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Abstract  IV 

Abstract (German) 

Psychiatrische Erkrankungen sind genetisch komplexe und stress-assoziierte Erkran-

kungen mit erheblichen gesellschaftlichen Auswirkungen, die bei genetischer Prädis-

position durch Umweltfaktoren begünstigt werden und sich oft bereits im jungen Er-

wachsenenalter manifestieren. Es wird angenommen, dass psychisch beeinträchtigte 

Menschen genetische Mutationen aufweisen, die subtile Veränderungen in der Aktivität 

von Schlüsselsignalwegen verursachen. Im Gegenzug manifestieren sich diese Aktivi-

tätsveränderungen der Signalwege durch klinische Symptome. Vor diesem Hintergrund 

werden psychiatrische Erkrankungen daher auch als Störungen von Signalwegen an-

gesehen.  

Auf neurobiologischer Ebene wird über die Integration von Stresssignalen eine Vielzahl 
von zellulären Signalkaskaden aktiviert, die zu krankheitsfördernden Veränderungen 

der neuronalen Plastizität und der synaptischen Übertragungsprozesse führen. Über 

die geregelte Aktivierung und Inaktivierung von Signalmolekülen, z.B. durch Phospho-

rylierung von Kinasen, können in Zellen unterschiedlichste Prozesse, wie die Differen-

zierung oder Proliferation von Zellen, vermittelt werden. Dadurch wird u.a. die neurona-

le Reifung und Ausbildung funktionaler Synapsen reguliert. Zu den Stress-assoziierten 

Signalwegen gehört auch der Hippo-Signalweg, der neben homöostatischen Zellstoff-

wechselprozessen das Aufrechterhalten zellulärer Polarität und die Dynamik des Aktin-

Zytoskeletts kontrolliert. Der Hippo-Signalweg ist hauptsächlich als Tumorsuppressor-

Weg bekannt, dessen Effektoren jedoch sowohl tumorsupprimierende als auch pro-

toonkogene Funktionen vermitteln. Es wurde bisher gezeigt, dass der Hippo-Signalweg 

mit zahlreichen anderen Signalwegen interagiert, die mit verschiedenen neuropsychiat-

rischen und onkologischen Erkrankungen assoziiert wurden. 

Die Serin/Threonin-Kinase Thousand And One Amino Acid Protein Kinase 2 (TAOK2) 

gehört neben TAOK1 und TAOK3 zur Familie der MAP-Kinase-Kinase-Kinasen 

(MAP3K) und wurde 2014 anhand von Daten aus der größten genomweiten Assoziati-

onsstudie (genome-wide association study, GWAS) als Schizophrenie-Risikogen klas-

sifiziert. Nachdem in bisherigen Studien eine Aktivierung des Hippo-Signalweges durch 

TAOK1 und TAOK3, jedoch nicht durch TAOK2 gezeigt wurde, liegt der Fokus dieser 

Arbeit auf den Regulationsmechanismus von TAOK2 in HEK293-Zellen und primären 

Neuronen.  
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Des Weiteren werden TAOK2-vermittelte Protein-Interaktionen, die vor dieser Arbeit in 
einem fokussierten Protein-Protein-Interaktionsscreen von potenziellen Modulatoren 

des Hippo-Signalweges identifiziert wurden, mittels biochemischer Methoden in 

HEK293 Zellen validiert. Dabei ist eine starke Interaktion zwischen TAOK2 und large 

tumor suppressor kinase 1 (LATS1) zu beobachten. In Zellen mit überexprimiertem 

TAOK2 wird eine verstärkte Phosphorylierung von LATS1 und Yes-associated protein 

1 (YAP1) gezeigt. Ebenso werden Proteinmengen verschiedener Mitglieder des Hippo- 

Signalwegs zu unterschiedlichen Lysis-Zeitpunkten, unter nährstoffreichen bzw. nähr-

stoffarmen Serumkonditionen sowie unter Stressinduktion durch Zugabe von 2-Deoxy-

D-glucose untersucht.  

In primären Neuronen wurde der Einfluss von TAOK2 auf die synaptische Aktivität mit-

tels eines multiparametrischen Screenings (pathwayProfiler, Systasy Bioscience 

GmbH) untersucht und durch den E-SARE-Assay, einem Assay zur Bestimmung der 

synaptischen Aktivität, validiert. Neuronen mit TAOK2-knockdown weisen eine ver-

mehrte Aktivität von synaptischen Sensoren auf, die mit dem MAPK/ERK1/2 Signalweg 

in Zusammenhang stehen und an der Regulation von neuronaler Aktivität und zellulä-

rem Stress beteiligt sind. 
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Abstract (English) 

Psychiatric disorders are genetically complex and stress-associated disorders with 

great impact on society. Their manifestation occurs during early adulthood in genetical-

ly predisposed individuals who are exposed to adverse environmental factors. Genetic 

mutations that are present in patients suffering from mental disorders are believed to 

cause subtle changes in the activity of key signaling pathways. In turn, these changes 

in pathway activity manifest as clinical symptoms. Therefore, psychiatric disorders are 

also viewed as pathway diseases, leading to pathogenic changes in synaptic transmis-

sion, neural plasticity, and the manifestation of disease symptoms.  

Signaling molecules are activated or deactivated through phosphorylation or 
dephosphorylation and mediate pro- respectively anti-apoptotic processes regulating 

neural maturation and formation of functional synapses. A well investigated cellular 

stress pathway is the Hippo signaling pathway which modulates fundamental homeo-

static cellular events such as the maintenance of cellular polarity and actin cytoskeleton 

dynamics. It is mainly known as a tumor suppressor pathway, mediating both tumor 

suppressor and proto-oncogenic functions. Previous research works have shown inter-

actions between the Hippo signaling network and other pathways associated to neuro-

psychiatric and oncologic diseases.  

The serine/threonine kinase Thousand and One Amino Acid Protein Kinase 2 (TAOK2) 
belongs, as well as TAOK1 and TAOK3, to the TAOK family, a MAP-Kinase-Kinase-

Kinase family (MAP3K) and was classified as a schizophrenia risk gene based on data 

from the 2014 large-scale genome-wide association study (GWAS). Previous studies 

showed an activation of the Hippo Pathway by TAOK1 and TAOK3, but not by TAOK2. 

This thesis investigates the regulatory mechanism of TAOK2 from a molecular and cell 

biological perspective in heterologous cells (e.g. HEK293) und primary neurons.  

Further, TAOK2-mediated protein interactions previously identified in a focused protein-
protein interaction screening of Hippo modulators were biochemically validated in 

HEK293 cells. In the process, a strong interaction between TAOK2 and large tumor 

suppressor kinase 1 (LATS1) was identified. Overexpression of TAOK2 led to in-

creased phosphorylation of LATS1 and Yes-associated protein 1 (YAP1). Also, protein 

levels of several Hippo pathway components were investigated at different lysis 

timepoints, under serum stimulation respectively deprivation conditions as well as un-

der 2-Deoxy-D-glucose-induced cellular stress.  

  



Abstract  VII 

In primary neurons, the influence of TAOK2 on synaptic activity was assessed by using 
a multiparametric assay (pathwayProfiler, Systasy Bioscience GmbH) which was then 

validated by an E-SARE assay, an assay to monitor synaptic activity signaling. The 

results showed a strong increase in synaptic activity in TAOK2 depleted cells, indicated 

by the enhanced activity of several sensors involved in MAPK/ERK1/2 signaling path-

ways, which are associated with neural activity and cellular stress. 
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Introduction 1 

1. Introduction 

1.1 Understanding psychiatric disorders: From 
phenomenology to neurobiology 

Modern psychiatry is a dynamic medical discipline aiming to combine clinical practice with 
insights from biological psychiatry research to find appropriate treatments for mental dis-

orders. The World Health Organization (WHO) counts depression, bipolar disorder, de-

mentia, autism and schizophrenia spectrum disorders among the most severe mental ill-

nesses with significant social and economic impacts 1. Despite several decades of intense 

research, the exact causes are mainly unknown and are best attributed to a mixture of 

genetic, psychosocial, and contextual factors. The complexity of mental disorders requires 

highly intertwined interdisciplinary approaches to translate clinical symptoms into neurobi-

ological and genetical correlates. Furthermore, understanding basic mechanisms such as 

cellular stress responses can lead to a better predictability of psychiatric disorders and 

facilitate early prevention strategies.  

Having a long tradition in German-speaking areas, the phenomenology of psychiatric dis-

orders has been precisely described over the past century. In 1911, Swiss psychiatrist 

Eugen Bleuler established the term schizophrenia after observing a splitting of different 

psychological functions in psychotic patients 2. However, the symptomatic level alone 

does not capture the severity of physical and psychological complaints presented by so 

many patients. Therefore, therapists and researchers are obliged to zoom in closer to bet-

ter understand the underlying (patho-) physiological processes. Today, schizophrenia is 

classified as a highly heritable and polygenic disorder, associated with neurodevelopmen-

tal disorders like cognitive impairment and autism spectrum disorders3. 

1.1.1 Stress-induced changes in brain micro- and macro-architecture 

Many of the major psychiatric diseases emerge in late adolescence and early adulthood, 

an especially vulnerable period in brain development 4. Research works show that intense 

stress is a key contributor to the onset of psychotic and mood disorders, impairing the 

individual’s resilience and compensatory mechanisms 5. Given the complex interaction 

between genetic predisposition and environmental influences in psychiatric disorders, 

stress reshapes the brain through several subtle mechanisms and leads to micro- and 

macrostructural changes that can be observed in the long run.  



Introduction 2 

The timing and recurrence of stress exposure across the lifespan leave their mark in par-

ticularly stress-susceptible brain areas including the prefrontal cortex (PFC), hippocampus 

and amygdala, contributing to the development of emotional and cognitive deficits 6–9. Al-

terations in volume and function of these regions detected by fMRI studies indicated that 

large-scale structural modifications might be linked to molecular processes, which drives 

further investigation at a cytoarchitectural level 10,11. In spite of limitations regarding the 

transferability of findings to human psychopathology, pre-clinical rodent models represent 

an important tool in examining essential brain functions and the contribution of specific 

stress effects to psychiatric-like phenotypes 5.  

Several studies have shown impaired connectivity patterns especially in the PFC and the 

hippocampus, as these regions are rich in excitatory (glutamatergic) pyramidal neurons 

that indicate a loss of dendritic spines when exposed to chronic stress 12–15. Evidence from 

clinical and postmortem human cohorts indicates that remodeling of excitatory circuits 

triggered by stress is a significant factor in the onset of depression 16,17, schizophrenia 18,19 

and bipolar disorder 20. Reductions in mature dendritic spines adversely affect the integra-

tive functions of the PFC and the top-down regulation of other brain areas, which may 

contribute to common psychiatric symptoms like cognitive and emotional deficits 21. Oth-

erwise, the amygdala reacts with dendritic hypertrophy and therefore increased activity in 

response to corticosterone administration reflected by anxiety-like behavior in rats 22,23.  

1.1.2 Influence of inhibitory neurons on the excitation-inhibition balance 

Furthermore, experimental studies have demonstrated that stress significantly influences 

GABAergic neurons, leading to depression-like symptoms (e.g. anhedonia, decreased 

social interaction), behavioral and cognitive impairments 24. These are categorized de-

pending on the presence of distinct calcium binding proteins (e.g. parvalbumin [PV] and 

calbindin) and neuropeptides (e.g. vasoactive intestinal protein [VIP], neuropeptide Y and 

somatostatin [SST]) 25. They create various micro-networks to diminish signal transmis-

sion across brain regions. In these networks, interneurons that express PV largely modu-

late suppression of adjacent interneurons and pyramidal cells.  

Various studies have investigated the impact of modifications in the network of inhibitory 
interneurons on the excitation/inhibition imbalance in psychiatric disorders. On the one 

hand, cases of schizophrenia and major depression display a reduced number of inhibito-

ry neurons and GABA synthesizing enzyme (GAD-67) 26–28. On the other hand, evidence 

also supports the hypothesis of over-inhibition by the GABAergic system in the PFC, lead-

ing to hypoactivity of glutamatergic neurons which is associated with emotional and intel-

lectual dysfunction 29. Alterations in GABAergic neural circuits were identified as the only 
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consistent pattern in post-mortem analyses of patients with schizophrenia 30. Spiny projec-

tion neurons, a distinct type of striatal GABA interneurons, were recently associated with 

schizophrenia, independently of cortical interneurons and glutamatergic pyramidal cells. 

This suggests cell-specific effects in the pathogenesis of schizophrenia 31,32.  

Further, the cortical distribution of SST- and PV-expressing interneurons shows a nega-

tively correlated spatial gradient with influence on the balance of inhibitory control. More 

precisely, the highest relative SST expression was identified in orbitofrontal and medial 

PFC, anterior insula and the temporal lobe, while PV-expressing interneurons displayed a 

posterior gradient in somato-motor, visual and parietal cortices 33. Fast-spiking PV inter-

neurons regulate the homeostasis of targeted pyramidal neurons and maintenance of 

gamma oscillation, an indicator for synaptic integrity which was found significantly defi-

cient in schizophrenia 34,35. The E/I balance shifts across different brain areas throughout 

different stages of brain development, especially during early-life or adolescence, and 

depends on stress timing as a particular important factor. 

1.1.3 Synapse-to-Nucleus Signaling 

Synaptic activity is coupled to nuclear signaling by a range of synapse-to-nucleus mes-

sengers, converting signals received at synapses into transcriptional activities that are 

crucial for cognitive, emotional and memory functions. Activated NMDA receptors 

(NMDARs) mediate calcium entry into dendritic spines and induce the transfer of several 

synaptic factors (e.g., NF-kB, CaMKII and ERK) to the nucleus 36 (Fig. 1). Malfunction of 

these factors is associated with neuropsychiatric disorders, leading to impaired synaptic 

plasticity, dendritic degeneration and excitotoxicity  37.  

Stimulation and depolarization in glutamatergic neurons induce CaMKII-dependent, cyto-

nuclear translocation of Calmodulin (CaM). In the nucleus, it regulates CREB-mediated 

gene transcription, a significant process for neuronal plasticity and learning in mice 38,39. 

CaMKII mutations are linked to severe intellectual and episodic memory deficits in hu-

mans 40,41, while various CaMKII pathway genes (e.g. CREB, calcium channels) are linked 

to mental disorders such as depression, ASD and schizophrenia 42,43. MAPK/ERK repre-

sents another glutamate-dependent mediator of excitation-transcription coupling, which is 

phosphorylated during long-term potentiation and activates the downstream transcriptional 

regulators Elk-1 and CREB 44. This signaling pathway regulates a wide range of homeo-

static and neurodegenerative mechanisms. For example, ERK1/2 facilitates tau phos-

phorylation induced by Amyloid-β, which accumulates in Alzheimer’s disease 45,46 or in-

duces neuroprotection as shown by an animal model of Huntington’s disease 47. Recent 
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studies link MAPK/ERK signaling to aberrant synaptic plasticity in mood and stress disor-

ders including depression, bipolar disorder and addiction 48–50.  

 

How do brain cells respond to stress at the molecular and cellular level? Increasing 

knowledge about the mechanisms that underlie stress responses will lay the foundation 

for identifying new therapeutic targets and preventive strategies. In the following, the cen-

tral focus lies on signaling pathways activated by cellular stress signals and their im-

portance for cell homeostasis and development of functional neural networks. 
  

Fig. 1. Regulation of Synaptic Plasticity and Gene Expression through Synapse-to-Nucleus 
Signaling. 

A multitude of synaptic elements, including ERK, CRTC1, NF-kB, Shank3 and CaMKII, are triggered by syn-
aptic stimulation at apical dendrites. These elements then move to the nucleus to modulate CREB-mediated 
transcription. The illustration depicts the flow of signals from dendritic spines towards the nucleus, controlling 
gene expression. PSD, postsynaptic density region; NMDAR, N-methyl-D-aspartate receptor; ERK, extracel-
lular signal-regulated kinase; P, phosphorylation; CREB, cAMP-response element binding protein; CRTC1, 
CREB- regulated transcription coactivator-1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B 
cells; Shank3, SH3 and multiple ankyrin repeat domains 3; CaMKII, calcium/calmodulin-dependent protein 
kinase II (adapted from Parra-Damas&Saura, 2019). 
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1.2 MAPK/ERK signaling: regulation of cellular growth, gene 
expression, and synaptic activity 

The human genome contains over 500 protein kinases which contribute to the proper for-
mation and functioning of the central nervous system 51. They regulate cellular processes 

by transferring a phosphate group on multiple sites of their amino acid substrates (e. g. 

serine, threonine), thereby initiating signaling events with impact on cell migration, axon 

guidance, synaptogenesis and plasticity 51–54. 

Mitogen-activated protein kinases (MAPK) are key components within a strongly inter-
connected network of signaling molecules which integrate and transduce stimuli from cell 

surface to the nucleus, allowing the cells to adapt to environmental changes 55. Eukaryotic 

cells contain three major branches of MAPKs: ERK 1/2, JNK and p38 MAPK (Fig. 2B). 

While ERK is activated by growth-related extracellular stimuli (e.g. serum, nerve growth 

factor, hormones), the other two members, JNK and p38 MAPK, are triggered by various 

environmental and cellular stress signals such as ultraviolet radiation, inflammatory cyto-

kines, osmotic shock and NO 56. MAP Kinases are organized in a canonical module of 

three kinases, starting with the activation of a MAPKKK (e.g., Raf) in response to intra- 

and extracellular signals detected by G-protein-coupled-receptors (GPCRs) and receptor 

tyrosine kinases (RTKs), e. g. epidermal growth factor receptor (EGFR) 57,58. In the follow-

ing, a MAPKK (e.g., MEK) is activated through phosphorylation and in turn phosphorylates 

and activates a MAPK (e.g., ERK) 59 (Fig. 2A). This MAPKKK-MAPKK-MAPK cascade 

translates extracellular stimuli into cellular responses and affects gene expression through 

phosphorylation of transcription factors, thereby regulating cellular growth, proliferation, 

differentiation, and apoptosis. 

The ability of cells to adequately respond to environmental or internal stress is crucial for 

maintaining cell homeostasis and is therefore regulated by evolutionarily highly conserved 

responses. Exposure of cells to heat and oxidative stress, toxic substances and glucose 

deprivation leads to a variety of responses ranging from activating survival pathways to 

inducing programmed cell death in strongly damaged cells 60. Heat, for example, leads to 

induction of heat shock proteins (Hsp 27, Hsp 70) which prevent premature aggregation of 

unfolded proteins inhibiting apoptosis and promoting cell survival 61. Further, oxidative 

stress or DNA lesions activate pro-apoptotic molecules (e.g. NF-κB, p53, JNK, or 

MAPK/ERK) that can initiate cell death pathways 60.  
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A  

B  

  

Fig. 2. The MAP Kinase Cascade. 

(A) Schematic representation of the MAPK cascade. (B) The three major branches of MAPK cascades with 
the effectors ERK1/2, p38 and JNK1/2/3 (adapted from Jagodzik et al., 2018). GPCR: G-Protein-Coupled 
Receptor 
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Being an extensively studied signaling pathway, MAP Kinases (especially ERK1/2 and 

p38) are implicated in numerous health-disease activities related to the central nervous 

system, including cognitive and anxiety-related functions, addiction behavior, neurotoxici-

ty, neurodegeneration, and integrating synaptic activity signaling in general  62. 

ERK1/2 are known to control proliferation and differentiation in several cell types, but in-

terestingly, they also display high expression in mature and terminally differentiated neu-

rons 63. Further evidence pointed to neuronal ERK1/2 activation prompted by excitatory 

glutamatergic stimulation, which in turn phosphorylate targets such as ribosomal protein 

S6 kinases (RSKs) and mitogen- and stress-activated kinases (MSKs), then translocating 

to the nucleus. Activated ERK1/2 and their substrates phosphorylate nuclear transcription 

factors, e. g. CREB, thereby mediating synaptic plasticity and neuronal function 63. Studies 

have shown that p38 promotes long-term depression (LTD) by regulating glutamate neu-

rotransmission at post-synaptic neurons, downstream of NMDA glutamate receptors. Ele-

vated glutamate levels lead to excitotoxicity, a complex phenomenon mediated by calci-

um- and Rho GTPase- mediated activation of p38, promoting cell death in neuron cul-

tures.  

Another modulator of glutamatergic signaling and cognitive processes is the Traf2- and 

Nck-Interacting Kinase (TNIK), a MAP4K and member of the sterile 20 (Ste20)-like kinase 

family. It shows a high expression at the postsynaptic density throughout the adult mouse 

brain 64–66. Mice lacking TNIK have exhibited cognitive impairments and synaptic altera-

tions 67. Furthermore, TNIK has been linked to mental illnesses such as bipolar disorder 

and schizophrenia 68.  

Despite substantial progress in comprehending the role of kinases in this field, further re-

search regarding the influence of related upstream and downstream signaling pathways is 

needed.  
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Fig. 3. Schematic structure of TAO kinases 1/2/3. 

TAO kinases 1/2/3 are highly conserved in humans and consist of a catalytic domain, a central domain, and 
a regulatory domain. Each gene has two isoforms (α and β, except TAO2 with an additional γ isoform) with 
different lengths between 853 and 1235 amino acids (adapted from Hu et al., 2021). 

1.3 Thousand-and-one-amino-acid (TAO) kinases 

1.3.1 Biology, structure and function  

Thousand-and-one-amino-acid (TAO) kinases are mammalian orthologs of the Ste20-

kinase of Saccharomyces cerevisiae, which mediates between a heterotrimeric G Protein 

and the MAPK cascade of the yeast pheromone response pathway 69,70. Three members 

of this family, TAOK1, TAOK2, and TAOK3 exist in mammals (Fig. 3). The name “thou-

sand and one” comes from the first kinase identified in the rat, TAOK1, comprising 1001 

amino acids transcribed by the TAOK1 gene 71. In humans, the TAOK1 gene is situated 

on chromosome 17p at position 11.2. Its similar counterparts, TAOK2 and TAOK3, are 

located on 16p11.2 and 12q24.23, respectively. Interestingly, microduplication of the 

chromosomal locus 16p11.2 is associated with a 14.5-fold increased risk of developing 

schizophrenia 72, while both microduplication and microdeletion of this region have been 

strongly linked to autism spectrum disorders 73–75. TAO kinases are serine/threonine-

protein kinases with an N-terminal kinase domain and a serine rich domain, being ex-

pressed throughout most tissues, especially in the brain and testes 76,77. Their highly con-

served protein structure include a catalytic domain, a central domain, and a regulatory 

domain, each gene having two isoforms (except TAOK2 with three isoforms) with different 

biological functions 78. 
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TAO kinases (TAOKs) play a pivotal role in physiological regulation processes, signal 

transduction, protein-protein interaction and pathogenesis of cancer, neurodegenerative 

and inflammatory diseases 79. Acting as MAPKKKs, TAOKs activate the p38 MAPK, the 

Stress-activated protein kinases (SAPK)/Jun amino-terminal kinases (JNK) cascades and 

the Hippo Signaling pathway as a reaction to harmful stimuli and DNA impairment 59,80–82. 

Previous studies showed an activation of Hippo Pathway components by TAO kinases 
83,84, a subject discussed in detail in chapter 1.5. 

1.3.2 TAOK2 as a regulator of synaptic plasticity and neural excitability 

The serine-threonine kinase TAOK2 is among the 29 protein-coding genes situated in the 

16p11.2 genomic region, which is linked to various neurodevelopmental and psychiatric 

conditions 85. It is localized to dendritic spines and promotes their maturation by binding to 

Septin-7 (SEPT7)85. Dendritic spines are tiny extensions from neuronal dendrites serving 

as postsynaptic locations for the majority of excitatory synapses in the brains of mammals 
86. Their morphology is highly dynamic and can be described in four groups: stubby (with-

out a visible neck), thin (long neck, small and bulbous head), mushroom-shaped and filo-

podial in early development stages 87,88.  

Dendrite plasticity is modulated by synaptic activity, providing the basis for key learning 

mechanisms, such as long-term potentiation (LTP) and long-term depression (LTD), 

through calcium compartmentalization 89–92. Phosphorylated SEPT7 is found in the spine, 

where it supports the scaffolding protein Postsynaptic Density Protein 95 (PSD95). Sub-

sequently, PSD95 associates with glutamate receptors and cell adhesion molecules to 

create functional synapses 85,93. Earlier reports showed that TAOK2 is crucial for dendrite 

morphogenesis by regulating membrane and cytoskeleton dynamics 94. TAOK2 function 

regulates dendritic filopodia and excitatory synapse structure. Loss of TAOK2 function 

leads to a substantial reduction in mature, mushroom-like spines and to an increase in 

synaptic spines with thin, immature filopodial protrusions 54,85,95,96. According to Yadav et 

al., neurons with impaired TAOK2 function developed synapses along the dendritic shaft 

instead of being located on dendritic protrusions 85. Another essential function attributed to 

dendritic spines, calcium compartmentalization, was also impaired due to synaptic mislo-

cation and led to a defective NDMA receptor-mediated calcium signaling. To better under-

stand how TAOK2 modulates synaptic plasticity, protein-protein interaction studies be-

tween TAOK2 and proteins of the postsynaptic density need to be further analyzed.  
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1.3.3 Clinical relevance and implications for schizophrenia as a risk gene 

As a genetically complex disorder, schizophrenia can be caused the accumulation of 
multiple single nucleotide polymorphisms (SNPs), which are common, but have a small 

effect, or by copy number variations (CNVs), which occur rarely, but have a large effect 97. 

TAOK2 is associated with SZ both thorugh SNPs and the CNV 16p11.2. Due to its genetic 

association with CNV 16p11.2 and the implication into the regulation of synptic activity, 

TAOK2 represents an interesting research target on the path to better understand the 

genetic architecture of schizophrenia (Fig. 4). Alterations in the form of deletions and du-

plications within the multigenic 16p11.2 copy number variant (CNV) region have been 

connected to a range of brain-related conditions such as intellectual disability, bipolar dis-

order, schizophrenia, autism spectrum disorder (ASD) and obesity 98–100.  

Numerous genetic epidemiological twin and family studies have well established a contri-

bution of genetic factors to the development of schizophrenia, indicating an estimated 

heritability of approximately 80-85% 101,102. The complex and polygenic nature of schizo-

phrenia requires large-scale international collaboration to collect samples of sufficiently 

high power and enable further genomic discoveries.  

  

Fig. 4. Typical characteristics in individuals with 16p11.2 copy number variations (CNVs). 

Individuals with duplications or deletions in the 16p11.2 region face a significantly increased risk of intellectu-
al disability (ID), autism spectrum disorder (ASD), epilepsy/ seizures, and dysmorphic features/congenital 
anomalies (DF/CA) with a high degree of penetrance. The numbers in parentheses represent the variability in 
penetrance reported across cohorts of patients with 16p11.2 CNVs. Inset: List of genes situated in the human 
16p11.2 region (Rein et al., 2020). 
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Earlier landmark discoveries of recurring mutations in the major histocompatibility complex 

(MHC) and markers in NRGN (Neurogranin) and TCF4 (Transcription-factor 4) pointed out 

impaired brain development and cognition as relevant pathophysiologic processes 103. In 

2014, a comprehensive genome-wide association study (GWAS) classified 108 distinct 

loci linked to schizophrenia 104. Genotype data from 36.989 cases und 113.075 controls 

were analyzed and provided ground-breaking insights into associations between enriched 

gene expression and disease-relevant factors such as the immune system, glutamatergic 

transmission, and synaptic plasticity. Owen et al. identified genetic loci that exhibit high 

pleiotropy, featuring common alleles with minor individual effects but significant collective 

impact, involving hundreds of such loci 105. Additional research on rare mutations, such as 

copy number variants (CNVs) and single-nucleotide variants (SNVs), has highlighted 

genes that produce a wide array of synaptic proteins. These are either located at the post-

synaptic density or are members of the voltage-gated calcium channel protein family.  

The latest two-stage GWAS from 2022, including up to 76.755 individuals with schizo-

phrenia and 243.649 control participants, identified associations with common variants at 

287 separate genomic locations. This study is the most extensive GWAS conducted on 

schizophrenia to date 106. Based on the GWAS-derived data, it appears that many schizo-

phrenia risk genes can be attributed to elements that play a crucial role in synaptic plastic-

ity. Notably, schizophrenia relevant SNPs are associated with the TAOK2 gene, making it 

a schizophrenia risk gene 106. Decreased activity of TAOK2 during neural development is 

linked to dendritic spine abnormalities 85 as well as autism-related cognitive, emotional 

and social impairments 107. The central focus of this thesis lies on the function of TAOK2 

and its interactions with the Hippo signaling pathway, a pathway with growing evidence to 

impact on neurobiological functions including memory formation and psychiatric disorders 
108,109.   
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1.4 The Hippo signaling pathway 

The Hippo pathway is a highly conserved signaling network with over 30 components. It 

was originally identified in Drosophila melanogaster as a crucial regulator of tissue devel-

opment. In the past two decades, a multitude of studies investigated the role of Hippo sig-

naling components in tumorigenesis and cancer development, given their dynamic tumor 

suppressor and proto-oncogenic functions 110. Major functions of the pathway are modula-

tion of cell proliferation, differentiation and migration during organ morphogenesis as well 

as restriction of tissue growth in adults 111–113. Screenings of loss-of-function variants in 

Hippo pathway kinase genes showed that gene inactivation leads to massive tissue over-

growth in developing wings and eyes 114. The functional outputs are mediated by the main 

effectors and transcriptional co-activators YAP1 and TAZ (also WWTR1), which act as 

oncogenes when Hippo pathway is dysregulated 110.  

1.4.1 The core kinase cassette 

The signaling cascade comprises a module of four kinases with tumor suppressor prop-

erties named after hpo, a gene mutation that, if inactivated, leads to “hippopotamus-like” 

overgrown eyes in Drosophila 115,116. The central components of the Hippo pathway in-

clude the mammalian Hpo orthologs Serine/Threonine Kinases 3/4 (STK3 and STK4, also 

known as MST1 and MST2), which interact with the adapter protein Salvador homolog 1 

(SAV1) (Fig. 5). These phosphorylate and stimulate large tumor suppressor kinases 1 and 

2 (LATS1 and LATS2), which are scaffolded by the protein MOB1 and subsequently 

phosphorylate and inactivate Yes-associated protein 1 (YAP1) and TAZ 111. YAP1 and 

TAZ are stringently controlled by Hippo pathway activity and dynamically translocate from 

the nucleus to the cytoplasm 115,117. In operational mode, the activated LATS kinases 

phosphorylate YAP1/TAZ, leading to cytoplasmic retention and degradation. Consequent-

ly, YAP1 is unable to migrate to the nucleus and associate with its transcriptional coactiva-

tor TEAD, resulting in the loss of its transcriptional activity. When Hippo pathway is 

dormant, YAP1/TAZ stay dephosphorylated and gather in the nucleus. There, they inter-

act with TEAD family transcription factors and other genes that promote growth, such as 

CTGF or CYR61 115,118,119. Together, the anti-apoptotic YAP1/TEAD complex stimulate cell 

survival and proliferation. Increases in YAP1 activity are also associated with cancer de-

velopment in several organs such as skin, liver and intestine 120–122.  
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Fig. 5. Schematic representation of the Hippo Signaling Pathway. 

The mammalian Hippo signaling pathway primarily regulates the movement of YAP1/TAZ between cyto-
plasm and nucleus. Pathway activation leads to LATS kinases phosphorylating YAP1/TAZ, which then 
leads to their retention in the cytoplasm and subsequent degradation. Conversely, in the inactive state, 
YAP1/TAZ do not get phosphorylated and move to the nucleus. There, complexes with TEADs and addi-
tional transcription factors are formed to initiate gene transcription. Nonetheless, the functioning of the Hip-
po pathway is not strictly binary (ON or OFF). The localization of YAP1 may vary between the cytoplasm 
and nucleus, contingent upon the relative phosphorylation activity of LATS1/2 kinases on YAP1 (adapted 
from Ma et. al, 2019). 
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1.4.2 Upstream signals, mechanotransduction and control of the 
downstream key mediators YAP1/TAZ  

Cell organization in multicellular organisms depends on precisely orchestrated regulatory 
mechanisms that control tissue development and organ size. Cell fate and behavior are 

strongly determined by physical and mechanical contacts with surrounding cells and their 

extracellular matrix 123. Mechanotransduction starts with the ability of cells to integrate 

mechanical forces through integrin adhesion complexes and actin cytoskeleton dynamics 

in order to adjust their tensional homeostasis and modulate physiological cell processes 

by transducing sensory signals into cellular signaling events 115,116,123.  

Rho GTPases are pivotal in detecting alterations in cellular geometry and regulating 
YAP1/TAZ transcriptional activities through Hippo signaling (Fig. 6). Under mechanical 

stress, STK3/4 and LATS1/2 function is modulated by polarity and adhesive proteins such 

as Kibra/WWC1, NF2, adherens junctions, and tight junctions 115,124,125. STK3/4 and 

LATS1/2 can be directly phosphorylated and activated by TAO kinases and inhibit 

YAP1/TAZ in parallel 83,84,126. YAP1/TAZ activity is directly controlled by proteins with in-

fluence on cell polarity 127–129, growth factors and hormones acting through several GPCRs 
111,118,130 as well as the rigidity of the extracellular matrix (ECM) 115,123. YAP1/TAZ activity 

can be regulated in LATS1/2-dependent and independent ways. For example, the 

junctional adaptor protein Angiomotin (AMOT) inhibits YAP1/TAZ through direct binding 

and cytoplasmic sequestration. AMOT also stimulates LATS1/2 kinase activity by 

complexing with and activating NF2, consequently leading to the phosphorylation and 

inhibition of YAP1/TAZ 115. YAP1/TAZ are reported to regulate trascription of genes which 

are particularly involved in matrix remodeling and actin cytoskeleton reorganization.  

The exact process by which various mechanical signals regulate YAP1/TAZ remains 

partially unclear. As main Hippo pathway downstream effectors, YAZ1/TAZ collaborate 

with several transcription factors, such as DNA binding TEA domain (TEAD) family 

proteins, p73, ERBB4, and connective tissue growth factor (CTGF). This interaction 

facilitates the promotion of gene expression, cellular growth, and epithelial mesenchymal 

transition (EMT) 131–135. TEADs were cassified as the most relevant YAP1 interacting 

proteins. Together, they drive the transcription of growth promoting target genes like 

CTGF and CYR61 135. Under osmotic stress, TEADs also associate with p38 MAP kinase 

and translocate to the cytoplasm, leading to YAP1/TAZ inactivation 136.  
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Against this background, numerous chemical compounds have been developed for thera-

peutic purposes. Verteporfin, for example, is a small molecule that inhibits the interaction 

between YAP1 and TEADs, being used for treating neovascular macular degeneration 137.  

Other novel YAP inhibitors with similar properties and potential antitumor drugs are CA3 
138 and narciclasine 139. 

1.4.3 Hippo signaling and the nervous system 

Hippo pathway contributes to maintaining the complex balance between several process-
es in the nervous system, such as the development of nerve cells and their connections 

as well as the regulation of their number and distribution 140. During embryonic brain de-

velopment, neural stem cells (NSCs) are capable of self-renewal and can differentiate into 

neurons, glial cells and astrocytes 141. Differentiation and proliferation of NSCs are regu-

lated by many pathways, e.g., Wnt/β-catenin, Sonic Hedgehog and Notch pathways 142, 

but also by increased YAP1/TEAD1 transcription 143. YAP1/TEAD1 promote progression 

Fig. 6. Mechanotransduction and regulation of YAP1/TAZ via Rho GTPase and the Hippo 
pathway. 

Cellular interaction, tension, extracellular matrix (ECM) stiffness, and changes in cell geometry regulate 
activity of Rho GTPases, leading in turn to actin cytoskeleton remodeling. This cytoskeletal rearrangement 
can regulate the cytoplasmic-nuclear movement and YAP1/TAZ transcriptional activity via mechanisms both 
dependent and independent of LATS1/2 (adapted from Ma et al., 2019). 
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of the cell cycle by inducing Cyclin D1 and inhibit differentiation of NSCs by suppressing 

the expression of neurogenic b-HLH factor (NeuroM). However, an inhibition of 

YAP1/TEAD1 can lead to apoptosis of NSCs 144.  

With regard to the role of Hippo signaling in synaptic development, Yap1 conditional 

knockout mice exhibited impairments in dendritic morphology such as reduced dendritic 

length, dendritic tree width, and number of dendritic branching points 145. Central Hippo 

pathway elements (STK3 and STK4, SAV1, LATS1 and LATS2) are highly expressed in 

almost every cell type in the brain, including neurons, astrocytes, oligodendrocytes, glia, 

and endothelial cells. In contrast, YAP1 showed high expression patterns solely in endo-

thelial cells and astrocytes, while displaying reduced expression in neurons and other cell 

types. Interestingly, TAZ expression is not consistent with YAP1, as it is prominently ex-

pressed across all the mentioned cell types. This suggests different functions of YAP1 and 

TAZ in distinct cells of the nervous system 109. Murine YAP1 was shown to contribute to 

neocortical differentiation and proliferation of astrocytes during cerebral development. 

Yap1 knockout resulted in a decreased count of neocortical astrocytes and impaired pro-

liferation via the BMP2-YAP1-SMAD1 pathway 146.  

Further, STK4 can be activated by oxidative stress and then promotes either YAP1-

dependent or YAP1-independent apoptosis via regulating the phosphorylation and nuclear 

translocation of FOXO transcription factors 122,147,148. STK4 also activates NFκB/MMP-9 

signaling in the context of subarachnoid, causing blood-brain-barrier disruption and pro-

moting inflammation by activating microglia 149. In general, Hippo signaling is pivotal for 

neurogenesis by modulating essential cellular mechanisms needed for the appropriate 

development of the CNS and its physiological conditions 140. 

1.4.4 Clinical implications 

1.4.4.1 Hippo pathway as a modulator of cellular and immune homeostasis 

Hippo pathway components have been identified as modulators of immune functions. Re-

search has demonstrated that STK4 mutations result in immune deficiency in humans and 

mice, characterized by a decline in naïve T cells, regardless of Hippo pathway mediated 

regulation of YAP1/TAZ 150–152. Further experiments in mouse xenograft models showed a 

rather unexpected role of Hippo pathway in tumor cell immunity. Loss of LATS1/2 in tumor 

cells lead to increased anti-tumor immune responses by IFN (interferon) stimulation and 

consequent T cell activation, leading to the apparently paradoxical conclusion that inacti-

vation of the “tumor suppressor” kinases LATS1/2 increases tumor immunogenicity and 

therefore enhances the tumor vaccine efficacy 153,154. Notably, inactivation of LATS1/2 and 
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subsequently increased YAP1/TAZ activity are required to drive cell proliferation in wound 

healing and tissue regeneration 150. This has been shown in liver recovery after partial 

hepatectomy in rat models 155–157, in lung regeneration after pneumectomy in mice 158–161, 

and in cardiac regeneration 162–164. Elevated expression levels of YAP1/TAZ in cancers 

was shown to increase chemotherapy resistance and to treatments aimed at promoting 

genetic alterations in EGFR, BRAF and RAS 150,165. Further, YAP1/TAZ also mediates 

changes in cellular metabolism that contribute to metastasis (e.g., cell cycle, migration, 

anchorage-independent growth, invasion) 136. 

1.4.4.2 Implications of Hippo signaling for neuropsychiatric disorders 

Recent studies report interactions between the Hippo signaling network and other path-

ways associated to various psychiatric and neurologic conditions such as bipolar disorder 

(BD), schizophrenia (SZ), Alzheimer’s disease, glioma proliferation, amyotrophic lateral 

sclerosis (ALS) and Huntington’s disease 122,166–170. Main molecular and cellular processes 

that are thought to be involved in the pathophysiology of stress-related neuropsychiatric 

conditions are modulated by Hippo pathway members. While inhibition of Hippo increases 

tumorigenesis, activation of the pathway may be implicated in neuronal degeneration by 

mediating neuronal apoptosis induced by oxidative stress 171.  

Genetic studies, among them a genome-wide association study 175, indicate an associa-

tion between the KIBRA (KIdney and BRAin) gene with episodic memory performance, 

grey and white matter volume and functional brain activity 171. Liu and colleagues identi-

fied an upregulation and significant enrichment of Hippo pathway genes with a high de-

gree of connectivity in the PPI network, including YAP1, in post-mortem prefrontal cortex 

of people with BD compared to healthy controls 170. The authors suggest that the activity 

of the Hippo pathway could be significant in the pathophysiology of BD, providing a source 

of new potential therapeutic targets.  
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1.5 Targeted Interaction Screen of Hippo Pathway modulators 
using a protein-protein interaction assay based on the split 
TEV technique 

Prior to this work, a focused interaction screen was performed by our group to uncover 

novel connections between central Hippo pathway members and crucial regulatory pro-

teins (Fig. 7)176. The split TEV technique, which relies on complementation of TEV prote-

ase, was utilized in living cells to quantitatively measure Hippo pathway protein-protein 

interactions 177. While confirming previously reported associations among tested compo-

nents, especially within members of the Hippo kinases and proteins that regulate cell po-

larity 178–181, novel interactions between TAOK2 and LATS kinases were identified. Within 

the TAOK family, previous studies have demonstrated that TAOK1 and TAOK3 directly 

interact with and phosphorylate LATS1/2 and STK3/4, while TAOK2 does not exhibit this 

interaction 83,84,126. However, the impact of TAOK2 on the Hippo pathway has never been 

directly shown. TAOK2 has been associated to Hippo signaling due to its decreased ex-

pression in diverse cancer types 182, suggesting that it may regulate YAP1 phosphoryla-

tion states and transcriptional activity, cell growth, and cell proliferation, making TAOK2 

also an interesting pharmacological target in the treatment of human cancer. Based on 

this hypothesis, further experiments were conducted in this work to work to elucidate the 

molecular mechanisms which drive phosphorylation of downstream effectors LATS1/2 and 

YAP1.  
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Fig. 7. A targeted protein-protein interaction assay using the split TEV technique reveals 
previously undiscovered interactions among Hippo pathway components. 

(A) The split TEV protein-protein interaction assay is based on the following principle: Bait prospects are 
attached to the N-terminal portion of the TEV protease (NTEV), a TEV protease cleavage site (tcs), and the 
synthetic co-transcriptional transactivator GAL4-VP16 (GV). The prey proteins are linked to the C-terminal 
TEV moiety (CTEV). When a bait and a prey protein form a complex, the TEV protease regains functionality, 
leading to the detachment of GV. The released GV enters the nucleus, where it activates transcription of a 
firefly luciferase (Fluc) gene by attaching to upstream activating sequences (UAS). (B) During the targeted 
split TEV interaction assay, 26 bait proteins were evaluated versus 28 prey proteins. (C) Heatmap displaying 
orderly structured protein-protein interactions among Hippo pathway components tracked using split TEV. 
Grouping indicates three primary groups within the Hippo pathway, a cluster comprising polarity proteins, the 
Hippo signalosome cluster encompassing both core kinases and polarity proteins, and a cluster for the SA-
RAH interaction domain. Interactions are depicted as log2-scaled fold changes compared to baseline controls. 
Black dots represent interactions that are statistically significant (Wehr et al., 2006, Ma et al., 2023). 
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Also, a previously performed assay in HEK293 cells measuring YAP1 transcriptional and 

luciferase activity showed a potent inhibition of YAP1 activity, which was significantly 

higher than the TAOK1- or TAOK3-mediated inhibition (Fig. 8).  

 

 

 

 
  

Fig. 8. TAOK2 inhibits YAP transcriptional activity. 

HEK293 cells were co-transfected with YAP1 and with plasmids expressing MST1, KIBRA, TAOK1/2/3 and a 
firefly luciferase reporter to monitor luciferase activity. Significance level: ***, p<0.0005 (Ma et al., 2023). 
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1.6 Aim of the thesis 

The Hippo signaling pathway has been identified as a key controller of tissue growth, cell 

proliferation, differentiation, and migration during organ development. Further, it controls 

several processes during neurogenesis, such as differentiation of NSCs into neurons, 

astrocytes, and glial cells or formation of neural connections.  

The serine-threonine kinase TAOK2 has been classified as a modulator of oncogenic 

pathways, synaptic plasticity, and neural excitability, also being associated with prolifera-

tive, neurodevelopmental, and psychiatric diseases. TAOK1 and TAOK3, with the excep-

tion of TAOK2, have been demonstrated to bind to STK3/4 and LATS1/2 kinases, thereby 

activating Hippo signaling. However, a previously conducted protein-protein interaction 

screen using the split TEV technique identified TAOK2 as central key interacting protein to 

Hippo pathway core components. Therefore, it is hypothesized that TAOK2 can deliver 

similar functions as TAOK1 and TAOK3 to regulate Hippo pathway activity by modulating 

phosphorylation levels of STK3/4 and LATS1/2 kinases (Fig. 9). 

The focus of this thesis lies on investigating the regulatory mechanism of TAOK2 and its 

interactions with the Hippo signaling cascade in heterologous cells (e. g., HEK293) and 

primary neurons. TAOK2-mediated protein interactions to Hippo core components were 

biochemically validated by co-immunoprecipitation assays. Furthermore, I aimed to de-

termine the most favorable environment for TAOK2 mediated effects on Hippo pathway 

activity. To do this, experiments were performed in HEK293 cells under different treatment 

conditions (e.g., serum starvation vs. stimulation, endogenous vs. overexpressed protein 

levels, different lysis timepoints). To address the influence of TAOK2 on synaptic signal-

ing, the multiparametric profiling tool pathwayProfiler (developed by Systasy Bioscience 

GmbH) and the E-SARE-fluc assay were used to assess the activity of cellular pathways  

in primary cortical neurons.  
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Fig. 9. TAOK2 modulates Hippo signaling and synaptic plasticity. 

TAOK1/3, with the exception of TAOK2, were shown to initiate Hippo signaling upstream of STK3/4 and to 
directly phosphorylate LATS1/2. Interactions between TAOK2 and Hippo components were previously identi-
fied in a split TEV protein-protein-interaction screen performed by our group, requiring further investigations 
about the signaling pathways involved. TAOK2 was reported to have a significant role in modulating synaptic 
plasticity and formation of functional dendritic spines, being classified as a risk gene for conditions like autism 
and schizophrenia. As the Hippo signaling network has also been associated to various psychiatric and neu-
rologic conditions, the connections between TAOK2 and Hippo components and their influence on cellular 
processes represent interesting key aspects addressed in this work. 
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2. Material and Methods 

2.1 Materials 

2.1.1 Instruments and consumables 

Name Manufacturer Serial/ref. no. 

CB 210 CO2 incubator Binder 90400013 

HSP12 Hera Safe workbench Heraeus Instruments 98104177 

Centrifuge 5810 R Eppendorf 5811AN864288 

Universal 32 R Centrifuge Type 1610 Hettich 00625402-00 

Microscope Axiovert 40 Zeiss 3825002079 

Microscope Axio Observer Z1 Zeiss 1024693549 

Microplate Luciferase Reader Berthold 
42-6049 

Mithras LB940 Technologies 

BioPhotometer Eppendorf 613125057 

T Professional Thermocycler Biometra 2103281 

StepOnePlus Real-Time PCR System 
AB 

ThermoFisher 
2720010558 

Scientific 

Mini Trans-Blot® Cell gel-
electrophoresis system BioRad 153BR 

Trans-Blot® TurboTM Blotting System BioRad 170-4155 

Eppendorf Thermomoxer comfort Eppendorf F 1.6 A 

ECL ChemoCam Imager Intas  

Falcon® 48 Well Clear Flat Bottom 
Plate Corning 353078 

Falcon® 6 Well Clear Flat Bottom Plate  Corning  353046 

Cell strainer, 40 µM  BD Falcon 352340 
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4-15 % Mini-PROTEAN® TGXTM Pre-
cast Protein Gels, 10 well, 30 µl  Bio-Rad 4561083 

4-15 % Mini-PROTEAN® TGXTM Pre-
cast Protein Gels, 12 well, 20 µl Bio-Rad 4561085 

PVDF Transfer Membrane Hybond-P GE Healthcare RPN303F 

Blotting Roller, 8.6 cm wide Invitrogen LC2100 

Ultra-15 ml centrifugal filter, PLHK 
Amicon UFC910024 

Ultracel-PL Membrane, 100 kDA 

Discardit II Syringe, 10 ml BD Biosciences 309110 

PCR 96-well plate  Biozym 712220 

Adhesive plate seals ThermoFisher Scientific AB-0580 

NucleoSpin® Gel and PCR Clean-up 
kit Macherey-Nagel 740609.5 

Direct-zolTM RNA MiniPrep Zymo Research R2050 

High-Capacity cDNA Reverse 
ThermoFisher Scientific 4368814 

Transcription kit AB 

Bio-Rad Protein Assay Dye Reagent 
Concentrate Bio-Rad 5000006 

Table 1. Instruments and consumables 

2.1.2 Reagents and chemicals 

Name Manufacturer Catalog no. 

Poly-L-lysine Sigma-Aldrich P1274 

Poly-D-lysine hydrobromide Sigma-Aldrich P7886 

NeurobasalTM Medium (1x) Gibco 21103-049 

B-27TM Supplement (50 x), serum-
free Gibco 17504044 

Fetal Bovine Serum (FBS), qualified, 
heat inactivated Gibco 10500064 

DMEM, 4.5 g/l glucose, w/o glutamine Lonza BE12-614F 



Material and Methods 25 

GlutaMAX (100x) Gibco 35050061 

PBS powder Merck Milli-pore L182-50 

2,5 % Trypsin (10 x) Gibco 15090-046 

OptiMEM (1x) Reduced Serum Medi-
um Gibco 31985047 

Sodium chloride Roth 3957.1 

Tris Roth 4855.3 

Lipofectamine®2000 Invitrogen 11668019 

Dimethyl Sulfoxide Sigma-Aldrich D4540 

Passive Lysis Buffer (PLB) (5x) Promega E1941 

D-Luciferin, free acid PJK GmbH 102112 

Co-Enzyme A PJK GmbH 102212 

ATP PJK GmbH 102261 

Dithiothreitol (DTT) PJK GmbH 102252 

Coelenterazin PJK GmbH 102172 

Tricine Sigma-Aldrich T0377 

(MgCO3)4 * Mg(OH)2 * 5 H2O Sigma-Aldrich M5671 

MgSO4 * 7 H2O Roth T888.2 

QIAzol Lysis Reagent Qiagen 79306 

4-aminopyridine Abcam ab120122 

(-)-Bicuculline methiodide Abcam ab120108 

Glycine Abcam ab120050 

Strychnine hydrochloride Abcam ab120416 

Triton X-100 Roth 66831 

EGTA VWR 437012C 

PhosphoStop – Phosphatase Inhibitor 
Cocktail Tablets Roche 4906837001 
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cOmpleteTM, Mini, EDTA-free Prote-
ase Inhibitor Cocktail Tablets Roche 4906837001 

Trizoma-Hydrochloride (Tris-HCl) Sigma-Aldrich T3253 

Lithium dodecyl sulfate (LDS) Sigma-Aldrich L9781 

Phenol Red Sigma-Aldrich P4758 

Brilliant Blue G250 Roth 95981 

Glycerol Roth 3783.1 

Tween20 Sigma-Aldrich P1379 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich L3771 

Methanol Roth 8388.5 

Bovine Serum Albumin (BSA) Sigma-Aldrich A3059 

Milk powder Roth T5145.2 

SpectraTM Multicolor Broad Range 
Protein Ladder 

ThermoFisher  
Scientific 26634 

PierceTM ECL Plus Western Blotting 
Substrate 

ThermoFisher 
Scientific 32132 

Table 2. Reagents and chemicals 

2.1.3 Antibodies 

Name Manufacturer Antibody Identifier 

Mouse monoclonal anti-V5 (D3H8Q) Cell Signaling Technology Cat# 13202; 
RRID: AB_2687461 

Mouse monoclonal anti-FLAG (clone 
M2) Sigma-Aldrich Cat# F3165; 

RRID: AB_259529 

Mouse monoclonal anti-FLAG M2 
Affinity Gel Sigma-Aldrich Cat# A2220; RRID: 

AB_10063035 

Rabbit polyclonal anti-TAOK2 ProteinTech 
Cat# 21188-1-AP; 
RRID: 
AB_10755293 

Rabbit monoclonal anti-p-YAP1 
(Ser127) (D9W2I) Cell Signaling Technology Cat# 13008; RRID: 

AB_2650553 
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Rabbit monoclonal anti-p-YAP1 
(S397) (D1E7Y） Cell Signaling Technology Cat# 13619; RRID: 

AB_2650554 

Mouse monoclonal anti-YAP1 (M01), 
clone 2F12 Abnova 

Cat# H00010413-
M01; RRID: 
AB_535096 

Rabbit monoclonal anti-p-LATS1 
(Thr1079) (D57D3) Cell Signaling Technology Cat# 8654; RRID: 

AB_10971635 

Rabbit monoclonal anti-LATS1 
(C66B5) Cell Signaling Technology Cat# 3477; RRID: 

AB_2133513 

Rabbit monoclonal anti-p-MOB1 
(Thr35) (D2F10) Cell Signaling Technology Cat# 8699; RRID: 

AB_11139998 

Rabbit monoclonal anti-MOB1 
(E1N9D) Cell Signaling Technology Cat# 13730; RRID: 

AB_2783010 

Rabbit monoclonal anti-p-CREB 
(Ser133) (87G3) Cell Signaling Technology Cat# 9198; RRID: 

AB_2798359 

Rabbit monoclonal anti-CREB 
(D76D11) Cell Signaling Technology Cat# 4820; RRID: 

AB_1903940 

Rabbit polyclonal anti-p-MST1 
(Thr183)/pMST2 (Thr180) Cell Signaling Technology Cat# 49332, RRID: 

AB_2799355 

Mouse monoclonal anti-STK4/MST1 BD Bioscience Cat# 611052, RRID: 
AB_398365 

Rabbit monoclonal anti-STK3/MST2 
[EP1466Y] Abcam Cat# ab52641, 

RRID: AB_882734 

Mouse monoclonal anti-alpha-Tubulin  Sigma-Aldrich Cat# T5168; RRID: 
AB_477579 

2ndary AB – HRP mouse Jackson Immuno Re-
search Labs 

Cat# 115-035-003, 
RRID: 
AB_10015289 

2ndary AB – HRP rabbit Jackson Immuno Re-
search Labs 

Cat# 111-036-003, 
RRID: AB_2337942 

Table 3. Antibodies 
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2.1.4 Plasmids 

For plasmids that are freely available from a repository according to the FAIR principles, 
an Addgene ID is provided. For other plasmids that have only been used in the host la-

boratory, an internally used ID is provided. 

Name  Manufacturer  ID / alternate ID 

pFdelta6 

Alexander Herholt 
 
(Systasy Bioscience 
GmbH) 

V1739 

pRV1 
Alexander Herholt 
(Systasy Bioscience 
GmbH) 

V1740 

pH21 
Alexander Herholt 
(Systasy Bioscience 
GmbH) 

V1741 

pAAV_4xSARE-ArcMin-luc2_hU6 
Alexander Herholt 
(Systasy Bioscience 
GmbH) 

V1301 

pcDNA3.1_nV5-LATS1 
Michael Wehr 
(LMU Munich) V670 / Hs246 

pcDNA3.1_nV5-YAP1-var1 
Michael Wehr 
(LMU Munich)  V598/ Hs194 

pCMV7.1_3xFLAG-TAOK1 Michael Wehr 
(LMU Munich) Addgene #172991 

pCMV7.1_3xFLAG-TAOK2_var1 
Michael Wehr 
(LMU Munich)  Addgene #172992 

pCMV7.1_3xFLAG_TAOK2_var2 
Michael Wehr 
(LMU Munich)  V1682 / Hs911 

pCMV7.1_3xFLAG-TAOK3 
Michael Wehr 
(LMU Munich) Addgene #172993 

pCMV7.1_3xFLAG-KIBRA-var3 
Michael Wehr 
(LMU Munich) Addgene #172994 

pCMV7.1_3xFLAG-LATS1 
Michael Wehr 
(LMU Munich) Addgene #172986 
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pCMV7.1_3xFLAG-LATS2 
Michael Wehr 
(LMU Munich) Addgene #172987 

pCMV7.1_3xFLAG-TAOK2_var1_KD 
Michael Wehr 
(LMU Munich) Hs 940 

pCMV7.1_3xFLAG-MST1 
Michael Wehr 
(LMU Munich) Addgene #172989 

pCMV7.1_3xFLAG-MST2 
Michael Wehr 
(LMU Munich) Addgene #172990 

Tc39_pcDNA3.1_3xMyc-EGFP 
Michael Wehr 
(LMU Munich) V556 

Table 4. Plasmids 

2.1.5 Adeno-associated viruses (AAV) 

Name  Manufacturer  ID / alternate ID 

pAAV_CAG_EYFP_WPRE 
Alexander Herholt 
(Systasy Biocscience 
GmbH) 

V823 

pAAV_shRNA- mTa-
ok2_4_Syn1p_EGFP_Mm114 

Michael Wehr (LMU Mu-
nich) V1976 

AAV-DJ_cisPRO_v2.4 Alexander Herholt (Sys-
tasy Biocscience GmbH) 

Plasmid mix (Her-
holt et al., 2018) 

Table 5. Adeno-associated viruses (AAV) 

2.1.6 Cell lines 

HEK-293 
Human Embryonic 
Kidney wildtype cell 
line 

ATCC 
CLS Cat# 
300192/p777_HEK293, 
RRID: CVCL_0045 

HEK-293T 

Human Embryonic 
Kidney cell line (fast 
growing, transfected 
with the SV40 T anti-
gen) 

ATCC Cat# PTA-5077;  
RRID: CVCL_6911 

Primary cor-
tical neurons 

Isolated from 
C57BL/6 mouse em-
bryos 

C57BL/6 mouse in house 
breeding 

 

Table 6. Cell lines 
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2.1.7 Buffers 

Buffer preparation Indication Usage 

150 mM NaCl, 
50 mM Tris-HCl (pH 8.5); 
stored at 4 °C 

AAV lysis buffer AAV harvest 

5mM Tris-HCl buffer 
(pH 8,5), stored at room temperature DNA buffer Solvent for plas-

mid DNA 

20 mM Tricine 
1.07 mM (MgCO3)4 * Mg(OH)2 * 5 
H2O 
2.67 mM MgSO4 * 7 H2O 
0.1 mM EDTA 
33.3 DTT 
270 µM Co-Enzyme A 
470 µM D-Luciferin, free acid 
530 µM ATP 
 
Comment: 
To solve magnesium carbonate, adjust 
the pH value using HCl (37%) until the 
solution gets clear. Then adjust the pH 
value to 7.8 using 5 M NaOH. Add D-
Luciferin and Co-Enzyme A after-
wards. Stored at-20°C without light, 
thaw at room temperature for use. 

Fluc assay buffer Firefly luciferase 
assays 

50 mM Tris pH 7.5 
150 mM NaCl 
1% Triton X-100 
1 mM EGTA 
Stored at 4 °C. 

1 % Triton X lysis buffer Cell lysis for 
Western blot 

40% Glycerol 
564 mM Tris 
424 mM Tris-HCl 
245 mM LDS 
2.5 % (v/v) Phenol Red 
7.5% (v/v) Brilliant Blue G250 
2 mM EDTA 
Stored at -20 °C. 

4 x loading dye 
For preparing pro-
tein denaturation 
buffer 

50 mM Tris 
15 mM NaCl 
adjust to pH 7.4 with 37% HCl 
Dilute 20fold with dH2O before usage. 
Stored at room temperature 

Tris Buffered Saline (TBS) 
(20 x) 

For preparing 
TBS-T buffer in 
Western blot 

0.1% Tween20 diluted in 1 x TBS 
Stored at room temperature. 1 x TBS-T 

For preparing 
blocking solutions 
in Western blot 
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Table 7. Buffers 

 

2.1.8 Compounds to influence neuronal activity 

Compounds Indication Usage  

1µM TTX (Stock: 1mM) 
100µM AP5 (Stock: 100mM) Tetrodotoxine (TTX) mix  silencing 

50µM BIC (Stock: 7.5mM) 
100µM 4AP (Stock: 100mM) 
100µM Glycine (Stock: 100mM) 
1µM Strychnine (Stock: 20mM) 

Bicuculline (BIC) mix  stimulation 

BDNF (50 ng/well 2 ml) (Stock 10 
µg/ml) 

Brain-derived neurotrophic 
factor stimulation 

Table 8. Compounds to influence neuronal activity 

  

1.92 M Glycine 
0.25 Tris 
SDS 1% 
Dilute 10fold with dH2O before usage. 
Replace if the final pH if it is not within 
0.1 pH units of pH 8.3. 
Stored at room temperature. 

10 x Running buffer SDS-PAGE gel-
electrophoresis 

1.92 M Glycine 
0.25 Tris 
Dilute 10fold with dH2O before usage 
and add 20% methanol and 0.2% 
SDS. 
Stored at room temperature. 

10 x Transfer buffer Western blotting 

5% BSA (for phospho-antibodies) or 
5% milk-powder (for normal antibod-
ies) in TBS-T. 
Stored at 4 °C. 

Blocking buffer 
Membrane blo-
cking in Western 
blot 
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2.2 Methods 

2.2.1 Cell cultures 

2.2.1.1 Isolation, preparation and cultivation of mouse primary cortical neurons 

Primary cortical neurons were prepared from 15.5 days old C57BL/6 mouse embryos. To 

ensure optimal adherence conditions for primary neurons, culture plates were treated with 

poly-D-lysine (PDL) to enhance cell attachment. PDL provides cationic sites for improved 

interaction with the negatively charged cell surface, promoting neuron survival and neurite 

growth. The coating conditions were changed from poly-L-lysine (PLL) to PDL during the 

optimization of neuron cell culture conditions. Neurons only grew in Neurobasal medium 

containing PhenolRed, which has estrogen-like activity and can prevent abnormal, epilep-

tiform bursting activities in neurons. Therefore, Neurobasal medium containing PhenolRed 

was used for neuron cultivation in the experiments.  

Before dissection, culture plates were freshly coated with 0.1 mg/ml PDL overnight at 

room temperature. On the day of dissection, serum-containing plating medium (Neuro-

basal-PhenolRed/5% Fetal bovine serum (FBS)/2% B27/1% Glutamax) was added to the 

6-well plates after washing, and the plates were placed into the incubator (37°C/5% CO2) 

for at least two hours to warm the media and to adjust the pH. After removing PDL from 

the plates and rinsing with ddH2O, half of the final volume of plating medium was added 

to the plates, which were kept in the incubator until dissection. Immediately before dissec-

tion, a mix of 2 ml DMEM + 80 µl Papain (20 U/ml) + 80 µl DNaseI + 20 µl L-cysteine was 

incubated at 37°C (waterbath) to activate Papain.  

Mouse cortices were isolated from embryos and dissected in cold HBSS/5 mM HEPES. 
After slow aspiration of HBSS and addition of 1 ml of activated Papain, the cortices were 

incubated for 13 min at RT. Papain treatment was stopped by adding 10 ml pre-warmed 

and pH equilibrated DMEM(4.5 g/l glucose)/10 % FBS. The medium was replaced by 10 

ml of fresh pre-warmed and pH equilibrated DMEM(4.5 g/l glucose)/10 % FBS, then 2 ml 

pre-warmed and pH equilibrated plating medium were added. Cortices were gently tritu-

rated using a P1000 pipette. The cell suspension was pipetted through a 40 μm mesh (BD 

Cell strainer) to remove any cell aggregations. After, cells were counted by diluting 10 µl 

of the cell suspension with 90 µl medium, using a Neubauer cell counting chamber. Final-

ly, half of the suspension volume was added to culture medium in the cell culture dish. 

During cultivation, cells were feeded by replacing 1/4 of the medium with fresh, warm and 

pH adjusted Culture medium every 4-5 days. The procedure was carried out according to 
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the Standard Operation Procedure “Primary Neuron Culture” (SOP104) used in the labor-

atory and to Alexander Herholts PhD Thesis 183. 

2.2.1.2 Cultivation of permanent cell cultures (HEK293 cells) 

HEK293 cells are an immortalized, robust, and fast-growing cell line isolated from the kid-
ney of a human embryo. The experiments were mainly performed in wild-type HEK293 

cells, while the HEK293-FT cell line was used to generate high titer adeno-associated 

vectors (AAV). Both cell lines were cultivated in 15 cm petri dishes and maintained in 

DMEM (with 4.5 g/L glucose), supplemented with 10% FCS, 1% GlutaMAX and 1% peni-

cillin/streptomycin. All cells were incubated at 37°C and 5 % CO2. They were regularly 

passaged when reaching a confluence of 80-90% and split into the ratio 1:5 and 1:10. The 

old medium was removed with a vacuum pump. The cells were washed with 10 ml of 

phosphate buffered saline (PBS) and then treated with 5 ml trypsin/versene for 3 minutes 

in the incubator. To stop the reaction, 10 ml of maintenance medium (37°C) was added. 

The cell mixture was transferred to a tube and centrifuged at 800 rpm for 5 minutes. After 

removing the supernatant, the cells were mixed with new medium according to the desired 

ratio. The cell suspension was transferred to a new dish containing 20 ml of pre-warmed 

maintenance medium and incubated at 37°C and 5% CO2 until they reached a density of 

80-90%. 

2.2.2 Viral vectors 

2.2.2.1 Production of adeno-associated viral vectors (AAV) 

To modify TAOK2 expression in cells and perform E-SARE assays based on firefly (Fluc) 

luciferase, corresponding viral vectors had first to be established. The production of the 

AAV vectors was carried out according to the general guideline published by McClure et 

al. 184, comprising three principal steps: 1. Transfection of HEK293FT cells, 2. AAV har-

vest (purification and enrichment), and 3. Titer determination by absolute quantitative real-

time PCR (qRT-PCR).  

2.2.2.2 Transfection of HEK293-FT cells 

HEK293-FT cells were seeded onto PLL-coated petri dishes one day before transfection.  

One hour after medium change to fresh 37 °C pre-warmed HEK maintenance medium, 

the AAV plasmids (previously cloned by Alexander Herholt) were transfected into the cells 

using polyethylenimine (PEI) as transfection agent. A mix of four plasmids - 10 µg of 

pFdelta6 (adenovirus helper plasmid), 3.75 µg of pH21 (containing the Rep and Cap se-

quences from AAV serotype 1), 3.75 µg of pRV1 (containing the Rep and Cap sequences 
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from AAV serotype 2) and 4 µg of pAAV_E-SARE-ArcMin_Fluc_WPRE – was diluted in 

500 µl OptiMEM. In the following, PEI was added with a DNA-to-PEI ratio of 1:4, the solu-

tion was vortexed for 10 seconds and incubated at RT for 10 min. After incubation, the 

transfection mix was added dropwise to the cells. Four hours after transfection, 15 ml of 

fresh medium were added, and the cells were incubated for another three days at 37 °C. 

The combination of two different AAV serotypes for capsid expression (pH21, pRV1) ena-

bled a more efficient infection of neuronal cells compared to the usage of one single sero-

type. 

2.2.2.3 AAV purification and enrichment 

The AAV particles were harvested three days post-infection, including purification and 

enrichment. For purification, the cells were detached by thorough pipetting, transferred 

into a 50 ml tube, and centrifuged at 1000 rpm for 10 min. After removing the supernatant, 

the cells were resuspended in 5 ml of AAV lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 

8.5) and lysed by three freeze-thaw cycles between -80 °C and 37 °C. The cells were fro-

zen at -80°C for 20 minutes and afterwards thawed in a water bath at 37 °C, repeating this 

step twice. To digest the genomic DNA, 1 µl of Benzonase (50 U/ml) was added and incu-

bated at 37 °C for 30 min. The suspension was centrifugated at 1000 rpm for 10 min, fol-

lowed by collection of the AAV-containing supernatant, which was filtered through a 0.45 

µM filter with a syringe. To proceed with the virus enrichment, the supernatant was trans-

ferred into an Amicon Ultra-15 centrifugal filter unit (100 kDa membrane cutoff, Millipore), 

10 ml of PBS were added and centrifuged at 3000 rpm for 15 min. Subsequently, another 

10 ml of PBS were added, repeating the centrifugation until reaching a stock volume be-

tween 0.25 ml and 0.5 ml. Aliquots were made and frozen at -80 °C for future use. 

2.2.2.4 Titer determination by quantitative real-time PCR (qRT-PCR) 

To measure the titer of the AAV stocks, a quantitative real-time PCR (qRT-PCR) was per-
formed. 5 µl of AAV stock were mixed with 84 µl dH2O, 10 µl of Turbo DNase buffer and 1 

µl of Turbo DNase (2U/ml) to digest residual plasmid DNA and release cellular DNA. 

Then, the mix was then incubated at 37 °C for 15 min and the Turbo DNase was inacti-

vated at 95 °C for 10 min. To break open the capsid, 5 µl of proteinase K (10 mg/ml) were 

added and incubated at 50 °C for 15 min. The released AAV-DNA was purified using the 

NucleoSpin® Gel and PCR Clean-Up kit (Macherey-Nagel) and eluted in 200 µl elution 

buffer.  

Absolute quantification was carried out on the StepOnePlus Real-Time PCR System Ap-
plied Biosystems (AB) by ThermoFisher Scientific using the 2 x Power-UpTM SYBR® 

Green Master Mix. The PCR master mix for one single approach was obtained by mixing 
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7.5 µl 2x Power-UpTM SYBR® Green Master Mix with the according volume of the 10 µM 

concentrated WPRE primers to get a final primer concentration of 0.15 µM. Afterwards, 

the volume was expanded to 10 µl with dH2O and the DNA samples were diluted at 

1:1000. To generate the standard curve, a dilution series with 103-106 copies/μl of a 

pAAV plasmid plus non-template control were prepared. For performing the RT-PCR, 10 

µl of master mix per sample were transferred into a single well of a PCR 96-well plate and 

5 µl of the DNA samples or dH2O were accordingly added.  

After sealing the PCR 96-well plate, the qRT-PCR was carried out by adjusting the PCR 

parameters corresponding to the manual instructions for the Power-UpTM SYBR® Green 

Master Mix AB (ThermoFisher Scientific). 

2.2.3 Co-Immunoprecipitation and analysis by Western blotting 

HEK293 cells were plated at 6x100.000 cells in 6-well plates and transfected with plas-

mids using Lipofectamine 3000 (Thermo Fisher Scientific). After 18 h of expression, cells 

were treated and lysed in a 1% Triton-X lysis buffer supplemented with phosphatase in-

hibitors (10 mM NaF, 1 mM Na2VO4, 1 mM ZnCl2 and 4.5 mM Na4P2O7) or the Com-

plete Phosphatase Inhibitor Cocktail PhosSTOP (Roche) and cOmplete™ Mini Protease 

Inhibitor Cocktail (Roche). Protease inhibitors are used to prevent protein degradation, 

while phosphate inhibitors aim at preserving protein phosphorylation states, which are 

particularly important in kinase pathways.  

To lyse cells, the medium was first removed, and the cells were washed once by adding 1 

ml of 1xPBS to each well. After washing the plates, 250 µl of cell lysis buffer was added 

and the plates were incubated for 10 minutes on ice. The lysates were transferred into 

centrifugation tubes and centrifuged at 13,000 rpm for 10 minutes at 4 °C to remove the 

cell debris. 230 µl of the centrifuged lysate samples were transferred into new 1.5 ml cen-

trifugation tubes, 123 µl of protein denaturation buffer was added and then incubated at 70 

°C for 10 minutes.  

For co-immunoprecipitations, FLAG-tagged proteins were purified using anti-FLAG M2 

affinity gel (Sigma) and incubated for 2 h at 4°C. Afterwards, the FLAG immunoprecipi-

tates were washed four times in lysis buffer and denatured for 10min at 70°C. 100 µl ali-

quots were stored at -20 °C for later use. The remaining lysate samples were used to per-

form the Bradford assay to check whether the protein content was approximately the 

same in every lysate. For the assay, the Bio-Rad Protein Assay Dye Reagent Concentrate 

was diluted at a ratio of 1:5 with dH2O and 1 ml of the dilution was mixed with 2 µl of ly-
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sate sample in a cuvette. The OD600 was measured, including a blank sample as a con-

trol.  

The protein gels for Western blotting were run using the SDS-PAGE gel-electrophoresis 

system. 10 µl of SpectraTM Multicolor Broad Range Protein Ladder and 16 µl of lysate 

were applied to 10-well or 12-well 4-15 % Mini-PROTEAN® TGXTM Precast Protein Gels 

and electrophoresis was run at 100 V for 15 min and at 150 V for another 45 min. Before 

setting up the Trans-Blot® TurboTM Blotting System (Bio-Rad), four sheets of Whatman 

paper were soaked in 1 x transfer buffer, while one piece of PVDF (polyvinylidine fluo-

ride)-membrane was activated for 30 seconds in methanol. The membrane and the gel 

were both equilibrated in 1 x transfer buffer for 15 min.  

Afterwards, one cassette unit of the blotting device was removed to build up the blotting 

sandwich by first placing two sheets of the soaked Whatman paper on the cassette base 

(anode). The activated and equilibrated PVDF-membrane was placed on top of them, 

while the gel was placed on top of the membrane and always kept wet. Air bubbles were 

carefully removed with a mini roller. Finally, the other two sheets of Whatman paper were 

placed onto the gel. The lid of the cassette (cathode) was placed on the blotting sandwich, 

locked, and put back into the Trans-Blot® TurboTM Blotting System. The transfer was 

performed by using the standard Bio-Rad transfer protocol (pre-programmed standard 

setting: 25 V, 1.0 A, 30 min).  

After finishing the transfer, the blot-membranes were blocked for 30 min at RT in either 5 

% BSA blocking solution for phospho-antibodies or 5 % milk powder for non-phospho-

primary antibodies. Altogether, three cycles of antibody staining were performed. In the 

first run, BSA-blocked membranes were incubated with the primary Phospho-antibody 

(e.g., pLATS (Thr1079), pYAP (Ser127), pYAP (Ser397)) diluted at a ratio of 1:1000 in 5 

% BSA blocking solution overnight at 4 °C. The membranes were then rinsed twice and 

washed four times with TBS-T for 5 min each at RT. After, they were incubated with the 

secondary antibody (Rabbit IgG HRP Linked or Mouse IgG HRP Linked Whole Antibody) 

diluted at a ratio of 1:5000 in 5 % BSA blocking solution for 90 min at RT. Again, the 

membranes were rinsed twice and washed four times with TBS-T for 5 min each.  

After being washed, the stained proteins were detected by using the PierceTM ECL Plus 

Western Blotting Substrate, more precisely by a mixture of ECL solution A and ECL solu-

tion B at a ratio of 40:1. The ECL solution was dropped onto the membranes, following an 

incubation time of 1 min. Shortly after, excess substrate was removed, and the blot mem-

branes were placed into transparent plastic folders to continue with the imaging process 

using the Intas ECL ChemoCam Imager.  
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In the second round, the membranes were again incubated with the primary antibodies 

(e.g. LATS-G12, YAP 63.3) at a dilution of 1:1000 in 5 % milk powder blocking buffer and 

with the secondary antibodies diluted at a ratio of 1:5000 in 5 % milk powder blocking 

buffer. In the final run, anti-α-Tubulin (mouse) was used as a loading control at a dilution 

of 1:2000 in 5 % milk powder blocking buffer. To remove membrane bound antibodies 

between cycles, blot membranes were rinsed once with TBS-T to wash away the ECL 

solution and incubated with 0.5 M NaOH for 5 min at RT. Subsequently, the membranes 

were rinsed twice and washed three times with TBS-T for 5 min at RT, preparing the new 

cycle by blocking the membranes in the appropriate blocking solution. Densitometric anal-

ysis of western blots was performed with Image J, following a protocol available on 

http://www.lukemiller.org.  

2.2.4 pathwayProfiler: Pathway profiling in primary neurons 

Phenotypic screening assays are used to identify substances or molecules with prede-

fined effects on the phenotype of cells or animal-based models, e.g., the measurement of 

neural activity in primary neurons. In this work, a multiparametric profiling tool called 

pathwayProfiler (developed by Systasy Bioscience GmbH) was applied on primary cortical 

neurons to simultaneously measure relevant signaling events under defined treatment 

conditions. This method uses 100 barcoded biosensors to address distinct transcription 

factor activities and distal endpoints of signaling cascades, grouped into seven major sig-

naling clusters including regulation of cellular stress, cell fate, metabolism, immune re-

sponse, stem cell pluripotency, synaptic activity & calcium signaling, and immediate early 

gene (IEG) response 185.  

Several conditions were tested in this assay. Stimulation of primary neurons with bicucul-

line (BIC) and 4-aminopyridine (4-AP) or brain-derived neurotrophic factor (BDNF) led to 

enhancement of the luciferase signal. BIC is a GABA receptor antagonist which, in combi-

nation with the antagonizing effect of 4-AP on voltage-gated potassium channels, indirect-

ly enhances synaptic activity 186. BDNF activates MAPK by binding to tyrosine kinase re-

ceptor B (Trk-B) 187. In contrast, neurons were silenced with tetrodotoxin (TTX), a sodium 

channel blocker, and (2R)-amino-5-phosphonovaleric acid (APV), a NMDA receptor an-

tagonist 188,189, leading to decreased luciferase signals. 

Timeline: On DIV0, primary cortical neurons from E15.5 old mouse embryos were plated 
on DIV0 onto PLL-coated 6-well plates containing 2000 µl plating medium per well (Neu-

robasal-PhenolRed/5% FBS/2% B27/1% Glutamax). One day after, the plating medium 

was exchanged to culture medium (Neurobasal-PhenolRed/2%B27/1%Glutamax). On 

DIV5, cells were feeded by removal of 650 µl old medium and addition of 570 µl fresh cul-
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ture medium per well. On DIV6, cells were infected by adding AAV particles diluted in 

100µl fresh culture medium (2000 µl total volume/well). Half of the cells were infected with 

a mix containing the viruses AAV-DJ_cisPRO_v2.4 (barcoded pathwayProfiler sensors) 

and pAAV_CAG_EYFP_WPRE (EYFP control), while the other half got infected with a mix 

of AAV-DJ_cisPRO_v2.4 and pAAV_shRNA-mTaok2_4_Syn1p_EGFP_Mm114 for Taok2 

depletion. Cells were fed again on DIV 8. 24 hours before lysis, cells were silenced by 

adding the TTX mix (1 µM/2000 µl). Finally, 2 h before lysis on DIV14, the stimulating 

compounds BIC mix (50 µM/2000 µl) and BDNF (50 ng/2000 µl) were added. Cells were 

then lysed with Qiazol (350 µl per 6-well), transfered into Eppis and stored in the freezer 

at -80°C. Every treatment condition was run in three replicates, with a total number of 36 

samples.  

Then, qRT-PCR was performed by Karin Neumeier using Dynabeads TMmRNA Direct Kit 

TM (Thermo fisher) for RNA purification and the High-capacity cDNA reverse Transcrip-

tion Kit (Applied Biosystems) for cDNA synthesis. The following steps, barcode amplifica-

tion and sequencing, were carried out according to the protocol described in Alexander 

Herholt’s PhD thesis (Section 4.5 Multiplexed cis-regulatory sensor assay, 183). Barcodes 

were amplified after cDNA synthesis by adding 1 µl of cDNA (1/10 dilution) to 20 µl PCR 

reaction. PCR was performed for 30 cycles at an annealing temperature of 59°C. The 

PCR product was verified using agarose gel-electrophoresis. In the following PCR, bar-

codes were fused with the adapter sequences for Ion Torrent sequencing. The PCR was 

performed using HotStar Taq plus DNA polymerase (Qiagen) and its product was verified 

using agarose gel-electrophoresis. Barcode libraries were sequenced by an Ion Torrent 

Proton PGM sequencer with an Ion PI Sequencing 200 v3 kit. Raw data was processed 

using custom shell and R scripts with support from Dr. Sven Wichert. Finally, the results 

were presented in a heatmap of log2-transformed fold changes relative to the untreated 

reference samples.  

2.2.5 E-SARE-Fluc assays 

To validate the results from the pathwayProfiler assays, E-SARE-Fluc assays were per-

formed. The Synaptic Activity-Responsive Element (SARE) is a conserved promoter re-

gion of the immediate-early gene Arc (activity regulated cytoskeletal protein) which con-

sists of transcription factor binding sites for CREB (cAMP response element-binding pro-

tein), MEF2 (myocyte enhancer factor-2) and SRF (serum response factor) 190. The Arc 

gene is an activity-dependent regulator of synaptic plasticity and a significant molecular 

marker for strong synaptic activity 191.  
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Originally engineered by Kawashima et al. 192, the enhanced SARE element (E-SARE) 

generated in our laboratory is a cluster of four SARE subregions fused to the proximal Arc 

promoter (ArcMin) and to a firefly luciferase (FLuc) to monitor luciferase activity in primary 

neuronal cultures (Fig. 20A) 193. This construct was shown to strongly enhance the ex-

pression of the firefly luciferase in response to synaptic stimuli, while synaptic inactivi-

ty/inhibition led to a low basal expression. Thereby, the changes in synaptic activity 

measured by the nuclear E-SARE sensor reflect signals from multiple synapse-to-nucleus 

signaling pathways such as calcium signaling or MAPK signaling. The sensor was inte-

grated into the neuronal genome by adeno-associated virus (AAV)-based transfer vectors 

containing the E-SARE-luciferase reporter, next to AAV co-infection transferring two types 

of TAOK2-shRNA, as well as an EYFP (Enhanced Yellow Fluorescent Protein) control.  

Timeline: In this work, primary cortical neurons from E15.5 old mouse embryos were plat-

ed on DIV0 onto a 48-well plate with a cell density of 40.000 cells/well. The plates were 

PLL-coated and contained 400 µl plating medium per well (Neurobasal-PhenolRed/5% 

FBS/2% B27/1% Glutamax). One day after, the plating medium was exchanged to 200 µl 

culture medium per well (Neurobasal-PhenolRed/2% B27/1% Glutamax). After removal of 

40 µl old medium and addition of 50 µl fresh culture medium per well on DIV5, the cells 

were infected by adding AAV particles diluted in 100µl fresh culture medium (300 µl total 

volume/well) on DIV6. On DIV8, 100 µl of fresh culture medium were added to each well. 

The neurons were cultivated until DIV12 to allow sufficient maturation by forming active 

synapses and spontaneous network activity 193. To silence neuronal activity on DIV11, a 

cocktail containing TTX (Tetrodotoxin) was added to the medium and incubated for 24 h. 

Four hours before cell lysis on DIV12, neuronal activity was stimulated by addition of 

BDNF and a mix containing Bicuculline (BIC), which inhibits inhibitory neurons, and 4-

aminopyridine (4-AP), which delays repolarization. Further mix compounds, glycine, and 

strychnine, have a positive regulatory effect on glutamatergic transmission. For cell lysis, 

the medium was removed and 70 µl of Passive Lysis Buffer (PLB) were added per well. 

Luciferase activity was measured for 2 seconds per well after addition of FLuc Buffer, us-

ing a Mithras LB 940 Microplate Reader (Berthold Technologies) and the software Mi-

croWin2000.  

2.2.6 Statistical data analysis 

Statistical analysis of Western blot data was performed with careful consideration of sam-

ple size limitations. In general, three independent experiments were performed for each 

condition. However, the quality of the Western Blot results was fluctuating due to unstable 

protein expression or technical problems. Therefore, only the most consistent results are 
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shown and analysed in this work.  Due to the experimental design with typically n=2 repli-

cates per group, non-parametric statistical methods were employed throughout the analy-

sis. While normality testing using methods such as Shapiro-Wilk or Kolmogorov-Smirnov 

tests is traditionally recommended 194, these tests lack statistical power with such small 

sample sizes and can lead to unreliable conclusions about data distribution 195 . Therefore, 

distribution-free methods that make no assumptions about normality appeared to be the 

best choice. 

For comparisons between two experimental groups, the Mann-Whitney-U-test was applied 

for non-normally distributed data, as it provides robust analysis for small sample sizes and 

is resistant to outliers 196. When analyzing experiments involving multiple groups of non-

normally distributed data, the Kruskal-Wallis test was implemented as the primary statisti-

cal method, followed by Dunn's test for post-hoc comparisons where appropriate. To con-

trol for multiple testing in these cases, p-values were adjusted using the Benjamini-

Hochberg procedure to maintain an acceptable false discovery rate while preserving sta-

tistical power 197. Statistical significance was denoted as follows: *p < 0.05, **p < 0.01, and 

"n.s." for non-significant results. 

All quantitative data are presented as mean values with error bars representing the stand-

ard error of the mean (SEM). Paired measurements from Western blot bands were pro-

cessed to calculate relative protein levels, expressed either as arbitrary units (a.u.) for 

direct ratios or as fold changes (FC) when normalized to control conditions. This statistical 

approach acknowledges the limitations of small sample sizes while maintaining statistical 

rigor appropriate for the experimental design. 
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3. Results 

3.1 The influence of TAOK2 on Hippo pathway activity 

3.1.1 TAOK2 associates with Hippo pathway core components 

The outcomes of the split TEV-based focused interaction screen conducted by our team 

revealed novel connections among core components of the Hippo pathway and key regu-

latory proteins 177. Of particular interest are the novel interactions between TAOK2 and 

LATS kinases, which have previously been reported only for TAOK1 and TAOK3 126,198,199. 

The function of Hippo main kinases STK3, STK4, LATS1, LATS2, and the transcriptional 

output of YAP1 can be modulated by multiple upstream regulators (Fig. 10A), such as the 

polarity proteins KIBRA, AMOT and the tumor suppressor protein NF2 124,129,180. To vali-

date the most important findings biochemically, experiments using co-immunoprecipitation 

followed by Western blotting were performed in HEK293 cells. For these assays, HEK293 

cells were transfected in pairs with FLAG-tagged Hippo pathway components and V5-

tagged TAOK2. Cell lysis was performed 18 h later, followed by immunoprecipitation of 

FLAG-tagged proteins, and an occurred interaction between TAOK2 and Hippo pathway 

core components LATS1, LATS2, STK3, STK4 and modulators PKCzeta and AMOT was 

identified by blotting for V5-tagged TAOK2 (Fig. 10B).  

 

 

 

 

 

 

 

Fig. 10. TAOK2 interacts with Hippo pathway components. 

(A) Chart illustrating potential TAOK2-Hippo pathway interactions. (B) TAOK2 engages with components of 
the Hippo pathway. TAOK2-overexpressed HEK293 cells were transfected simultaneously with plasmids 
tagged with FLAG and V5, followed by lysis after 18 h of expression. Lysates underwent FLAG-co-
immunoprecipitation and Western blot analysis, using V5-tag and FLAG-tag antibodies. IP indicates FLAG-
immunoprecipitates, while lysates imply whole cell lysates.  
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3.1.2 TAOK2 phosphorylates LATS1 

As TAOK2 binds to LATS1/2 kinases, it was next tested by Western Blot whether in-
creased TAOK2 expression in HEK293 cells also modulates phosphorylation of LATS 

kinases. Indeed, FLAG-tagged TAOK2 co-transfected with V5-tagged LATS1 lead to 

slightly increased LATS1 phosphorylation (Fig. 11A, B). Compared to the effect of co-

transfected TAOK2, overexpression of an inactive form of the TAOK2 kinase (TAOK2-KD) 

did not increase LATS1 phosphorylation (Fig. 11C, D), confirming that the kinase activity 

of TAOK2 is responsible for the phosphorylation of LATS1. Since TAOK2 binds to LATS1 

and TAOK2 kinase activity leads to the phosphorylation of LATS1, it can be suggested 

that TAOK2 directly phosphorylates LATS1. 

Further, a time course analysis was performed to determine endogenous LATS1 phos-

phorylation levels at different lysis timepoints (6 h vs. 12 h post transfection). This method 

allows to examine how gene expression changes over time and to identify the ideal envi-

ronment for LATS1-TAOK2 interactions. For TAOK2 overexpression, different amounts of 

TAOK2 plasmid (10-300ng) were transfected into HEK293 cells, without overexpression of 

LATS1. Endogenous phospho-LATS1 levels are increased in TAOK2 co-expressed cells, 

but no significant differences could be observed between samples transfected with 10ng, 

30 ng, 100 ng, or 300 ng of TAOK2 plasmid (Fig. 11E, F). The results from the 6 h-lysis 

timepoint are not shown here due to weak expression. Altogether, 12 h incubation time 

might still not be sufficient for proper protein expression. 
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Fig. 11. TAOK2 increases LATS1 phosphorylation in HEK293 cells. 

(A) TAOK2 upregulates p-LATS1 in HEK293 cells. Plasmids that express TAOK2 and LATS1 (3xFLAG-
TAOK2 and V5-LATS) were transfected into HEK293 cells cultivated in medium containing 10% FCS and 
lysed after 20 h. Western blotting was conducted applying the specified antibodies. (B) Quantification of phos-
phorylated LATS1 shown in (A). (C) Co-transfection of an inactive variant of TAOK2 (TAOK2_var1_KD) leads 
to lower phosphorylation of LATS1 compared to TAOK2 (TAOK2_var1). V5- and FLAG-antibodies were used 
to detect V5- and FLAG-tagged proteins. (D) Quantification of phosphorylated LATS1 depicted in (C). (E) Time 
course analysis of endogenous LATS1 phosphorylation in HEK293 cells. Different amounts of TAOK2 
(3xFLAG-TAOK2, 10 ng-300 ng) were transfected into HEK293 cells cultivated in medium containing 10% 
FCS and lysed after 12 h. (F) Quantification of phosphorylated LATS1 depicted in (E). Significance was calcu-
lated using a Mann-Whitney-U test in (B) and a Kruskal-Wallis test in (D) and (F), n=2 per group, values rep-
resent paired band measurements. Error bars show SEM with *, P < 0.05, **, P < 0.01, and n. s., not signifi-
cant. 
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To compare the effect of the three TAOKs on LATS1 phosphorylation, TAOK1/2/3 were 

each co-transfected with LATS1 into HEK293 cells and lysed after 20 h incubation time. 

TAOK1 strongly increased p-LATS1, while TAOK2 and TAOK3 showed a weaker effect 

(Fig. 12A, B).  

 

 

 

 

 

 

 

3.1.3 TAOK2 increases YAP1 phosphorylation  

YAP1 and TAZ serve as the primary transcriptional targets of the Hippo pathway, control-

ling the expression of genes associated with tissue growth, proliferation, and apoptosis 111. 

It is known that TAOK1 and TAOK3 can promote Hippo pathway activity by phosphoryla-

tion of STK3/4, which in turn activate LATS1/2. LATS1/2 activation results in the phos-

phorylation of YAP1 and TAZ, leading to cytoplasmic retention by associating with 14-3-3 

protein at YAP phosphorylation site S127 and subsequent ubiquitin-mediated degradation 
111,119,132 (Fig. 13A). Recent developments indicate that various members of the Hippo 

pathway, especially LATS1/2 and YAP1/TAZ, are regulated by degradative and non-

degradative ubiquitin modifications through the ubiquitin system 200. Being involved in 

post-translational modification and mediating various cellular stress responses, E3 ubiqui-

tin ligases form a three-enzyme cascade with ubiquitin activating enzymes (E1) and ubiq-

uitin conjugating enzymes (E2), catalyzing the transfer of ubiquitin to the targeted sub-

strate 201.  

Fig. 12. TAO kinases promote phosphorylation of LATS1. 

(A) TAO kinases increase phosphorylation of LATS1 in HEK293 cells. Plasmids expressing TAOK1, TAOK2, 
TAOK3 and V5-tagged LATS1 were simultaneously transfected into HEK293 cells, followed by lysis after 20 h 
of incubation. V5- and FLAG-antibodies were used to detect V5- and FLAG-tagged proteins. (B) Quantification 
of phosphorylated LATS1 depicted in (A). Significance was calculated using a Kruskal-Wallis test, n=2 per 
group, values represent paired band measurements. Error bars show SEM with *, P < 0.05, **, P < 0.01, and 
n. s., not significant. 
 



Results 45 

To determine possible dose-dependent effects of TAOK2 on YAP1 expression, HEK293 

cells were co-transfected with V5-tagged YAP1 and increasing FLAG-tagged TAOK2 

plasmid amounts (10 ng, 100 ng and 300 ng). TAOK2 overexpression increased phospho-

YAP1 levels at the phosphorylation site S397, facilitating E3 ubiquitin ligase-mediated 

proteasomal degradation (Fig. 13B, C). This effect was observed in a following experi-

ment targeting the YAP1 phosphorylation site S127 associated with cytoplasmic retention 

(Fig. 13D, E). It was also validated using Western blotting, showing an increase in endog-

enous YAP1 and TAZ phosphorylation levels in TAOK2-co-transfected cells (Fig. 13J, K, 
L).  

Further, a time course analysis was performed in analogy to LATS1, following the same 

procedure as described in chapter 3.1.2. Cells were lysed after 12 h, while the results 

from the 6 h-lysis timepoint are not shown here due to weak expression. YAP1 expression 

levels detected by the antibody p-YAP1 (S397) were significantly increased with a peak at 

co-transfection with TAOK2 100 ng (Fig. 13F, G). Another experiment using the antibody 

p-YAP1 (S127) (Fig. 13H, I) showed a significant increase in YAP1 phosphorylation at co-

transfection with TAOK2 10ng, 30 ng and 300 ng. However, the irregularity of the bands 

and the high background on the blots might impose limitations on the qualitative analysis 

of the effect of TAOK2 on YAP1 phosphorylation. 

In summary, the results indicate that TAOK2 indirectly inhibits YAP1 transcriptional activity 

by phosphorylating and activating LATS1/2, which phosphorylate YAP1 and prevent it 

from translocating to the nucleus to promote gene expression. 
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3.1.4 TAOK2 mediated phosphorylation of LATS1 and YAP1 are increased 
under starvation conditions  

The Hippo signaling pathway assimilates numerous environmental cues to regulate cell 

metabolism and growth. Cellular stress triggered by e.g., nutrient deprivation or toxic 

stimuli, is registered by GPCRs and leads to interaction of Hippo signaling and KI-

BRA/WWC1 to suppress YAP1 transcriptional activity and negatively regulate cell prolifer-

ation and tissue growth 129,171. Serum starvation is frequently used method in molecular 

biology to investigate stress-related signaling pathways (e.g., ERK/JNK pathway, mTOR 

signaling) and protein degradation effects 202. To test whether TAOK2 as a stress-

responsive kinase has a modulatory effect on Hippo pathway, cells were repeatedly culti-

vated in medium with low serum concentration (0.1%) and transfected with TAOK2 over-

expressing plasmids. As TAOK2 was expressed strongly from the expression plasmid 

used in previous experiments, only 50% of the plasmid amount were transfected in these 

serum starvation experiments. 

3.1.4.1 TAOK2 variant 2 leads to CREB phosphorylation under starvation 
conditions  

In the first run, HEK293 cells were starved for 8 h, lysed, and tested for endogenous 

LATS1, YAP1 and CREB phosphorylation levels (Fig. 14A, B). The cells were transfected 

with two plasmid variants for TAOK2 overexpression, TAOK2 variant 1 (TAOK2_var1) and 

variant 2 (TAOK2_var2). It has been shown that the two TAOK2 gene variants play 

different roles in dendritic spine development, dependent on the development stage 96,107. 

Fig. 13. TAOK2 increases YAP1 phosphorylation. 

(A) Schematic map of TAOK2-induced phosphorylation of downstream Hippo targets leading to YAP1 degra-
dation. (B) TAOK2 overexpression increases p-YAP1 at the phosphorylation site S397, facilitating proteasomal 
degradation via ubiquitination by E3 ligases. A similar impact of TAOK2 was observed at (D) S127, a YAP1 
phosphorylation site promoting cytoplasmic retention. Different amounts of TAOK2 (3xFLAG-TAOK2, 10 ng-
300 ng) and YAP1 expressing plasmids (V5-YAP) were transfected into HEK293 cells cultivated in medium 
containing 10% FCS and lysed after 20 h. (C, E) Quantification of p-YAP1 (S397) (C) and p-YAP1 (S127) (E) 
depicted in (B) and (D). (F, H) Time course analysis of endogenous YAP1 phosphorylation levels in HEK293 
cells. Different amounts of TAOK2 (3xFLAG-TAOK2, 10 ng-300 ng) were transfected into HEK293 cells culti-
vated in medium containing 10% FCS and lysed after 12 h. TAOK2 upregulates endogenous phospho-YAP 
levels at the phosphorylation sites S397 (F) and S127 (H). (G, I) Quantification of p-YAP1 (S397) (G) and p-
YAP1 (S127) (I) depicted in (F) and (H). (J) Schematic representation of TAOK2-induced phosphorylation of 
YAP1 at S127 and TAZ at S89. (K) TAOK2 upregulates endogenous p-YAP1 (S127) and p-TAZ (S89) in 
HEK293 cells. Only TAOK2 was overexpressed by transfection of 3xFLAG-TAOK2 into HEK293 cells (10% 
FCS). (L) Quantification of p-YAP1 (S127) shown in (K). Western blot analyses were performed using the 
denoted antibodies. Significance was calculated using a Kruskal-Wallis test in (C), (E), (G) and (I), and a 
Mann-Whitney-U test in (L). n=2 per group, values represent paired band measurements. Error bars show 
SEM with *, P < 0.05, **, P < 0.01, and n. s., not significant. FCS: Fetal Calf Serum; S: Serine; SE: Short Expo-
sure, LE: long exposure. 
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Variant 1 has a molecular weight of 140 kd and contains transmembrane domains, while 

variant 2 is shorter with a molecular weight of 120 kd. TAOK2_var1 expression levels 

remains constant during early embryonic development of the cortex, with a significant 

increase at perinatal and adult time points. In comparison, TAOK2_var2 could not be 

detected prior to E19 78,94,203. 

Overexpressed TAOK2 lead to increased phospho-YAP1 and phospho-LATS1 levels in 

HEK293 cells, as a possible response to cellular stress. Interestingly, increased TAOK2 

expression (especially induced by TAOK2 variant 2) lead to upregulated CREB phosphor-

ylation as well, suggesting a potential link between TAOK2 and calcium signaling. This 

has been observed before in hippocampal neurons, where TAOK2-mediated calcium 

compartmentalization was necessary for dendritic spine maturation 85. CREB is recog-

nized for its role in the adaptive stress response and its regulation by ERK1 and ERK2 
204,205. In this case, nutrient deprivation as stressful environment might activate MAPK and 

TAOK signaling, leading to CREB upregulation and changes in intracellular processes.  
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3.1.4.2 Starvation: 6 h (0.1% FCS), Stimulation: 30 min (10% FCS) 

In the second run, different serum conditions were used: 6 h starvation time at 0.1% FCS 

and 30 min stimulation time at 10% FCS. The assumption is that Hippo pathway is active 

under stress at low serum conditions, with increased LATS1 phosphorylation levels. In 

consequence, high serum conditions would inactivate Hippo pathway (Fig. 15A). Phos-

phorylation of MOB1 by STK3/4 facilitates the activation of LATS1/2, making it a valuable 

indicator of upstream Hippo pathway activity 206,207. Starvation alone led to increased p-

MOB1 levels. Additional overexpression of TAOK2_var1 further increased MOB1 phos-

phorylation, while overexpression of TAOK2_var2 showed no effect on MOB1 phosphory-

lation (Fig. 15B). CREB protein levels were upregulated upon stimulation with 10% FCS. 

Overexpression of TAOK2_var1 and TAOK2_var2 also increased CREB phosphorylation 

(Fig. 15D).  

 

Fig. 14. TAOK2 variant 2, but not variant 1, increases CREB phosphorylation under serum 
starvation.  

(A) Schematic map of TAOK2-induced phosphorylation of downstream Hippo targets and CREB. (B) Overex-
pression of TAOK2 variant 1 and variant 2 increases p-YAP1, p-LATS1 and p-CREB levels in HEK293 cells. 
TAOK2 expressing plasmids (3xFLAG-TAOK2_var1, 3xFLAG-TAOK2_var2) were transfected into HEK293 
cells maintained in starvation medium containing 0.1% FCS for 8 h before lysis. Serum starvation is used as a 
method to induces cellular stress and activate MAPK. Western blot analyses were performed using the denot-
ed antibodies. (C, D, E) Quantification of p-YAP1 (C), p-LATS1 (D) and p-CREB (E) shown in (B). Significance 
was calculated using a Kruskal-Wallis test, n=3 per group, values represent paired band measurements. Error 
bars show SEM with *, P < 0.05, **, P < 0.01, and n. s., not significant. FCS: Fetal Calf Serum. 
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Fig. 15. Serum starvation versus stimulation effects on endogenous YAP1, LATS, MOB1 and 
CREB. 

(A) Schematic map of TAOK2-Hippo pathway interactions under different serum conditions. When HEK293 
cells are maintained in starvation medium containing 0,1% FCS, Hippo pathway and TAOK2-induced phos-
phorylation are expected to be activated in response to cellular stress. Under serum stimulation with 10% 
FCS, Hippo pathway and TAOK2 are expected to be inactive. All cells were starved for 6 h at 0.1% FCS. Two 
samples serves as control, while the remaining six samples were stimulated for 30 minutes at 10% FCS be-
fore lysis. (B) TAOK2 has no effect on p-MOB1 levels, displaying a gradient. TAOK2 expressing plasmids 
(3xFLAG-TAOK2_var1, 3xFLAG-TAOK2_var2) were transfected into HEK293 cells maintained in stimulation 
medium containing 10% FCS for 30 min before lysis. (D) TAOK2 increases p-CREB levels, which are also 
higher in the stimulated control samples compared to the starved control samples. (C, E) Quantification of p-
MOB1 (C) and p-CREB (E) depictedin (B) and (D). Western blot analyses were performed using the denoted 
antibodies (TAOK2: Tao2-K16, FLAG: FLAG-M2). Significance was calculated using a Kruskal-Wallis test, n=2 
per group, values represent paired band measurements. Error bars show SEM with *, P < 0.05, **, P < 0.01, 
and n. s., not significant. FCS: Fetal Calf Serum.  
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3.1.4.3 Starvation: overnight (0.1% FCS), Stimulation: 30 min (10% FCS) 

In a following experiment, HEK293 cells were transfected with TAOK2 variant 1 
(TAOK2_var1) only and starved over night. Plasmids expressing TAOK2 and YAP1 were 

introduced into HEK293 cells maintained in starvation medium (0.1% FCS) overnight or in 

stimulation medium (10% FCS) for 30 min before lysis. TAOK2 increased phosphorylation 

levels of YAP1 under both serum conditions, with a stronger effect in starved samples 

(Fig. 16A, B). Same procedure was repeated with TAOK2- and LATS1-overexpression, 

showing an analogous increase in LATS1 phosphorylation levels (Fig. 16C, D).  

 

 

 

 

 

 
  

Fig. 16. TAOK2 upregulates phosphorylation levels of overexpressed YAP1 and LATS1 
under different serum conditions. 

(A) TAOK2 increases phosphorylation levels of YAP1 in HEK293 cells. TAOK2- and YAP-expressing plasmids 
(3xFLAG-TAOK2, V5-YAP1) were transfected into HEK293 cells maintained in starvation medium (0,1% FCS) 
overnight or in stimulation medium (10% FCS) for 30 min before lysis. (C) TAOK2 increases phosphorylation 
levels of LATS1 in HEK293 cells. Plasmids that express TAOK2 and LATS1 (3xFLAG-TAOK2, V5-LATS1) 
were transfected into HEK293 cells maintained in starvation medium (0,1% FCS) over night or in stimulation 
medium (10% FCS) for 30 min before lysis. V5- and FLAG-antibodies were used to detect V5- and FLAG-
tagged proteins. (B, D) Quantification of p-YAP1 (C) and p-LATS1 (D) depicted in (A) and (C). Western blot 
analyses were performed using the denoted antibodies (TAOK2: Tao2-K16, FLAG: FLAG-M2). Significance 
was calculated using a Kruskal-Wallis test, n=2 per group, values represent paired band measurements. Error 
bars show SEM with *, P < 0.05, **, P < 0.01, and n. s., not significant. FCS: Fetal Calf Serum. 
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3.2 TAOK2 modulates synaptic activity 

TAOK2 and its locus 16p11.2 are linked to neurodevelopmental conditions such as autism 

and schizophrenia 73,99. At the molecular level, TAOK2 regulates cytoskeleton dynamics 

and promotes synaptic development by associating with Myosin Va upon phosphorylation 

by STK24, which is necessary for its dendritic localization 94,95. Likewise, it contributes 

significantly to spine maturation through phosphorylation of the cytoskeletal GTPase Sep-

tin-7 (SEPT7) and consequent stabilization of PSD-95. TAOK2 depletion lead to mislocat-

ed synapses established among the dendritic shaft and impaired calcium compartmentali-

zation 85. Furthermore, a murine model displaying a 16p11.2 deletion showed defective 

function of synpases and behavioral perturbations (e.g., hyperactivity, impaired habitua-

tion) 208. In summary, these findings suggest that changes in TAOK2 function could disrupt 

neural connectivity, supporting the hypothesis that TAOK2 contributes to the development 

of neuropsychiatric disorders. In this context, the following experiment provides insight 

into TAOK2 function and its influence on synaptic signaling in primary neurons.  

3.2.1 TAOK2 depletion results in increased activity of synaptic pathways 

To measure the effects of functional versus altered TAOK2 activity on neural signaling, a 
multiparametric profiling tool called pathwayProfiler was performed in primary cortical neu-

rons from E15.5 old mouse embryos and treated with different stimuli to either enhance 

(BIC, BDNF) or silence (TTX) synaptic activity (Fig. 17A, B). TAOK2 knockdown was per-

formed by using an AAV-mediated delivery of shRNA (Fig. 17C), while control neurons 

were incubated with scrambled shRNA to guarantee a functional TAOK2. The experiment 

was performed in accordance to the developmental stages of mouse neurons which were 

sufficiently mature at DIV14 (Fig. 17D).  
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Fig. 17. Experimental workflow for the pathwayProfiler assay in primary cortical neurons. 

Control images of GFP expression taken on DIV 12 of the neurons infected with AAV containing (A) an EYFP 
control and (B) a TAOK2 shRNA. (C) Experimental timeline: Cells were plated on DIV0, the plating medium 
was exchanged by culture medium on DIV 1. On DIV 6, cells were infected with adenoviral vectors (AAV) to 
introduce the barcoded Pathway PROFILER sensors, the TAOK2 shRNA and the EYFP control. On DIV8, 
fresh medium was added to the cells. On DIV13, 24 h before lysis, cells were treated with an inhibiting TTX-
mix. On DIV14, the stimulating compounds BIC-mix/BDNF were added and incubated for 2 h, followed by cell 
lysis and further analysis of the samples. (D) Developmental stages of mouse and rat hippocampal neurons in 
vitro, corresponding to the timeline above (Baj et al., 2014). 
 

A B 

C 

D 
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To detect simultaneous signaling events, cells were infected with AAV particles containing 

the pathwayProfiler pool, a library of 52 barcoded sensors (Figure 18A-D). The sensors 

consist of short promoters, clustered transcription factor binding sites or enhancers linked 

to molecular barcodes and to a luciferase reporter 193.  

 

 

 

 

BIC and BDNF stimulation led to increased activities of multiple pathway sensors in both 

wildtype and TAOK2 depleted samples. However, the BIC-/BDNF-stimulated, TAOK2 de-

pleted samples displayed an even stronger upregulation of in signaling pathways associ-

ated with neural activity and cellular stress (Fig. 19A). The following sensors showed the 

strongest response in both TAOK2 knockdown and wildtype neurons: NR4Ap, EGR1p, 

FOSp, SARE - MLP and FOSBp. As this profiling assay monitors transcription factor ac-
tivities as distal endpoints of signaling cascades, increased synaptic activity corresponds 
with a higher transcriptional output of sensors that respond to synaptic activity, e.g., 
SARE, EGR1p, and FOSBp. Notably, co-treatment of each BIC and BDNF with TTX re-
sulted in a strong inhibition of upregulated sensor activities. In total, shTAOK2 treated 

Fig. 18. Principle of the multiparametric pathwayProfiler. 

(A) Scheme of the multiparametric pathwayProfiler assay consisting of barcoded sensors. (B) The assay 
was performed in cells with functional (ctrl) or depleted TAOK2 (shTaok2), validated by Western Blotting. 
(C) Pie chart and description visualizing the signaling clusters addressed by the pathwayProfiler assay. (D) 
Different types of sensors detecting either single transcription factor activities or promoter activities. 

A C 

D 
Single transcription factor activities 

Promoter activities (combination of TFs) 

B 
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samples showed a globally higher background, while the genetic effect alone (depletion 
of TAOK2) was sufficient to increase sensor activity. Remarkably, sensor activity was 
stronger in untreated shTaok2 samples, compared to BIC- and BDNF- stimulated sam-
ples (Fig. 19B). The highlighted sensor containing the SARE region has previously dis-
played advantages in comparison to other neuronal activity reporters (e.g., higher fold-
change activation, well investigated structure) and has therefore been established as 
main sensor element by our group 193. The final construct was called E-SARE and used in 
the following experiment to validate the findings from this profiling assay. 
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Fig. 19. TAOK2 knockdown increases synaptic activity measured by pathwayProfiler and E-
SARE. 

(A) Heatmap of 52 pathwayProfiler sensor responses in primary neurons (ctrl vs. shTaok2) as log2 fold 
changes between untreated control (ctrl none) and treated samples (TTX, BIC, TTX+BIC, BDNF, 
TTX+BDNF) measured by barcode sequencing. Both groups were silenced for 24 h with TTX, while 
stimulation with BIC or BDNF occurred in the last 2h before lysis. (B) Heatmap showing sensor responses in 
shTaok2 neurons as log2 fold changes, normalized to untreated shTaok2 samples (shTaok2 none). Several 
pathways associated with neural activity and cellular stress are upregulated in TAOK2 knockdown cells, with 
the strongest signal in untreated shTaok2 samples. Highlighted in red: the SARE sensor reported high fold-
change activation in previous experiments and was established as main neural activity sensor (E-SARE). (C) 
Validation of the pathwayProfiler results using E-SARE. Primary cortical neurons from E15.5 old mouse em-
bryos were infected with AAV introducing E-SARE-luciferase and TAOK2 shRNA into the cells. TAOK2 
knockdown neurons showed higher activity levels in the baseline and BIC/BDNF-stimulated samples than in 
the control group, while TTX strongly reduced neuronal activity. E-SARE: Enhanced Synaptic Activity 
Responsive Element; BIC: bicuculline; TTX: Tetrodotoxin; BDNF: Brain Derived Neurotrophic Factor; Fluc: 
firefly luciferase. 

 

3.2.2 TAOK2 regulates E-SARE activity 

The E-SARE assay for monitoring synaptic activity was performed to verify the results 

from the pathwayProfiler. Changes in synaptic activity measured by the nuclear E-SARE 

sensor reflect signals from multiple synapse-to-nucleus signaling pathways (e.g., calcium 

signaling, MAPK signaling) (Fig. 20C). As described under 2.2.5., the E-SARE sensor 

was shown to recruit transcription factors such as CREB, MEF2, and SRF in response to 

synaptic stimuli such as BIC and BDNF, thereby strongly enhancing the expression of the 

firefly luciferase (Fig. 20B). In contrast, synaptic activity was inhibited by treatment with 

TTX. In this experiment, primary neurons were divided in three groups and infected with a 

AAV control (A204) and two TAOK2 shRNA AAVs (A132 and A133) to deplete TAOK2 

gene function. Treatment with TTX occurred 24 h before lysis, while BDNF and BIC-mix 

C 
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Fig. 20. Experimental workflow for the E-SARE assay in primary cortical neurons. 

(A) Structure of the Arc (activity regulated cytoskeleton protein) gene promoter region containing the con-
served SARE (Synaptic Activity-Responsive Element) region (adapted from Kawashima et al., 2009). (B) The 
transcription factors CREB, MEF2 and SRF bind to E-SARE (enhanced SARE, 4x clustered SARE elements) 
upon synaptic stimulation; Fluc: firefly luciferase. (C) Treatment with stimulating compounds like BIC/BDNF 
leads to increased luciferase reporter signal, while addition of TTX decreases the signal (scheme adapted and 
modified from Marion Maier’s Master Thesis, 2017). (D) Experimental timeline: Cells were plated on DIV 0, the 
plating medium was exchanged by culture medium on DIV1. On DIV6, cells were infected with adenoviral 
vectors (AAV) to introduce the TAOK shRNA and the EYFP control. On DIV8, fresh medium was added to the 
cells. On DIV11, cells were treated with an inhibiting TTX-mix for 24 h. On DIV12, the stimulating compounds 
BIC-mix/BDNF were added and incubated for 4 h, followed by cell lysis and further analysis of the samples. 

were added 4 h before lysis (Fig. 20D). Dynamic changes in E-SARE activity upon stimu-

lation/inhibition of synaptic activity was monitored by live cell luciferase recordings. Com-

pared to the control-baseline, both TAOK2 shRNA treated samples displayed higher base-

line activity (Fig. 19C). Treatment with the stimulating compounds BDNF and BIC led to 

an increase in luciferase signal (up to 2.5-fold), especially in A132 knockdown samples, 

whereas TTX-treated neurons showed decreased synaptic activity and luciferase signal 

(up to 5-fold). Addition of BDNF or BIC to TTX led to mild enhancement of the luciferase 

signal. In total, the AAV-induced shRNA knockdown of TAOK2 measured by pathwayPro-

filer was validated in this assay.  
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4. Discussion  

4.1 TAOK2 modulates Hippo pathway activity  

Prior to this work, studies indicated that only TAO family kinases TAOK1 and TAOK3 acti-

vated Hippo signaling by phosphorylating STK3/4 and LATS 1/2 83,84,126. Our group has 

then identified novel associations between TAOK2 and central members of the Hippo 

pathway through a split-TEV-based targeted interaction screen. The most important find-

ings were biochemically validated in this thesis using co-immunoprecipitation and Western 

Blotting, contributing to the paper which was later published by our group 209. TAOK2 was 

shown to increase LATS1 and YAP1 phosphorylation levels under different experimental 

conditions. 

4.1.1 TAOK2 increases phosphorylation of LATS1 and YAP1 upon cellular 
stress 

To determine the optimal lysis timepoint, a time course analysis of endogenous LATS1 

and YAP1 protein levels was performed in TAOK2 overexpressed HEK293 cells. The re-

sults indicated that protein levels were too weak when lysis occurred earlier than 16-18 

hours after transfection. Given the interaction between TAOK2 and LATS1, it was tested 

whether TAOK2 phosphorylates LATS1. Compared to TAOK2 with functioning kinase 

activity, introduction of an inactive kinase variant of TAOK2 (TAOK2-KD) did not result in 

increased phosphorylation of endogenous LATS1, indicating that the enzymatic activity of 

TAOK2 mediates phosphorylation of LATS1. This hypothesis was later verified by our 

group by carrying out an in vitro assay in HEK293 cells, showing that incubation of precipi-

tated LATS1 with recombinant GST-TAOK2 lead to increased LATS1 phosphorylation in 

the presence of ATP 209.  

The interactions between TAOK2 and other Hippo pathway members, e.g., SAV1 and 
MOB1, are not as well elucidated as the TAOK2-Hippo core kinase cassette interactions. 

Western Blot results presented in Fig. 15B showed no clear effect of TAOK2 on MOB1 

phosphorylation levels. The previously identified interaction between TAOK2 and up-

stream Hippo pathway kinases STK3/4 was validated using co-immunoprecipitation (Fig. 
10B). However, at the time of conducting this research, it remained unclear whether 

TAOK2 directly phosphorylates STK3/4. Results presented in our paper confirmed 

showed that the phosphorylation levels of STK3/4 and MOB1 alike were elevated in 

HEK293 cells that underwent induction of TAOK2 expression with doxycycline 209. Against 

this background and with reference to the targeted split-TEV interaction assay depicted in 
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Fig. 7, it is assumed that TAOK2 binds to LATS kinases via MOB1 phosphorylation. 

TAOK2 might also bind to the core kinase complex via the STK3/4 adaptor protein, SAV1 

(personal communication with M. Wehr).  

The activity of Hippo downstream effectors YAP1/TAZ can be regulated respectively inhib-

ited by canonical Hippo signaling cascade-mediated phosphorylation and through several 

non-canonical mechanisms 210. Like TAOK2, the angiomotin (AMOT) family proteins were 

identified as potential tumor suppressors which directly inhibit YAP1 through different 

mechanisms including cytoplasmic retention, ubiquitin-mediated destabilization of YAP1 

and enhanced activation of STK3/4 and LATS1/2 127,211,212. With reference to the present-

ed experiments testing the effect of serum starvation vs. stimulation on Hippo signaling 

and TAOK2, a study indicated that serum starvation induced phosphorylation and activa-

tion of LATS1/2, leading to stabilization of the AMOT isoform p130 211. Consequently, 

AMOT promoted ubiquitination and degradation of YAP1 via recruiting the E3 ubiquitin 

ligase AIP4 (atrophin-1 interacting protein 4)211. Interestingly, TAOK2 also bound to AMOT 

in both the split TEV screen and the biochemical analysis. 

To find out more about the regulation of TAOK2 and its association with AMOT, further 

experiments are needed to study the impact of TAOK2, AMOT protein family members 

AMOT and AMOT-like proteins AMOT-like 1 and 2 (AMOTL1/2) on LATS1/2 kinases, 

YAP1, and  the YAP1 transcriptional targets CYR61 and CTGF 118,127,135.  

4.1.2 Effects of TAOK2 inactivation on Hippo Signaling and cell behavior 

Most of the experiments in this thesis investigating TAOK2 and Hippo signaling were con-

ducted using HEK293 cells transfected with TAOK2 plasmids for TAOK2 overexpression. 

Increased TAOK2 protein levels resulted in elevated phosphorylation levels of YAP1, de-

creased expression of its targets CYR61 and CTGF and diminished rates of cell prolifera-

tion 209. Furthermore, exploring the effects of TAOK2 inactivation on Hippo signaling and 

cellular activities, including cell proliferation and migration, is also an important area of 

research. Previous studies indicated that inactivation of tumor suppressor genes involved 

in the Hippo pathway resulted in elevated cell proliferation rates 115,213. Our group con-

firmed this finding by using the CRISPR inhibition (CRISPRi) technique to generate cell 

lines which stably expressed sgRNAs against TAOK2 (sgTAOK2i) to reduce TAOK2 pro-

tein amount 209. Following assays conducted in HEK293_sgTAOK2i cells revealed de-

creased phosphorylation levels of both LATS1 and YAP1. As YAP1 stimulates the ex-

pression of CYR61 and CTGF 118,135, additional RT-qPCR experiments were run to meas-

ure CYR61 and CTGF transcript levels. These were significantly increased in TAOK2 de-

pleted HEK293_sgTAOK2i cells, thus confirming that TAOK2 regulates YAP1 transcrip-
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tional activity 209. Collectively, these results reinforce the idea that TAOK2 with its tumor 

suppressing properties complexes core kinases of the Hippo signaling pathway, influenc-

ing YAP1-mediated transcriptional activity and proliferation. 

4.1.3 Comparison of TAOK2 with TAOK1 and TAOK3 

To contrast the role of TAOK2 on LATS1 phosphorylation with the previously known Hippo 

pathway activators TAO1 and TAOK3, TAOK1/2/3 were each co-transfected with LATS1 

into HEK293 cells and lysed after 20 h incubation time. TAOK1 significantly increased p-

LATS1, while TAOK2 and TAOK3 showed a weaker, but still significant effect. These ob-

servations aligned with results from the split TEV interaction assay and with previously 

published research works 126,198,199,209. As TAOK2 shares close structural and functional 

similarities with TAOK1 and TAOK3, TAOKs have overlapping functions in different dis-

ease contexts, such as cancer, neurodevelopmental disorders, and immune response.  

For instance, both TAOK1 and TAOK2 contribute to synapse development in neurons 95, 

influence neurodevelopmental disorders such as autism 94,107,214, and are involved in the 

advancement of Alzheimer’s disease by phosphorylation tau protein 215,216. Similarly, 

TAOKs exhibit overlapping functions in hereditary immunity, with each of the three kinas-

es demonstrating antiviral activity against Influenza A virus infection 217. Additionally, ele-

vated levels of TAOK1 and TAOK3 are associated with breast cancer 218–220, and height-

ened expression of TAOK2 and TAOK3 is linked to melanoma 220,221. On the contrary, 

there are numerous reports where TAOKs exhibit divergent effects. For example, while 

TAOK1 is found in increased amounts in lung cancer tissues 218, TAOK2 shows reduced 

expression in lung tumor samples 222. Similarly, overexpression of TAOK1 is observed in 

colorectal cancer tissues 218, whereas TAOK3 levels are diminished in tissues from colo-

rectal cancer patients 223.  

Nevertheless, TAOKs have been identified as tumor suppressors due to their involvement 

in Hippo signaling 126,198,199,209. Whether TAOKs act as tumor promoters or suppressors 

depends on varying cellular environments or extracellular stimuli, an area that requires 

further exploration. In this thesis, interactions between TAOK1, TAOK2, TAOK3 and Hip-

po pathway components (especially LATS1) were explored according to the results from 

the split TEV protein-protein interaction screen 209, showing similar effects on LATS1 

phosphorylation.  

4.1.4 Limitations and future directions 

To better characterize the interactions between TAOK2 and Hippo pathway members, a 

series of experiments testing different environmental conditions such as nutrient depriva-
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tion (6 h, 8 h, overnight), metabolic stress induced by 2-DG, two different TAOK2 plasmid 

variants and transfection of gradual amounts of TAOK2 plasmid was conducted. The ex-

periments using 2-DG were not presented due to inconsistent results, considering the 

transient nature of the assays which did not turn out to be a suitable cellular system for 

inducing metabolic stress. For improved quality, these should be repeated using stable 

cell lines.  

Obtaining consistent Western blotting and co-immunoprecipitation results was challenging 

by reason of probable deviations throughout the procedure, considering the insufficient 

experience of the experiment conductor. Trying out different antibodies and plasmid con-

structs has already provided valuable information; however, an extensive trouble shooting 

could improve efficiency and lead to more accurate results. To optimize TAOK2 expres-

sion, it would be of advantage to generate a stable HEK293 cell line using a selection an-

tibiotic like doxycycline or puromycin. Compared to transient transfection, which introduc-

es DNA that remains in the cells for a couple of days, stably integrated and antibiotic-

induced expression of TAOK2 would persist long-term and avoid repeated transfections 

with increased risk of inaccuracy 224. A stable cell line would also facilitate investigation of 

physiological effects (growth, proliferation, migration, survival) in cells.  

Several attempts were undertaken to examine cell viability and proliferation in transiently 

transfected cells, e.g., using Crystal Violet Assays or the Celigo Image Cytometer, which 

were not consistent enough to be integrated in this work. Our group later examined the 

influence of TAOK2 on cell proliferation by comparation of HEK293 cells containing a sta-

ble doxycycline (dox) inducible TAOK2 gene (TAOK2-dox) to non-inducible control cells. 

This was measured using a Cell Counting Kit-8 (CCK-8) assay at various timepoints be-

tween 8h and 96 h after plating. It was shown that TAOK2-dox cells exhibited slower pro-

liferation compared to the control cells. Also, a scratch wound experiment was conducted 

to evaluate the impact of TAOK2 on cellular migration, resulting in slower migration of the 

doxycycline induced TAOK2-dox cells 209. These results supported the suppressive role of 

TAOK2 on YAP1-mediated signaling in cancer development. 
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4.2 TAOK2 regulates synaptic activity  

Situated on the 16p11.2 genomic region, TAOK2 has been recognized as a schizophrenia 

susceptibility gene linked to neurodevelopmental and psychiatric conditions 98–100. At a 

cellular and molecular level, TAOK2 plays a a pivotal role in the modulation synaptic plas-

ticity and formation of functional dendritic spines 85,94. Previous studies showed that 

TAOK2, which is a MAPKKK, activates p38 MAPK and SAPK/JNK cascades as a re-

sponse cellular stress 80–82. Against this background, TAOK2 function was tested by intro-

ducing a shRNA via adenoviral vectors into primary cortex neurons to knock down TAOK2 

gene expression.  

First, a multiparametric phenotypic screening assay called pathwayProfiler (Systasy Bio-

science GmbH) was applied on the cells to compare the levels of synaptic activity indicat-

ed by the luciferase readout in TAOK2 depleted vs. control cells. The results displayed a 

strong increase in synaptic activity in TAOK2 depleted cells, indicated by the enhanced 

activity of the sensors NR4A1p, FOSp, FOSBp, EGR1p, and SARE-MLP. These sensors 

are involved in signaling pathways associated with neural activity and cellular stress, sug-

gesting that TAOK2 knockdown might upregulate MAPK activity via ERK1/2. The ERK1/2 

branch of MAPK signaling is pivotal in controlling cell proliferation and differentiation 

across various cell types, with a notably high expression in mature and terminally differen-

tiated neurons 63,225. Activation of ERK1/2 in neurons, triggered by excitatory glutamatergic 

signals, leads to the phosphorylation of specific targets like RSKs and MSKs 63. These 

phosphorylated proteins then migrate to the nucleus, where ERK1/2 further phosphorylate 

transcription factors like CREB. This cascade is essential for mediating synaptic plasticity 

and enhancing neuronal function 226. As shown by Xiao Ma in her PhD thesis, TAOK2 

knockout in neurons that underwent stimulation with AMPA and NMDA led to decreased 

ERK1/2 phosphorylation, thus confirming the results from the pathwayProfiler biochemi-

cally 227.  

Additionally, the results could be validated by using immunocytochemistry (ICC) to better 

visualize and localize the interaction between TAOK2 and ERK1/2 in neurons. For this 

purpose, TAOK2 depleted HEK293 cells (e.g., using CRISPRi) and HEK293 cells with 

stable integration of doxycycline inducible TAOK2 209 would be seeded and cultured for up 

to 24h, followed by immunostaining. This step includes fixation of the cellular proteins, 

permeabilization of the cell membranes to enable the large antibodies to traverse mem-

branes, and incubation of fluorophore-conjugated primary antibodies against ERK1/2 and 

TAOK2. After washing and incubation with secondary antibodies, the cells would be visu-

alized using microscopy 228. To further detect and quantify TAOK2 dependent gene ex-
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pression levels, one could conduct real-time quantitative PCR (RT-qPCR), assessing RNA 

amounts of ERK1/2 downstream transcription targets c-fos, c-jun or CREB 229.  

Next, synaptic activity was monitored by the E-SARE assay consisting of a clustered 

SARE sensor (E-SARE) coupled to a firefly luciferase. The cells were also infected with 

adenoviral vectors containing two variants of shTAOK2 and with an AAV control. TAOK2 

inactivation led to a global increase in synaptic activity, which methodically validated the 

AAV-induced shRNA knockdown of TAOK2 and the results of the pathway Profiler assay. 

However, pathwayProfiler results from experiments conducted after this work indicate that 

a loss-of-function of TAOK2 in neurons isolated from Taok2 (fl/fl) x Emx1-Cre knockout 

mice reduces sensor activity, which is contrary to the results of this work (personal com-

munication with M. Wehr).  

These findings could be explained by the different methodical approaches to inactivate 

TAOK2 in primary neurons. The introduction of short hairpin RNA (shRNA) into neurons 

by infection with viral vectors, as applied in this work, has several advantages such as 

uncomplicated production and efficient long-term knockdown of the targeted gene. Disad-

vantages of this approach are the inability to adjust suppression levels, impeding the 

analysis of genes that are implicated in cell survival, development, and regulation of cell 

cycle. Further, shRNAs can affect the expression of genes other than the intended target, 

resulting in off-target effects such as down-regulation of other genes and consequent up-

regulation of the global synaptic activity (personal communication with M. Wehr). There-

fore, using conditional gene knockout to delete TAOK2 might reduce nonspecific effects 

and give a more accurate picture of TAOK2 function in neurons. 

4.2.1 Clinical relevance and therapeutic approaches targeting TAOK2 and 
the Hippo pathway 

Over the past twenty years, extensive research has been devoted to studying the Hippo 

pathway, classifying it as a pivotal controller of cell growth and proliferation during devel-

opment and pathogenesis. Notably, the downstream Hippo signaling effectors, YAP1/TAZ, 

have emerged as significant targets for new cancer therapies due to their role in tumor 

formation and migration 150,230–232. Additionally, the Hippo pathway contributes to proper 

development and connection of the nervous system, being associated with neurological 

and psychiatric diseases 166,168–170. It also modulates immune functions and promotes re-

generation and wound healing 150.  

In their work “Mechanisms of Hippo pathway regulation”, Meng et al. suggest broadening 

the scope of the Hippo pathway and to include proteins that directly influence the activity 

of LATS1/2 and/or the transcriptional output of YAP1/TAZ as part of Hippo signaling 233. In 
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this context, TAOK2 could be perceived not only as a modulator, but as a Hippo pathway 

member on its own. A recent study about the prognostic effect of Hippo pathway compo-

nents in lung squamous cell carcinoma cancer identified TAOK 1/2/3 as mutational Hippo 

pathway core genes with prognostic roles, next to LATS1/2 and WWC1 234. However, it is 

important to acknowledge the significance of Hippo signaling in maintaining physiological 

homeostasis and regeneration, besides its involvement in pathological processes 235.  

Since TAOK2 displays tumor suppressor characteristics, its decreased expression is ex-

pected to advance tumor progression. To determine the clinical implications of TAOK2 

downregulation, our group examined TAOK2 expression across 28 distinct cancer types 

and assessed the survival outcomes of individuals with cancer using patient specimens 

listed in The Cancer Genome Atlas (TCGA) index 209. The examination revealed a correla-

tion between decreased TAOK2 expression and shorter survival durations across various 

cancers, including head and neck squamous cell carcinoma, kidney chromophobe, brain 

glioma, lung and pancreatic adenocarcinoma. This observation was supported by an in 

vitro model displaying depletion of TAOK2 in human lung cancer (A549) cells and human 

glioma (U-138) cells using CRISPRi, creating A549_sgTAOK2i and U-138_sgTAOK2i 

cells. Cell proliferation was measured by CCK-8 assays, being increased in both TAOK2-

depleted cell lines. With regard to LATS1, phosphorylation levels were reduced in both 

cell lines. Conversely, inducing TAOK2 expression in these cells led to lower proliferation 

but higher p-LATS1 levels. This was confirmed in a cellular model using the stable cell 

lines A549_TAOK2-dox and U-138_TAOK2-dox, where doxycycline-mediated TAOK2 

induction reduced proliferation. Doxycycline alone did not affect wild type A549 and U-138 

cell proliferation.  

These findings reinforce the concept of TAOK2 controlling cell proliferation via Hippo 
pathway in the described tumor models. The tumor suppressor quality of TAOK2 is further 

evidenced by research in mice, which showed that mice with Taok2 depletion on one or 

both alleles demonstrated expansions in cerebral volume that were dependent on gene 

dosage 107. Moreover, TAOK2 has been described as an oncogene in certain contexts, 

highlighting its cell type or tissue-dependent roles. A study in BRAF mutant melanoma 

cells revealed a link between TAOK2 activity and increased ATP uptake in cells that were 

resistant to BRAF inhibitor therapy. As TAOK2 is known to activate JNK signaling, it might 

contribute to drug resistance in these cells 221,236. This dichotomy in TAOK2's role – as a 

tumor-suppressor and a tumor-promoter gene alike – adds a layer of complexity to our 

understanding of its role in cancer biology. Considering the involvement of TAOKs in a 

variety of pathological processes and diseases such as inflammation, apoptosis, immune 

regulation, cancer, drug resistance, autism disorder, and Alzheimer’s disease 79, creating 
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targeted inhibitors for TAOK-related pathways could potentially mitigate their impact on 

the progression of these diseases. Staurosporine, a wide-spectrum inhibitor initially de-

rived from Streptomyces species, was shown to inhibit TAOK2, but also many other ser-

ine/threonine protein kinases. Its lack of specificity and high toxicity thereby limit its clinical 

use 237. The MST1 (STK4) Inhibitor 9E1 also suppressed TAOK2 activity, but displayed 

similar properties as staurosporine 238. Two TAOK inhibitors called com pounds 43 and 63 

were identified as ATP-competitive inhibitors with high specificity to TAOK1, TAOK2, and 

TAOK3 239. Moreover, compound 43 selectively targeted and inhibited cancer cells without 

affecting non-tumor cells, increasing mitotic cell death in cancer cells 239. Given that re-

duced TAOK expression enhanced sensitivity to γ-radiation, compound 43 could potential-

ly enhance the responsiveness of tumor cells to anticancer therapies 79,82. Two additional 

compounds from a high-throughput screen, SW034538 and SW083688, showed signifi-

cant inhibition of TAOK2, but their detailed characteristics are yet to be elucidated 240. The 

findings presented in our paper highlight the clinical significance of TAOK2 expression 

levels in cancer prognosis and treatment response, further emphasizing the therapeutic 

potential of targeting TAOK2 in cancer. Research into developing TAOK-specific inhibitors 

is a promising field. By focusing on their kinase domains, it's possible to select inhibitors 

with high specificity that don't affect other MAP kinases 79. Nevertheless, the effectiveness 

and safety of these potential drugs must be assessed in vivo. Conducting well-designed 

animal experiments is crucial to determine the effectiveness of TAOK inhibitors in disease 

models prior to advancing to human clinical trials. 

TAOK2 plays a significant role in the brain, particularly in the regulation of synaptic func-

tions and neuronal circuits, which is crucial for maintaining cognitive and emotional func-

tions. Dysfunctional regulation of these processes is thought to contribute to the cognitive 

deficits and social impairments seen in schizophrenia and ASD 79. TAOK2 is expressed in 

regions of the brain that are important for higher-order functions, such as the prefrontal 

cortex and hippocampus. Its role in neurodevelopmental processes such as neuronal mi-

gration and dendritic spine formation could help explain the structural and functional brain 

abnormalities often observed in schizophrenia and ASD 107,241. Targeting pathways that 

interact with TAOK2 could help restore normal synaptic function and neuronal connectivity 

in affected patients. As a kinase, TAOK2 could be targeted with specific inhibitors or acti-

vators to regulate its activity in the brain. This approach would need to be carefully bal-

anced, as both too much and too little TAOK2 activity could have negative effects on neu-

ronal health and function. It might be particularly useful in a subset of patients who carry 

specific genetic variants or mutations in the gene. This approach aligns with the emerging 

field of precision medicine, where treatments are tailored to an individual’s genetic and 

molecular profile. Another possibility would be the usage of TAOK2-targeted therapies in 
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combination with current antipsychotics or other emerging treatments for schizophrenia, 

potentially enhancing efficacy or reducing side effects. However, given the polygenic trait 

of schizophrenia involving approximately 300 identified risk genes 106, as well as the 

strong influence of environmental factors, it remains a challenging endeavor to fully ex-

plore its potential in preclinical and clinical studies and to target it safely in a therapeutic 

context. 

Given its implication in both normal and pathological processes in the central nervous 

system, as well as its interaction with other signaling pathways, it is not surprising that 

genes related to the Hippo pathway have recently been linked to various psychiatric dis-

orders. Chlorpromazine (an antipsychotic drug for schizophrenia (SZ)) was shown to sup-

press YAP1 by modulating Hippo signaling 242, while valproic acid (used to treat bipolar 

disorder (BD)) activated Hippo pathway via RASSF1a expression induction 172, both lead-

ing to apoptosis in cancer cells. Five of eight drugs, which are commonly used in BD and 

SZ treatment – amisulpride, aripiprazole, clozapine, quetiapine, and risperidone – showed 

a significant downregulation of Hippo pathway genes such as NF2 and WWC1 166. Con-

sequently, upregulation of YAP/TAZ leads to reduced activity of pro-inflammatory path-

ways, including Wnt, Notch and NFκB signaling 244–248. These effects might indicate the 

possibility of reversing Hippo-related inflammatory immune responses implicated in the 

development of affective disorders 166. However, the implications of regular intake of anti-

psychotic drugs over many years or potential drug-drug interactions in cases of multiple 

drug administration represent a significant challenge. Identifying new pathways associated 

with psychiatric disorders that can be targeted by existing pharmacological treatments 

presents an opportunity to develop new therapeutic options for these debilitating condi-

tions. This could help improve the mechanistic understanding of schizophrenia, autism 

and other psychiatric conditions, and also increase research and development efforts by 

major pharmaceutical companies. 

In summary, this thesis supports the notion that TAOK2 regulates YAP1-mediated tran-

scription by activating Hippo core kinases LATS1/2. Considering the tumor suppressor 

properties and involvement in neurodevelopmental disorders of both TAOK2 and Hippo 

signaling, amplifying their synergistic effects could be a promising avenue for future drug 

development strategies.  
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