viability and 
transfection efficiency. 

3.1 Day 0: Prepare 

Cultured Cells for 

Transfection 

1. Seed cells in a 24WP with coverslips (approximately 50,000 
cells per well). 

2. Incubate with appropriate media (0.5 mL) at 37 °C, 5% CO2 

incubator for at least 10 days (for details on how to cultivate 
and differentiate these cells, refer to [12]). There is no need for 
adaptation of the iPSC culture nor the differentiation proce-
dure (see also chapter in this book, Bachmann et al. (2022)). 

3.2 Day 10 After 

Differentiation: 

Transfection 

Transfection is optimal between day 8 and day 15 for the study of 
axodendritic proteins [3]: 

1. Transfer selected coverslips to be transfected containing 
cultured neurons from their original well to a new 24-well 
plate with 0.5 mL pre-warmed transfection medium. Return 
both the original and the new plate to the incubator with 5% 
CO2 [3]; time is 3–5 min. 

2. Prepare DNA for transfection (make sure it is pure and clean). 

3. Prepare DNA-CaCl2 Solution A in a tube, in the final volume 
of 1:20 (25 μL) of total growth medium volume in which cells 
are plated.
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4. Prepare 2X HBS Solution B in another tube, in the final 
volume of 1:20 (25 μL) of total growth medium volume in 
which cells are plated; time (steps 2–4) is 5–30 min (depending 
on number of wells to be transfected). 

5. Add gently 1:8 volume at a time of solution A to solution B 
while quickly pipetting several times or very brief intermittent 
vortexing for around 1 s. Repeat until solution A is completely 
added to solution B (see Notes 3 and 4); time is 3–15 min 
(depending on number of wells to be transfected). 

6. Allow the precipitate to sit at room temperature for 20–30 min 
without any vortexing (see Note 3); time is 20–30 min. 

7. Add the complete mixture/precipitate (50 μL) dropwise to the 
coverslip to be transfected (now in transfection medium). 
Shake gently to make sure the precipitate is evenly spread out 
over the whole well/coverslip; time is 2 min. 

8. Incubate in a cell culture incubator at 37 °C with 5% CO2 for 
1–3 h  (see Notes 5 and 6); time is 1–3 h. Note that longer time 
of incubation results in higher efficiency/number of cells trans-
fected and expression/amount of protein expressed (see Note 
7), but in particular if increased more than 3 h also, it decreased 
cell viability. 

9. After 1–3 h of incubation, dissolve the precipitate by incubat-
ing for 20 min in a 5% CO2 incubator with transfection 
medium that has been pre-equilibrated in a 10% CO2 incubator 
at 37 °C (see Note 8). For the pre-equilibration, incubate the 
medium separately in a 10% CO2 incubator for about 
40–60 min, before adding to the wells [3] (see Note 9); time 
is 25–30 min. 

10. Transfer the transfected coverslips back to their original wells 
containing the original neuronal culture medium (see Note 
10). Note that the original culture medium will minimize the 
cell toxicity, with 50% conditioned medium being the preferred 
choice over fresh medium [3]; time is 3 min. 

11. Check the next day for protein expression. Protein expression 
can peak between days 3 and 6, depending on neuronal cell 
type, neuronal age, and type of inserted DNA (see Notes 11 
and 12); time is 10–15 min (without overnight incubation). 

4 Notes 

1. Critical considerations for the optimization of transfection 
efficiency include the pH of the transfection buffer which is 
important for generating even and small precipitates. The pH 
of the HBS should be between 7.05 and 7.12. The pH of the 
solution may change with prolonged storage. Always use a
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HBS solution that has been properly stored. If the pH is low, 
no precipitate will form, and if too high, large aggregates tend 
to form [3, 8, 10, 13]. 

2. This sodium phosphate solution is prepared to accurately con-
trol the phosphate concentration in the 2× HBS solution. The 
phosphate concentration is critical for obtaining small and even 
calcium phosphate precipitation [8]. 

3. Transfection solution A should be added dropwise into 
solution B, with 1:8 volume of solution A each time and gentle, 
intermittent vortexing. Intensive and continuous vortexing 
may result in large and unevenly distributed particles. No 
further vortexing is necessary after mixing A and B [3]. Note 
that the formation of the appropriate size of DNA-Ca2+-phos-
phate precipitate is critical to achieve adequate transfection 
efficiency. 

4. Dropwise addition of the transfection mix plus HBS is critical 
for forming uniform precipitates. When doing this, the pipette 
tip should be about 2–3 cm above the liquid surface, so that the 
mixture is added in droplets [3, 8, 13]. 

5. Incubation time of step 8 lower than 60 min might result in 
decreased transfection efficiency, but it can be extended up to 
3 h to improve transfection efficiency. However, neuronal tox-
icity tends to increase after that point. We recommend to test 
several time points between 1 and 3 h; even small changes in 
cell number or cell age can change outcomes significantly. 

6. Longer incubation time increases the transfection efficiency 
with minimal effect on cell survival, because the precipitate is 
subsequently dissolved. After 20–60 min of incubation, if 
examined under the microscope, the precipitate should be 
homogeneous and resemble a cover of snow all over the 
field [3]. 

7. Inefficient expression due to the profile of the plasmid requires 
a well-designed expression vector that includes a strong pro-
moter that is helpful to improve the transfection efficiency [3]. 

8. Incubating neurons in a 10% CO2 incubator will result in 
increased cell death. After adding transfection medium 
pre-equilibrated in a 10% CO2 incubator, place the plate in a 
5% CO2 incubator [3]. 

9. The 10% CO2 will make the medium more acidic, and Ca2+-
phosphate will dissolve in acidic solution. It is essential to 
dissolve the precipitate after incubation to reduce cell toxicity. 
After microscopic examination, at the end of a 20-min incuba-
tion, the precipitate should largely disappear. If neurons nor-
mally cultured in a 5% CO2 incubator are exposed to 10% CO2 

for more than 15–20 min, cells will start dying. Thus, media
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should be pre-equilibrated and the plate to be returned to the 
5% CO2 incubator rather than the 10% CO2 incubator [3]. 

10. The culture media at this point may contain important trophic 
factors released by cells (“conditioned medium”) and therefore 
is kept for reuse after transfection. In our experience, reusing 
conditioned medium provides better neuronal viability and 
reduces markers of stress, for example, missorting of Tau into 
the somatodendritic compartment. 

11. The exogenous protein expression using this transfection 
method is very rapid. tdTomato expression in cultured neurons 
can be observed as early as 4 h after the transfection, but in our 
experience, cells that express, for example, Tau within a few 
hours after transfection usually show reduced viability/signs of 
stress within 1–2 days and die within 3–4 days, likely simply 
due to overexpression stress. We have not done side-to-side 
experiments but feel that this is also true for supposingly non-
toxic fluorescent proteins, indicating that this kind of toxicity 
may simply be due to too much exogenous expression. 

12. Younger neurons (D8–D12) are more efficiently transfected 
and show higher resistance to transfection-based toxicity. 
However, further experiments with the transfected neurons 
(e.g., immunostaining) are advised to be performed within 
3–5 days following transfection; for Tau protein at least this 
appears to be the time when there is sufficient expression that 
can easily be detected and expected to influence the cellular 
phenotype but not as much that expression alone is already 
toxic. While especially with this protocol it is easily possible to 
achieve transfection levels sufficient for detection after even 
half a day or so, these cells usually succumb to expression stress 
independent of the protein function (e.g., also the case for 
fluorescent proteins), which makes interpretation of the func-
tional consequences of the transfected protein difficult. 
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Effects of P301L-TAU on post-translational modifications 
of microtubules in human iPSC-derived cortical neurons 
and TAU transgenic mice

Abstract  
TAU is a microtubule-associated protein that promotes microtubule assembly and stability in the axon. TAU is missorted and aggregated in an 
array of diseases known as tauopathies. Microtubules are essential for neuronal function and regulated via a complex set of post-translational 
modifications (PTMs), changes of which affect microtubule stability and dynamics, microtubule interaction with other proteins and cellular 
structures, and mediate recruitment of microtubule-severing enzymes. As impairment of microtubule dynamics causes neuronal dysfunction, 
we hypothesize cognitive impairment in human disease to be impacted by impairment of microtubule dynamics. We therefore aimed to 
study the effects of a disease-causing mutation of TAU (P301L) on the levels and localization of microtubule PTMs indicative of microtubule 
stability and dynamics, to assess whether P301L-TAU causes stability-changing modifications to microtubules. To investigate TAU localization, 
phosphorylation, and effects on tubulin PTMs, we expressed wild-type or P301L-TAU in human MAPT-KO induced pluripotent stem cell-
derived neurons (iNeurons) and studied TAU in neurons in the hippocampus of mice transgenic for human P301L-TAU (pR5 mice). Human 
neurons expressing the longest TAU isoform (2N4R) with the P301L mutation showed increased TAU phosphorylation at the AT8, but not the 
p-Ser-262 epitope, and increased polyglutamylation and acetylation of microtubules compared with endogenous TAU-expressing neurons. 
P301L-TAU showed pronounced somatodendritic presence, but also successful axonal enrichment and a similar axodendritic distribution 
comparable to exogenously expressed 2N4R-wildtype-TAU. P301L-TAU-expressing hippocampal neurons in transgenic mice showed prominent 
missorting and tauopathy-typical AT8-phosphorylation of TAU and increased polyglutamylation, but reduced acetylation, of microtubules 
compared with non-transgenic littermates. In sum, P301L-TAU results in changes in microtubule PTMs, suggestive of impairment of 
microtubule stability. This is accompanied by missorting and aggregation of TAU in mice but not in iNeurons. Microtubule PTMs/impairment 
may be of key importance in tauopathies.
Key Words: human induced pluripotent stem cell; microtubules; P301L; pR5 mice; TAU; tauopathy; tubulin code
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Introduction 
Microtubules are instrumental in structuring and maintaining 
the cytoskeleton, which in turn contributes to the structure 
and shape of the cells. Dimers of ɑ- and β-tubulin are 
polymerized into protofilaments that associate to form 

hollow cylindrical tubes, the microtubules. Microtubules 
are essential for cell division and intracellular transport, and 
serve as tracks for cellular cargos, such as vesicles, organelles, 
and other substances (Nogales, 2000). This is especially 
important in neurons, where axonal transport is mediated 
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by the interaction of motor proteins with microtubules. 
Microtubules undergo a complex set of post-translational 
modifications (PTMs) known as the tubulin code, such as 
acetylation, polyglutamylation, and tyrosination, all of which 
regulate their dynamics and functions (Janke and Kneussel, 
2010). Interestingly, PTMs of microtubules are highly enriched 
in neurons.

Acetylated microtubules are resistant, stable microtubules 
that show higher flexibility and are less prone to breakage 
(Xu et al., 2017). Acetylation of microtubules is carried out by 
several acetyltransferases, and the major site of acetylation is 
the lysine 40 residue of ɑ-tubulin, although several additional 
acetylation sites have been identified on both ɑ- and β-tubulin 
(Choudhary et al., 2009).

Polyglutamylation is the addition of a glutamate side chain 
to a glutamate residue on the C-terminal tail of either ɑ- 
or β-tubulin (Lacroix et al., 2010). Initial glutamylation and 
subsequent polyglutamylation are carried out by several 
members of a class of enzymes known as tubulin-tyrosine-
ligase-like proteins (TTLLs). The increased length of the 
polyglutamate side chain leads to the recruitment of 
SPASTIN, a microtubule-severing enzyme, and subsequent 
fragmentation of microtubules (Magiera et al., 2018a), which 
was also associated with oligomeric Amyloid-beta induced 
TAU missorting-mediated loss of microtubules (Zempel et al., 
2013; Zempel and Mandelkow, 2015)

Detyrosination is the reversible removal of the C-terminal 
tyrosine residue of ɑ-tubulin. Tyrosinated microtubules are 
highly dynamic, while detyrosinated ones are long-lived. This 
cycle of tyrosination/detyrosination is suggested to play an 
important role in establishing neuronal polarity (Erck et al., 
2005).

Besides PTMs, microtubule-associated proteins (MAPs), 
such as TAU, also regulate the functions and properties of 
microtubules. TAU, also known as microtubule-associated 
protein TAU, is a microtubule-binding protein encoded in 
humans by the gene MAPT, which is alternatively spliced to 
produce six isoforms expressed in the human central nervous 
system (Andreadis et al., 1992). Under normal conditions, TAU 
is sorted into axons, where it promotes microtubule assembly 
and stability (Zempel and Mandelkow, 2015). However, 
disease conditions are associated with TAU dissociation from 
microtubules, leading to depolymerization of microtubules 
and subsequent phosphorylation of unbound TAU, and TAU 
mislocalization (‘TAU missorting’) or ectopic appearance in 
the somatodendritic compartments. Hyperphosphorylated 
and missorted TAU tends to form insoluble aggregates, which 
are the hallmarks of several neurodegenerative diseases 
known collectively as tauopathies (Arendt et al., 2016). 
In Alzheimer’s disease and some other tauopathies, TAU 
aggregates appear in the form of neurofibrillary tangles. A 
fraction of tauopathies are caused by mutations in the MAPT 
gene, of which the P301L mutation has been identified in 
familial cases of frontotemporal dementia with parkinsonism 
linked to chromosome 17 (FTDP-17/MAPT-associated FTD). 
P301L mutation of TAU is the most common MAPT mutation 
(Lewis et al., 2000), and FTDP-17 is in turn one of the major 
degenerative dementia syndromes (Boeve et al., 2008). 

FTDP-17 patients exhibit behavioral and personality changes, 
cognitive impairment, and motor symptoms, with current 
treatments being only supportive and symptomatic (Wszolek 
et al., 2006). The P301L mutation decreases TAU affinity to 
microtubules (Hasegawa et al., 1998) and promotes aberrant 
TAU phosphorylation (Alonso et al., 2004).

Therefore, it is essential to investigate P301L-TAU–related 
pathology in a human-relevant model, such as the expression 
of mutant TAU in human neurons on TAU knockout (KO) 
background. This can be achieved in the newly-established 
MAPT KO human induced pluripotent stem cells (iPSCs), 
which can be easily differentiated into layer 2/3 glutamatergic 
cortical neurons via doxycycline-induced expression of the 
transcription factor neurogenin 2. This method yields pure 
(more than 90%) cultures of fully polarized and synaptically 
active cortical neurons (Wang et al., 2017). These cells have 
already served as a human model to study neuronal activity, 
TAU isoform-specific functions, and TAU-related pathology 
(Sohn et al., 2019; Bachmann et al, 2021b; Bichmann et al., 
2021; Tjiang and Zempel, 2022; Tracy et al., 2022; Bell-Simons 
et al., 2023). 

Neurofibrillary tangle formation associated with tauopathies 
has been modeled in the transgenic pR5 mouse strain, which 
expresses the longest human TAU isoform (2N4R) carrying the 
P301L mutation. pR5 mice show TAU hyperphosphorylation 
and neurofibrillary tangle formation in different areas of the 
brain, predominantly in the hippocampus, amygdala, and 
cerebral cortex, around 8 months of age (Götz et al., 2001; 
Deters et al., 2008; Köhler et al., 2013), and display impaired 
spatial reference memory (Pennanen et al., 2006). 

Potential changes in the PTMs of neuronal microtubules, 
which could alter their dynamics and stability, namely 
acetylation, tyrosination, and polyglutamylation, have 
not yet been investigated in iPSC-derived human neurons 
(iNeurons) or in the transgenic pR5 mice. To do so, we used 
lentiviral transduction to express P301L-TAU or the longest 
WT isoform (2N4R-TAU) in iNeurons on a TAU KO background 
and examined their axonal and dendritic sorting capacities 
and changes in the above-mentioned PTMs of microtubules 
in the transduced iNeurons. In addition, we performed 
immunofluorescence labeling of brain sections and western 
blotting of hippocampal lysates from transgenic pR5 mice 
and non-transgenic littermates. We aimed to investigate the 
effects of P301L mutation of TAU on the PTMs of microtubules 
using a human disease-relevant cellular model (human 
iNeurons, without endogenous TAU, expressing P301L-(2N4R-)
TAU or WT-(2N4R-)TAU as a control, also in comparison with 
iNeurons still carrying endogenous TAU), and an animal model 
(pR5 mice transgenic for P301L-TAU and non-transgenic 
littermates as a control). Hence, we investigated the same 
disease-causing TAU mutation in both our human cellular 
model and humanized TAU animal model. This enabled us to 
compare and evaluate findings in human neuronal cultures 
and mouse brains.

We found that P301L-TAU results in changes in tubulin PTMs, 
most prominently acetylation and polyglutamylation, indicative 
of impairment of microtubule stability and dynamics. 
P301L-TAU missorts into the neuronal somatodendritic 
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compartments in mice, but while P301L-TAU prominently 
appears also in the dendritic compartment in iNeurons, this 
missorting is similar to 2N4R-TAU. P301L-TAU aggregates in 
mice around 8 months of age, but we did not find evidence for 
aggregation in iNeurons. In sum, we here show evidence that 
tubulin PTMs and microtubule stability may be instrumental in 
tauopathies, and subtle changes in tubulin PTMs could be an 
early event of the disease. Hence, targeting tubulin-modifying 
enzymes may be a therapeutic option for tauopathies.

Methods   
iPSC maintenance
WTC11 cells with a doxycycline-inducible Ngn2 transgene 
(Miyaoka et al., 2014; Wang et al., 2017) were obtained from 
Prof. Li Gan laboratory (Weill Cornell Medicine, New York, 
NY, USA) and cultured as described before (Bachmann et 
al., 2021b; Buchholz et al., 2024). The WTC11 line is widely 
used and commercially available in many variations. This 
cell line is an established cell line that is registered (https://
hpscreg.eu/cell-line/UCSFi001-A), and commercially available 
(e.g., www.coriell.org/0/Sections/Search/Sample_Detail.
aspx?Ref=GM25256). Briefly, cells were cultured on Geltrex-
coated plates (Thermo Fisher Scientific, Waltham, MA, USA, 
Cat# A1413302) at 37°C, 5% CO2, and regularly passaged when 
80%–90% confluent using Versene (Thermo Thermo Fisher 
Scientific, Cat# 15040066) and thiazovivin-supplemented 
StemMACS  iPS-Brew X.F. (Axon Medchem, Groningen, 
Netherlands, Cat# Axon 1535 and Miltenyi Biotec, Bergisch 
Gladbach, Germany, Cat# 130-104-368) for the first 24 hours. 

Differentiation of hiPSCs into cortical neurons (iNeurons) 
Differentiation into cortical neurons was performed as 
described before with slight modifications (Wang et al., 2017; 
Bachmann et al., 2021b; Buchholz et al., 2024). At the start 
of differentiation, iPS cells were harvested using Accutase 
(Sigma, St. Louis, MO, USA, Cat# A6964-100ML) and seeded 
onto Geltrex-coated plates using pre-differentiation medium  
(Thermo Fisher Scientific, Cat# 12660012) supplemented with 
thiazovivin (day before differentiation (d) −3). The medium 
was changed daily for 2 days to fresh pre-differentiation 
medium without thiazovivin. On day 0, 50,000 cells were 
seeded onto Poly-D-Lysine (Sigma, #P7886-50MG)/Laminin 
(Trevigen, Minneapolis, MN, USA, Cat# 3446-005-01)-coated 
24-well-plates using maturation medium supplemented with 
1:100 GelTrex. Half of the media was exchanged once per 
week until analysis. 

Lentiviral-based expression of TAU species
The longest human TAU isoform 2N4R or 2N4R-TAU with the 
P301L mutation were cloned into the lentiviral expression 
plasmid pUltra (Addgene, Watertown, MA USA, Cat# 24129), 
resulting in a multi-cistronic lentiviral construct expressing 
green fluorescent protein (GFP) and the corresponding HA-
tagged TAU. To produce lentiviral particles, HEK293T cells 
(standard cell line used here for virus production purposes 
only, refer to CVCL_0063) were co-transfected with the 
corresponding pUltra plasmid alongside the packaging plasmid 
psPAX  (Addgene,  Cat# 12259) and the envelope plasmid 
pMD2.G (Addgene, Cat# 12260). Four and five days after 

transfection, the lentivirus-containing culture supernatant 
was collected, filtered, and stored at –80°C. TAU knockout 
(KO) iNeurons were transduced with the lentiviral particles 
on day 21 with 5000–10,000 transduction units to obtain a 
transduction efficiency of 10%–20%, to avoid overexpression 
by multiplicity of infection and to easier select the transduced 
cells. iNeurons were analyzed 10 days following transduction 
(day 31). More details on the lentiviral transduction of 
iNeurons are described in Buchholz et al. (2024).

Immunofluorescence labeling of iNeurons 
iPSC-derived neuronal cultures were fixed with 3.7% 
Formaldehyde in PBS containing 4% sucrose at room 
temperature for 30 minutes. Afterwards, cells were 
permeabilized and blocked for 10 minutes in 5% BSA (Carl 
Roth, Karlsruhe, Germany, Cat# 8076.4) and 0.2% Triton X-100 
(Carl Roth, Cat# 3051.2) in PBS. Fixed neurons were then 
stained with the corresponding primary antibody dilution at 
4°C overnight. On the next day, coverslips were washed three 
times with PBS and stained with the corresponding secondary 
antibodies coupled to an AlexaFluor dye for 2 hours at room 
temperature. Following washing with PBS and staining with 
NucBlue (Thermo Fisher Scientific, #R37605) for 20 minutes at 
room temperature, coverslips were mounted onto glass slides 
using Aqua-Poly/Mount (Polysciences, Warringston, PA, USA 
#18606-20) and left to dry for 24 hours at room temperature. 
The primary and secondary antibodies used are shown in 
Table 1.

Sorting of TAU species in TAU KO iNeurons
TAU KO iNeurons were transduced with the corresponding 
lentiviral particles as described above and stained for HA-
tag and microtubule-associated protein 2 (MAP2). Axonal 
and dendritic sorting were analyzed as described before 
(Bachmann et al., 2021a; Bell et al., 2021) by measuring 
mean fluorescence intensities of GFP and TAU in the axon or 
dendrite, and soma. 

Animals
Transgenic TAU mice (pR5 mice) have been previously 
generated on a B6D2F2 background followed by backcrossing 
with C57BL/6 mice for more than ten generations. They 
express the longest human TAU isoform, htau40, together 
with the pathogenic mutation P301L that has been previously 
identified in frontotemporal dementia and parkinsonism 
(FTDP). Transgene expression is driven by a modified version 
of the mThy1.2 promoter that confers neuronal expression 
(Götz et al., 2001; Köhler et al., 2013). Up to five animals 
were housed per cage. Paraffin sections from pR5 mouse 
brains available from a previous study (Köhler et al., 2013) 
were used for immunolabelling. For transcardial perfusion 
(used for histology) mice were deeply anesthetized with 
ketamine (100 mg/kg)/xylamin (5 mg/kg) i.p. and perfused 
via the left ventricle with 0.1 M phosphate-buffered saline, 
pH 7.4 for 3 minutes, followed by 4% paraformaldehyde for 
15 minutes. To obtain material for biochemical analysis, mice 
were deeply anesthetized with 3.5% isofluran in an anesthesia 
chamber and then subjected to cervical dislocation. For 
the generation of primary neurons, postnatal animals (day 
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1–2 pups) were subjected to rapid scissor cut decapitation, 
which is the method of choice according to the EU-guideline 
2010/63. Apart from acute sacrificing, no potentially painful 
experiments were performed, no surgery was performed, 
and no drugs were administered. A total of 31 animals were 
used for this study; for histology, previously available brain 
sections from 20 animals were studied (ten pR5 mice and ten 
non-transgenic littermates); for western blotting, 11 animals 
were used (five pR5 mice and six non-transgenic littermates). 
Animal experiments (e.g., the methods of sacrifice and 
anesthesia were chosen in consultation with the veterinarians) 
were approved by the State Agency for Nature, Environment 
and Consumer Protection (LANUV), North Rhine-Westphalia, 
Recklinghausen, Germany (Ethics protocol Nos. AZ 84-
02.05.40.14.028, AZ 8.87-51.05.20.10.260, AZ §4.21.004, AZ 
§4.21.006).

Primary neuronal cultures from the hippocampus of 
postnatal pR5 mice
Primary mouse neurons were isolated and cultured as 
described before (Zempel et al., 2017). Briefly, the brains of 
postnatal mice (p0) were dissected. The cerebellum, midbrain, 
thalamic tissue, and meninges were removed, and the 
hippocampi were separated and digested with trypsin (PAN-
Biotech, Aidenbach, Germany, Cat# P10-024100). The cell 
suspension was diluted in neuronal plating medium [DMEM/
F12+GlutaMax (Thermo Fisher Scientific, Cat# 10565-018), 
10% FBS, 1% antibiotic/antimycotic solution (Sigma, #A5955-
100ml)], and seeded onto coated plates. After 4 hours, the 
media was exchanged to neuronal maintenance medium 
[Neurobasal media (Thermo Fisher Scientific, Cat# 21103-
049), 1× GlutaMax (Thermo Fisher Scientific, Cat# 35050061), 
1× NS21 (PAN-Biotech, Cat# P07-20001), 1% antibiotic/
antimycotic solution]. Two days after plating, cells were 
treated with 0.5 μg/mL AraC (Sigma, Cat# C6645), and half the 
media was exchanged twice a week. 

Immunofluorescence labeling of mouse brain sections
Staining of five μm-thick paraffin mouse brain sections was 
performed as described before (Puladi et al., 2021). The 
number of animals used for each experiment is indicated in 
the figure legends. Briefly, sections were deparaffinized in 
xylene and rehydrated. Afterwards, sections were pre-treated 
by boiling three times for 5 minutes in citrate buffer (pH 6.0) in 
a microwave oven to retrieve the antigens. After three washes 
in TBS and blocking in 5% horse serum (Vector Laboratories, 
Newark, CA, USA, Cat# S-2000-20) for 45 minutes at room 
temperature, the primary antibodies, diluted in TBS, were 
applied, and the sections were incubated overnight at 4°C. 
After washing with TBS, the sections were incubated with the 
corresponding secondary antibody coupled to an AlexaFluor 
dye for 30 minutes at room temperature. Following washing 
with TBS, autofluorescence was quenched with Sudan Black 
B solution (Carl Roth, Cat# 0292.1) for 20 minutes, and nuclei 
were stained with Hoechst solution (Invitrogen, Waltham, 
MA, USA, Cat# H3570). Sections were mounted on glass slides 
and left to dry at 4°C overnight. The primary and secondary 
antibodies used are shown in Table 1.

Imaging
Immunostained iNeurons and mouse brain sections were 
imaged using a wide-field fluorescence microscope (Axioscope 
5, Zeiss, Oberkochen, Germany) with the help of ZenBlue Pro 
imaging software (V2.5, Zeiss). Images were later analyzed 
using ImageJ software (version 2.14.0/1.54f, National Institutes 
of Health and the Laboratory for Optical and Computational 
Instrumentation (LOCI), University of Wisconsin, USA). In 
general, the absolute somatic or dendritic levels of the signal 
of interest were measured as mean fluorescence intensity 
for each channel in the CA1, CA3, and subiculum regions of 
the hippocampus. For each neuron, the region of interest 
(ROI) was manually delineated as a profile of the soma or the 
dendrite where no other somas or processes overlapped, and 
the mean fluorescence intensity signal was measured.

Western blot analysis
For Western blot analysis, mice hippocampal lysates were 
diluted in 5× Laemmli sample buffer, boiled for 10 minutes at 
95°C, and separated on 10% Sodium dodecyl sulfate (SDS)-
polyacrylamide gels. Afterwards, proteins were transferred 
to polyvinylidene fluoride (PVDF) membranes overnight at 
4°C and blocked in 5% bovine serum albumin (BSA) in Tris-
buffered saline with 0.1% Tween (TBS-T). Membranes were 
incubated with the primary antibody overnight at 4°C, washed 
three times with TBS-T, and incubated with the corresponding 
secondary horseradish peroxidase (HRP)–coupled antibody 
for 1 hour at room temperature. Following washing with 
TBS-T, the immunoreactions were detected by applying the 
SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific) using a ChemiDoc XRS + system (Bio-Rad, 
Hercules, CA, USA). The primary and secondary antibodies 
used are shown in Table 1.

Statistical analysis
The GraphPad Prism (v9.5.1, GraphPad Software, Boston, MA, 
USA, www.graphpad.com) was used for statistical analysis. 
Shapiro-Wilk test was performed to test for normal distribution 
of the data. In case of normal distribution, statistical analysis 
was performed by unpaired t-test to compare the means of 
two groups, or one-way analysis of variance with correction for 
multiple comparisons (Tukey’s test) to compare three or more 
groups. Otherwise, the Mann–Whitney U test or Kruskal–
Wallis test with correction for multiple comparisons (Dunn’s 
test) were carried out, respectively. Statistical significance was 
denoted by a significance level of P < 0.05.

Results
pR5 mice exhibit changes in acetylation and 
polyglutamylation of neuronal microtubules
Microtubule stability is of key importance for proper 
neuronal function. We thus aimed to investigate the 
hallmarks and progress of TAU pathology in an in vivo 
model of tauopathy and its potential downstream effects 
on major PTMs of microtubules indicative of their stability 
and dynamics. We first stained brain sections of pR5 mice 
(transgenic for P301L-TAU) and age-matched non-transgenic 
littermates for TAU localization and phosphorylation. TAU 
was hyperphosphorylated (more than 20-fold increase in 
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Table 1 ｜ Primary and secondary antibodies used in this study

Antibody Animal species Clonality Cat# Supplier RRID Use and dilution

Total TAU (K9JA) Rabbit Polyclonal A0024 Agilent, Santa Clara, CA, 
USA

AB_10013724 ICC (1:1000)
IHC (1:500)

Phospho-TAU (Ser202, Thr205) antibody (AT8) Mouse Monoclonal MN1020 Thermo Fisher Scientific, 
Waltham, MA, USA

AB_223647 ICC (1:500)
IHC (1:400)

Anti-TAU Alzheimer’s disease antibody (GT-38) Mouse Monoclonal ab246808 Abcam, Cambridge, UK AB_2864300 ICC (1:500)
TAU (phospho-Ser262) antibody Rabbit Polyclonal 11111 Signalway Antibody, 

College Park, MD, USA
AB_896045 ICC (1:500)

Acetylated tubulin (Lys40) (D20G3) Rabbit Monoclonal 5335 Cell Signaling Technology, 
Danvers, MA, USA

AB_10544694 ICC (1:500)
IHC (1:400)
WB (1:1000)

Anti-polyglutamylated tubulin antibody Mouse Monoclonal T9822 Sigma, St. Louis, MO, USA AB_477598 ICC (1:500)
IHC (1:1000)
WB (1:1000)

Anti-tyrosinated tubulin antibody Rat Monoclonal MAB1864-I Sigma AB_2890657 ICC (1:500)
WB (1:1000)

Anti-tubulin antibody clone DM1A Mouse Monoclonal T6199 Sigma AB_477583 WB (1:1000)
βIII-Tubulin antibody Rabbit Polyclonal A17074 ABClonal, Woburn, 

Massachusetts, USA
AB_2772760 WB (1:1000)

GAPDH antibody Mouse Monoclonal sc-365062 Santa Cruz Biotechnology, 
Dallas, Texas, USA

AB_10847862 WB (1:1000)

Anti-HA.11 Epitope Tag antibody Mouse Monoclonal MMS-101P BioLegend, San Diego, 
California, USA

AB_2314672 ICC (1:1000)

Anti-MAP2 antibody Chicken Polyclonal ab5392 Abcam AB_2138153 ICC (1:2000)
Anti-mouse secondary antibody, Alexa FluorTM 488 Goat Polyclonal A-10680 Thermo Fisher Scientific AB_2534062 ICC (1:1000)

IHC (1:500)
Anti-rabbit secondary antibody, Alexa FluorTM 488 Donkey Polyclonal A-21206 Thermo Fisher Scientific AB_2535792 ICC (1:1000)
Anti-Mouse Secondary Antibody, Alexa FluorTM 568 Goat Polyclonal A-11031 Thermo Fisher Scientific AB_144696 ICC (1:1000)
Anti-rabbit secondary antibody, Alexa FluorTM 568 Donkey Polyclonal A10042 Thermo Fisher Scientific AB_2534017 ICC (1:1000)

IHC (1:400)
Anti-rat secondary antibody, Alexa FluorTM 568 Goat Polyclonal A-11077 Thermo Fisher Scientific AB_2534121 ICC (1:1000)
Anti-chicken secondary antibody, Alexa FluorTM 647 Goat Polyclonal A21449 Thermo Fisher Scientific AB_2535866 ICC (1:1000)
Anti-mouse secondary antibody, HRP Goat Polyclonal 115-035-003 Jackson ImmunoResearch 

Labs, Baltimore Park, PA, 
USA

AB_10015289 WB (1:1000)

Anti-rabbit secondary antibody, HRP Goat Polyclonal 7074 Cell Signaling Technology AB_2099233 WB (1:1000)
Anti-rat secondary antibody, HRP Goat Polyclonal 31470 Invitrogen AB_228356 WB (1:1000)

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; HRP: horseradish peroxidase; ICC: immunocytochemistry; IHC: immunohistochemistry; WB: western blot.

tauopathy-typical AT8 phosphorylation, Figure 1A), and 
markedly missorted to the somatodendritic compartments of 
neurons in the hippocampi of pR5 mice as early as 8 months 
of age (Figure 1B–D). As aggregation of TAU in this mouse 
model only starts to occur at around 8 months of age (Köhler 
et al., 2013), this means that TAU missorting likely precedes 
the appearance of the first mature neurofibrillary tangles.

Next, we stained for acetylation and polyglutamylation of 
microtubules. Intensely AT8-positive neurons in 24-month-
old pR5 mice exhibited a statistically significant decrease 
(~30%) of acetylated tubulin compared with neighboring, 
AT8-negative neurons (Figure 2A and C). Additionally, we 
observed morphological changes in the dendrites positive 
for polyglutamylated tubulin of 2-year-old pR5 mice, but 
the pattern of polyglutamylation did not show changes in 
the brains of the group of younger mice (Figure 2B and 
D). Dendrites were shorter and stubbier compared with 
longer and thinner dendrites abundant in the brains of non-
transgenic littermates, and there was an obvious decrease 
(~45%) in the number of polyglutamylation-positive long 
dendrites (Figure 2B and E). In addition, the remaining long 
thin dendrites in 2-year-old pR5 mice showed a slight, but 

statistically significant increase in the fluorescence intensity of 
polyglutamylated tubulin (Figure 2B and E).

Next, we wanted to further compare the potential changes 
of PTMs of microtubules in the brains of pR5 mice and non-
transgenic littermates. For this, hippocampal lysates of 
pR5 mice and non-transgenic littermates at the age of 40 
weeks were probed via immunoblotting to assess PTMs 
of microtubules. The levels of acetylated tubulin showed 
a robust decrease in the hippocampal lysates from pR5 
mice, while the levels of polyglutamylated tubulin were 
statistically significantly increased when normalized to β-III-
tubulin, which is a neuron-specific isoform of tubulin, but 
showed only a trend when normalized to glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) or total α-tubulin. 
Tyrosinated tubulin showed a trend to decrease in pR5 mice 
but this was only significant when normalized to GAPDH. 
The same recurrent tendency to decrease was observed for 
β-III-tubulin, while the levels of α-tubulin remained constant 
between the two groups (Figure 3A–D). Taken together, these 
results show a global and prominent decrease in acetylated 
microtubules (and thus in their stability) in the hippocampi of 
pR5 mice, while the increase in polyglutamylated tubulin was 
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subtler and only significant when normalized to a neuronal 
subtype of tubulin, β-III-tubulin. Of note, β-III-tubulin itself 
exhibited a slight, albeit statistically insignificant, decrease in 
pR5 mice as well (Figure 3E). This could be due to SPASTIN-
mediated severing because of elevated polyglutamylation, and 
consequent loss of microtubule mass/neuronal volume.

Sorting and phosphorylation of 2N4R- and P301L-TAU in 
iNeurons
Next, we aimed to study P301L-TAU in neuronal cell culture, 
to gain an in-depth understanding of its axodendritic sorting 
and effect on microtubule PTMs. Primary neuronal cultures 
from the hippocampus of postnatal pR5 mice did not show 
specific human TAU immunolabelling using a human TAU-
specific antibody in a significant number of cells (HT7,  
< 1/1000 cells, data not shown, while the antibody worked well 
in human neurons, Figure 4D). This is likely due to promoter 
incompatibility with immediate postnatal preparations of 
primary neurons. This renders primary neurons from the pR5 
mice unsuitable as a cell model to study the consequences 
of human P301L-TAU expression. Therefore, the next step 
was to validate the previous findings regarding the effect of 
P301L-TAU on TAU sorting and phosphorylation, and on the 
PTMs of microtubules, in a human-relevant cell model. For 
this, we used human induced pluripotent stem cells-derived 
neurons (iNeurons). WTC11 cells with an additional transgene, 
Neurogenin2, were differentiated into excitatory cortical 
neurons with extremely high efficiency (> 90%), and within 
3 weeks, via a differentiation protocol that provides minimal 
neuronal survival factors (N2, BDNF, NT3 in standard neuronal 

differentiation medium) but with the addition of doxycycline 
(Wang et al., 2017). In addition, our lab established MAPT-
KO iPSC lines, which can also be differentiated into the same 
neuronal subtype without effects on neuronal activity or 
properties (Bachmann et al., 2023). To introduce P301L-TAU 
into the cells, we cloned the coding sequence of the MAPT 
gene, carrying the mutation P301L associated with FTDP-17 
and marked with an HA-tag, into a lentiviral vector (pUltra, 
which contains an eGFP marker, separated by a 2A peptide), 
on the basis of the longest TAU isoform, 2N4R-TAU. As a 
control, WT-MAPT cDNA coding for the longest TAU isoform 
2N4R was also cloned in the same vector.

iNeurons on day 21 after the start of differentiation were 
transduced with the corresponding lentiviral particles (Figure 
4A), and the neurons were fixed 10 days after transduction. 
The sorting of 2N4R-TAU and P301L-TAU was investigated 
and compared as described previously (Bell et al., 2021). 
Unexpectedly, P301L-TAU did not show less efficient axonal 
targeting compared with wild-type 2N4R-TAU. Both 2N4R- 
and P301L-TAU favored localization to axons more than 
somatodendritic compartments, as indicated by their high 
axonal enrichment factors (AEF), which is defined as the axon-
to-soma ratio of TAU normalized to the axon-to-soma ratio of 
the randomly distributed volume/transduction marker GFP 
(AEF2N4R-TAU = 8.37 ± 2.42, AEFP301L-TAU = 9.12 ± 2.97) (Figure 4B 
and C). Dendritic enrichment factor (DEF) was also similar for 
both WT and mutant TAU, but less by around 40% than their 
AEFs, indicating an axonal preference for both expressed TAU, 
albeit with a prominent dendritic presence.
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Figure 1 ｜ Several neurons in the CA1 and CA3 regions of the hippocampus of pR5 mice exhibit strong AT8 immunoreactivity and TAU 
missorting.
Paraffin brain sections from pR5 mice and non-transgenic littermates were immunolabelled with antibodies against pan-TAU and phospho-
TAU as described in the Methods section. (A) Immunofluorescence labeling of pR5 mice hippocampal sections shows abundance of (green) 
AT8-positive neurons, while similar immunoreactivity is absent in mouse brain sections from non-transgenic littermates. Arrowheads indicate 
AT8-positive neurons. Insets show 2.5-fold magnification of the areas in the yellow frames. (B) Immunofluorescence labeling with a pan-TAU 
antibody (K9JA, red) shows that TAU is missorted (i.e., present in the soma and dendrites, as shown in insets displaying 3-fold magnification of 
the areas in the yellow frames) in pR5 mice neurons. Arrows indicate somas positive for TAU, while arrowheads indicate dendrites. Scale bars: 
50 µm in A and B. (C, D) Quantification of Tau mean immunofluorescence intensity in somas and dendrites of 8- (C) and 24-month-old (D) pR5 
mice and non-transgenic littermates show a significant increase of TAU signal in somatodendritic compartments of pR5 mice neurons of both 
age groups. n = 3 animals per group. Unpaired t-test was performed for the determination of significant differences. *P < 0.05, **P < 0.01. 
pR5: Mice transgenic for human P301L-TAU; WT: wild-type.
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Figure 2 ｜ Microtubules in neurons in the CA3 region of the hippocampus and subiculum of pR5 mice exhibit stability-decreasing 
changes in their essential post-translational modifications. 
Paraffin brain sections from pR5 mice and non-transgenic littermates were immunolabelled with antibodies against ace-tub and polyE-tub as 
described in the Methods section. (A) Intensely AT8-positive neurons (green) have less tubulin acetylation (red) in comparison to neighbouring 
AT8-negative neurons in pR5 mice brain sections. The right panels represent merged images of both signals (AT8 and ace-tub), while the left 
panels show the same images only with the red signal. Insets show 2.5-fold magnifications of the areas in the yellow frames. Arrows indicate 
AT8-positive neurons lacking ace-tub, while arrowheads indicate neighboring AT8-negative neurons exhibiting normal tubulin acetylation. 
(B) Dendrites positive for polyE-tub (green) showed morphological changes in the CA3 field of the hippocampus of pR5 mice. The PolyE-tub 
antibody stained more intensely shorter, stubbier dendrites in the transgenic mice compared with longer, thinner ones in the non-transgenic 
littermates 24 months of age (lower panel), but not in the younger, 2.5-month-old mice (upper panel). Insets show 2.5-fold magnifications 
of the areas in the yellow frames. Arrows indicate long thin dendrites, while arrowheads indicate shorter, stubbier dendrites. The area below 
the dashed lines is an axon-rich area (Mossy fibers), which was not analyzed. Scale bars: 20 µm in A and 50 µm in B. (C) Quantification of 
the mean fluorescence intensity of ace-tub in A shows a significant decrease of tubulin acetylation in AT8-positive (pos) neurons compared 
with AT8-negative (neg) neurons. n = 3 animals per group. (D, E) Quantification of the number of dendrites which are larger than 20 µm2 and 
positive for PolyE-tub (left) and PolyE-tub mean fluorescence intensity (right) in brain sections of 2.5-month-old (D) or 24-month-old (E) pR5 
mice and non-transgenic littermates. n = 3 animals per group. Unpaired t-test was performed for the determination of significant differences 
except for D, right, where a Mann–Whitney U test was carried out. *P < 0.05, **P < 0.01. Ace-tub: Acetylated tubulin; ns: not significant; 
PolyE-tub: polyglutamylated tubulin; pR5: mice transgenic for human P301L-Tau; WT: wild-type.

Similar to our finding in pR5 mice, overexpressed P301L-TAU 
showed a significant increase in AT8 reactivity compared with 
WT control. Interestingly, 2N4R-TAU also exhibited increased 
AT8 reactivity, albeit insignificant, compared with WT iNeurons 
(Figure 5). However, 2N4R-TAU showed a remarkable increase 
in the phosphorylation level on the Ser262 epitope (the 
first of KxGS motifs within the repeat domains), which was 
significantly higher than the level observed with P301L-TAU 
(Figure 5). On the other hand, both WT- and P301L-TAU did 
not show any specific reactivity towards the conformation-
specific GT-38 antibody, indicating the lack of any TAU 
aggregation following the expression of either of them 
(Figure 5). This means that the expression of either 2N4R- 
or P301L-TAU on TAU KO background results in increases in 
their phosphorylation on different epitopes compared with 
endogenous WT levels, but does not lead to TAU aggregation. 

PTMs of microtubules in iNeurons transduced with 2N4R- or 
P301L-TAU
Next, the potential changes in the levels of different PTMs of 
microtubules following the overexpression of 2N4R- or P301L-
TAU were investigated and compared in both somas and 

dendrites of transduced neurons. Firstly, acetylation levels 
were checked as a marker of stable microtubules. Expression 
of both TAU species significantly increased the levels of 
acetylated tubulin compared with control WT and TAU KO 
neurons transduced with empty vector (Figure 6). P301L-
TAU-transduced neurons showed slightly less acetylation than 
their WT-TAU-transduced counterparts did, more prominently 
in the dendrites. Interestingly, although insignificant, TAU KO 
neurons in general showed slightly increased levels of tubulin 
acetylation.

When investigating the levels of tubulin polyglutamylation, 
P301L-TAU–transduced neurons exhibited increased 
polyglutamylation compared with WT and TAU KO control 
neurons. However, no significant changes in polyglutamylation 
were observed between P301L- and 2N4R-expressing neurons 
(Figure 6).

Finally, the expression of 2N4R-TAU led to an insignificant 
increase in the levels of tubulin tyrosination. Despite not 
crossing the traditional threshold of significance, it was still 
noteworthy that P301L-expressing neurons had less tyrosinated 
tubulin compared with 2N4R-expressing neurons (Figure 6). 
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Discussion
Here we described the effect of P301L-TAU, a common 
MAPT mutation involved in frontotemporal dementia with 
parkinsonism linked to chromosome 17 (FTDP-17), on PTMs 
of microtubules indicative of their stability and dynamics. We 
carried out this study in pR5 mice, an established transgenic 
mouse model of tauopathy, and also in human iPSC-derived 
cortical neurons. Neurons in pR5 mouse brains showed typical 
TAU AT8 hyperphosphorylation and TAU mislocalization to the 
somatodendritic compartments. The presence of intensely 
AT8-positive neurons in old pR5 mice is tightly associated with 
the presence of neurofibrillary tangles (Deters et al., 2008; 
Köhler et al., 2014). The neuronal microtubules of pR5 mice 
exhibited a prominent decrease in acetylation both in stained 
hippocampal sections (mainly in the subiculum and field CA3 
of the hippocampus) and in immunoblotted hippocampal 
lysates. Acetylated microtubules have long been associated 
with stable, long-lived microtubules (Maruta et al., 1986), and 
their significant decrease in intensely AT8-positive neurons 
compared with AT8-negative neurons in the same field of view 
indicates that this decrease in the acetylation of microtubules, 
and therefore in their stability, is a result of the presence of 
neurofibrillary tangles in these neurons. It is interesting to 
know whether tubulin acetylation is already reduced when 
TAU is only hyperphosphorylated but tangles have not yet 
formed. Our western blot results suggest this, because tangles 

are rare or absent at the age of the mice investigated by 
western blot. 

Changes in polyglutamylation were subtler but st i l l 
statistically significant. In the hippocampus of pR5 mice, 
dendrites positive for polyglutamylated tubulin in CA3 
showed stubby morphology unlike the long slender dendrites 
in the same brain region of the non-transgenic littermates. 
This observation was true for the 2-year-old mice with 
advanced TAU pathology. It has been reported that aged 
transgenic pR5 mice showed decreased dendritic length of 
hippocampal CA1 neurons, as well as an increase in stubby 
spines and filopodia, which is thought to be a consequence 
of hyperphosphorylated P301L-TAU (Müller-Thomsen et al., 
2020). Polyglutamylation is a unique modification that adds 
glutamate residues on the C-terminal tail of tubulin, and 
results in the recruitment of SPASTIN, a microtubule-severing 
enzyme. Polyglutamylation is carried out by members of 
the TTLL family, a member of which, TTLL6, is thought to 
recruit SPASTIN upon Aβ-induced TAU missorting in primary 
rat neurons (Zempel et al., 2013), while TTLL1 and 4 were 
recently shown to drive neurodegeneration in Purkinje cell 
degeneration (pcd) mice (Wu et al., 2022). Our western 
blot data also showed increased polyglutamylation in the 
brain lysate of 40-week-old pR5 mice when normalized to 
neuronal β-III-tubulin. Taken together, we think that P301L-
TAU expression results in polyglutamylation of microtubules, 

Figure 3 ｜ Levels of tubulin and its post-translational modifications in hippocampal lysates from 40-week-old pR5 mice and non-
transgenic littermates. 
(A) Western blots of Ace-tub, PolyE-tub, and Tyr-tub, and loading controls α-tubulin, β-III-tub, and GAPDH. (B–D) Quantification of the levels 
of tubulin acetylation, polyglutamylation, and tyrosination normalized to GAPDH (B), α-tubulin (C), or β-III-tubulin (D). (E) Quantification of the 
levels of α-tubulin and β-III-tubulin normalized to GAPDH. n = 5–6 animals per group. Unpaired t-test was performed for the determination 
of significant differences. *P < 0.05, **P < 0.01. Ace-tub: acetylated tubulin; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; ns: not 
significant; PolyE-tub: polyglutamylated tubulin; Tyr-tub: tyrosinated tubulin; WT: wild-type; β-III-tub: β-III-tubulin.
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labeling them for SPASTIN severing, which may lead to 
the morphological changes of dendrites observed in our 
immunofluorescence labeling data.

We also managed to express P301L-TAU and WT 2N4R-TAU 
in our iPSC-derived neurons on a MAPT KO background as 
a human tauopathy-relevant neuronal model. Interestingly, 
P301L-TAU here showed similar axonal sorting efficiency as 
2N4R-TAU did. Both WT and mutant TAU showed comparable 
dendritic targeting, and while their dendritic enrichment 
factors were significantly lower than their axonal enrichment 
factors, TAU still showed considerable presence in the 
dendrites, unlike endogenous TAU in this cell model, which 
indicates that the axonal targeting of overexpressed WT and 
mutant TAU was partially reduced. Moreover, it was also 
interesting to investigate the patterns of TAU phosphorylation 
on different epitopes, such as AT8 and p-Ser262, in addition to 
the conformation-specific GT-38 epitope associated with TAU 
aggregates. GT-38 antibody detects a conformation-specific 
epitope within tangles containing both 3R and 4R isoforms of 
TAU in a phosphorylation-independent manner, making it able 

to detect Alzheimer’s disease-specific TAU pathology, and also 
TAU pathology in Frontotemporal Lobar Degeneration-TAU 
(FTLD-TAU) (Gibbons et al., 2019). We used GT-38 antibody 
in our study to investigate whether the expression of P301L-
TAU or 2N4R-TAU promotes the aggregation of TAU in our 
model, and to distinguish this potential aggregation from 
total hyperphosphorylated TAU detected by the AT8 antibody. 
As could be expected due to the absence of 3R-TAU in our 
model, we did not find AD-typical aggregation in our human 
neurons. However, it was of note that both TAU species 
exhibited different phosphorylation patterns, with 2N4R-
TAU being more phosphorylated at the Ser262 epitope, 
and P301L-TAU at the AT8 epitope. Phosphorylation of TAU 
at Ser262 regulates TAU binding to microtubules, and its 
elevated phosphorylation level on 2N4R-TAU could be an 
important regulation mechanism that is lacking in P301L-
TAU. Interestingly, a previous study showed that 12E8 staining 
(which includes p-Ser262 epitope) did not discriminate wild 
type from pR5 mice (Götz et al., 2001). We think that the 
overexpression of WT 2N4R-TAU overloads the microtubules, 
which results in a feedback mechanism that phosphorylates 

Figure 4 ｜ 2N4R- and P301L-Tau exhibit similar sorting behavior when overexpressed in iNeurons. 
Tau KO neurons on day 21 were lentivirally transduced with the corresponding TAU construct for 10 days, followed by fixation and 
immunostaining as described in the Methods section. (A) Exemplary staining of lentivirally expressed 2N4R- or P301L-TAU in iNeurons. TAU 
(red) is visualized via staining with an anti-HA tag antibody, while MAP2 (magenta) serves as a dendritic marker. GFP (green) is a marker 
for volume distribution as well as transduction efficiency. Scale bars: 50 µm. (B) Co-staining of HA-TAU and MAP2 in iNeurons lentivirally 
expressing 2N4R- or P301L-TAU. GFP was used as a volume marker. Arrows indicate axons. Insets show 2-fold magnifications of axonal 
segments within the yellow frames. Scale bars: 50 µm. (C) Quantification of the axonal and dendritic enrichment factors of both TAU species. 
n = 3 biological replicates, n = 15 neurons of each replicate. Unpaired t-test was performed for the determination of significant differences. 
(D) Immunostaining of iNeurons reveals typical axonal sorting of endogenous TAU (anti-human TAU clone HT7, green) and somatodendritic 
localization of MAP2 (red) in WT iNeurons (left) and lack of TAU immunoreactivity in Tau KO iNeurons (right). Scale bar: 20 µm. 2N4R: TAU 
isoform; GFP: green fluorescent protein; HA-tag: human influenza hemagglutinin tag; iNeurons: induced pluripotent stem cell-derived 
neurons; KO: knockout; MAP2: microtubule associated protein 2; ns: not significant; WT: wild-type.
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TAU on Ser262 inducing TAU dissociation from microtubules. 
This phosphorylation was not significantly increased in P301L-
TAU, probably since P301L-TAU already has a reduced affinity 
to microtubules (Hasegawa et al., 1998).

Furthermore, we investigated the effects of the expression of 
2N4R- and P301L-TAU on the PTMs of neuronal microtubules 
via immunolabelling and fluorescent microscopy. We 
aimed to compare the levels of PTMs in a compartment-
specific manner, which is only doable via fluorescence 
microscopy allowing distinguishing between different 
neuronal compartments. In addition, it was important to 
compare the PTMs in the transduced cells only, which are 
easily distinguishable via the GFP signal, and which allows 
the exclusion of the effects of the baseline levels of PTMs in 
non-transduced cells. The efficiency we aimed to achieve was 
between 10%–20%. Higher transduction rates would go along 
with marked overexpression of (mutant) TAU (which is after 
all a microtubule-stabilizing protein) which would introduce 
confounding effects that are to be avoided to maintain a 
physiologically relevant model.

Interestingly, expression of both 2N4R- and P301L-TAU 
resulted in increased tubulin acetylation compared with TAU 
KO iNeurons or iNeurons expressing endogenous levels of 
TAU. This could indicate that the overexpression of 2N4R-
TAU leads to more microtubule stabilization, evidenced by the 
elevated acetylation levels. However, although insignificant, it 
is noteworthy that P301L-TAU expression induced less tubulin 

acetylation levels than 2N4R-TAU did. It has been shown that 
TAU interacts with histone deacetylase 6 (HDAC6), which is 
a major α-tubulin deacetylase (Ding et al., 2008), and that 
inhibition of HDAC6 rescues microtubules defects induced 
by TAU overexpression (Mao et al., 2017). As prolonged 
expression of P301L-TAU at least in our mice results in 
decreased acetylation, this increase in acetylation observed 
in our iNeurons could simply be due to the canonical function 
of TAU, stabilization of microtubules, and may not be of 
pathological relevance.

Polyglutamylated tubulin increased following expression of 
both WT and mutant TAU, but this was statistically significant 
only when iNeurons expressing P301L-TAU were compared 
with TAU KO iNeurons. Previous studies showed that increased 
tubulin polyglutamylation leads to neurodegeneration 
(Magiera et al., 2018b), and that TAU may recruit TTLL6 
to the somatodendritic compartments under pathological 
conditions, causing elevated polyglutamylation of dendritic 
microtubules and subsequent recruitment of SPASTIN, 
a microtubule-severing enzyme (Zempel et al., 2013). 
Hence, polyglutamylation may be a pathologically relevant 
microtubule PTM in tauopathy.

Detyrosination is a unique tubulin PTM where the C-terminal 
tyrosine residue is removed by the recently identified VASH1 
and VASH2 (Aillaud et al., 2017). Detyrosination is reversible 
and tyrosination is carried out by Tubulin-Tyrosine-Ligase 
(TTL). Typically, tyrosinated microtubules are very dynamic, 
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Figure 5 ｜ 2N4R- and P301L-Tau exhibit different phosphorylation patterns when expressed in iNeurons. 
iNeurons on day 21 were lentivirally transduced with the corresponding Tau construct for 10 days, followed by fixation and immunostaining 
as described in the Methods section. (A) TAU KO iNeurons transduced with 2N4R- or P301L-TAU, and WT iNeurons transduced with empty 
vector were immunostained for two different TAU phosphorylation epitopes (AT8, red, p-Ser262, red), and one TAU aggregation epitope (GT-
38, red). Blue color corresponds to 4′,6-diamidino-2-phenylindole (DAPI) staining (nuclei). Scale bar: 20 µm. (B) Quantification of the mean 
fluorescence intensities of AT8 and p-Ser262 shows a significant increase of AT8 signal in neurons expressing P301L-TAU and a significant 
increase of p-Ser262 signal in neurons expressing 2N4R-TAU. N = 3 biological replicates, n = 15 neurons of each replicate. Ordinary one-way 
analysis of variance with Tukey’s multiple comparison test was performed for the determination of significant differences. *P < 0.05, **P < 0.01, 
***P < 0.001. 2N4R: Tau isoform; iNeurons: induced pluripotent stem cell (iPSC)-derived neurons; KO: knockout; ns: not significant; WT: wild-
type.
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Figure 6 ｜ Expression of 2N4R- or P301L-TAU alters some PTMs of microtubules in iNeurons. 
iNeurons on day 21 were lentivirally transduced with the corresponding TAU construct for 10 days, followed by fixation and immunostaining 
as described in the Methods section. (A) TAU KO iNeurons transduced with 2N4R- or P301L-Tau, and WT or TAUKO iNeurons transduced with 
empty vector were immunostained for tubulin acetylation (Ace-tub), polyglutamylation (PolyE-tub) and tyrosination (Tyr-tub). Blue color 
corresponds to 4′,6-diamidino-2-phenylindole (DAPI) staining (nuclei). Scale bar: 20 µm. (B) Quantification of the levels of the three PTMs of 
microtubules along different cell lines, transduction conditions, and neuronal compartments. Significant increases in ace-tub were observed in 
neurons expressing 2N4R- or P301L-TAU compared with control groups, while a significant increase in PolyE-tub was detected only in P301L-
Tau-expressing neurons. N = 3 biological replicates, n = 15 neurons of each replicate. Ordinary one-way analysis of variance with Tukey’s 
multiple comparison test was performed for the determination of significant differences, except for Tyr-tub levels in the dendrites (represented 
in B, graph on the right) where a Kruskal–Wallis with Dunn’s multiple comparison test was carried out. *P < 0.05, **P < 0.01, ***P < 0.001. 
2N4R: Tau isoform; iNeurons: induced pluripotent stem cell (iPSC)-derived neurons; KO: knockout; ns: not significant; WT: wild-type.

while detyrosinated microtubules are more stable (Webster 
et al., 1987). In our study, tyrosinated tubulin was decreased 
(when normalized to GAPDH) in hippocampal lysates of pR5 
mice compared with WT mice. The same trend was also 
observed in iNeurons expressing P301L-TAU compared with 
their 2N4R-TAU-expressing counterparts. Previous studies 
have highlighted the potential regulatory role of tubulin 
detyrosination in neuronal polarisation (Erck et al., 2005; 
Peris et al., 2009), and a recent study reported a significant 
accumulation of detyrosinated tubulin in the brains of 
advanced AD patients (Peris et al., 2022). Removal of the 
tyrosine residue at the end of C-terminal tails of tubulin, 
coupled with increased TAU phosphorylation, could lead to 
electrostatic repulsion and subsequent dissociation of TAU 
from microtubules (Rogowski et al., 2021), but whether this is 
of pathological relevance is to be determined.

This study has also some limitations. 2N4R- and P301L-TAU 
were exogenously expressed in iNeurons which may induce 
effects that differ from those observed at endogenous 
biological levels, in particular as we are focusing on the 
longest isoform here. Western blot experiments to investigate 
the levels of PTMs of microtubules were only carried out 
on hippocampal lysates from 40-week-old mice. Similar 
experiments on lysates from older (or younger) mice could 
reveal important information on the changes in PTMs induced 
via ageing and disease progression. PTMs investigated in 
this study are indirect indicators of microtubule stability and 
dynamics. More direct parameters to measure microtubule 
mass and dynamics should be performed in future studies to 
support the conclusions reflected by changes in PTMs.

In conclusion, our paper shed light on some of the subtle 
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changes in tubulin PTMs associated with the FTDP-17-causing 
P301L mutation of TAU. The tubulin code is essential for the 
regulation of microtubules, and changes in these PTMs are 
linked to human diseases affecting neurological functions and 
processes. Targeting tubulin-modifying enzymes could be a 
promising alternative therapeutic approach for tauopathies 
(Rogowski et al., 2021). This can be achieved via identifying 
the specific glutamylases and detyrosinases responsible for 
these pathological changes, and the development of specific 
inhibitors thereof, in order to prevent microtubule loss and 
restore neuronal polarity and microtubule-based axonal 
transport. 
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Abstract 

Microtubules play a crucial role in neuronal structure and function, with their stability and 

dynamics regulated by post-translational modifications (PTMs) such as polyglutamylation. In 

Alzheimer disease (AD), the microtubule-associated protein TAU becomes mislocalized into the 

somatodendritic compartment (TAU missorting), dissociates from microtubules, aggregates into 

neurofibrillary tangles, and contributes to microtubule destabilization and neuronal death. Here, 

we investigated the role of Tubulin-Tyrosine-Ligase-Like proteins (TTLLs) in TAU missorting and 

microtubule dysregulation using human induced pluripotent stem cell (hiPSC)-derived cortical 

neurons treated with oligomeric amyloid-beta (oAβ) to replicate AD-like conditions. TTLL1, 

TTLL4, TTLL6 were selectively knocked down (KD) to assess their impact on TAU missorting 

and microtubule stability. Fluorescence resonance energy transfer (FRET) microscopy was 

used to examine interactions between TAU and TTLL proteins. We observed TAU missorting, 

increased tubulin polyglutamylation, decreased microtubule stability, and synaptic declustering 

in oAβ-treated neurons. TTLL1 KD significantly reduced TAU missorting, tubulin 

polyglutamylation, and synaptic disintegration, while TTLL4 KD showed moderate effects, and 
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TTLL6 KD restored microtubule acetylation. Importantly, TTLL KD did not impair neuritic 

networks, dendritic complexity, or neuronal activity. FRET microscopy revealed a potential 

interaction between TAU and TTLL1, but not other TTLLs, suggesting a direct role of TTLL1 in 

TAU-mediated toxicity. Our findings indicate that targeting TTLL1, either alone or in combination 

with other TTLLs, may be a promising therapeutic strategy to counteract microtubule and 

synaptic dysfunction in AD and related neurodegenerative disorders. 

Keywords: TAU, TTLL, Alzheimer disease, hiPSCs, microtubules, synapses 

Introduction 

Microtubules are cylindrical filamentous heterodimers of α- and β-tubulin that form an essential 

part of the cytoskeleton. Microtubules play an important role in maintaining neuronal shape and 

facilitating the transportation of organelles and vesicles across neuronal networks (Sakakibara 

et al., 2013). Microtubule dynamics and functions are tightly regulated by a complex set of post-

translational modifications (PTMs) (Janke and Kneussel, 2010), as well as binding to and 

interacting with proteins like microtubule-associated proteins (MAPs) and microtubule-severing 

enzymes such as spastin (Goodson and Jonasson, 2018). In Alzheimer disease (AD), 

microtubules are significantly depleted in affected brains, though the underlying causes remain 

unclear (Cash et al., 2003; Jean and Bass, 2013). 

TAU, a microtubule-associated protein encoded by the MAPT gene, is an axonal-enriched 

protein that binds microtubules and promotes their assembly and stability. However, in 

tauopathies like AD, TAU dissociates from microtubules, missorts to the somatodendritic 

compartments, and aggregates into hyperphosphorylated neurofibrillary tangles, leading to 

microtubule fragmentation and neuronal death (Zempel and Mandelkow, 2015). Spastin, an 

ATP-dependent enzyme encoded by the SPAST gene, mediates microtubule severing, and its 

activity is catalyzed by a specific PTM of microtubules called polyglutamylation, which 
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comprises the addition of a glutamate side chain to a glutamate residue, usually on the C-

terminal tail of tubulin (Lacroix et al., 2010). This modification is carried out by several members 

of a class of enzymes known as Tubulin-Tyrosine-Ligase-Like proteins (TTLLs), mainly TTLL 1, 

4, 5, 6, 7 and 11 (Magiera et al., 2018). 

Polyglutamylation is reversible, with cytosolic carboxypeptidases (CCPs) removing glutamate 

side chains (Rogowski et al., 2010). The balance between adding and removing glutamate 

chains is essential for health, with hyperglutamylation linked to neurodegeneration. For 

instance, Purkinje cell degeneration (pcd) mice, in which CCP1 is deficient, exhibit severe 

neurodegeneration, which is attenuated by knocking out TTLL1 and TTLL4, but not TTLL5 or 

TTLL7 (Li et al., 2020; Wu et al., 2022). Another hint towards potential involvement of TTLLs in 

neurodegeneration came from primary rat neurons treated with oligomeric amyloid-beta (oAβ), 

where missorted TAU appeared to recruit TTLL6 to the somatodendritic compartments, inducing 

polyglutamylation and spastin-mediated microtubule severing, leading to extensive microtubule 

loss (Zempel et al., 2010, 2013). However, the underlying and potentially druggable disease 

mechanisms by which TAU missorting triggers microtubule dysfunction, and the specific TTLLs 

involved, remain unclear in human disease-relevant models. 

In this study, we first aimed to establish a human tauopathy-relevant model using human 

induced pluripotent stem cell (hiPSC)-derived cortical neurons (iNeurons). We treated these 

neurons with oAβ and observed TAU missorting, increased tubulin polyglutamylation, and 

synaptic declustering. We then aimed to identify the TTLL(s) responsible for mediating the 

pathological effects of missorted TAU via individually knocking down TTLL1, TTLL4, or TTLL6. 

We show that decreased expression of TTLL1, and to some extent TTLL4, alleviate the 

pathological effects of oAβ without disturbing neuritic network, dendritic morphology, or neuronal 

function. We provide first evidence that targeting TTLL1 alone or in combination with another 
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TTLL is a potential therapeutic target in AD and other tauopathies, and should be further 

validated and investigated. 

Methods 

hiPSC maintenance 

WTC11 cells with a doxycycline-inducible Ngn2 transgene (Miyaoka et al., 2014; Wang et al., 

2017) were cultured on Geltrex-coated plates (Thermofisher Scientific #A1413302) at 37°C, 5% 

CO2 and regularly passaged when almost fully confluent using Versene (Thermofisher Scientific 

#15040066) and thiazovivin-supplemented StemMACS iPS-Brew X.F. (Axon Medchem #1535, 

Miltenyi Biotec #130-104-368) for the first 24 hours (Buchholz et al., 2024).  

Differentiation of hiPSCs into cortical neurons (iNeurons)  

Differentiation of hiPSCs into cortical neurons was carried out as described before (Buchholz et 

al., 2024; Bachmann et al., 2021; Wang et al., 2017). At the start of differentiation, iPSCs were 

harvested using Accutase (Sigma-Aldrich #A6964-100ML) and seeded onto Geltrex-coated 

plates pre-differentiation medium (Thermofisher Scientific #12660012) supplemented with 

thiazovivin (Day before differentiation: D−3). The medium was changed every day for 2 days to 

fresh pre-differentiation medium without supplementation. On Day 0, 50,000 or 300,000 cells 

were seeded onto Poly-D-Lysine- (Sigma-Aldrich #P7886-50MG) and Laminin- (Trevigen 

#3446-005-01) coated 24-well-plates or 6-well plates respectively using maturation medium 

supplemented with 1:100 GelTrex. Half of the media was exchanged once per week until 

analysis.  

oAβ preparation and treatment 

Aβ was prepared and reconstituted into oligomers as described before (Zempel et al., 2013). 

Briefly, Aβ40 and Aβ42 powder (rPeptide #A-1153-1 and #A-1163-2) were completely dissolved 
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in Hexafluoro-2-propanol (HFIP) to a final concentration of 1 mM. Following aliquotation, HFIP 

was evaporated completely using a vacuum concentrator, and the lyophilized powder was 

stored at -80°C. On the day of treatment of iNeurons, lyophilized Aβ40 and Aβ42 were 

redissolved in 50 mM NaOH and mixed to produce a Aβ40/Aβ42 ratio of 7:3, and then diluted 

with PBS and 50 mM HCl to a final concentration of 100 µM. To induce oligomerization, Aβ 

mixture was incubated at 37°C for one hour. Subsequently, iNeurons at Day 21 were treated 

with 1 µM oAβ for 3 hours and analyzed. 

Short hairpin RNA sequences 

For the knockdown of human TTLLs in iNeurons, short hairpin RNA (shRNA) oligonucleotides 

were inserted into pLKO.3G vector (Addgene #14748) resulting in a multi-cistronic lentiviral 

construct expressing green fluorescent protein (GFP) and the corresponding shRNA. The 

following shRNA sequences were used to target human TTLLs or as a control: 

Scrambled shRNA (control): 5´-TTGTCTTGCATTCGACTAA-3´ 

shTTLL1: 5´-GTTTGTGTCTCAATCTAATAA-3´ 

shTTLL4: 5´-GAGCCTTGGCAATAAGTTC-3´ 

shTTLL6: 5´-CGGACUCATGAUUUCCAGGATT-3´, 5´-AACAACUCCCUCUUCCAGAAU-3´ 

Lentiviral-based knockdown of TTLLs 

Lentivirus particle production and subsequent lentiviral transduction of iNeurons are described 

in detail in Buchholz et al., 2024. Briefly, HEK293T cells were co-transfected with the 

corresponding pLKO.3G plasmid, the packaging plasmid psPAX, and the envelope plasmid 

pMD2.G (Addgene #12259 and #12260). Four and five days after transfection, the culture 

supernatant containing lentivirus was collected, filtered and stored at -80°C. iNeurons were 
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transduced with the lentiviral particles on Day 10 and analyzed 11 days after transduction (Day 

21). 

Western blot analysis 

For Western blot analysis, iNeurons were lysed in RIPA buffer (Sigma Aldrich #R0278), 

centrifuged at 16,000 ×g for 20 minutes at 4°C, diluted in 5× Laemmli buffer, boiled for 10 

minutes at 95°C, and then separated on 10% Sodium dodecyl sulfate (SDS)-polyacrylamide 

gels. Afterwards, proteins were transferred to polyvinylidene fluoride (PVDF) membranes 

overnight at 4°C, and blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline with 

0.1% Tween (TBS-T). Membranes were incubated with the primary antibody overnight at 4°C, 

washed three times with TBS-T, and incubated with the corresponding secondary horseradish 

peroxidase (HRP)-coupled antibody for 1 hour at room temperature. After three washing rounds 

with TBS-T, the immunoreactions were detected by applying the SuperSignal West Pico 

Chemiluminescent Substrate (Thermofisher Scientific #34580) using a ChemiDoc XRS + 

system (Bio-Rad). 

Immunofluorescence labeling of iNeurons  

For immunocytochemistry, iNeurons were fixed with 3.7% Formaldehyde in PBS containing 4% 

sucrose at room temperature for 30 minutes. Afterwards, cells were permeabilized and blocked 

in 5% BSA (Carl Roth #8076.4) and 0.2% Triton X-100 (Carl Roth #3051.2) in PBS for 10 

minutes. After fixation, iNeurons were stained with primary antibodies at 4°C overnight. The 

following day, coverslips were washed three times with PBS and stained with the corresponding 

secondary antibodies coupled to an AlexaFluor dye (Thermofisher Scientific) for two hours at 

room temperature. Coverslips were then washed with PBS and stained with NucBlue 

(Thermofisher Scientific #R37605) for 20 min at room temperature, followed by mounting onto 
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glass slides using Aqua-Poly/Mount (Polysciences #18606-20). The slides were dried 24 hours 

at room temperature and then imaged. 

Imaging 

Immunostained iNeurons were imaged using a wide-field fluorescence microscope (Axioscope 

5, Zeiss) with ZenBlue Pro imaging software (V2.5, Zeiss). Images were analyzed using ImageJ 

software (Version 2.14.0/1.54f, National Institutes of Health and the Laboratory for Optical and 

Computational Instrumentation (LOCI), University of Wisconsin, USA). To measure the levels of 

TAU or tubulin PTMs in neurons, regions of interest (ROIs) were manually delineated as profiles 

of the soma or the dendrite where no other somas or processes overlapped, and the mean 

fluorescence intensity (MFI) of each ROI was measured. 

Neuronal network analysis 

Fields of iNeurons cultures were imaged at 10x magnification after immunolabeling of the axon-

enriched neurofilament light chain (NF-L) and the somatodendritic marker microtubule-

associated protein 2 (MAP2). The area of NF-L- or MAP2- positive neurites was calculated 

using ImageJ software and normalized to the number of transduced nuclei in each field, 

identified via GFP fluorescence. 

Sholl analysis 

Sholl analysis (Sholl, 1953) was used to investigate the complexity of dendritic arbouring in 

iNeurons immunostained for MAP2. The center of the soma was designated as the center of 

concentric circles, and the number of intersections was analyzed via the Neuroanatomy plugin 

in ImageJ software. Sholl profiles were created by plotting the number of intersections against 

the distance from the soma (µm). For statistical comparison, either the area under the curve 

(AUC) or the full-width at half maximum of the Sholl profiles were compared.  Data was tested 
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for normality by Shapiro-Wilk test and compared using a pairwise t-test. Analysis was performed 

using R (R Core Team, 2024), AUC was calculated using the DescTools package (Signorell, 

2024). 

Microelectrode array measurements 

For microelectrode array (MEA) measurements, iPSCs were seeded on MEA 24-well plates and 

differentiated into cortical neurons as described above. At Day 10, iNeurons were transduced 

with lentiviral particles carrying the corresponding shRNA. Spontaneous activity was recorded 

for 2 minutes at Day 21 at 37°C. 

Fluorescence Resonance Energy Transfer (FRET) assay 

Live-cell imaging-based FRET assay was carried out to assess interactions between TAU and 

different TTLLs. HEK293T cells were co-transfected for 24 hours with teal fluorescent protein 

(TFP)-TAU construct (FRET donor) and yellow fluorescent protein (YFP)-TTLL1, TTLL4, or 

TTLL6 constructs (FRET acceptor). HEK293T cells were also transfected for 24 hours with 

empty vectors expressing TFP or YFP as controls. Live-cell imaging was performed with an 

inverted Leica DMi8 microscope with the help of Leica LAS X software (v3.7.3). FRET efficiency 

was analyzed via FRET and Colocalization Analyzer plugin (Hachet-Hass et al., 2006) on 

ImageJ software. 

Statistical analysis 

The GraphPad Prism (v9.5.1, GraphPad Software, Boston, Massachusetts, USA) was used for 

statistical analysis. Shapiro-Wilk test was performed to test for normal distribution of the data. In 

case of normal distribution, statistical analysis was performed by unpaired t-test to compare the 

means of two groups, or one-way ANOVA with correction for multiple comparisons (Tukey’s 

test) to compare three or more groups. When the data were not normally distributed, Mann–
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Whitney U test or Kruskal-Wallis test with correction for multiple comparisons (Dunn’s test) were 

carried out, respectively. Statistical significance was denoted by a significance level of P < 0.05. 

Antibodies 

The antibodies used in this study are listed in Table 1. 

Table 1. List of the primary and secondary antibodies used in the study. 

Antibody Animal 

species 

Clonality Cat# Supplier RRID Use and 

dilution 

Total TAU (K9JA) rabbit polyclonal A0024 Agilent, USA AB_100137

24 

ICC 

(1:1000) 

Acetyl-α-Tubulin 

(Lys40) (D20G3) 

rabbit monoclon

al 

5335 Cell Signaling, 

USA 

AB_105446

94 

ICC 

(1:500) 

Anti-Tubulin 

Polyglutamylated 

antibody 

mouse monoclon

al 

T9822 Sigma-Aldrich, 

USA 

AB_477598 ICC 

(1:500) 

Anti-tyrosinated- 

α-Tubulin 

Antibody 

rat monoclon

al 

MAB1864-

I 

Sigma-Aldrich, 

USA 

AB_289065

7 

ICC 

(1:500) 

GAPDH Antibody mouse monoclon

al 

sc-365062 Santa Cruz 

Biotechnology, 

USA 

AB_108478

62 

WB 

(1:1000) 

Anti-MAP2 

Antibody 

chicken polyclonal ab5392 Abcam, UK AB_213815

3 

ICC 

(1:2000) 
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Anti-NF-L 

antibody 

rabbit polyclonal 12998-1-

AP 

Proteintech, 

USA 

AB_105973

88 

ICC 

(1:500) 

Anti-Homer1 

antibody 

rabbit polyclonal 12433-1-

AP 

Proteintech, 

USA 

AB_229557

3 

ICC 

(1:200) 

Anti-

synaptophysin 

antibody 

mouse monoclon

al 

67864-1-

Ig 

Proteintech, 

USA 

AB_291862

2 

ICC 

(1:200) 

Anti-TTLL1 

antiibody 

rabbit polyclonal PA5-

27285 

Thermofisher 

Scientific, USA 

AB_254476

1 

WB 

(1:500) 

Anti-TTLL4 

antibody 

rabbit polyclonal HPA0270

91 

Sigma Aldrich, 

USA 

AB_106018

28 

WB 

(1:500) 

Anti-TTLL6 

antibody 

rabbit polyclonal PA5-

100050 

Thermofisher 

Scientific, USA 

AB_281558

0 

WB 

(1:500) 

Anti-Chicken 

Secondary 

Antibody, 

DyLight™ 350 

goat polyclonal SA5-

10069 

Thermofisher 

Scientific, USA 

AB_255664

9 

ICC 

(1:1000) 

Anti-Rabbit 

Secondary 

Antibody, Alexa 

Fluor™ 488 

donkey polyclonal A-21206 Thermofisher 

Scientific, USA 

AB_253579

2 

 

ICC 

(1:1000) 

Anti-Mouse 

Secondary 

goat polyclonal A-11031 Thermofisher 

Scientific, USA 

AB_144696 

 

ICC 

(1:1000) 
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Antibody, Alexa 

Fluor™ 568 

  

Anti-Rabbit 

Secondary 

Antibody, Alexa 

Fluor™ 568 

donkey polyclonal A10042 Thermofisher 

Scientific, USA 

AB_253401

7 

ICC 

(1:1000) 

IHC 

(1:400) 

Anti-Rat 

Secondary 

Antibody, Alexa 

Fluor™ 568 

goat polyclonal A-11077 Thermofisher 

Scientific, USA 

AB_253412

1 

ICC 

(1:1000) 

Anti-Chicken 

Secondary 

Antibody, Alexa 

Fluor™ 647 

goat polyclonal A21449 

 

Thermofisher 

Scientific, USA 

AB_253586

6 

ICC 

(1:1000) 

Anti-Mouse 

Secondary 

Antibody, Alexa 

Fluor™ 647 

donkey polyclonal A-31571 Thermofisher 

Scientific, USA 

AB_162542 ICC 

(1:1000) 

anti-Mouse 

Secondary 

Antibody, HRP 

goat polyclonal 115-035-

003 

Jackson 

ImmunoResear

ch Labs, USA 

AB_100152

89 

WB 

(1:1000) 

Anti-Rabbit 

Secondary 

goat polyclonal 7074 Cell Signaling, 

USA 

AB_209923

3 

WB 

(1:1000) 
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Antibody, HRP 

 

Results 

Establishment of Aβ-induced TAU pathology in iNeurons 

Previous insights into the potential connection between TAU missorting, microtubule instability, 

and TTLLs were obtained from rodent-derived models, while a representative human neuronal 

model was lacking. In order to establish a human tauopathy-relevant model to study TAU-based 

effects on microtubules, human iPSCs were differentiated into cortical neurons. Briefly, 

genetically modified WTC11 iPSC line harboring a doxycycline-inducible neurogenin-2 (Ngn2) 

transgene were induced to differentiate into pure glutamatergic neuronal cultures (See: Methods 

in this paper; Wang et al., 2017; Buchholz et al., 2024).  

Day 21 iNeurons treated with 1 μM oAβ showed increased levels of somatic TAU indicative of 

TAU missorting (Fig. 1A, E). This was accompanied by a marked increase in the levels of 

tubulin polyglutamylation (Fig. 1B, F). To further evaluate the stability of microtubules in oAβ-

treated iNeurons, we investigated the levels of acetylated and tyrosinated tubulin, and observed 

reduced acetylation in the dendrites and decreased tyrosination in the somatic compartments 

(Fig. 1C, G, H), indicating that microtubule stability and dynamics were further compromised. 

We also wanted to test the effects of oAβ on the synaptic integrity in our iNeurons. To this end, 

we triple stained Homer1, synaptophysin, and MAP2 to identify dendritic synapses and 

quantified the size and mean fluorescence intensity of synaptophysin-colocalized Homer1. 

While the fluorescence intensity of synaptic Homer1 clusters did not change, the size of these 

clusters was reduced upon oAβ treatment, indicating synaptic destabilization (Fig. 1D, I). Hence, 
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oAβ treatment in iNeurons causes TAU missorting, microtubule instability, and synaptic 

instability, making these neurons a suitable human model for our study. 

Reduction of TTLL1 and TTLL4 expression attenuates oAβ toxicity and TAU missorting  

To identify the specific TTLL(s) driving pathological microtubule polyglutamylation upon TAU 

missorting, we aimed to knock down three polyglutamylating TTLLs and then to observe the 

effects of subsequent oAβ insult on the levels of polyglutamylated tubulin, and on the other 

toxicity read-outs established above. 

TTLL1, TTLL4, and TTLL6 were individually knocked down using shRNA-lentiviral transduction 

of Day 10 iNeurons. Effective knockdown was confirmed via Western blotting at Day 21, with 

residual expression of targeted TTLLs reduced to 20-50% of the control (iNeurons transduced 

with viruses carrying scrambled shRNA) (Fig. 2B).  

Following the establishment of efficient lentiviral-based knockdown of TTLL1, TTLL4, and 

TTLL6, the effects of each of these knockdowns on oAβ-induced toxicity was investigated. 

Day10 iNeurons were transduced with the knockdown viruses or scrambled control. At Day 21, 

transduced iNeurons were treated with either oAβ or a vehicle control for 3 hours, followed by 

fixation and staining as above (Fig. 2A). Interestingly, oAβ-induced TAU missorting and tubulin 

polyglutamylated tubulin were significantly reduced by TTLL1 knockdown to near normal levels, 

with TTLL4 knockdown showing a similar effect on polyglutamylation but only a partial effect on 

TAU missorting. On the other hand, TTLL6 knockdown significantly restored acetylated tubulin 

levels but did not impact TAU missorting or tubulin polyglutamylation. However, the knockdown 

of none of these TTLLs was sufficient to counteract the decrease of tyrosinated tubulin induced 

by oAβ treatment (Fig. 2C-D). 

While neither TTLL1 nor TTLL4 knockdowns fully restored synaptic Homer1 cluster size, they 

both prevented significant cluster disassembly by 15-30 % upon oAβ insult, a protective effect 
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not observed with TTLL6 knockdown (Fig. 3A-B). This indicates that knocking down TTLL1 and 

TTLL4 in iNeurons reduced oAβ-induced TAU missorting, tubulin polyglutamylation, and 

partially protected synapses, while TTLL6 restored acetylated tubulin but did not affect TAU 

missorting or synaptic protection, with none preventing tyrosinated tubulin loss. 

Knockdown of TTLLs does not impair neuritic networks or neuronal function 

To assess the broader impact of TTLL knockdown on neuronal networks, morphology, and 

function, TTLL1, TTLL4, or TTLL6 were knocked down at Day 10 and the effects on neuritic 

networks and dendritic branching were investigated at Day 21. Axonal and dendritic networks 

were studied via staining of NF-L and MAP2, respectively. 

No significant changes were observed in the overall axonal (NF-L staining) or dendritic (MAP2 

staining) networks across TTLL knockdown conditions compared to control (Fig. 4A-D). Sholl 

analysis revealed no significant differences in dendritic complexity although we noted a trend 

towards longer dendrites in iNeurons with TTLL1 and TTLL6 knockdowns (Fig. 4E-H). 

Additionally, neuronal activity, measured by microelectrode array (MEA) recordings, showed no 

significant alterations in spike rate or burst count across the different knockdown conditions (Fig. 

4I). This indicates that iNeurons tolerate individual knockdown of the TTLLs studied here without 

obvious impairments in neuronal morphology and function. 

TTLL1 and TAU interact in HEK293T cells 

To investigate the mechanistic basis behind the ameliorating effects of TTLL knockdowns 

against oAβ-induced toxicity and test molecular interaction and proximity, we applied 

Fluorescence Resonance Energy Transfer (FRET) live-cell imaging to explore potential 

interactions between TAU and TTLLs. TFP-TAU and YFP-TTLL1, YFP-TTLL4, or YFP-TTLL6 
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were co-expressed in HEK293T cells. Co-expression of TFP-TAU and YFP alone, or YFP-

TTLL1, YFP-TTLL4, or YFP-TTLL6 and TFP alone, served as negative controls. 

Cells co-transfected with TFP-TAU and YFP-TTLL1 showed significantly higher FRET efficiency 

compared to the corresponding negative controls, suggesting direct interaction between TAU 

and TTLL1. In contrast, no significant FRET signal was observed for TTLL4 or TTLL6 compared 

to their controls (Fig. 5).  

Discussion 

This study presents a novel in vitro model of Aβ-induced tauopathy and microtubule 

impairments using human iPSC-derived cortical neurons. The model effectively recapitulates 

key features of TAU pathology seen in AD, including TAU missorting, microtubule 

destabilization, and synaptic defects. By exploring the role of TTLL proteins in this context, we 

provide new insights into the molecular mechanisms underlying Aβ-induced tauopathy and 

identify potential therapeutic targets.  

oAβ are thought to be the upstream disease-causing agent in AD (Cline et al., 2018). 

Previously, acute oAβ treatment of rat-derived primary neurons led to TAU missorting, 

decreased acetylation and increased polyglutamylation of tubulin (Zempel et al., 2013). In this 

study, we showed oAβ-induced TAU missorting to the soma in our human iNeurons, a hallmark 

of early tauopathy (Thies and Mandelkow, 2007). This pathological shift in TAU localization was 

accompanied by decreased tubulin acetylation and tyrosination, and increased 

polyglutamylation. Microtubules are regulated by a complex set of PTMs that govern their 

dynamics and stability. Decreased acetylation for instance is a well-established marker of 

unstable microtubules (Maruta et al., 1986), while decreased tyrosination negatively affects 

neuronal polarity and neurite outgrowth (Erck et al., 2005). Polyglutamylation on the other hand 

recruits the microtubule-severing enzyme spastin (Lacroix et al., 2010), with hyperglutamylation 
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linked to neurodegeneration and neuronal death (Berezniuk et al., 2012). In addition, we 

observed a significant decrease in the size of synaptophysin-juxtaposing Homer1 clusters 

following oAβ treatment. Homer1 is a post-synaptic density scaffold protein that is classified as 

an immediate early gene and which is induced by neuronal activity (Clifton et al., 2019). 

Synaptic Homer1 cluster disassembly was shown before to be driven by Aβ in primary rat 

neurons, which leads to the loss of synaptic structure and function (Roselli et al., 2009). Taken 

together, oAβ-insulted iNeurons exhibit detrimental changes in the PTMs of their microtubules, 

alongside TAU missorting and synaptic declustering, all of which is reminiscent of AD and 

related tauopathies. 

We decided to knock down several glutamylating TTLLs in order to pinpoint the one responsible 

for pathological polyglutamylation, and to observe whether abolishing it would mitigate the 

harmful effects of oAβ. We opted to focus on TTLL1, TTLL4, and TTLL6 because of their 

expression levels and previously described pathological relevance: TTLL1 is the major 

polyglutamylating TTLL in the brain (Janke et al., 2005); TTLL1 and TTLL4 depletion mitigated 

neurodegeneration in pcd mice, a model that mainly exhibits adult-onset degeneration of 

cerebellar Purkinje neurons and selected thalamic neurons (Wu et al., 2022); and TTLL6 

translocated to dendrites of primary neurons exposed to oAβ where it mediated 

polyglutamylation, spastin recruitment, and microtubule loss (Zempel et al., 2013). In our study, 

TTLL1 knockdown significantly protected iNeurons against oAβ-induced TAU missorting, 

reduced elevated levels of tubulin polyglutamylation, and partially alleviated the dissociation of 

synaptic clusters, suggesting that TTLL1 plays a critical role in the early stages of Aβ-induced 

tauopathy. TTLL4 knockdown managed to decrease polyglutamylation levels but its effect on 

TAU missorting were less pronounced, indicating a rather secondary role for TTLL4. 

Interestingly, TTLL6 knockdown did not significantly affect TAU missorting but was the only 
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knockdown that restored microtubule acetylation, hinting at a potential compensatory 

mechanism that stabilizes microtubules independently of TAU. 

Polyglutamylating TTLLs are important enzymes that regulate neuronal microtubule 

organization, dynamics, and interactions with other proteins (Lacroix et al., 2010; Bodakuntla et 

al., 2020; Genova et al., 2023). Therefore, we speculated that knockdown of different TTLLs 

could impact neuronal morphology, networks, or activity, limiting the possibility of targeting 

TTLLs therapeutically. To investigate this further, we decided to study dendritic network and 

dendritic branching by staining for MAP2, a long-established dendritic marker (Caceres et al., 

1984), and axonal network by staining for NF-L, an intermediate filament highly concentrated in 

axons and a biomarker of neuro-axonal damage (Khalil et al., 2024). However, neither neuritic 

networks nor dendritic branching were affected by knockdown of any of the three TTLLs 

investigated in this study. Additionally, burst count and spike rate of iNeurons measured by MEA 

recordings were also not impacted by TTLL depletion, indicating maintained neuronal activity 

and making TTLLs an attractive therapeutic target for reducing TAU pathology while preserving 

neuronal health. 

In order to understand the mechanism through which TTLL1 could mediate the detrimental 

effects of oAβ insult and TAU missorting, we decided to investigate potential interactions 

between TFP-TAU and YFP-tagged constructs of the three TTLLs investigated in this study via 

FRET microscopy in HEK293T cells. It was reported before that TAU and TTLL6 overexpressed 

in HEK293T cells may interact directly (Zempel et al., 2013). In this study however, only cells 

expressing TFP-TAU and YFP-TTLL1 showed FRET efficiency values higher than negative 

controls. FRET phenomena can only occur when the distance between donor (TFP) and 

acceptor (YFP) is less than 10 nm, which indicates that TAU and TTLL1 are in close proximity 

and may interact directly with each other. This may explain why the most effective protection 

against oAβ was observed in iNeurons with TTLL1 knockdown. We think that missorted TAU 
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following oAβ insult transports TTLL1 to the somatodendritic compartments where it 

polyglutamylates microtubules, culminating in decreased microtubule stability and synaptic loss. 

Conclusion 

We showed that human iPSC-derived neurons subjected to oAβ suffer from TAU missorting, 

stability-decreasing changes of microtubule PTMs, and dissociation of synaptic clusters. These 

noxious effects are significantly reduced via TTLL1 knockdown, without affecting neuronal 

networks and activity. Our findings suggest that TTLL1, alone or with combination with another 

TTLL, could be a promising therapeutic target for preventing or slowing the progression of 

tauopathy in AD. Future studies should explore the therapeutic potential of genetic or 

pharmacological targeting of TTLL1 in vivo and investigate the broader implications of TTLL-

mediated microtubule modifications in neurodegenerative diseases. 
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Figure Legends 

Figure 1. oAβ treatment induces TAU missorting, alters microtubule modifications, and disrupts synaptic 

clusters in iNeurons. A) Co-immunostaining of TAU and MAP2 in iNeurons treated with oAβ for 3 hours or 

untreated control (Ctrl). Insets display 4-fold magnifications of areas framed with dashed lines, highlighting TAU 

missorting into the somatic compartment. Scale bar: 10 µm. B) Co-staining of TAU and polyglutamylated tubulin 

(polyE-tub) in iNeurons treated with oAβ for 3 hours or untreated control. Insets show 4-fold magnifications of areas 

framed with dashed lines, emphasizing increased polyglutamylation in oAβ-treated neurons. Scale bar: 10 µm. C) 

Immunostaining of acetylated tubulin (ace-tub) and tyrosinated tubulin (tyr-tub) in iNeurons treated with oAβ for 3 

hours or untreated control. Insets show 3-fold magnifications of areas framed with dashed lines, demonstrating 

reduced acetylation and tyrosination post-treatment. Scale bar: 10 µm. D) Co-immunostaining of Homer1 and 

synaptophysin (SYP) in iNeurons treated with oAβ for 3 hours or untreated control. Insets show 2-fold magnifications 

of the areas framed with dashed lines, illustrating the disassembly of synaptic clusters. Scale bar: 2 µm. E) 

Quantification of somatic TAU levels in (A). (N=3, n=45 neurons). F) Quantification of somatic polyE-tub levels in (B). 

(N=3, n=45 neurons). G) Quantification of somatic and dendritic ace-tub levels in (C). (N=3, n=45 neurons). H) 

Quantification of somatic and dendritic tyr-tub levels in (A). (N=3, n=45 neurons). I) Quantification of SYP-colocalizing 

Homer1 cluster size and mean fluorescence intensity (MFI) in (D). (N=3, n=150 puncta). ns non-significance, * P ≤ 

0.05, ** P ≤ 0.01. 

Figure 2. Knockdown of TTLL1 and TTLL4 partially ameliorates oAβ-induced pathological changes in 

iNeurons. A) Schematic representation of the experimental workflow, outlining the knockdown and treatment 
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procedures. Neurons were transduced at Day 10 with shRNA, and then treated and fixed as indicated. B) 

Immunoblotting confirmation of successful knockdown of TTLL1, TTLL4, and TTLL6 in iNeurons. C) Immunostaining 

for TAU, acetylated tubulin (Ace-tub), polyglutamylated tubulin (PolyE-tub), tyrosinated tubulin (Tyr-tub) in Day 21 

iNeurons transduced with scrambled RNA (Scr.) or shRNAs targeting TTLL1, TTLL4, or TTLL6 for 11 days, and 

treated with oAβ or vehicle control for 3 hours. Scale bar: 10 µm. D) Quantification of somatic TAU, dendritic ace-tub, 

somatic polyE-tub, somatic tyr-tub levels of (C). (N=3, n=45 neurons). ns non-significance, * P ≤ 0.05, ** P ≤ 0.01. 

Figure 3. Knockdown of TTLL1 and TTLL4 sightly attenuates oAβ-induced synaptic declustering in iNeurons. 

A) Co-immunostaining of Homer1 and synaptophysin (SYP) in Day 21 iNeurons transduced with scrambled RNA 

(Scr.) or shRNAs targeting TTLL1, TTLL4, or TTLL6 for 11 days, and treated with oAβ or vehicle control for 3 hours. 

Insets show 2-fold magnifications of areas framed with dashed lines, highlighting changes in synaptic cluster size. 

Scale bar: 2 µm. B) Quantification of SYP-colocalizing Homer1 cluster size and mean fluorescence intensity (MFI) in 

(A). (N=3, n≈300 puncta). ns non-significance, * P ≤ 0.05. 

Figure 4. TTLL Knockdown does not affect neuronal networks, morphology, or function. A-B) Immunostaining 

of neurofilament-L (NF-L) (A) or MAP2 (B) in Day 21 iNeurons transduced with scrambled RNA (Scr.) or shRNAs 

targeting TTLL1, TTLL4, or TTLL6 for 11 days. Scale bars: 200 µm. C) Quantification of the area covered by the 

axonal network (NF-L) in (A). (N=3, n=15 fields). D) Quantification of the area covered by the dendritic network 

(MAP2) in (B). (N=3, n=15 fields). E) Quantification of the number of dendritic intersections obtained from Sholl 

analysis. (N=3, n=15 neurons). F-H) Sholl profiles showing dendritic branching complexity in Day 21 iNeurons 

transduced with scrambled RNA (Scr.) or shRNAs targeting TTLL1 (F), TTLL4 (G), or TTLL6 (H) for 11 days. (N=3, 

n=15 neurons). I) Quantification of spike rate and burst count from microelectrode array (MEA) recordings in Day 21 

iNeurons transduced with scrambled RNA (Scr.) or shRNAs targeting TTLL1, TTLL4, or TTLL6 for 11 days. (N=3, 

n=12-15 wells). ns non-significance. 

Figure 5. Fluorescence Resonance Energy Transfer (FRET) analysis reveals potential interaction between 

TAU and TTLL1. A) FRET microscopy images in HEK293T cells showing various controls (TFP-TAU+YFP, 

TFP+YFP-TTLL1, TFP+YFP-TTLL4, TFP+YFP-TTLL6) and experimental conditions (TFP-TAU+YFP-TTLL1, TFP-

TAU+YFP-TTLL4, TFP-TAU+YFP-TTLL6). Images of the three detection channels: donor (TFP), acceptor (YFP), and 

FRET, as well as the spectral bleed-through (BT)-corrected FRET are depicted. Scale bar: 10 µm. B) 7-fold 

magnification of the area framed by dashed lines in (A) showing enhanced FRET signal in low-expressing cells co-

transfected with TFP-TAU and YFP-TTLL1. C) Quantification of FRET efficiency from the conditions shown in (A). 

(N=3, n=15 cells). ns non-significance, * P ≤ 0.05, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Abstract 

Polyglutamylation, a post-translational modification (PTM) catalyzed by a subset of Tubulin 

Tyrosine Ligase-Like (TTLL) family enzymes, regulates microtubule dynamics through its 

influence on interactions with microtubule-associated, motor, and severing proteins, and has 

recently also been implicated in genetic and neurodegenerative diseases. In this study, we 

characterized the glutamylation activity of various glutamylating TTLLs in human embryonic 

kidney 293T (HEK293T) cells, revealing distinct patterns of mono- and polyglutamylation among 

TTLL family members, with TTLL4 and TTLL11 exhibiting the strongest chain initiation and 

elongation activities, respectively. We found that TTLL6 expression uniquely decreased 

microtubule stability, with live-cell imaging of end-binding protein (EB3) showing a TTLL6-

induced decrease in microtubule stability. To explore therapeutic modulation of TTLL activity, 

we tested LDC10, a novel TTLL inhibitor, which successfully blocked glutamylation across all 

TTLLs investigated in this study, while also reversing the microtubule-destabilizing effects of 

TTLL6. These findings identify a potential pathogenic role of TTLL6 in microtubule dynamics 

and highlight LDC10 as a promising pharmacological tool to counteract TTLL-induced 

microtubule destabilization. 
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Introduction 

Most members of the Tubulin Tyrosine Ligase-Like (TTLL) family are responsible for 

glutamylation, a post-translational modification (PTM) that adds a glutamate side chain to a 

glutamate residue within the C-terminal tail of α- and β-tubulin (Janke et al., 2005). Some 

TTLLs, such as TTLL4 and TTLL7, initiate the side chain by adding the first glutamate, while 

others, including TTLL1, TTLL6 and TTLL11, elongate this side chain by adding additional 

residues (van Dijk et al., 2007). 

Polyglutamylation is an important microtubule PTM as it regulates microtubule binding to 

microtubule-associated proteins (MAPs), motor, and severing proteins (Genova et al., 2023). 

Long glutamate chains are known to recruit spastin and katanin, two microtubule severing 

enzymes, leading to microtubule severing (Lacroix et al., 2010). However, exceedingly long 

chains, above 8-9 glutamate residues, alter spastin’s function from severing to stabilizing the 

microtubules (Valenstein & Roll-Mecak, 2016). 

Disruption of tubulin polyglutamylation homeostasis has been implicated in several diseases. 

Notably, hyperglutamylation resulting from deficient cytosolic carboxypeptidase 1 (CCP1), a 

major deglutamylase responsible for removing glutamate residues from polyglutamate side 

chains (Rogowski et al., 2010), is associated with neurodegeneration in mice and humans 

(Magiera et al., 2018; Shashi et al., 2018). Other disorders linked to TTLL dysfunction include 

impaired ciliary structure and function, retinal dystrophy, and male infertility (Bedoni et al., 2016; 

Kolawole et al., 2023; Oh et al., 2022; Vogel et al., 2010). However, therapeutic approaches 

targeting TTLLs are still lacking. 

Here, we expressed different recombinant human glutamylating TTLLs in human embryonic 

kidney 293T (HEK293T) cells and observed distinct patterns of mono- and polyglutamylation. 

TTLL6 expression also disrupted microtubule stability, as shown through live-cell imaging of 

microtubule plus-end tracking protein EB3 comets. Interestingly, a novel TTLL inhibitor, LDC10, 

successfully blocked the glutamylating activity of all TTLLs investigated in this study and 

mitigated the destabilizing effect of TTLL6 on microtubules. In summary, we have identified a 

potential pathological role of TTLL6-mediated polyglutamylation and described a new 

pharmacological intervention to counteract it. 

Methods 

HEK293T cell maintenance, transfection, and inhibitor treatment 
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HEK293T cells were cultured in high glucose DMEM (Thermofisher Scientific) supplemented 

with 10% FBS and 1x Antibiotic/Antimycotic solution (Thermofisher Scientific) at 37 °C in a 

humidified incubator with 5% CO2. For EYFP-tagged TTLL expression, cells were seeded into 6-

well plates and transfected with 3 µg DNA for 48 hours. For pharmacological treatments, cells 

were treated with 10 µM LDC10 or a vehicle control for 24 hours, beginning one day post-

transfection. 

Western Blot  

For Western blot analysis, HEK293T cells were lysed in RIPA buffer containing 1x protease & 

phosphatase inhibitor cocktail (Thermofisher Scientific). Lysates were diluted in 5x Laemmli 

sample buffer, boiled at 95°C for 5 minutes, and separated on 10% SDS-polyacrylamide gels. 

Proteins were then transferred to PVDF membranes, which were blocked for one hour in TBS-T 

containing 5% milk. Following blocking, membranes were incubated with the primary antibody 

overnight at 4°C, washed three times with TBS-T, and incubated with the corresponding HRP-

conjugated secondary antibody for one hour at room temperature. After three additional TBS-T 

washes, immunoreactions were detected using SuperSignal West Femto Chemiluminescent 

Substrate (Thermofisher Scientific) and a ChemiDoc XRS + system (Bio-Rad). 

Live-cell imaging 

For live-cell imaging, HEK293T cells were seeded into coated 6-well plates and co-transfected 

with 0.5 µg EB3-tdTomato and 1.5 µg EYFP-TTLL or empty EYFP vector. One day post-

transfection, cells were transferred to a live-cell imaging chamber (ALA Scientific), and EB3 

comets in single cells were imaged for 60 seconds (1 frame per 2 seconds) with a Leica DMi8 

microscope (Leica). Only cells exhibiting both tdTomato and EYFP signals were included in the 

analysis. EB3 comet tracks were analyzed via ImageJ software using TrackMate plugin 

(Tinevez et al., 2017) as described in Allroggen et al., 2024. Microtubule dynamics were 

analyzed using LoG detector with an estimated object diameter of 1.5 µm, assessing 

parameters such as microtubule stability (s), microtubule run length (μm), and microtubule 

growth rate (μm/s). 

Antibodies 

The antibodies used in this study are listed in Table. 1 

Table 1. List of the antibodies used in this study 
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Antibody Species Clonality Cat# Supplier RRID Dilution 

Anti-Tubulin 

Polyglutamylated 

antibody (B3) 

Mouse Monoclonal T9822 Sigma-

Aldrich 

AB_477598 1:500 

Anti-

polyglutamylation 

modification 

(GT335) 

Mouse Monoclonal AG-20B-

0020 

AdipoGen AB_2490211 1:500 

Anti-GFP 

antibody 

Rabbit Polyclonal ab290 Abcam AB_2313768 1:1000 

Anti-GAPDH 

antibody (G-9) 

Mouse Monoclonal sc-365062 Santa Cruz AB_10847862 1:1000 

Anti-beta actin 

antibody 

Mouse Monoclonal HRP-

60008 

Proteintech AB_2819183 1:5000 

Results 

Expression of different TTLLs reveals distinct patterns of tubulin glutamylation 

Differential analysis of individual TTLLs is challenging, due to low endogenous expression and 

potentially overlapping glutamylation activity. Hence, to investigate the effects of different 

glutamylating TTLLs on tubulin glutamylation and microtubule dynamics, we expressed EYFP-

tagged constructs of TTLL1, TTLL4, TTLL6, TTLL7, and TTLL11 in HEK293T cells for 2 days 

and assessed their expression levels via Western blotting. All recombinant TTLLs exhibited very 

low expression levels compared to the EYFP control (despite using the same transfection 

protocol including DNA amount), with EYFP-TTLL11 showing the highest expression (Fig. 1A).  

When analyzing the glutamylation patterns, the TTLLs grouped according to their established 

functional roles. Lysates of cells expressing the initiator TTLL4 showed stronger signal when 

probed with GT335 antibody, which detects the initial branching point of the glutamate chain. In 

contrast, lysates of cells expressing the elongators TTLL6 or TTLL11 displayed stronger bands 

when probed with B3 antibody, which specifically recognizes glutamate side chains with more 
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than two residues. Interestingly, TTLL7 showed both initiation and elongation activities, 

producing positive signals with both antibodies, whereas TTLL1 showed only barely detectable 

activity with B3, but not with GT335 antibody (Fig 1B). In sum, transfection of HEK293T cells 

with our constructs resulted in expression of TTLL enzymes with the expected size and the 

expected polyglutamylation activity. 

TTLL6 expression decreases microtubule stability 

Next, to assess whether expression of individual TTLLs affects microtubule dynamics besides 

glutamylation, we co-transfected HEK293T cells with EB3-tdTomato and the respective EYFP-

TTLL for 2 days, and tracked EB3 comets in yellow fluorescent (i.e. co-transfected) cells (Fig. 

1C). Analysis revealed that EYFP-TTLL6, but not any other expressed TTLL, led to decreased 

microtubule stability (in terms of duration of traceable comets) compared to cells expressing 

EYFP alone (Fig. 1D), while microtubule run length remained unchanged (Fig. 1E). Interestingly, 

this TTLL6-induced microtubule instability was associated with an increase in microtubule 

growth rate (Fig. 1F). Hence, while TTLL6 had one of the lowest impacts on microtubule 

glutamylation, it may be an important player for microtubule dynamics. 

LDC10 inhibits TTLL-induced tubulin glutamylation and restores microtubule stability 

A TTLL inhibitor identified through a high throughput screening (HTS) campaign at the Lead 

Discovery Center GmbH was further evaluated as a chemical tool to dissect glutamylation in 

cells. This hit compound is identified as LDC 10 (unpublished data). To this end, we treated 

HEK293T cells expressing various EYFP-TTLLs with 10 µM LDC10 for 24 hours and assessed 

tubulin glutamylation using GT335 and B3 antibodies via Western blotting. Cells treated with 

LDC10 showed a significant reduction in both monoglutamylation or polyglutamylation 

compared to vehicle-treated control (Fig. 2A-B). Notably, LDC10 protected microtubules from 

the destabilizing effects of TTLL6, with LDC10-treated EYFP-TTLL6-expressing cells exhibiting 

microtubule stability and growth rate levels similar to those in cells expressing EYFP alone (Fig. 

2C-E). 

Discussion 

In this study, we investigated the effects of several human recombinant glutamylating TTLLs by 

expressing them in HEK293T cells. Compared to EYFP control, EYFP-TTLLs showed low 

expression levels. Notably, TTLL11 exhibited relatively robust expression and strong 

polyglutamylation activity, while TTLL4 displayed prominent monoglutamylation activity despite 
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having the lowest expression among all investigated TTLLs. Glutamylation patterns probed at 

two different epitopes, one marking the branch starting point and the other marking long chains, 

corresponded with canonical TTLL initiation (TTLL4) and elongation (TTLL6 and TTLL11) 

functions, with the exception of TTLL7, which showed both activities despite being classified as 

an initiator. Remarkably, the initiase TTLL4 displayed some elongation activity, and the 

elongase TTLL11 exhibited minor initiation activity. TTLL1, in contrast, showed barely any 

detectable polyglutamylation activity, consistent with prior reports that it requires a five-subunit 

complex to be active (Garnham et al., 2015; Janke et al., 2005). 

Glutamylation is known to regulate microtubule stability, dynamics, and function. Therefore, we 

investigated whether any TTLL would affect microtubule dynamics. Using live-cell imaging of 

fluorescently tagged EB3 protein, we observed that only TTLL6 negatively impacted microtubule 

stability while increasing microtubule growth rate. Long glutamate side chains are associated 

with spastin recruitment and subsequent microtubule destabilization due to microtubule severing 

(Brill et al., 2016; Lacroix et al., 2010; Roll-Mecak & Vale, 2005, 2008), which could explain 

decreased microtubule stability after the expression of the elongase TTLL6, and why the 

initiases TTLL4 and TTLL7 showed no such effect. However, this does not explain the apparent 

lack of impact on microtubule dynamics by the other elongase TTLL11, especially since it has 

remarkably higher expression and activity than TTLL6, as seen in our Western blot experiments. 

One possible explanation is that TTLL6 and TTLL11 modify different sites within the C-terminal 

tail of tubulin with different spastin recruitment capabilities. Another explanation is that while 

both TTLL6 and TTLL11 are elongators, the length of the side chain they generate is different. 

This could be linked to our Western blot results which showed a much stronger long chain band 

with TTLL11. Glutamate chains containing more than eight residues are known to inhibit spastin 

severing activity, switching its function to microtubule stabilization instead (Valenstein & Roll-

Mecak, 2016). It could be that the strong polyglutamylation induced by TTLL11 in our model 

stabilizes microtubules, while modest polyglutamylation by TTLL6 is enough to recruit spastin 

and promote severing and destabilization. A third explanation would revolve around the 

severing enzyme recruited. Polyglutamylation does not only recruit spastin, but it is also able to 

recruit katanin, another microtubule severing enzyme (McNally & Vale, 1993; Szczesna et al., 

2022). It has been shown before that TTLL6 induced a much stronger katanin activation 

compared to TTLL11 (Lacroix et al., 2010), suggesting that katanin, and not spastin, could be 

the primary downstream effector here. 
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Surprisingly, TTLL6-induced microtubule destabilization was associated with an increased 

microtubule growth rate. While this may seem contradictory at first, a simple explanation would 

rely on spastin recruitment. Spastin-mediated microtubule severing has been shown to increase 

the pool of free tubulin, making more tubulin available for the polymerization of new 

microtubules, and thus contributing to microtubule regrowth and organization (Aiken & Holzbaur, 

2024; Kuo et al., 2019). 

Given the therapeutic relevance of glutamylating TTLLs in cancer and neurodegenerative 

diseases (Das et al., 2014; Rogowski et al., 2021; Wu et al., 2022), finding new TTLL inhibitors 

is critical. We tested LDC10, a novel TTLL inhibitor, for its efficacy in reducing TTLL-induced 

glutamylation and reversing TTLL6-mediated microtubule instability. Our results show that 

LDC10 is able to inhibit TTLL4-induced monoglutamylation and, to a lower extent, TTLL7-

induced monoglutamylation, as well as polyglutamylation generated by TTLL6 and TTLL11. 

Notably, LDC10 completely reversed the microtubule destabilizing effect of TTLL6, restoring 

stability and growth rate to control values. Although LDC10 shows initial promise in these 

microtubule stability assays as a tool compound, together with the remaining hits from the 

TTLL4 HTS, it is still under medicinal chemistry-based optimization to enhance specific potency 

against inhibition of TTLL4 and to improve its lead- and drug-likeness. 

In conclusion, we showed direct detrimental effect of human TTLL6 on microtubule dynamics in 

HEK293T cells and presented LCD10 as a chemical tool compound that inhibits glutamylation 

and is capable of mitigating the associated negative effects. 

Availability of data and materials: The datasets of the current study are available from the 
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Figure 1:  
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Figure 2: 
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Figure Legends: 

Figure 1.  Expression of different TTLLs induces distinct glutamylation patterns and alters 

microtubule dynamics. A) Western blotting of HEK293T cell lysates expressing EYFP-tagged TTLLs or 

EYFP only shows variable TTLL expression levels. B) Western blotting of HEK293T cell lysates 

expressing EYFP-tagged TTLLs or EYFP only reveals various chain initiation or elongation functions by 

probing for two tubulin glutamylation epitopes: GT335 for branch point, and B3 for chains longer than two 

glutamate residues. C) Representation of image processing for the analysis of microtubule dynamics via 

live-cell EB3 imaging. Scale bar = 10 µm. D-F) Microtubule dynamics of HEK293T cells co-transfected 

with EYFP-tagged TTLLs and tdTomato-EB3. Growing microtubule plus-ends were monitored in living 

cells for 1 min (1 frame per 2s). Graphs show quantifications of microtubule (MT) stability (D), run length 

(E), and growth rate (F). N = 3, n = 9-11 cells per condition. Shapiro–Wilk test was performed to test for 

normal distribution of data; statistical analysis was performed by one-way ANOVA with Dunnett’s test for 

correction of multiple comparisons. ns non-significance, * P ≤ 0.05, *** P ≤ 0.001. 

Figure 2. LDC10 inhibits TTLL-induced glutamylation and restores microtubule stability. A) 

Western blotting of HEK293T cell lysates expressing initiators TTLL4 or TTLL7 shows decreased 

monoglutamylation levels following LDC10 treatment for 24 hours. Images representative of 2-3 Western 

blots. B) Western blotting of HEK293T cell lysates expressing elongators TTLL6 or TTLL11 demonstrates 

decreased polyglutamylation levels following LDC10 treatment for 24 hours. Images representative of two 

Western blots. C-E) Microtubule dynamics of HEK293T cells co-transfected with EYFP-tagged TTLLs and 

tdTomato-EB3. Growing microtubule plus-ends were monitored in living cells for 1 min (1 frame per 2s). 

Graphs show quantification of microtubule (MT) stability (C), run length (D), and growth rate (E). N = 3, n 

= 9-11 cells per condition. Shapiro–Wilk test was performed to test for normal distribution of data; 

statistical analysis was performed by one-way ANOVA with Tukey’s test for correction of multiple 

comparisons. ns non-significance, ** P ≤ 0.01. 
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