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Kinase signaling drives a multitude of components of neuronal development such as 

establishment of polarity, dendritic growth and arborization, dendritic spine formation, and 

synaptogenesis.  Thousand And One amino acid Kinases (TAOKs) are a subfamily of 

sterile-20 (STE20) kinases possessing an N-terminal kinase domain and diverging C-

terminal extended regulatory domains. As evolutionarily conserved kinases, TAO kinases 

have been shown to play important roles in neuronal development in rodents and 

invertebrates. Recent studies have linked de novo variants of human TAOK1/2 to 

neurodevelopmental diseases, thus making it imperative to understand their role in 

neuronal development. Despite its disease association, the molecular functions of TAO 

kinases remain unknown.  Here, I focus on understanding the molecular and cellular 

function of the largest member of the TAO family, TAOK2 kinase.  We find that TAOK2 is 

an endoplasmic reticulum (ER) resident multi-pass membrane-spanning kinase that 

localizes to distinct junctures of the ER through six transmembrane helices and an 
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amphipathic helix.  Additionally, we found that TAOK2 associates to microtubules directly 

and with high affinity through its cytoplasmic facing C-terminal tail.  Furthermore, TAOK2 

acts as a functional ER-microtubule tether, knockout of which leads to increased ER 

motility, increased microtubule growth but decreased ER tip attachment-complex 

movement.  We determine that TAOK2 interacts with microtubule plus-end binding (EB) 

proteins through a distinctive SxIP motif. Finally, we determine that TAOK2 microtubule 

binding is regulated by its catalytic activity, loss of which leads to perturbations of ER and 

microtubule motility. This work identifies TAOK2 as an ER-microtubule tether and reveals 

a kinase-regulated mechanism for control of ER dynamics critical for cell growth and 

division.  To further understand the context of TAOK2 signaling and determine TAOK2 

interactors between the ER and microtubules, I propose the use of proximity labeling 

utilizing BioID2 and mass spectrometry. I lay out the blueprint for these experiments and 

the preliminary data from pilot experiments. Finally, I provide implications of these findings 

on how TAOK2 functions as an ER-microtubule tether might contribute to 

neurodevelopment.  
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CHAPTER 1: INTRODUCTION TO KINASES IN NEURONAL DEVELOPMENT  

1.1 - Introduction 

Dendrites are specialized neuronal processes that receive and integrate synaptic or 

sensory input. While dendrites are extremely heterogeneous morphologically, dendrites 

associated with specific neuron types generally exhibit stereotyped morphology (Jan and 

Jan, 2001). Dendritic phenotypes are sculpted by intrinsic genetic programs, external 

cues, and patterns of neuronal activity during development (Cline, 2001; Jan and Jan, 

2010). These factors together confer dendrites their type specific morphology, and ensure 

fidelity in forming synaptic connections. Owing to the critical role dendrites play in 

establishing neuronal connectivity, their dysfunction is strongly associated with several 

neurological disorders (Forrest et al., 2018). Over the last four decades, multiple 

molecular signaling pathways that mediate structural and functional development of 

dendrites have been identified. Protein kinases play a pivotal role in almost all aspects of 

dendritic development and function, while their dysregulation contributes extensively to 

disease states. 

Kinases catalyze the transfer of a phosphate group from ATP molecule to hydroxyl group 

containing amino acids primarily serine, threonine, and tyrosine on substrate proteins, in 

a process termed as phosphorylation (Cohen, 2002; Fabbro et al., 2015). Several 

characteristics make kinase signaling uniquely powerful and versatile: (1) 

Phosphorylation occurs in a highly specific yet reversible fashion. (2) Phosphorylation can 

affect substrates in distinct ways: such as induce a gain or loss of substrate activity, 

change substrate localization or interactome. (3) Kinases often act in cascades and are 

capable of remarkable signal integration and amplification that can be tuned to achieve a 

variety of responses (Cobb, 1999) (4) Kinases are highly druggable making them 
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promising therapeutic targets (Cohen, 2002). Of the ~518 human kinases, several protein 

kinases are genetically linked to neurological disorders. These include 

neurodevelopmental disorders such as autism spectrum disorder as well as 

neurodegenerative diseases such as Parkinson's disease, yet little is known about how 

dysfunction in kinase signaling leads to pathological states (Baltussen et al., 2017; Krahn 

et al., 2020; Manning et al., 2002). Phosphorylation mediated by kinases is countered by 

phosphatases, a large family of enzymes that catalytically remove phosphate groups from 

their substrates (Barford et al., 1998; Peng and Maller, 2010). Phosphatases are divided 

into subfamilies of serine/threonine and tyrosine phosphatases, and dysfunction of these 

enzymes is associated with several diseases (Tonks, 2006). Activity of phosphatases is 

tightly regulated by diverse mechanisms that include binding with inhibitory proteins, 

direct oxidation, and kinase mediated phosphorylation (Hertog, 2003). Thus, the true 

phosphorylation status of a protein in time and space is determined by the opposing action 

of protein kinases and phosphatases. 

Herein, we describe how kinase signaling exquisitely orchestrates each step of dendrite 

development, beginning at neurogenesis to its maturation into synaptic networks. 

Evidence for critical and causative role of kinase dysfunction in neurodevelopmental and 

degenerative disorders is presented. Finally, we detail the emergent technologies that will 

be instrumental in delineating kinase function in dendritic development and how kinase 

dysfunction leads to pathologies associated with neurological disorders. 

 

1.2 - Kinase Pathways That Regulate Dendrite Structure, Function and Plasticity 

Before the inception of neurogenesis, the developing brain is comprised of polarized 

neuroepithelial cells that line the neural tube (Martin-Belmonte and Mostov, 2008; 
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Taverna et al., 2014). Apical-basal polarity is established early in the developing brain 

and is achieved through spatial patterning of junctional complexes and polarized protein 

trafficking. These are regulated by kinase signaling through the conserved Par complex. 

The Par complex is comprised of scaffolding proteins Par3 and Par6, and the kinase 

atypical protein kinase C (aPKC) that together establish the apical-basal polarity 

(McCaffrey and Macara, 2012). The Rho GTPase Cdc42 targets and activates the Par 

complex at the apical membrane, which is separated from the basolateral membrane 

domain by adherens junctions. In the mammalian neocortex, intrinsic neuroepithelial 

polarity set up by the Par complex asymmetrically orients the mitotic spindle, that 

remarkably, during cell cycle can give rise to asymmetric division (Lancaster and 

Knoblich, 2012; Rodríguez-Fraticelli et al., 2011). Radial glial cells arising from the 

asymmetrical division of polarized neuroepithelial cells can further differentiate into neural 

progenitor cells (NPCs) or neurons through asymmetrical division (Götz and Huttner, 

2005). The arising NPCs further self-renew or undergo a terminal differentiation into 

neurons (Florio and Huttner, 2014). Radial glial cells retain the epithelial polarity set up 

by the Par complexes. Knockout of one of the isoforms of aPKC, aPKC-λ, in 

neuroepithelial cells and radial glial cells results in the loss of apical processes that cause 

disordered layering of the cortex, highlighting the role of aPKC in apical-basal polarity 

(Imai et al., 2006). Apically located Par complex promotes self-renewing of progenitors at 

the expense of neurogenic differentiation in the developing cerebral cortex (Costa et al., 

2007; Sottocornola et al., 2010). While the Par complex proteins set up intrinsic polarity, 

extrinsic cues greatly affect neuronal polarity, migration, and layer formation in brain 

development. Secreted factors such as reelin, semaphorins, and neurotrophic factors 
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play important roles in instructing neuronal polarity and migration during early 

development and are controlled by distinct kinase pathways. We direct readers to in depth 

reviews detailing how these extrinsic cues and growth factors regulate early brain 

development (Huang and Reichardt, 2001; Jossin, 2020; Yazdani and Terman, 2006). 

Here we will focus primarily on the kinase signaling pathways important for dendritic 

growth, structure, and functional maturation. 

1.3 - Dendritic Arborization: Kinases That Regulate Dendritic Growth, Branching, 
and Tiling 

Most newly generated mammalian neurons migrate from the site of neurogenesis to their 

final destination where they are integrated into neural networks. It is during this migration 

process that they acquire axon-dendrite polarity (Polleux and Snider, 2010). Some 

neurons, such as retinal ganglion cells, acquire the polarity of the progenitors from which 

they arise. Others, such as cortical pyramidal neurons, consolidate multiple extended 

neurites into one leading and one lagging neurite that gives rise to axo-dendritic polarity 

(Barnes and Polleux, 2009; Polleux and Snider, 2010). On reaching their final destination, 

neurons extend their dendrites through growth, dendrites scale in size with organismal 

development, and mature in an exquisitely controlled fashion. Control of dendritic 

development in response to neuronal activity and neurotrophic factors is mediated by 

kinases, which play an instrumental role in regulating dendritic size and maturation to 

form synaptic contacts (Figures 1.1 A–D). 
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Figure 1.1 - Kinase pathways mediate dendritic morphogenesis and maturation.  

(A) Immature dendritic neurites undergo expansive growth and branching during early 

development. The PI3K-Akt-mTor kinase and Hippo pathway are critical for growth. 
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Activity dependent growth is primarily mediated by Ca+2 influx and downstream signaling 

by CaMK family members.  

(B) During arborization, dendrites of the same neuron avoid overlap through a principle 

known as self-avoidance, while neighboring neurons of the same type grow in well-

defined territories. Kinases that mediate self-avoidance and dendritic tiling have been 

identified through screens in Drosophila peripheral sensory da neurons.  

(C) Most excitatory neurons on maturation form actin rich protrusions called dendritic 

spines that serve as sites of synapse formation. Several kinases that regulate the synaptic 

cytoskeleton are important regulators of spine formation in hippocampal and cortical 

neurons.  

(D)  Calcium influx through N-methyl D-aspartate (NMDA) receptors and voltage gated 

calcium channels (VGCC) activate CaMK kinases, which mediate spine morphogenesis 

and plasticity. Mutations in several kinases important for dendritic spine formation are 

associated with neuropsychiatric diseases. 
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Kinases as Biochemical Switches for Activity Dependent Dendritic Development 

Neuronal activity during brain development profoundly impacts dendritic growth and 

retraction (Cline, 2001). Experiments where neuronal activity is manipulated such as in 

sensory deprivation (Wiesel and Hubel, 1963), pharmacological block of activity 

in Xenopus tadpoles (Rajan and Cline, 1998), or enhanced environmental enrichment in 

rodents (Volkmar and Greenough, 1972), induces dramatic alteration in both dendritic 

development and its structural complexity. Calcium influx in response to neuronal activity 

leads to kinase activation, providing the biochemical signal that mediates activity 

dependent dendritic growth dynamics (Ghosh and Greenberg, 1995). Calcium enters 

through glutamate receptor NMDA or voltage gated calcium channels (VGCC) and is 

sequestered by the calcium binding protein, calmodulin. In the Ca+2 bound state, 

calmodulin binds calcium/calmodulin-dependent protein kinases (CaMK), which then 

undergo autophosphorylation mediated activation. Several CaMKs have been implicated 

in dendritic development, and these act either via local effects or though transcriptional 

changes (Redmond and Ghosh, 2005). CaMKII has been extensively studied, most 

famously in relation to dendrite development and synaptic long-term potentiation. Two 

isoforms of CaMKII are expressed in the brain, CaMKIIα and CaMKIIβ, which each 

mediate distinct roles in dendrite development in hippocampal neurons, primarily on 

account of their differential ability to associate with actin (Shen et al., 1998). CaMKIIα 

expression in tectal neurons in tadpoles was found to stabilize dendritic arbors, as 

premature expression of CaMKIIα causes dendrites to slow their growth rate to that of 

more mature neurons. Conversely, blocking endogenous CaMKII maintains neurons in 

their rapid growth phase, such that dendritic arbors grow larger than normal (Wu et al., 

1999; Zou and Cline, 1999). CaMKIIβ, on the other hand promotes actin polymerization, 
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thereby increasing filopodial extension and growth of fine dendrites in rat hippocampal 

neurons (Fink et al., 2003). Another member of the CaM kinase family, CaMKIV, is also 

crucial for activity dependent dendritic growth. Blocking CaMKIV signaling reduces 

calcium-induced dendritic growth, while expression of an activated form of CaMKIV in rat 

cortical neurons mimics the dendrite growth induced by calcium influx (Redmond et al., 

2002). CaMKIV is enriched in the nucleus and its effect on dendrite growth is primarily 

mediated through transcriptional changes. Interfering with activity of transcriptional 

targets of CaMKIV blocks the ability of active CaMKIV to induce dendrite growth 

(Redmond and Ghosh, 2005). Importantly, activity induced changes in dendritic growth 

mediated by CaMKs are developmentally regulated. While the peak expression of 

CaMKIIβ and CaMKIV coincides with the period of maximal dendritic growth of cortical 

neurons in rodents, highest expression of CamKIIα occurs later during dendritic 

maturation when the arbor is elaborated (Cline, 2001; Redmond and Ghosh, 2005; Wong 

and Ghosh, 2002). Another kinase pathway activated in response of neuronal activity is 

Ras-MAPK signaling (Konur and Ghosh, 2005). In rat hippocampal pyramidal neurons, 

persistent dual phosphorylation of ERK1/2 (MAPKs) in response to calcium influx and 

Ras signaling is important for local cytoskeletal effects and transcriptional changes that 

lead to dendritic remodeling (Wu et al., 2001). One key protein important for dendritic 

growth is MAP2 (microtubule associated protein 2), which is phosphorylated by MAPK 

kinases in response to neuronal activity (Vaillant et al., 2002). In rat cortical neurons, both 

CaM kinases and Ras/MAPK signaling can regulate gene transcription in response to 

neuronal activity. This is mediated by phosphorylation of transcription factors, cAMP 

response element binding protein (CREB), calcium-responsive transactivator (CREST), 
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LMO4 and NeuroD2 (Aizawa et al., 2004; Kashani et al., 2006; Redmond and Ghosh, 

2005; Redmond et al., 2002). Both CREB and CREST bind the transcriptional coactivator, 

CREB binding protein (CBP) on phosphorylation, although the mechanisms by which 

transcription regulates dendritic growth are not well-understood (Aizawa et al., 2004). 

Many cytoplasmic and secreted proteins whose expression increases after activity have 

been identified. Some of these have shown clear and essential function in modulating 

dendrite and spine morphology such as candidate plasticity gene-15 (cpg15) (Nedivi et 

al., 1998), Arc (Peebles et al., 2010), Homer (Sala et al., 2001), and brain-derived 

neurotrophic factor (BDNF) (Lom and Cohen-Cory, 1999) Other than kinases belonging 

to the CaM kinase and MAP kinase families, cyclin dependent kinase 5 (CDK5) kinase is 

translocated to the nucleus in an activity dependent manner in hippocampal neurons 

where it regulates the transcription of BDNF by phosphorylating the transcriptional 

repressor MeCP2 (Cheung et al., 2007). It is likely that a quantitative and comprehensive 

analysis of activity induced kinases might reveal yet unidentified pathways that regulate 

activity dependent dendritic development. 

Kinase Signaling Mediate Dendritic Growth in Response to Neurotrophic Factors 

Neurotrophins are secreted growth-promoting proteins that are essential for dendritic 

development both in peripheral and central nervous system (CNS). The four 

neutotrophins, nerve growth factor (NGF), brain derived growth factor (BDNF) and 

neurotrophins 3 and 4 (NT-3, NT-4) signal by binding and activating their receptors, which 

are members of the tropomyosin receptor kinases (Trk) and the structurally unrelated p75 

neurotrophin receptor (Huang and Reichardt, 2001). Trk proteins are receptor tyrosine 

kinases that dimerize and transactivate on binding their respective neurotrophin ligand. 

In the mouse CNS, neurotrophins regulate the dendritic growth of pyramidal neurons in 
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the developing neocortex (McAllister et al., 1995). Each of the four neurotrophins rapidly 

increases the length and complexity of dendrites of cortical pyramidal neurons when 

applied exogenously (McAllister et al., 1995). Experiments involving Trk “receptor 

bodies,” which are fusion proteins of the ligand-binding domains of each Trk receptor and 

the Fc domain of human IgG, clearly demonstrate that removing endogenous 

neurotrophins has dramatic consequences for the dendritic growth of pyramidal neurons 

in developing cortex (McAllister et al., 1997; Shelton et al., 1995). Consistent with the 

results derived from the addition of exogenous factors, endogenous BDNF is required for 

the growth and maintenance of dendritic arbors of layer 4 neurons whereas endogenous 

NT-3 is required for the growth and maintenance of dendritic arbors of layer 6 neurons. 

The distribution of receptors and secreted neurotrophin is exquisitely regulated. Not only 

do neurons in each cortical layer respond to subsets of neurotrophins, but also within a 

single cortical layer, each neurotrophin elicits a unique pattern of dendritic changes. 

Further, there are distinct changes in apical vs. basal dendrites evident at the individual 

neuron level (Horch and Katz, 2002). This precise level of neuronal and dendritic 

specificity suggests that neurotrophins do not simply enhance neuronal growth but, 

rather, act instructively to modulate particular patterns of dendritic arborization (McAllister, 

2000). Another level of kinase regulation is added by Cdk5, which phosphorylates TrkB 

at the intracellular juxtamembrane region. In hippocampal cultures, reducing Cdk5 activity 

or expression of a TrkB mutant lacking the Cdk5 phosphorylation site abolishes BDNF 

triggered dendritic growth (Cheung et al., 2007). Thus, kinases act as both a signal 

detector (neurotrophin factors or calcium influx) and a biochemical switch 
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(phosphorylation state) that turn on in response to stimuli and play critical roles in dendritic 

growth and remodeling (Figure 1.1A). 

Kinase Signaling That Controls Dendritic Growth, Tiling and Self-Avoidance 

The phosphoinositide-3 kinase (PI3K)–Akt–mammalian target of rapamycin (mTOR) 

signaling pathway promotes dendritic growth and branching through upregulation of 

protein and lipid synthesis. The lipid kinase PI3K signals through AKT and is inhibited by 

phosphatase, Phosphatase and Tensin homolog deleted on chromosome Ten (PTEN). 

In neurons, mTOR senses and integrates nutrient and growth factor availability through 

extracellular signals such as BDNF, insulin, insulin-like growth factor 1 (IGF1), vascular 

endothelial growth factor (VEGF), ciliary neurotrophic factor (CNTF) and glutamate, to 

mediate neuronal proliferation, dendritic growth and synaptic function (Lipton and Sahin, 

2014). Constitutively active Ras, PI3K, and Akt that activate the mTOR kinase induce 

growth and elaboration of dendrites in cultured hippocampal neurons. In these neurons, 

this effect can be potently blocked by mTOR inhibitor rapamycin or activation of PTEN 

that counteracts the action of lipid kinase PI3K (Jaworski et al., 2005). Loss of upstream 

regulators of mTOR either TSC1/2 or lipid phosphatase PTEN, result in structural 

neuronal defects. PTEN null mutant mice exhibit dendritic hypertrophy and macrocephaly 

(Kwon et al., 2003; Lugo et al., 2014). Loss of TSC1/2 increased size of both neuronal 

somata and dendritic arbors (Tavazoie et al., 2005). Conversely, dendritic complexity is 

reduced by inhibition of PI3K, knockdown of mTOR, or its effector p70 ribosomal S6 

kinase that upregulates protein synthesis. MTOR is composed of two complexes 

mTORC1 and mTORC2. These share the mTOR kinase but comprise other distinct 

proteins such as Raptor and Rictor, respectively, that make the two complexes 

functionally distinct (Hoeffer and Klann, 2010). Both mTORC1 and mTORC2 are integral 
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to the proper formation of dendrites and their arbor. Knockdown of their essential 

components Raptor and Rictor in rat hippocampal and cortical neurons inhibits dendritic 

growth (Urbanska et al., 2012) 

The conserved Hippo kinase signaling pathway plays an important role in dendritic 

growth, tiling and function (Jan and Jan, 2010). Hippo is a conserved serine/threonine 

kinase of the Ste family, that is important for dendritic growth in Drosophila peripheral 

sensory neurons (Emoto et al., 2006). Hippo kinase mediates dendritic arbor growth and 

maintenance through the action of downstream kinase Wts. The mammalian homolog of 

hippo are MST1/2 kinases, which phosphorylates and activates kinases involved in 

cytoskeletal modulation including Ndr1/2 (nuclear Dbf2-related) kinases and Lats1/2 

(large tumor suppressor 1/2) kinases (Emoto, 2011). In Drosophila and C. 

elegans sensory neurons, Ndr kinase is required for dendrite branching where it likely 

promotes neurite outgrowth and branching through Rho family GTPase (Emoto, 2011). 

Mammalian Ndr1/2 kinases analogous to the roles of their fly homolog Trc, limit dendrite 

branching and length in hippocampal primary cultures and in vivo (Ultanir et al., 2012). 

The ability of Ndr kinases to limit dendritic branching is mediated by its direct substrate 

Aak1 kinase which is a downstream substrate implicated in regulation of intracellular 

trafficking (Ultanir et al., 2012). In hippocampal neuron cultures, Ndr2 kinase was shown 

to regulate dendritic growth through phosphorylation of integrins, its subsequent 

translocation to the neurite tips where it facilitate neurite extension (Rehberg et al., 2014). 

The Tao family of Ste kinases are regulators of Hippo kinase signaling (Huang et al., 

2014; Poon et al., 2011). The mammalian Tao kinase, Taok2, is a serine-threonine kinase 

that specifically regulates the development of basal, but not apical, dendrites in cortical 
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pyramidal neurons (Anda et al., 2012). The secreted guidance molecule Semaphorin3a 

activates its receptor Neuropilin, which in turn binds Taok2 and regulates Jnk kinase 

signaling development of basal dendrites (Anda et al., 2012). Taok2 associates with 

microtubules (Mitsopoulos et al., 2003), as well as mediates septin phosphorylation 

(Yadav et al., 2017). Mechanistically, how interaction of Taok2 with various cytoskeletal 

elements contributes to its role in dendritic development is not well-understood. 

Elaboration of the dendritic arbor through growth and branching is fine-tuned by 

mechanisms of self-avoidance and tiling, which prevent redundancy and increase efficient 

use of receptive field (Figure 1.1 B). Dendrites avoid overlapping with other dendrites of 

the same neuron in a process known as self-avoidance, well-studied 

in Drosophila ((Grueber et al., 2003; Jan and Jan, 2010). Dendrite self-avoidance is 

important in order to prevent self-crossing of dendrites, clumping of dendrites as well as 

to maximize the receptive field. In Purkinje cells, the liver kinase B1 (Lkb1) is 

developmentally expressed in the dendrites. Depletion of Lkb1 in these neurons results 

in increased dendritic crossing (Kuwako and Okano, 2018). Exogenous expression of salt 

inducible kinase 1 (Sik1), a downstream target of Lkb1 kinase is able to rescue self-

crossing defects through regulation of the guidance cue receptor Robo2 (Kuwako and 

Okano, 2018), these data suggest that the Lkb1-Sik1 kinase pathways is required for 

dendritic self-avoidance in cerebellar Purkinje neurons. Dendritic tiling ensures that 

dendrites of different neurons of the same type avoid each other (Grueber and Sagasti, 

2010; Jan and Jan, 2010). Dendritic tiling has been best studied in 

the Drosophila peripheral sensory da neurons and in retinal ganglion cells. In flies, loss 

of either the serine/threonine kinase, Tricornered (Trc), or Furry (Fry), a protein required 
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for Trc kinase activity, leads to sensory neurons that produce excessive numbers of 

dendritic branches, which fail to tile normally (Emoto et al., 2004) 

 

1.4 - Regulation of Dendritic Spine and Synapse Development by Kinases 

Dendritic spines are actin-rich protrusions on the dendritic membrane of most excitatory 

neurons. Early in development, thin actin filopodia extend from dendritic branches, which 

then mature into stable mushroom shaped spines likely on contact with the axonal 

membrane (Matus, 2000; Yuste and Bonhoeffer, 2004). However, spines retain 

remarkable structural plasticity even after development, and on exposure to the right 

stimuli can extensively retract, morph or become larger (Hering and Sheng, 2001). Spines 

are enriched in F-actin that contributes greatly to their structure and plasticity (Hotulainen 

and Hoogenraad, 2010). Repetitive firing of synapses, such as that which occurs during 

high-frequency synaptic stimulation of hippocampal neurons (long term potentiation), 

leads to an increase in F-actin which causes the spine to enlarge (Okamoto et al., 2004). 

Conversely, in long-term depression, decrease in F-actin/G-actin ratio causes dendritic 

spine shrinkage (Zhou et al., 2004). In addition to actin, other cytoskeletal elements such 

as septin and microtubules regulate dendritic spine structure. In cortical and hippocampal 

neurons, septin proteins mark the site of dendritic filopodia extension, and are important 

for dendritic spine stability (Ewers et al., 2014; Xie et al., 2007; Yadav et al., 2017). 

Interestingly, transient entry of microtubules into dendritic spines of hippocampal neurons 

regulates actin dynamics and spine morphology (Jaworski et al., 2009). It is therefore, not 

surprising, that several kinases (Figure1.1C) and GTPases that regulate actin, septin and 

microtubule dynamics are implicated in spine formation and its plasticity (Hotulainen and 

Hoogenraad, 2010; Lin and Koleske, 2010). 
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Several kinases modulate spinogenesis through regulation of the actin cytoskeleton 

(Figure 1.1 D). In addition to their role in dendrite development (described above) the 

calcium/calmodulin-dependent protein kinase II (CaMKII) is important for dendritic spine 

formation. In hippocampal neurons, the two main neuronal CaMKII isoforms have distinct 

roles, while CaMKIIα regulates synaptic strength, the CaMKIIβ isoform controls dendritic 

spine morphology and synapse number via its ability to bundle actin filaments ((Fink et 

al., 2003; Okamoto et al., 2007)). Knock-in mice expressing kinase dead CaMKIIα, show 

impaired learning and memory as well as a loss of long-term potentiation (Yamagata et 

al., 2009). Neuronal activity or NMDA receptor activation regulates spine morphogenesis 

by mediating Ca2+ influx into postsynaptic neurons, which modulate the activity of many 

actin binding proteins, including CaMKIIβ (Lisman et al., 2002). The dual specificity kinase 

Dyrk1a, negatively regulates filopodia and spine formation through phosphorylation of N-

WASP, an actin filament assembly protein (Park, 2009). In cultured hippocampal neurons, 

N-WASP activates the actin branching protein Arp2/3, which is required for spine 

formation (Wegner et al., 2008). LIM-kinase1 (LIMK1) inhibits the activity of actin 

depolymerizing protein cofilin by phosphorylation (Yang et al., 1998) and hence affects 

dendritic spine morphology and synaptic function (Meng et al., 2002) LIM-Kinase1 

(Limk1) functions as an actin destabilizer. Hippocampal neurons in Limk1 knockout mice 

exhibit aberrant spines and enhanced LTP (Meng et al., 2002). Another actin destabilizing 

kinase is PKC, several isoforms of which are enriched at the synapse. PKC 

phosphorylates myristoylated, alanine-rich C-kinase substrate (MARCKS) inhibiting its 

ability to cross link the actin cytoskeleton to membrane thereby destabilizing dendritic 

spines in hippocampal neurons (Calabrese and Halpain, 2005). 
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Receptor tyrosine kinases, notably Trk kinase and Eph/ephrin family members are 

important for dendritic spine formation. TrkB acts as a receptor for the neurotrophic factor 

BDNF and is crucial for neuronal plasticity such as structural remodeling associated with 

LTP (Huang et al., 2013). In rat hippocampal slices, BDNF stimulates activity of 

serine/threonine kinase p21 activated kinase (Pak), which inactivates cofilin through 

phosphorylation causing increase in spine size and stability. TrkB also activates Ras 

GTPase inducing spine enlargement and stability (Yasuda et al., 2006). Eph receptors 

expressed on dendrites are activated by ephrins on opposing membranes such as 

axonal/glial. Signaling through these receptors regulate dendritic spine and synapse 

formation or activity induced LTP in hippocampal cultured neurons (Klein, 2009). 

Activation of Eph receptors leads to tyrosine phosphorylation of target molecules, such 

as proteoglycan syndecan-2, which clusters them at the postsynapse promoting spine 

maturation (Ethell et al., 2001). Activation of EphB on binding EphrinB leads to the 

receptor interaction with NMDA receptors and subsequent synaptic targeting of NMDA 

receptors (Dalva et al., 2000; Nolt et al., 2011). Further, Eph receptors also mediate 

structural changes in dendritic spines. Optogenetic local activation of expressed 

OptoEphb2 in dendrites led to rapid actin polymerization causing filopodial growth. While 

inhibition of Rac1 and Cdc42 did not abolish OptoEphB2-induced actin polymerization, 

Abelson tyrosine-protein kinase 2 (Abl2/Arg) were found to be downstream effector of 

filopodia growth in dendrites (Locke et al., 2018)). Hippocampal neurons derived from 

EphB1/B2/B3 receptor triple knockout mice are unable to form mature dendritic spines 

(Henkemeyer et al., 2003), consistent with the essential role of Eph tyrosine kinases in 

spinogenesis. Another pathway that contributes to EphB2-mediated dendritic spine 
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stabilization is FAK kinase that activates RhoA-ROCK-LIMK-1 pathway to suppress cofilin 

activity and remodel dendritic spines (Koleske, 2013; Shi et al., 2009). 

In addition to actin, the septin cytoskeleton plays essential roles in dendritic spine 

morphogenesis (Figure 1.1 D). Septin7 localizes to the base of dendritic spines at the 

spine neck and is required for spine formation (Tada et al., 2007; Xie et al., 2007) and 

spine stability (Ewers et al., 2014) in both hippocampal and cortical neurons. The 

serine/threonine kinase TAOK2 directly phosphorylates Septin7 at an evolutionarily 

conserved residue. In cultured hippocampal neurons, phosphorylation at its C-terminal 

tail promotes septin7 translocation from the base of the dendritic spine to spine head, 

where it associates and stabilizes the synaptic scaffold protein PSD95 (Yadav et al., 

2017). TAOK2 depletion or expression of phospho-dead Septin7 leads to exuberant 

filopodial extension and inhibits spine maturation (Yadav et al., 2017). 

1.5 - Aberrant Kinase Signaling Contributes to Dendritic Dysfunction in 
Neurological Disorders 

Structural and functional dendritic defects are strongly associated with several 

neurodevelopmental and psychiatric disorders including autism spectrum disorder, 

schizophrenia, and Down syndrome (Kulkarni and Firestein, 2012; Raymond et al., 1995). 

Homeostatic balance between dendritic stability and instability is perturbed during 

neurodegenerative diseases or injury insults such as stroke. Most neurodegenerative 

diseases lead to dystrophy of dendrites and synapses, with some evidence suggesting 

that synaptic dysfunction precedes axonal degeneration (Gan et al., 2018). The evidence 

implicating kinase pathways in neurological disorders, and the potential mechanisms 

through which mutations in these kinase pathways contribute to disease are outlined 

below (Table 1).  
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Table 1. Kinase signaling pathways implicated in neurological diseases and their 
role in dendrite development. 
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Autism Spectrum Disorder 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with a strong genetic 

basis, and is defined by deficits in social communication, language development as well 

as repeated behaviors (Geschwind and Levitt, 2007). Several kinases have been 

genetically associated with autism spectrum disorders. DYRK1A has one of strongest 

genetic association with ASD (Iossifov et al., 2014; Rubeis et al., 2014). The encoded 

protein DYRK1a is a dual-specificity tyrosine phosphorylation-regulated serine/threonine 

kinase. Several ASD associated variants of DYRK1A affect its kinase function causing 

either loss or gain of kinase activity. Mouse hippocampal neurons transfected with these 

variants show defects in neuronal development including in dendritic outgrowth and 

dendritic spine density (Dang et al., 2017). Further overexpression of these pathogenic 

variants in developing mice embryos perturb neuronal migration in vivo (Dang et al., 

2017). DYRK1A mutations lead to syndromic form of autism and intellectual disability with 

many shared features. DYRK1A is affected in 21q22 microdeletion in human, and is 

associated with growth retardation, primary microcephaly, facial dysmorphism, seizures, 

ataxic gait, absent speech and intellectual disability (Bon et al., 2016; Courcet et al., 2012; 

Ji et al., 2015; Møller et al., 2008). 

Aberrant signaling through the PI3K/AKT/mTOR pathway is associated with ASD 

(Winden et al., 2018). A range of structural brain abnormalities are associated with 

mutations in the mTOR pathway. Activating mutations in PI3K/AKT/mTOR pathway result 

in megalencephalies and hemimegaloencephalies associated with ASD (Jansen et al., 

2015). Mutations in PTEN are linked to macrocephaly and ASD (Butler et al., 2005). Pten 

knockout mice exhibit enlarged dendritic arbors and neuronal soma and exhibit autism-

like behavior (Lugo et al., 2014). Mutations in genes involved in the mTOR signaling 
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pathway have been identified in some cases of syndromic ASD (Mirzaa et al., 2016). 

While mutations that inhibit mTOR are associated with microcephaly, hyperactive mTOR 

signaling is associated with monogenic ASD. Inhibition of mTOR signaling is a potential 

pharmacotherapy for ASD (Sato, 2016). 

TAOK2 is an autism susceptibility gene encoding a serine/threonine kinase. De 

novo mutations in TAOK2 have been found in ASD patients (Richter et al., 2018). TAOK2 

is one of the two kinases within the 16p11.2 gene locus, a region prone to copy number 

variations (CNV) associated with ASD and schizophrenia (Kumar et al., 2007; McCarthy 

et al., 2009; Weiss et al., 2008). ASD patients with 16p11.2 CNV exhibit a strong 

correlation between TAOK2 expression and head circumference (Luo et al., 2012). 

Further, Taok2 knockout mice exhibit increased total brain volume compared to wildtype 

(Richter et al., 2018), suggesting that perturbation in TAOK2 gene dosage might 

contribute to reciprocal brain size difference associated with the 16p11.2 CNV. However, 

mechanisms and extent to which TAOK2 might affect brain size have yet to be elucidated. 

TAOK2 kinase regulates the microtubule cytoskeleton (Mitsopoulos et al., 2003; Moore 

et al., 2000), septin cytoskeleton (Yadav et al., 2017) and RhoA signaling (Richter et al., 

2018). It is likely that many of these signaling pathways converge to mediate structural 

changes in the brain. In cultured hippocampal neurons, depletion or expression of kinase 

dead TAOK2 results in a loss of mature mushroom-shaped spines (Richter et al., 2018; 

Ultanir et al., 2014; Yadav et al., 2017), increased shaft synapses (Yadav et al., 2017). 

Further in cortical neurons, TAOK2 is required for proper basal dendrite development 

(Anda et al., 2012). Interestingly, de novo mutations in another member of the TAO 
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family, TAOK1, are associated with neurodevelopmental delay (Dulovic-Mahlow et al., 

2019). 

Additional kinases associated with ASD are MET, CaMKII and the PAK kinases. MET is 

associated with ASD and encodes a receptor tyrosine kinase MET (Campbell et al., 2007; 

Thanseem et al., 2010). Loss or gain of function of Met leads to opposing changes in 

dendritic complexity, spine morphogenesis, and timing of glutamatergic synapse 

maturation in CA1 hippocampal neurons (Qiu et al., 2014). De novo mutations 

in CAMK2A and CAMK2B are associated with autism, intellectual disability and 

neurodevelopmental disorders (Akita et al., 2018; Chiocchetti et al., 2018; Küry et al., 

2017). De novo mutation in the CaMKIIα catalytic domain (E183V) was identified in a ASD 

proband (Stephenson et al., 2017). In cultured hippocampal neurons, the E183V mutation 

reduces CaMKIIα targeting to dendritic spines, increases dendritic arborization and 

decreases dendritic spine density. Mice with a knock-in CaMKIIα-E183V mutation display 

aberrant behavioral phenotypes, including hyperactivity, social interaction deficits, and 

increased repetitive behavior (Stephenson et al., 2017). Characterization of 19 rare de 

novo CAMK2A or CAMK2B variants identified in individuals with intellectual disability 

revealed that mutations that decreased or increased CAMKII autophosphorylation at 

Thr286/Thr287 also affected neuronal migration (Küry et al., 2017). PAK1 and PAK2 

kinases are associated with autism and neurodevelopmental delay (Harms et al., 2018; 

Horn et al., 2019; Kernohan et al., 2019). PAK1 mutations in patients with intellectual 

disability are located within or proximal to the autoinhibitory switch domain, suggesting a 

gain of function mechanism of disease (Harms et al., 2018). The Pak1/2 serine/threonine 

protein kinases regulate cell motility, cell cycle progression, apoptosis, or proliferation 
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through downstream GTPases Cdc42 and Rac1. PAK2 is encoded in the 3q29 genomic 

region, deletion of which can result in numerous neurodevelopmental defects including 

ASD (Quintero‐Rivera et al., 2010). Haploinsufficiency of PAK2 in mice results in 

decreased spine density and synapse number in the hippocampus (Wang et al., 2018b). 

In addition to PAK1/2, mutations in PAK3 gene are associated with X-linked intellectual 

disability (Allen et al., 1998) 

CDKL5 Syndrome 

CDKL5 Syndrome is a rare X-linked genetic disorder that results in severe 

neurodevelopmental impairment, infantile seizures and intellectual disability (Weaving et 

al., 2004). Mutations in CDKL5 gene encoding a serine/threonine kinase is causative of 

the syndrome. The severity of the disease seems to depend on the site of mutation, where 

those in the kinase domain are more pathogenic (Bahi‐Buisson et al., 2012). CDKL5 

knockout mouse exhibit dendritic hypotrophy in granule cells of the hippocampus (Fuchs 

et al., 2014). Enhanced NMDAR signaling and circuit hyperexcitability were shown to 

underlie autistic-like features in mouse models of CDKL5 Syndrome (Tang et al., 2019). 

Recently, direct target substrates of CDKL5 in the brain were identified, which included 

microtubule regulators Microtubule Associated Protein 1S (MAP1S), Microtubule End 

Binding Protein 2 (EB2) and Rho GTPase activator ARHGEF2 (Baltussen et al., 2018). 

Importantly, hypophosphorylation of these targets were confirmed in vivo as well as in 

induced pluripotent stem cell (iPSC) derived neurons differentiated from CDKL5 patients, 

suggesting that these are physiologically relevant kinase and substrates. Further, this 

important study also identified the consensus sequence of CDKL5 phosphorylation as 

RPXpS motif (Baltussen et al., 2018), which will be useful for identification of other 

downstream substrates. 
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Schizophrenia 

ULK4 is a rare susceptibility gene for schizophrenia (Lang et al., 2013; Tassano et al., 

2018), a devastating neuropsychiatric disease with high heritability but few monogenetic 

associations. The ULK (UNC51-like) kinase family member ULK4 is classified as a 

pseudokinase, as it is catalytically inactive. While ULK can bind ATP molecules it does 

not have phosphotransfer activity (Khamrui et al., 2020). The expression of ULK4 is 

neuron-specific and developmentally regulated, and its depletion in mice leads to defects 

in neural proliferation, migration as well as reduced dendritic arborization of cortical 

neurons (Lang et al., 2016). Knockdown of Ulk4 disrupts the composition of microtubules 

by reducing tubulin acetylation. Targeted disruption of the Ulk4 in the cortex decreases 

the neural stem cell pool at birth, which significantly reduced cerebral cortex size in 

postnatal mice (Liu et al., 2016). The implications of these changes in pathogenesis of 

schizophrenia are unknown. 

16p11.2 CNV Syndrome 

Copy number variation (CNV) in the 16p11.2 genomic locus are strongly associated with 

neurodevelopmental disorders including ASD, schizophrenia, and structural brain 

changes (Kumar et al., 2007; McCarthy et al., 2009; Owen et al., 2017; Qureshi et al., 

2014; Weiss et al., 2008). This genomic locus spans 29 annotated genes, two of which 

encode kinases: TAOK2 and MAPK3. Transcriptomic analysis of 16p11.2 CNV patients 

suggests there is a strong correlation between TAOK2 gene expression and head 

circumference (Luo et al., 2012). Further, TAOK2 knockout mice exhibit increased total 

brain volume compared to wildtype (Richter et al., 2018). Dissociated primary cortical 

neurons from 16p11.2 microduplication mice model show increased dendritic elaboration, 

which was rescued with ERK1 inhibitors (Blizinsky et al., 2016), suggesting increase in 
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MAPK3 dosage might contribute to changes in brain structure and function. Paradoxically, 

ERK1 inhibition in 16p11.2 deletion also seems to rescue cortical defects in mice models. 

It is important to note that mouse models of 16p11.2 CNVs do not faithfully recapitulate 

the human condition in terms of structural brain changes (Deshpande et al., 2017; 

Portmann et al., 2014), and human relevant models of this CNV are needed to understand 

the mechanisms of many defects associated with these CNVs. 

Interestingly, TAOK2 and MAPK3, are the only two genes in this locus that have been 

independently associated with autism (Pinto et al., 2014; Richter et al., 2018). 

Down Syndrome 

Down Syndrome (DS) is a severe neurodevelopmental disorder caused by presence of 

an extra copy (or parts) of chromosome 21 (Dierssen, 2012). Postmortem analysis of 

neuronal morphology in DS patients showed increased complexity of dendritic arbors in 

early postnatal period followed by much reduced dendritic length and arborization in older 

children (Becker et al., 1986). Among the DS Critical genes, increased dosage 

of DYRK1A has been identified to play a crucial role in the disease pathology. Dyrk1a 

overexpression in mouse neocortex inhibits neural stem cell proliferation and leads to 

premature neuronal differentiation (Yabut et al., 2010). Overexpression of Dyrk1A leads 

to reduced dendritic arbor complexity and synaptogenesis in layer II/III pyramidal cells, 

indicating this kinase is a major contributor to the dendritic phenotypes in DS (Lagran et 

al., 2012). Both the mammalian Dyrk1a and its Drosophila ortholog minibrain regulate 

dendritic morphogenesis through direct phosphorylation of β-tubulin which inhibits 

microtubule polymerization (Ori-McKenney et al., 2016). 
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Alzheimer's Disease 

Alzheimer's disease (AD) is a progressive neurodegenerative disease that affects wide 

areas of the cerebral cortex and hippocampus. Human neuropathology data from AD 

patients suggests that dendritic abnormalities in AD are widespread and often are present 

in the early stages of disease. Dendritic abnormalities associated with AD include 

dystrophic dendrites, reduction in dendrite complexity, and loss of dendritic spines 

(Cochran et al., 2013). Hallmark features of AD include accumulation of extracellular 

insoluble forms of amyloid-β (Aβ) and intracellular aggregation of hyperphosphorylated 

microtubule associated protein tau in neurofibrillary tangles (Congdon and Sigurdsson, 

2018; Giacobini and Gold, 2013). Aβ refers to peptides that are 38–43 amino acids in 

length, derived by the proteolytic cleavage of amyloid precursor protein (APP). Aβ is 

released into the extracellular matrix in oligomeric form where it is normally cleared by 

macrophages and microglia. Defects in efficient clearing of Aβ and certain oligomeric Aβ 

conformations lead to formation of fibrils that ultimately form amyloid plaques (Ittner and 

Ittner, 2018). Plaques induce neurotoxicity through numerous pathways, including 

through recruitment of the microtubule binding proteins tau (Masters et al., 2015). 

Experiments in hippocampal neurons show that Aβ oligomers accumulate at synapses, 

inducing clustering and dysfunction of metabotropic glutamate receptors (Renner et al., 

2010). Exposure to Aβ oligomers disrupts polarized trafficking causing mis-sorting of 

axonal proteins including tau into somatodendritic compartment. Defects in axonal 

trafficking of tau promotes axonal degeneration and corresponding decrease in synaptic 

inputs (Zempel et al., 2010). Further, missorted tau in dendrites induces tubulin 

polyglutamylation which recruits the microtubule severing protein spastin, ultimately 

leading to dendritic dystrophy (Zempel et al., 2013). Of note, disease modifying 
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treatments targeting Aβ, have so far failed in clinical trials. Recent evidence suggests that 

amyloid deposition is not strongly correlated with cognition in multivariate analyses. 

Hyperphosphorylated tau, as well as synaptic and neuronal loss are, however, associated 

with memory deficits (Giacobini and Gold, 2013). AD is associated with high amount of 

hyperphosphorylated tau. Tau contains 77 potential serine/threonine and 4 tyrosine 

phosphorylation sites clustered in the proline-rich region and the tail domain adjacent to 

the microtubule targeting domains (Noble et al., 2013) Tau hyperphosphorylation 

decreases its binding to microtubules. As tau becomes progressively 

hyperphosphorylated, deficits in molecular chaperones and degradation contribute to tau 

oligomerization and paired helical filament formation, ultimately forming neurofibrillary 

tangles (Iqbal et al., 2016; Ittner and Ittner, 2018). Emergent evidence suggests that AD 

is a synaptopathy (Li et al., 2018). Synaptic dysfunction due to pathogenic Aβ oligomers 

and tau pathology is one of the earliest signs of disease, preceding synaptic loss and 

neurodegeneration (DeVos et al., 2018; Hoover et al., 2010; Selkoe, 2002). In addition to 

its axonal role, tau plays a dendritic function important for postsynaptic targeting of Fyn 

kinase, a modulator of NMDA receptor activity. Tau KO mice exhibit disrupted 

postsynaptic targeting of Fyn, which reverses the excitotoxicity caused by NMDA receptor 

dysfunction due to Aβ toxicity (Ittner et al., 2010). In addition to Fyn kinase, dysfunction 

in several kinase pathways have been implicated in AD. Overactivation of Gsk3β (Lauretti 

et al., 2020) and Dyrk1a (Coutadeur et al., 2015) has been independently shown to 

increase tau phosphorylation as well as Aβ production. Overactivated TAOK2 kinase was 

found in the neurofibrillary tangles in AD postmortem brain (Tavares et al., 2013), and its 

inhibition reduces tau phosphorylation in cellular models (Giacomini et al., 2018). Another 
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important kinase pathway that has emerged in AD is the Cdk5. Deregulation of Cdk5 by 

overexpression of its activator p25 triggers progressive neurodegeneration and 

neurofibrillary tangle formation in mice (Cruz and Tsai, 2004). In addition to its effect on 

microtubule stability and synaptic function, hyperphosphorylated tau promotes Aβ toxicity 

mediated neuropathology (Ittner et al., 2010; Mairet-Coello et al., 2013), hence targeting 

tau hyperphosphorylation might prove to be a viable therapeutic strategy for AD. Several 

small molecule inhibitors targeting kinases that phosphorylate tau are currently in clinical 

trial for AD (Table 2) (Krahn et al., 2020; Tell and Hilgeroth, 2013). 

 
 
Table 2. Kinase inhibitors in clinical trials for the treatment of neurological 
disorders. 
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Parkinson's Disease 

Parkinson's disease (PD) is pathologically defined by the neurodegeneration of 

dopaminergic neurons of the substantia nigra and is characterized by the presence of 

cytoplasmic inclusions composed of α-synuclein protein aggregates called Lewy bodies 

(Poewe et al., 2017). Some of the strongest disease associated genes in Parkinson's 

disease encode for kinases; LRRK2 and PINK1. Mutations in leucine-rich repeat kinase 

2 (LRRK2) underlie an autosomal-dominant, inherited form of PD. The PD-associated 

LRRK2 mutations display disinhibited kinase activity and induce a progressive reduction 

in dendrite length and branching in primary cortical cultures and in vivo mouse models 

(MacLeod et al., 2006). Increased LRRK2 kinase activity was observed in idiopathic PD, 

and in neurons exposed to mitochondrial toxins, suggesting that LRRK2 kinase activity 

might have a broader role in PD pathogenesis (Maio et al., 2018). Small-molecule LRRK2 

kinase inhibitors have shown promise in preclinical models of PD, and has brought 

LRRK2 to the forefront of disease modifying efforts in PD (Tolosa et al., 2020). 

Homozygous loss of function mutations in PTEN-induced kinase 1 (PINK1) are 

associated with early onset PD (Valente et al., 2004). PINK1 encodes a serine/threonine 

kinase that acts as a sensor for mitochondrial health. In healthy mitochondria, PINK1 is 

targeted to mitochondria where it is rapidly degraded. In unhealthy membrane potential 

(ΔΨm)-deficient mitochondria, however, PINK1 accumulates and recruits an E3-ubiquitin 

ligase Parkin, which in turn initiates mitophagy (Okatsu et al., 2012). Loss of function PD 

associated PINK1 mutations perturb normal neuronal mitophagy, and accumulated 

damaged mitochondria in neurons lead to disease pathology. In mouse primary cortical 

and midbrain dopaminergic neurons, PINK1 kinase activity was found to promote 

dendritic arborization and its depletion resulted in shortened dendritic length (Dagda et 
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al., 2014). While mechanisms through which PINK1 might regulate dendritic length are 

not well elucidated, there is some indication that control of mitochondrial motility and 

trafficking within dendrites by PINK1 could contribute to its dendritic role (DasBanerjee et 

al., 2017). 

1.6 - Technologies to Dissect Kinase Signaling in Dendritic Structure and 
Function 

Kinase signaling occurs in a spatiotemporally precise fashion, however, traditional 

biochemical tools do not provide information on when and where kinase activation occurs 

during neuronal development. A major challenge in understanding kinase function is the 

identification of direct substrates of the kinase of interest (KOI).  

Kinase Sensors and Optokinases 

A key method for studying temporal and spatial kinetics of kinase signaling is the use of 

kinase sensors (Figure 1.2A). Fundamentally, kinase sensors are comprised of two parts, 

a sensing unit, which is sensitive to a phosphorylation event on substrate and a reporting 

unit to indicate the phosphorylation state (Oldach and Zhang, 2014). Fluorescent kinase 

sensors work in three ways (Turk, 2005) FRET kinase sensors rely on Förster resonance 

energy transfer (FRET) between a fluorophore donor attached to a peptide designed to 

harbor the kinase specific phosphorylation site, and an acceptor fluorophore bound 

phospho-peptide binding motif (Sato et al., 2002). The phosphopeptide sensing motif 

interacts with the phosphorylated peptide, bringing donor and acceptor fluorophores 

together achieving resonant fluorescence that can be visualized through microscopy. 

Environmentally sensitive kinase sensors utilize a phosphorylation sequence peptide 

conjugated to a fluorophore that shifts wavelengths or intensity when in close proximity 

to phosphate (Sharma et al., 2008; Yeh et al., 2002). Chelation sensitive sensors use 
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fluorophores sensitive to Mg2+ concentrations found in the ATP binding site of the kinase, 

paired with a phosphopeptide (Shults and Imperiali, 2003). Activation of ERK, PKA, and 

CaMKIIα in single dendritic spines during LTP has been studied using FRET based kinase 

sensors ((Tang and Yasuda, 2017). Optogenetic regulation of kinases enables fast, 

reversible, and non-invasive manipulation of protein kinase activities providing exquisite 

control on regulation by bypassing upstream factors like growth factors, protein kinase 

inhibitors or chemical crosslinker that induce changes in kinase activity (Leopold et al., 

2018). Design of opto-kinases is based on the plant photoreceptor domain light, oxygen, 

or voltage (LOV) or photoswitchable caging using Dronpa fluorophore. The light, oxygen, 

or voltage (LOV) domains are the sites for initial photochemistry in blue light 

photoreceptors in plant flavoprotein kinases, which have inspired creation of light 

activated kinases (Crosson and Moffat, 2002). LOV domains can be used to drive light 

mediated homodimerization of engineered tyrosine kinase domain thereby leading to their 

activation. The dimeric protein, pdDronpa, dissociates in cyan light and reassembles in 

violet light (Zhou et al., 2017). Switchable kinases have been designed by attaching two 

pdDronpa domains in the kinase domain thereby caging the kinase. When Dronpa dimers 

dissociate in cyan light it allows the kinase domains to come together to get activated, 

which can be rapidly shut down with violet light. Dronpa based photo-switchable (ps) 

psRaf1, psMEK1, psMEK2, and psCDK5 kinases were recently designed to uncover a 

direct and rapid inhibitory feedback loop from ERK to MEK1. Dronpa-kinases were also 

shown to work in vivo where they could acutely regulate synaptic vesicle transport (Zhou 

et al., 2017). Challenges such as low dynamic range, low signal to noise ratio, applicability 

to in vivo studies and control of expression level are some of the difficulties in design of 
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useful kinase sensors (Oldach and Zhang, 2014). Iterative sensor optimization combined 

with improvements in imaging capabilities will further expand the scope of kinase sensors 

in understanding dendritic development and function.  

Kinase Substrate Identification 

Cascades of protein phosphorylation downstream of kinase activation make precise 

identification of direct substrates difficult. A breakthrough in this field was the development 

of a technique that enables covalent capture of analog-sensitive kinase substrates (Figure 

1.2B). This technique involves genetic engineering of the KOI to allow for utilization of 

bulkier ATPγS analogs. Thiophosphorylated proteins that represent direct substrates of 

KOI are covalently captured by thiol-reactive iodoacetyl agarose beads, and identified by 

mass spectrometry (Blethrow et al., 2008). As this method also yields the site of 

phosphorylation on the identified substrate, validation of substrate identity can be easily 

performed by point mutation of these sites in downstream biochemical assays. This 

method has been used for identification of direct targets of several kinases that play key 

role in dendrite morphogenesis including Cdkl5 (Baltussen et al., 2018), Taok2 (Yadav et 

al., 2017), and Hippo kinase members (Ultanir et al., 2012, 2014). Biological function of 

KOI and validated substrates can then be inferred through independent methods such as 

purified in vitro kinase assays and rescue of biological phenotypes with phosphomimetic 

substrates. An innovative application of this method was the finding that certain kinases 

such as PINK1, can utilize artificial ATP analogs (kinetin triphosphate), more efficiently 

than ATP, enhancing kinase activity of wild type as well as rescuing effects of low activity 

PD associated PINK1 mutant (Hertz et al., 2013). A limitation of this technique is that 

since phosphorylation reaction is performed in vitro in a cell or tissue lysate, the 

physiological context of kinase and substrate localization is lost. This can lead to false 
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positive substrates, and therefore further validation of candidate substrates identified 

through this technique is essential. 
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Figure 2. Emergent technologies to investigate kinase pathways 

(A) FRET-based kinase sensors are comprised of kinase specific phosphopeptide 

sequence and a phosphopeptide binding motif.  

(B) Analog-sensitive kinases are an important tool for direct substrate identification 

through covalent capture of phosphopeptides and mass spectrometry. 

(C)  Stable isotope labeling of amino acids in culture (SILAC), is a versatile metabolic 

labeling proteomic technique that can be applied to study the effect of kinase inhibitors 

on neuronal growth by quantifying changes in proteome. Kino-beads can be employed 

for profiling the neuronal kinome in healthy and disease states.  

(D) Human iPSCs have been used to model neurological diseases associated with 

kinase genes. 
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SILAC 

Stable isotope labeling by amino acids in cell culture (SILAC) is a metabolic labeling 

technique that can be used to incorporate amino acids carrying specific heavy and light 

isotopes of C and N, allowing for simultaneous identification and quantitation of complex 

protein mixtures (Ong et al., 2002). SILAC can be employed in neuronal cultures or in 

vivo animal models to detect changes in the proteomic landscape upon different genetic 

or pharmacological perturbations (Krüger et al., 2008; Spellman et al., 2008). Therefore, 

SILAC can be a powerful method to study kinase pathways during dendrite development 

or disease (Figure 1.2C). SILAC was utilized to identify novel interactors of Tao kinases 

on phosphorylation by upstream kinase Mst3, to reveal unique interaction with 

cytoskeletal motor protein MyosinVa (Ultanir et al., 2014). Fragile X Syndrome is caused 

by transcriptional silencing of Fmr1, which encodes a protein that regulates mRNA 

translation in neuronal dendrites. SILAC labeling revealed profound up- or down- 

regulation of proteins related to synaptic structure and morphogenesis, dendritic mRNA 

transport, and synaptic transmission in Fmr1 knockout mouse cortical synapses 

compared to wild type (Liao et al., 2008). Improvements in SILAC technologies include 

use of “spike in” SILAC that can be utilized to compare more than three distinct 

comparisons (Geiger et al., 2010). However, optimization of proper spike-in-standard can 

be time consuming and variable based on the sample type (Wang et al., 2018a). 

Quantitative Phosphoproteomics 

Quantitative phosphoproteomics has emerged as a powerful tool to perform unbiased and 

quantitative measurement of changes in signaling pathways in normal and diseased 

states (Hosp and Mann, 2017) Chemical labeling methods like tandem mass tag (TMT) 

or iTRAQ allow for multiplexing and are powerful when used with human tissue samples 
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as labeling is performed in vitro after obtaining the tissue lysate ((Glibert et al., 2015; 

Navarrete-Perea et al., 2018). Dendritic differentiation and maturation occur in distinct 

stages, and proteomic techniques can be applied to systematically delineate kinase 

pathways that mediate each of these processes. The developmental proteomic profile of 

cultured rat hippocampal neurons at different stages was recently mapped. Here, a 

combination of stable isotope labeling, and high-resolution liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) was utilized to detect extensive remodeling of the 

neuronal proteome, where one third of 4,500 proteins quantified were found to undergo 

2-fold change in expression during neuronal differentiation (Frese et al., 2017). 

Phosphoproteomic techniques are especially powerful in identification of signaling 

aberrations in disease states. Haploinsufficiency of the gene SHANK3 causes Phelan-

McDermid syndrome (PMDS) that is associated with a high risk of autism (Mitz et al., 

2018). Unbiased, quantitative proteomics revealed profound changes in the 

phosphoproteome of Shank3-deficient neurons, including downregulation of Akt-

mTORC1 signaling due to increased steady-state levels of upstream kinase, Cdc2-like 

kinase 2 (Clk2) (Bidinosti et al., 2016). Pharmacological and genetic activation of Akt or 

inhibition of Clk2 relieved synaptic and behavioral deficits in PMDS patient-derived 

neurons and mouse models, thereby highlighting the value of using unbiased proteomic 

approaches in discovery of novel drug targets. Another powerful example is the use of 

phosphoproteomics screening analysis of Parkinson disease associated kinase LRRK2, 

in combination with different pharmacological inhibitors that uncovered Rab GTPases as 

key LRRK2 substrates, and pointed toward a new disease mechanism in PD (Steger et 

al., 2016) 
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Kinome Profiling 

Immobilized broad-spectrum kinase inhibitors can be used in affinity pulldown to probe 

full-length kinases from whole neuronal or brain tissue proteomes (Bantscheff et al., 

2007). This chemical proteomics method uses as multiplexed kinase inhibitor beads or 

kinobead-profiling enabling simultaneous profiling of over 200 kinases in a single 

experiment. Combining kinobead pulldown with SILAC or isobaric chemical labeling can 

increase analytical throughput dramatically, as well as allow comparison of proteomes 

from normal and disease states (Golkowski et al., 2017). In addition, kinobeads can be 

used to map drug-induced changes in the phosphorylation state of the kinome, enabling 

analysis of signaling downstream of target kinases (Golkowski et al., 2020). A limitation 

of kinobeads is that their applicability in providing spatial and temporal information on the 

kinome has not been proven. Most applications of kinobeads to date have focused on 

whole cell or tissue samples to query the kinome. ATP probes can be used in a similar 

fashion for profiling the entire kinome, kinases and other ATP utilizing proteins such as 

ATPases. This complementary chemical proteomic method trademarked as KiNativ, 

utilizes highly reactive biotinylated acyl phosphate derivatives of ATP as an affinity tag to 

profile the cellular kinome (Patricelli et al., 2007). In addition, the KiNativ platform can be 

used to determine the proteomic response to specific kinase inhibitors, which allows 

characterization of inhibitor interactions with endogenous kinases in native conditions 

(Patricelli et al., 2011). Application of these advanced kinome profiling techniques to 

better understand and delineate kinase signaling in dendritic development and disease 

states would likely reveal novel mechanistic insight (Figure 1.2C). 
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Modeling Dendritic Dysfunction Using iPSC Derived Neurons 

Human induced pluripotent stem cell (hiPSC) derived neurons can be a powerful tool to 

model dendritic development and for studying how kinase signaling contributes to 

development and dendritic dysfunction. Stem cells can be reprogrammed from affected 

patient fibroblasts or from health controls, and differentiated into different neuronal and 

non-neuronal cell types to model neurological diseases in vitro (Dolmetsch and 

Geschwind, 2011; Paşca et al., 2014). There are three primary applications of this 

technology in studying dendrite development. First, iPSCs from healthy individuals can 

be gene edited using CRISPR-Cas9 to introduce truncations and single nucleotide 

polymorphisms (SNPs) to model the effect of kinase disease variants (Vermilyea et al., 

2020) Secondly, iPSCs derived from patients with known neurological disorder can be 

differentiated to study neuronal development (Figure 1.2D). Forebrain cortical neurons 

differentiated from iPSCs derived from fibroblasts of 16p11.2 deletion and duplication 

carriers, exhibit opposing changes in dendritic arbor size (Deshpande et al., 2017), 

suggesting that reciprocal changes in neuronal size could contribute to brain size defects 

associated with 16p11.2 CNVs. Neurons derived from iPS cells are an excellent human 

cellular model for investigating neuronal development in an isogenic background. For 

example, female iPSCs harboring CDKL5-mutations were shown to maintain X-

chromosome inactivation, with clones expressing either mutant CDKL5 allele or the wild-

type allele ((Amenduni et al., 2011). Neurons differentiated from patient iPSCs 

with CDKL5 mutations develop increased number of dendritic protrusions (Ricciardi et al., 

2012). Another study utilized iPSC derived neurons from patients with distinct mutations 

to show that loss of CDKL5 led to a decrease in phosphorylation of CDKL5 substrate 

EB2. A microtubule regulator, EB2 phosphorylation status was shown to be critical for 
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microtubule dynamics within dendrites (Baltussen et al., 2018). Finally, human iPSC 

derived 2D neuronal and 3D organoid models can be used in high throughput screens, 

for identification of novel modulators of dendrite development. A recent high-throughput 

screening of human iPSC-derived neurons focused on neurite growth employed a 

collection of 4,421 bioactive compounds, and identified 108 hit compounds, including 37 

approved drugs, that regulate neurite growth (Sherman and Bang, 2018). Human iPSC 

derived neurons can be used as a preclinical model for drug toxicity tests relevant to 

human physiology, an issue that has hampered progress in generation of new 

therapeutics (Inoue et al., 2014). Continued innovation in the field of stem cell 

technologies have greatly improved reproducibility and reliability of iPS derived neurons. 

The prolonged developmental timeline of human neuronal development compared to 

rodents (Dolmetsch and Geschwind, 2011), however, necessitates further improvement 

that enable longer in vitro 2D and 3D culturing capacities, and allow for co-culturing of 

various brain cell types to recapitulate in vivo dendritic development, maturation and 

synaptic pruning (Kelava and Lancaster, 2016) 
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1.7 - Summary 

Kinase signaling pathways act in a concerted fashion to mediate almost all aspects of 

dendritic development. These complex signaling pathways are elegantly intertwined, with 

key kinase signaling elements recurring throughout neuronal development. The human 

genome encodes a total of 518 kinases (Manning et al., 2002). While genetic models and 

genome-wide association study (GWAS) analyses have identified several kinase-

encoding genes implicated in neurological disease (Krahn et al., 2020), there remains 

much to discover about kinase function in dendrite development and how their 

dysregulation contributes to neuronal disease. Unbiased mapping of kinase signaling that 

instruct distinct stages of dendritic growth may reveal novel pathways that can be further 

genetically dissected. Comparative phosphoproteomic analyses of normal and disease 

states will serve as a powerful tool for future identification of novel therapeutic kinase 

targets. Advances in neurobiological and proteomic techniques will greatly facilitate the 

exploration of kinase pathways that impact dendrite structure and dysfunction in disease 

states.  
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CHAPTER 2: INTRODUCTION TO THE TAO FAMILY KINASES IN 
NEURODEVELOPMENT AND DISEASE 

2.1 - Introduction TAO family of kinases   

TAO Kinases: Discovery, Structure, and Signaling  

The TAO (Thousand And One) subfamily kinases are members of the sterile-20 (STE20) 

family of kinases. While in invertebrates such as D. melanogaster and C. elegans there 

is only one TAO kinase ortholog dtao encoded by tao and KIN-18 encoded kin-18 

respectively (Berman et al., 2001; Liu et al., 2010), the mammalian members of this 

kinase family are encoded by genes TAOK1, TAOK2, and TAOK3 and express proteins 

of the same name (Chen et al., 1999; Hutchison et al., 1998; Tassi et al., 1999). The first 

member of this group of kinases, TAOK1, was originally discovered in rats during a cDNA 

screen for homologs of S. cerevisiae protein kinase sterile 20 protein (STE20) in S. pombe 

and mammals (Hutchison et al., 1998). This kinase was aptly named for its Thousand 

and One amino acids. Subsequently, TAOK2 was identified by the same group through 

similar screening methods (Chen et al., 1999). Concurrently, TAOK2 was discovered as 

prostate-derived STE20-like kinase (PSK1) in a degenerate polymerase chain reaction 

against kinase domains in prostatic carcinoma tissue samples (Moore et al., 2000). 

Further, TAOK3 (also known as JNK/SAPK inhibitory kinase (JIK)) was discovered in a 

human embryonic fibroblast expression library (Tassi et al., 1999) (Figure 2.1A).    

Each of the members of the TAO family of kinases, exhibit an N-terminal kinase domain 

followed by a serine rich region and coiled coils (Fang et al., 2020). There is a striking 

sequence homology between the kinase domains of TAOK1 and TAOK2 (Chen et al., 

1999), and between the kinase domains of TAOK1 and TAOK3 (Yustein et al., 2003).  

Notably, these kinases are ubiquitously expressed, but highly enriched in the brain and 

testis (Yustein et al., 2003). In the next chapters, I focus on understanding the molecular 
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and cellular function of the largest member of the TAO family, TAOK2 kinase, and its 

contribution to cellular processes.   

TAOKs are upstream regulators of numerous pathways. In response to radiation or 

carbachol based activation of Gɑ₀, TAOKs are highly activated and participate in the 

activation of the p38/mitogen-activated protein kinase (MAPK) pathway through 

phosphoactivation of MAPK kinases MKK3/6 (Chen et al., 1999; Hutchison et al., 1998; 

Raman et al., 2007). Further, TAOK1/2 are implicated in the c-Jun N-terminal kinase 

(JNK)/stress-activated protein kinase (SAPK) signaling cascade through phosphorylation 

of MKK4/7 as a response to apoptotic triggers (Chen et al., 1999; Hutchison et al., 1998; 

Moore et al., 2000; Zihni et al., 2006, 2007) (Figure 2.1B).  

Moreover, TAO kinases are implicated in the Hippo pathway, a kinase cascade well 

studied in Drosophila. Hippo signaling has several key players, mammalian STE20-like 

1/2 (MST1/2) an ortholog of drosophila Hippo, Salvador-1 (SAV1), large tumor suppressor 

1/2 (LATS1/2) an ortholog of drosophila Warts, and transcriptional activators Yes-

associated protein (YAP) and transcriptional coactivator with PDZ binding motif (TAZ)(Jan 

and Jan, 2010). When activated, MST1/2 and SAV1 form a complex, MST1/2 activates 

LATS1/2 which then phosphorylates YAP/TAZ ensuring their translocation from the 

nucleus to the cytoplasm and subsequent degradation, resulting in decreased 

transcription of cell proliferative and anti-apoptotic genes. (Reviewed by (Ma et al., 2018)).  

Interestingly, this pathway is activated by dtao which phosphorylates a regulatory site on 

the activation loop of Hippo (Boggiano et al., 2011). This phosphorylation event is 

evolutionarily conserved as TAOK3 phosphorylated MST1/2 (Boggiano et al., 2011; Poon 

et al., 2011). Furthermore, TAOK1/3 can bypass MST1/2 and phosphorylate LATS1/2 
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directly to inhibit YAP/TAZ (Plouffe et al., 2016). These studies show a highly interesting 

and dynamic role in TAO subfamily kinases in cellular signaling.  
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(A) 

(B) 
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Figure 2.1 TAO kinases have highly conserved features and are activated in 

response to numerous factors.  

(A) Depicts human TAOK1, TAOK2, TAOK3, Drosophila tao (dtao), and C. elegans 

isoform kin-18 with N-terminal kinase domain and coiled coil regions. Protein 

length labeled on right side.  

(B) Depicts TAOK1/2/3 activation and resultant downstream pathway activation in 

response to cellular stress, oxidation, DNA damage, radiation and carbachol. 
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2.2 - TAO kinase subfamily in neurodevelopment  

TAO kinases are essential for regulation of actin and microtubule cytoskeleton 

The TAO subfamily kinases are highly involved in the regulation of the actin and 

microtubule cytoskeleton. TAOK1 plays an indirect role in microtubule destabilization 

through the phosphoactivation of microtubule affinity-regulating kinase (MARK) resulting 

in increased phosphorylation of tau and other microtubule associated proteins (MAPs) 

(Timm et al., 2003, 2006, 2008). Further, TAOK1 has been shown to interact with sprout-

related protein with EVH-1 domain1 (Spred1) and testis-specific protein kinase (TESK1) 

(Johne et al., 2008). TESK1 is a protein kinase phosphorylates cofilin resulting in 

stabilized actin and binds to TAOK1 to inhibit microtubule stabilization (Johne et al., 

2008). Spred1 can inhibit TESK1 kinase function but does not change TESK1-mediated 

TAOK1 inhibition resulting in stabilized microtubules but highly dynamic actin when in 

complex (Johne et al., 2008) 

TAOK2, when microinjected into cells results in a loss of actin organization from 

long parallel bundles to disorganized shorted fragments in the cell periphery or a marked 

decrease in actin stress fibers (Moore et al., 2000). This loss of organization is a 

consequence of TAOK2 kinase activity as the kinase-dead mutant does not share this 

effect on actin cytoskeleton (Moore et al., 2000) Interestingly, it was found that TAOK2 

colocalizes with microtubules leading to nocodazole resistant, stabilized microtubules 

which were consequently highly acetylated (Mitsopoulos et al., 2003). Further, it was 

found that, TAOK2 kinase activity was not required for microtubule localization and that it 

was conferred by the c-terminal 295 amino acids (Mitsopoulos et al., 2003). Additionally, 

it was shown that TAOK2 can phosphorylate both α and β tubulin (Mitsopoulos et al., 
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2003). It is worth noting, the research into the interaction of TAOK2 and microtubules is 

a remarkable and important study but does not show direct binding.   

In drosophila, dtao localizes to microtubules similarly to TAOK2 but behaves 

similarly to TAOK1 in destabilizing microtubules through its kinase activity (Liu et al., 

2010). A striking phenotype was shown when dtao was depleted or kinase dead dtao was 

expressed, rather than microtubules undergoing catastrophe when entering the actin-rich 

lamellipodia the microtubules continued growing resulting in elongated microtubule-rich 

projections (Liu et al., 2010). This interaction suggests that dtao is one of the linking nodes 

between the actin and microtubule cytoskeleton.  

TAO kinases influence Axonal Growth 

The axon is a specialized outgrowth of the neuron important for delivery of afferent signals 

toward the next neuron on which a synapse is made, reviewed by (Gibson and Ma, 2011). 

Axons are specified early in neuronal development and are the longest and most narrow 

neurite (Bradke and Dotti, 1999; Witte and Bradke, 2008). These long processes are rich 

in stabilized microtubules and led by the actin-rich axonal growth cone in response to 

axonal guidance cues (Bradke and Dotti, 1999; Witte and Bradke, 2008). Though it is not 

well understood whether and how TAOKs contribute to axonal growth and elongation, 

some data suggests that this family of kinases could be involved. TAOK1 mediated 

phosphorylation of PAR1 resulting in increased phosphorylation of tau, an axonal specific 

stabilizing microtubule associated protein (Timm et al., 2003); TAOK1 and TAOK2 can 

directly phosphorylate tau (Tavares et al., 2013). TAOK2 is enriched in the axonal growth 

cone during neuronal development and is activated by axonal guidance molecules 

semaphorin3a and neuropilin (de Anda et al., 2012). Fascinatingly, depletion of TAOK2 

results impairments in the formation of axon in vitro while overexpression results in a 
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higher fraction of multi-axonal neurons (de Anda et al., 2012). In both mice transfected in 

utero with TAOK2 shRNA as well as knockout mice decreased corpus callosum density 

was reported indicating decreased callosal axons across the midline between the cortical 

hemispheres (de Anda et al., 2012; Richter et al., 2018). Defects in dtao can result in 

impaired axonal guidance in the mushroom body of the fly brain (King et al., 2011). 

Moreover, it has been suggested that dtao interacts with par-1 to control microtubule 

dynamics during axonal development through tau. These data together suggest that TAO 

family kinases are important signaling molecules necessary for proper axonal 

development.  

TAO kinases influence dendritic growth and spine formation 

As cytoskeletal regulatory kinases that are highly expressed in the brain, it is no surprise 

that the TAO family of kinases play a role in dendrite formation and spinogenesis. Through 

knockdown studies, it was determined that TAOK2 is implicated in the arborization of 

basal dendrites through activation of the JNK signaling pathway (de Anda et al., 2012). 

Further studies, through a chemical-genetics screen, have shown that TAOK1 and 2 are 

both substrates of mammalian STE20 3 MST3, a serine/threonine kinase of the hippo 

family (Ultanir et al., 2014). Phosphorylation by MST3 at T468 allows for proper formation 

of dendritic spines and association of TAOK1/2 to association with actin motor protein, 

Myosin Va, for recruitment to the dendrites (Ultanir et al., 2014). Subsequently, it was 

found that loss of TAOK2 catalytic activity leads to a loss of mature, mushroom-shaped 

dendritic spines but instead the formation of filopodial protrusions, leading to the formation 

of shaft-synapses (Yadav et al., 2017). Further probing using chemical genetics and mass 

spectrometry showed that TAOK2 phosphorylates Septin7 to translocate it to the dendritic 

spine where it stabilizes the post-synaptic density protein PSD-95 (Yadav et al., 2017).  
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Interestingly, alternatively spliced variant of TAOK2, TAOK2β is activated by arcadlin to 

activate p38 MAPK which in return phosphorylates TAOK2β c-terminus allowing for the 

endocytosis of N-cadherin-arcadlin complex at the hippocampal neuron synapse (Yasuda 

et al., 2007).  The drosophila ortholog of the TAO kinases, dtao is expressed throughout 

dendritic arborization (da) neurons, however, the phospho-activated form specifically 

localizes in dendrites (Hu et al., 2021). In direct opposition with the TAOK2 knockout 

mouse (Richter et al., 2018), the tao knockout fly shows increased dendritic complexity 

(Hu et al., 2020) (Figure 2.2).  

TAO kinases are implicated in neurological disease 

Given the vast role of TAO kinases in neuronal development and neuronal cytoskeleton, 

it is unsurprising that these kinases are implicated in neuronal diseases. De novo variants 

of both TAOK1 and TAOK2 have been found in patients with neurodevelopmental 

disorders (NDD) (Dulovic-Mahlow et al., 2019; Richter et al., 2018; Woerden et al., 2021). 

Initially, an extremely rare microdeletion on the genomic locus encoding TAO1, 17q11.2 

was found in a microcephalic patient with NDD (Xie et al., 2016) and subsequently, two 

tandem deletions were found in other patients with NDD (Cooper et al., 2011). Further, 

through analysis of exome sequencing data from patients with NDDs such as delayed 

speech and language development, intellectual deficiency autism spectrum disorder 

(ASD), motor development delay, and macrocephaly, were analyzed to find distinct 

mutations in the gene, two of which may act with dominant-negative effect (Dulovic-

Mahlow et al., 2019; Woerden et al., 2021). TAOK2 is encoded in 16p11.2, a genetic 

locus that is susceptible to copy number variations such as microdeletion and 

microduplications which are connected to ASD and schizophrenia respectively (Weiss et 

al., 2008; McCarthy et al 2009). Through genome-wide association studies in ASD 
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patients, 24 TAOK2 variants were found including one loss of function mutant, encoded 

as A135P, in the α isoform and a gain of function mutant encoded as P1022* in the β 

isoform (Richter et al., 2018). Further, this study produced used a Taok2 knockout and 

haploinsufficient mouse that exhibited dose-dependent increases in brain size and 

decreased social behavior (Richter et al., 2018). Fascinatingly, in previous studies, Taok2 

knockout mice have displayed quick recovery from alcoholic sedative effects, increased 

alcohol consumption, and reduced place preference suggesting that TAOK2 may play a 

role in addiction (Kapfhamer et al., 2013). Similarly, mutations in dtao result in decreased 

sensitivity and diminished behavioral responses to cocaine and nicotine (King et al., 

2011). Considering that TAOK1/2 phosphorylate tau (Travers et al., 2013), it is predictable 

that these kinases are implicated in Alzheimer’s Disorder (AD) where tau is aberrantly 

hyperphosphorylated to form neurofibrillary tangles (Giacomini et al., 2018). Catalytically 

activated TAOK1/2 colocalize with phosphorylated tau in post-mortem brain slices of AD 

patients (Giacomini et al., 2018).  Finally, TAOK3 is also implicated in neuronal disease 

as a unique substrate of Leucine-rich repeat kinase 2 (LRRK2), a kinase that is often 

mutated to be highly active in Parkinson’s Disease (Zach et al., 2010).  The TAOK family 

of kinases are highly interesting to study due to their involvement in diverse functions 

from cytoskeletal reorganization to neuronal development and their implications for 

disease.  

Kinase signaling drives numerous components of neuronal development such as 

establishment of polarity, dendritic growth and arborization, dendritic spine formation, and 

synaptogenesis.  Thousand And One amino acid Kinases (TAOKs) are a subfamily of 

sterile-20 (STE20) kinases possessing an N-terminal kinase domain and diverging C-
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terminal extended regulatory domains. As an evolutionary conserved kinase TAO kinases 

have been shown to play important role in neuronal development in rodents and 

invertebrates. Recent studies have linked de novo variants of human TAOK1/2 to 

neurodevelopmental diseases, thus making it imperative to understand their role in 

neuronal development. Despite its disease association, the molecular functions of TAO 

kinases remain unknown.  Here, I focus on understanding the molecular and cellular 

function of the largest member of the TAO family, TAOK2 kinase, and its 

contribution to cellular processes.  I find that TAOK2 is an endoplasmic reticulum (ER) 

resident multi-pass membrane-spanning kinase that localizes to distinct junctures of the 

ER through six transmembrane helices and an amphipathic helix.  Additionally, I found 

that TAOK2 associates to microtubules directly and with high affinity through its 

cytoplasmic facing C-terminal tail.  Furthermore, TAOK2 acts as a functional ER-

microtubule tether, knockout of which leads to increased ER motility, increased 

microtubule growth, but decreased ER tip attachment-complex movement.  We determine 

that TAOK2 interacts with microtubule plus end binding EB proteins through a distinctive 

SxIP motif. Finally, I determine that TAOK2 microtubule binding is regulated by its 

catalytic activity, loss of which leads to perturbations of ER and microtubule motility. This 

work identifies TAOK2 as an ER-microtubule tether and reveals a kinase-regulated 

mechanism for control of ER dynamics critical for cell growth and division. To further 

understand the context of TAOK2, I propose the use of proximity labeling utilizing BioID2 

and mass spectrometry. I lay out the blueprint for these experiments and the preliminary 

data from pilot experiments. Finally, I provide implications of these findings on how 

TAOK2 function as an ER-microtubule tether might contribute to neurodevelopment. 
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Figure 2.2 – TAO kinases in neuronal development  

Schematic depicting TAO kinases and their involvement in dendrite formation, axon 

formation and dendritic spine formation. 
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2.3 Project Aims 

Important for several aspects of neurodevelopment, TAOK2 is expressed in both neural 

progenitor cells and in neurons during early brain development. TAOK2 knockout mice 

exhibit defects in dendritic arborization and dendritic spine maturation. Recently, targeted 

sequencing has uncovered several TAOK2 mutations in ASD patients. Despite the 

growing evidence for the role of TAOK2 in neuronal development, the mechanisms 

through which aberrations in TAOK2 signaling lead to neurodevelopmental deficits remain 

unknown. TAOK2 is a large multidomain kinase comprised of 1235 amino acids, and has 

been highly characterized on the basis of catalytic activity and kinase domain (Chen et 

al., 1999). However, the functions of the remaining 900 amino acids of TAOK2 remains 

largely uncertain and ambiguous.  In the last two chapters, I have described the 

importance of kinase signaling in neuronal development and the known functions of TAO 

kinases. Understanding the molecular basis of TAOK2 function and regulation of such will 

allow for greater understanding of how TAOK2 can influence dynamic processes such as 

neuronal development. I have dedicated my graduate studies to uncovering the function 

of this so-called regulatory domain using a cell biological and biochemical approach.   

The central hypothesis of this thesis is that TAOK2 is membrane-associated, microtubule-

binding kinase whose function is sensitive to catalytic activity.  

Aim 1: Ascertain how structural domains in TAOK2 contribute to its physiological 

function  

TAOK2 has an N-terminal kinase domain, associates with microtubules, and is predicted 

to have 6 putative transmembrane domains. How these different domains facilitate its 

function during neuronal development is unclear.  
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Aim 1.1: Determine if TAOK2 is the localization and nature of binding conferred by six 

putative transmembrane helices. 

Aim 1.2: Characterize TAOK2 c-terminal microtubule-binding domain to determine the 

minimal region necessary for binding. 

Aim 2: Elucidate the role of TAOK2 mediated ER-microtubule tethering in ER 

movement and dynamic restructuring.  

ER-microtubule tethering is important for ER growth and movement especially in the 

processes wherein the ER and cytoskeleton are largely restructured such as mitosis. In 

aim 1, I found that TAOK2 is a multi-pass ER-resident protein that binds directly to 

microtubules, likely acting as an ER-microtubule tether. Here, I will further delve into the 

minimal elements necessary for tethering and how ER-microtubule tethering contributes 

to ER and microtubule dynamics and cell division. 

Aim 2.1: Determine the minimal tethering elements of TAOK2 necessary for ER-

microtubule tethering. 

Aim 2.2: Ascertain the role of TAOK2 KO on ER and microtubule dynamics during 

interphase and mitosis 

Aim 3: Establish how TAOK2 contributes to tip-attachment complex (TAC) 

movement of the ER. 

TAOK2 knockout lowers the number of ER TAC movements but increases overall ER 

motility. In this aim, I will focus on how TAOK2 contributes to ER TAC movement. 

Aim 3.1: Uncover if and how TAOK2 interacts with canonical TAC proteins end binding 

protein 1 (EB1) and stromal interaction molecule 1 (STIM1). 

Aim 3.2: Elucidate the role of TAOK2 SxIP motif on EB1 binding and microtubule-binding. 
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Aim 4: Classify the role of TAOK2 catalytic activity on ER-microtubule tethering.  

TAOK2 acts as an ER-microtubule tether, but what is the key to the regulation of this 

tethering function? This aim will allow us to further understand if and how TAOK2 catalytic 

activity contributes to tethering. 

Aim 4.1:  Characterize the role of TAOK2 kinase activity on ER motility and microtubule 

plus-end growth 

Aim 4.2: Determine how expression of catalytically dead TAOK2 influences cell division. 

Aim 5: Identify proteins that specifically interact with TAOK2 in neurons using 

BioID2 

Given that TAOK2 is an ER-microtubule tether important for various cellular processes, 

understanding the pathways and proteins with which it interacts will give an insight to the 

contribution of TAOK2 neuronal development.  

Aim 5.1:  Utilize BioID2 to create a list of potential TAOK2 interactors in both HEK293T 

cells and neurons. 

Aim 5.2: Validate and interpret hits to determine pathways and processes in which TAOK2 

is implicated.  

These experiments will allow us to understand the molecular basis of TAOK2 function in 

neuronal development.  
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CHAPTER 3: TAOK2 IS AN ER-LOCALIZED KINASE THAT CATALYZES THE 
DYNAMIC TETHERING OF ER TO MICROTUBULES  

 

3.1 - Summary  

The endoplasmic reticulum (ER) depends on extensive association with the microtubule 

cytoskeleton for its structure, function, and mitotic inheritance. The identity of molecular 

tethers that mediate ER-microtubule coupling, and mechanisms through which dynamic 

tethering is regulated are poorly understood. Here, we identify, Thousand And One amino 

acid Kinase 2 (TAOK2) as a pleiotropic protein kinase that mediates tethering of ER to 

microtubules. We show that TAOK2 is a unique multi-pass membrane spanning 

serine/threonine kinase localized in distinct ER domains via six transmembrane helices 

and an adjacent amphipathic region. Using in vitro and cellular assays, we find that 

TAOK2 directly binds microtubules with high affinity. We define the minimal TAOK2 

determinants that induce ER-microtubule tethering and delineate the mechanism for its 

autoregulation. While ER membrane dynamics are increased in TAOK2 knockout cells, 

the movement of ER along growing microtubule plus-ends is disrupted in absence of 

TAOK2. Distinct microtubule binding region and an SxIP motif, confer TAOK2 with the 

ability to associate with microtubule lattice as well as microtubule plus ends through 

interaction with EB proteins. We show that ER-microtubule tethering is tightly regulated 

by catalytic activity of TAOK2 in both interphase and mitotic cells, perturbation of which 

leads to profound defects in ER morphology, its association with microtubules and cell 

division. Our study identifies TAOK2 as an ER-microtubule tether and reveals a kinase 

regulated mechanism for control of ER dynamics critical for cell growth and division.  

  



 64 

3.2 - Introduction  

The endoplasmic reticulum is an expansive and complex membranous cellular organelle. 

Composed of a continuous interconnected web of membrane sheets and tubules, the ER 

has distinct domains; namely the nuclear envelope, the rough ER sheets and smooth 

peripheral ER tubules (Voeltz et al., 2002).  In addition, the ER makes specialized 

membrane contact sites with other organelles and the plasma membrane (Scorrano et 

al., 2019; Wu et al., 2018). Each of these domains are thought to be structurally discrete 

regions of the ER serving specialized physiological functions. This vast network of ER 

membranes relies on the microtubule cytoskeleton not only for structurally supporting its 

intricate shape and functional domains, but also for its motility and remodeling in response 

to stimuli. In animal cells, ER tubules align along microtubules (Terasaki et al., 1986). 

Disruption of microtubules by depolymerization agent nocodazole collapses the 

reticulated ER network into primarily ER sheets around the nucleus (Terasaki and Reese, 

1994). In addition to its structural dependence, movement of ER membrane tubules 

occurs on microtubule tracks. The ER membranes utilize the microtubule cytoskeleton as 

tracks for movement13-15. Three distinct mechanisms of ER motility have been defined; 

(1) ‘sliding’ movements are kinesin-based rapid movement, (2) ‘tip-attachment complex’ 

(TAC) movements occur when the ER attaches to the MT plus ends and tracks along the 

growing MT (Friedman et al., 2010; Waterman-Storer and Salmon, 1997), and (3) ER 

‘hitchhiking’ where ER tubules comigrate with an associated organelle such as 

endosome, peroxisome or lipid droplets (Guo et al., 2018). Stabilization of microtubules 

by the drug taxol prevents new microtubule growth, and also inhibits ER tubule extension 

(Terasaki and Reese, 1994).  
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Motor mediated ER ‘sliding’ movement occurs on stable acetylated microtubules 

(Friedman et al., 2010). Motor independent ER tubule extension along growing 

microtubule plus-ends is also dependent on microtubules and is carried out by the tip 

attachment complex (TAC) composed of ER protein STIM1 and microtubule plus-end 

protein EB1 (Waterman-Storer and Salmon, 1998). Additionally, membrane contact sites 

between ER and organelles appear to be supported by microtubules. For example, ER-

mitochondria contact sites are preferentially aligned with acetylated microtubules 

(Friedman et al., 2010). Endosome maturation occurs at junctions where ER-endosome 

contact sites and microtubules converge (Wu and Voeltz, 2021). Store-operated calcium 

entry occurs through the Stim1-Orai channels at ER-plasma membrane contact sites 

(Grigoriev et al., 2008). Stim1 interaction with microtubules plays a facilitative role in 

organizing Stim1 for optimal Ca2+ sensing through its interaction with Orai channels 

(Smyth et al., 2007). In geometrically complex cells such as neurons, the ER is dependent 

on microtubules for its distribution throughout the fine processes such as dendrites, 

dendritic spines and axons. Presence of fine caliber ER tubules in axons is critical for 

neuronal polarity and is dependent on ER membrane interactions with microtubules 

(Farías et al., 2019). On the other hand, unlike elongated ER in axons and dendrites, 

which is closely associated with microtubules, ER organization at dendritic branch points 

and dendritic spines is structurally complex and exhibits decreased microtubule 

association (Cui-Wang et al., 2012). Bidirectional regulation of ER-microtubule tethering, 

therefore, not only influences ER morphology but can also dictate cell shape and function.  

Identity of molecular tethers that mediate ER-microtubule coupling, and mechanisms 

through which tethering is physiologically regulated are not well understood. Studying 
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ER-microtubule association and its feedback control is challenging, owing to the 

considerably expansive morphology of the ER, one that exhibits extreme overlap with the 

microtubule cytoskeleton. The nanoscale organization of sites at which ER is coupled 

with microtubules and its molecular composition is unclear. Constantly in flux, ER 

membranes undergo a range of dynamic and structural changes including membrane 

extension, retraction, three-way junction formation and tubule fusion (Pendin et al., 2011). 

Cell division brings about extensive ER remodeling, causing the ER membranes to 

coalesce around the spindle poles, but remain largely absent from the mitotic microtubule 

spindle at metaphase (Jongsma et al., 2015; Smyth et al., 2015). Before insight into ER-

microtubule dynamics and its physiological regulation can be gained, the mechanisms 

through which molecular tethers drive ER-microtubule association must be understood. 

Here, we investigate ER-microtubule association in interphase and mitotic human cells 

and identify TAOK2 as an ER localized multifunctional protein kinase that serves as a 

molecular tether linking ER to microtubules. An ER-microtubule tether should in principle 

be ER localized and be capable of direct and strong binding to microtubules. The tether 

would likely be under physiological regulation such that ER-microtubule binding can not 

only be ectopically induced, but also importantly turned off. Loss of molecular tether 

should disrupt ER association with microtubules. Our study demonstrates that the kinase 

TAOK2 meets all the above criteria of a bona fide ER-microtubule tethering molecule.  

Thousand And One amino acid (TAO) kinases are ubiquitously expressed 

serine/threonine protein kinases belonging to the Ste20 kinase family (Chen et al., 1999; 

Manning et al., 2002). While there is only one Tao kinase encoding gene in invertebrates, 

three distinct TAOK genes are expressed in human (Chen et al., 2003; Manning et al., 
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2002). The encoded kinases TAOK1, TAOK2 and TAOK3 share a highly conserved N-

terminal kinase domain, followed by distinct C-terminal domains (Chen et al., 2003; 

Manning et al., 2002). TAO kinases were originally identified as stress sensitive kinases 

that activate the p38 kinase cascades through activation of MEK kinases (Chen et al., 

1999).  Among the TAO family of protein kinases, TAOK2 coordinates several aspects of 

neuronal development and function (Nourbakhsh and Yadav, 2021). TAOK2 is highly 

expressed during neuronal development and is important for basal dendrite formation as 

well as for axon elongation in cortical neurons (de Anda et al., 2012).  TAOK2 is enriched 

in dendritic spines and is essential for their formation and stability (de Anda et al., 2012; 

Ultanir et al., 2014; Yadav et al., 2017). TAOK2 knockout mice exhibit cognitive and 

social-behavioral deficits and show structural changes in brain size (Richter et al., 2018). 

Recently, mutations is TAOK2 have been associated with autism spectrum disorder, with 

several mutations present outside the kinase domain of the protein (Richter et al., 2018). 

Despite its clear relevance to human development and its disease association, little is 

known about the molecular and cellular functions of TAOK2 kinase.  

In our study, we demonstrate that TAOK2 is a pleiotropic protein, with distinct catalytic 

kinase and ER-microtubule tethering functions, mediated through defined and dissociable 

domains. TAOK2 is enriched at junctions where the ER membrane makes contacts with 

the microtubule cytoskeleton. We show that TAOK2 is embedded in the ER membrane 

through transmembrane helices, and an amphipathic region that limits its localization to 

discrete subdomains of the ER. The cytoplasm facing ER-anchored C-terminal tail of 

TAOK2 directly binds microtubules with high specificity and is essential for tethering of 

the ER membranes to microtubules. The ER and microtubule binding domains together 
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are sufficient for inducing ectopic tethering of ER to microtubules. TAOK2 knockout cells 

display significantly reduced overlap of ER membrane with microtubules and increased 

ER membrane movement in absence of tethering to the microtubule cytoskeleton. 

Additionally, we found that Stim1-EB1 mediated extension of  

ER tubules on growing microtubule plus tips is significantly decreased in TAOK2 knockout 

cells. We show that TAOK2 can associate with EB1 through the conserved SxIP motif in 

its C-terminal tail. Further, we show that the tethering function of TAOK2 is negatively 

regulated by its kinase activity. During mitosis, we find that TAOK2 is highly activated, 

and inhibition of its catalytic function prevents ER disengagement from the mitotic spindle 

causing profound mitotic defects. This study identifies TAOK2 as an ER protein kinase 

and elucidates a hitherto unknown autoregulated mechanism for ER-microtubule 

tethering important for ER dynamics and mitotic segregation.  

  

3.3 - Results 

TAOK2 is a multi-transmembrane protein kinase that resides on the endoplasmic 
reticulum  

To investigate the unique role that non-kinase domains of TAO family members might 

impart on their biological function, we performed bioinformatic analysis of secondary 

protein structure of TAO kinases. We found that TAOK2a (hereafter TAOK2) harbors 

unique hydrophobic regions in its C-terminal domain not present is its alternatively spliced 

isoform TAOK2b or paralogous genes TAOK1 and TAOK3. Sequence analysis of TAOK2 

through the transmembrane helix prediction software TMHMM2.0 (Krogh et al., 2001) 

indicates that TAOK2 is a multipass membrane protein containing six distinct hydrophobic 

regions (Figures 3.1A and 3.1B). Additional predicted region of hydrophobicity following 
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the predicted transmembrane domains was analyzed using AMPHIPASEEK (Combet et 

al., 2000) and HeliQuest (Gautier et al., 2008). This analysis revealed an amphipathic 

helical (AH) region with a sharply defined hydrophobic face (hydrophobicity <H>=0.75, 

hydrophobic moment <mM>=0.4) and a polar face rich in positively charged residues (net 

charge z=4) (Figure 3.1A inset). To further gain insight into the structural domains of 

TAOK2, we used the artificial intelligence driven protein structure prediction software 

AlphaFold2.0 (Jumper et al., 2021). The prediction revealed a coiled coil bundle that 

folded over length of the kinase domain and transmembrane region, six transmembrane 

helices followed by another helical region that was predicted to be amphipathic by 

AMPHISEEK. The C terminal tail was predicted to be likely intrinsically disordered region 

(Figure 3.S1A).  

  To determine the cellular localization of the membrane spanning TAOK2 kinase, 

we generated a rabbit polyclonal antibody against the unique C-terminal tail (residues 

1220-1235) of TAOK2a (Figure 3.1B). Antibody staining in HEK293T and HeLa cells 

revealed that endogenous TAOK2 colocalized extensively with the expressed ER marker 

EGFP-Sec22b (Figures 3.S1B). We noted that TAOK2 exhibited a striking localization on 

subdomains of the ER membrane in distinct punctate pattern. Therefore, we generated a 

GFP-tagged TAOK2 construct and performed super resolution microscopy (super 

resolution by optical reassignment using SoRa disk) to visualize the ER localization of 

TAOK2 at higher resolution (Figure 3.1C and D). GFP-TAOK2 localized on the ER 

membrane and was present in discrete membrane subdomains in both HeLa cells as well 

as HEK293T cells. Manders’ overlap coefficient was used to quantify the overlap of the 

GFP-TAOK2 and endogenous TAOK2 with the ER marker EGFP-Sec22b (Figure 3.1D). 
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To test biochemically whether TAOK2 is an ER membrane protein, we fractionated 

HEK293T cell homogenates into ER membrane fraction using differential centrifugation 

(Hoyer et al., 2018). TAOK2 was enriched in the ER membrane fraction along with other 

known ER membrane proteins such as STIM1 (Grigoriev et al., 2008) and Rtn3a (Hu et 

al., 2008). 97.6% of the total TAOK2 in the post-nuclear homogenate was enriched in the 

ER fraction, as compared to 6.17% of tubulin (Figure 3.1E). On differential centrifugation, 

TAOK2 partitioned in the membrane fraction but not the cytoplasmic fraction, and 

treatment with detergent led to its release in the supernatant (Figure 3.1F). To identify the 

mechanism through which TAOK2 achieves its ER localization, we generated four GFP-

tagged deletion constructs (Figure 3.1G) which were transiently expressed in HEK293T 

cells with the ER membrane marker ER-mRFP (Snapp et al., 2006). Truncated construct 

lacking the transmembrane and amphipathic helices (1-622) was entirely cytosolic, while 

the six transmembrane helices alone (amino acids 941-1066) were sufficient to target the 

kinase to the ER (Figure 3.1H). This construct containing just the TAOK2 transmembrane 

domains localized uniformly throughout the ER (Figure 3.1H) and was not restricted to 

ER subdomains like the full length GFP-TAOK2 or the endogenous TAOK2 (Figure 3.1C, 

3.S1B). We found that the predicted amphipathic helical region together with the 

transmembrane domains (amino acids 941-1162) is required for localization of TAOK2 to 

discrete ER subdomains (Figure 3.1H) and captures the localization patterns of the 

endogenous TAOK2 protein. TAOK2 did not show significant overlap with other 

organelles that we tested such as mitochondria, Rab5 positive endosomes and 

lysosomes (Figure 3.S1C). Therefore, using super resolution microcopy and biochemical 

assays, we show that TAOK2 is an ER resident protein kinase. Further, our data show 
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that TAOK2 associates with the ER through its six transmembrane helices, while the 

amphipathic region confers its localization to distinct punctate subdomains within the ER.  
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Figure 3.1. TAOK2 is an ER protein kinase that localizes to the ER membrane 

through four transmembrane domains and an amphipathic helix  
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(A) Transmembrane Hidden Markov Model (TMHMM v2.0) prediction plot shows the 

posterior probabilities (y axis) of inside/outside(magenta) / TM helix (red) along the length 

of TAOK2 sequence (x axis). Hydrophobic region following the sixth predicted TMD was 

analyzed through AMPHIPASEEK which predicted residues 1146-1162 to be 

amphipathic. Charged (blue) and hydrophobic (yellow) residues are indicated in the inset. 

HeliQuest was used to calculate hydrophobicity <H>, hydrophobic moment <µH> and net 

charge z.   

(B) Schematic representation of TAOK2 isoforms α, β and TAOK1. The coiled coils 

(CC), six transmembrane domains (TM) and amphipathic helix (AH) predicted in TAOK2 

are depicted. The unique C-terminal tail region of TAOK2 marked by the asterisk indicates 

the epitope used to generate the TAOK2α specific antibody.  

(C) Super resolution (SoRa: super resolution by optical reassignment) images of HeLa 

cells expressing GFP-TAOK2 (cyan) and ER marker ER-mRFP (red). Scale bar is 5µm 

Yellow inset region is magnified and shown on the right. Grayscale images of TAOK2 and 

ER-RFP are shown separately. Scale bar is 1µm.  

(D) Manders’ overlap coefficient for colocalization of expressed GFP-TAOK2 and ER-

mRFP, and endogenous TAOK2 and EGFP-Sec22b are plotted. Values indicate mean, 

error bars depict S.E.M. and n=10 for each condition.  

(E) Western blot of cell homogenate fractionated into ER membrane and cytosol 

probed with antibodies against TAOK2, known ER membrane proteins Stim1 and Rtn3, 

mitochondrial protein Tom20 and tubulin.  
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(F) Western blot of cell homogenate fractionated into membrane pellet (P) and 

cytosolic supernatant (S) components, in the absence (control) or presence of detergent, 

probed with antibodies against TAOK2 and ER protein Rtn3a.    

(G) Schematic shows the GFP-tagged TAOK2 deletion constructs used in Fig.1H   

(H) Confocal images of HEK293T cells transiently transfected with distinct GFP-

tagged TAOK2 deletion constructs as shown in 1G. (green) and ER-mRFP (magenta). 

Scale bar is 3µm.  
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Figure 3.S1. TAOK2 localizes to the ER membrane  

(A) Model of TAOK2 structure as determined by AlphaFold2.0 protein structure and 

folding prediction algorithm. Structure is for the TAOK2α isoform (1-1235 amino acids). 

Kinase domain (top center), coiled coil bundle (left), transmembrane domains (941-1073) 

and C terminal tail (1074-1235) spanning the amphipathic domain and microtubule 

binding domain are shown (middle center, zoom in bottom). Expected position error at 

each residue is plotted for the entire length of the protein. Structure is color coded 

according to confidence of the algorithm in the prediction. 

(B) Confocal image of HeLa cell expressing EGFP-Sec22b (cyan) and immunostained 

for TAOK2 (red). Scale bar is 5μm (top) and 1μm (bottom). RGB profile of fluorescence 

intensity peaks of TAOK2 (red) and EGFP-Sec22b (cyan). 

(C) Confocal images of HeLa cells expressing GFP-tagged TAOK2 (cyan), ER-mRFP 

(red) along with the indicated organellar constructs (yellow). Endosomes visualized 

through expression of BFP-Rab5, mitochondria marked by BFP-mito, and lysosomes are 

marked by BFP-Lamp1. Greyscale images for TAOK2 and organelles is displayed on 

right. Scale bar is 3μm. 
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TAOK2 associates directly with assembled microtubules via its conserved Cterminal tail  

TAOK2 has previously been shown to colocalize with microtubules (Mitsopoulos et al.,  

2003), however mechanism underlying this observation is unknown. We found that when 

GFP-TAOK2 or truncated C-terminal TAOK2 constructs were overexpressed, they led to 

bundling of microtubules, and these microtubule bundles were extensively decorated with 

GFP-TAOK2 (Figure 3.2A-B). Colocalization of truncated C-terminal GFP-tagged TAOK2 

with tubulin immunostaining allowed us to map the microtubule-binding domain to 40 

amino acids (1196-1235) in the extreme C-terminal tail of TAOK2 (Figure 3.2A-B). A 

truncation construct lacking this domain (1-1195) did not associate with microtubules 

(Figure 3.2A). Consistent with strong microtubule binding, expression of truncation 

construct containing the microtubule binding domain, led to increase in acetylated 

microtubules while constructs lacking microtubule binding domain did not affect 

microtubule acetylation level (Figure 3.S2A). We next tested whether TAOK2 can bind 

microtubules directly using a biochemical binding assay with purified components. We 

bacterially purified GST tagged TAOK2 C-terminal tail protein (residues 1187-1235) 

(Figure 3.S2B). An in vitro microtubule binding assay was used to test whether purified 

GST-TAOK2-C could bind microtubules polymerized from purified tubulin protein. GST-

TAOK2-C pelleted specifically with polymerized MTs on centrifugation, while the control 

GST protein remained in the supernatant (Figure 3.2C and 3.2D), suggesting TAOK2 can 

directly associate with microtubules via its C-terminal tail. Further, the affinity of the 

TAOK2-microtubules interaction was assessed by determining the fraction of microtubule 

bound TAOK2-C at increasing concentration of tubulin. We found that the C terminal tail 

of TAOK2 associates with microtubules with a KD of 0.67 ± 0.19µM (Figure 3.2E and 
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3.2F). These results show that TAOK2 can directly bind microtubules through its 

cytoplasm facing C-terminal tail.  
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Figure 3.2. Direct binding of TAOK2 to microtubules through its C-terminal tail 

(A) Confocal images of HEK293T cells transiently transfected with the indicated GFP-

tagged TAOK2 construct immunostained for α-tubulin. Scale bar is 3µm. Magnified 
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images are shown in the bottom row to highlight the overlap of GFP-tagged TAOK2 with 

microtubules immunostained for α-tubulin. Scale bar is 5µm.   

(B) Schematic representation of GFP-tagged deletion constructs used to map the 

microtubule binding domain. Coiled coil (CC), transmembrane (TMD); amphipathic helix 

(AH) domains are marked. Domain necessary and sufficient for microtubule localization 

is indicated by the red box.  

(C) Coomassie stained SDS-page gel shows co-sedimentation of indicated proteins 

with polymerized tubulin. Microtubule binding assay was performed with 5μg of GST or 

GSTTAOK2-C (1187-1235) protein in the presence of taxol polymerized microtubules. 

Binding is assessed by the fraction of protein pelleted with microtubules (P) while 

unbound protein is in supernatant (S).  

(D) Percent protein bound to microtubules is plotted for each protein as indicated. Error 

bars indicate standard error of mean, n=3, p<0.0001, one-way ANOVA.   

(E) Coomassie stained SDS-page gel shows the amount of purified GST-TAOK2-

(11871235) unbound (S) or co-sedimented with polymerized microtubules (P) with 

increasing concentrations of tubulin as indicated.   

(F) Strength of microtubule association was determined from dissociation constant KD 

derived by Michaelis-Menten equation. Error bars indicate standard error of mean, n=3 

replicates. 
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Figure 3.S2. TAOK2 is an ER-microtubule tether (related to main figure 2 and 3) 

(A) Fraction of acetylated tubulin relative to α-tubulin for TAOK2 domain dissection 

constructs. Values indicate mean, error bars depict S.E.M., n=10 cells for each construct. 

Ordinary one-way ANOVA with multiple comparisons, where p values are denoted by 

*<0.05, **<0.001, ***<0.0005 and ****<0.0001. 

(B) Coomassie stained gels showing eluate fractions obtained after affinity purification 

of GST (left) and GST-TAOK2-C (right) proteins. Fraction E4 was concentrated and used 

for downstream microtubule binding assays. Molecular weight proteins ladder is shown 

on the left. 
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(C) Confocal images of HEK293T cells expressing GFP-TAOK2 (yellow), ER-mRFP 

(magenta) and live-stained with microtubule dye (cyan). Scale bar is 3μm. 

(D) Montage of confocal time lapse images shows TAOK2 (yellow) punctae 

colocalized with both ER membrane (magenta) and microtubules (cyan). Scale bar is 

1μm. 
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ER membrane tethering to the microtubule cytoskeleton is mediated by TAOK2 

Our finding that TAOK2 is an ER kinase with the ability to directly bind microtubules led 

us to hypothesize that this kinase can act as a molecular tether linking the ER membrane 

to microtubules (Figure 3.3A). To evaluate this possibility, we performed live cell imaging 

with simultaneous visualization of the ER membrane and microtubule cytoskeleton. Cells 

transfected with full length GFP-TAOK2 and ER-mRFP were incubated with a cell 

permeable microtubule binding dye, and three color time-lapse confocal microscopy was 

performed. TAOK2 punctae were often localized at the end of ER tubules where the 

tubules made contact with microtubules (Figure 3.3B and 3.3C). Indeed, 87% of GFP-

TAOK2 punctae localized at the points of contact between the ER and the microtubule 

cytoskeleton (Figure 3.3D). These punctae tracked with the movement of the ER 

membrane on microtubules (Figure 3.S2C, D). To determine the functional consequences 

of TAOK2 depletion on ER-MT tethering, we generated two independent TAOK2 

knockout (KO) HEK293T cell lines using CRISPR/Cas9 mediated gene editing. Genetic 

knockout and loss of protein was validated using genome sequencing and western blot 

respectively (Figure 3.3E, Figure 3.S3A-C). HEK293T control and TAOK2 knockout (KO) 

cells were transfected with microtubule binding protein EGFP-ensconsin and ER-mRFP 

to visualize microtubules and ER membranes respectively. The ER in control cells 

extended from the nuclear envelope to the cell periphery and made extensive contacts 

with the microtubules (Figure 3.3F). In contrast in TAOK2 KO cells, while the nuclear 

envelope and the sheet like perinuclear ER was unaffected, the ER density and 

morphology was perturbed at the cell periphery (Figure 3.3F, inset). For instance, the ER 

density at the cell periphery was significantly reduced compared to control cells (Figure 

3.3H). Further the area of the ER that overlapped with the microtubules was significantly 



 84 

decreased (Figure 3.3G).  Next, we ascertained the domains within TAOK2 that conferred 

the tethering function of TAOK2 by expressing distinct deletion constructs in the TAOK2 

KO HEK293T cells. Expression of construct that retained the ER localization and 

microtubule binding elements (amino acid 941-1235), but lacked the N-terminal kinase 

and coiled coil domains (Figure 3I) led to aberrant over-tethering of the ER to the MT 

perturbing ER morphology, such that the ER appeared bundled alongside perinuclear 

microtubule cables. As expected, expression of just the microtubule binding domain 

(1196-1235) or the construct lack the microtubule binding domain (1-1195) did not lead 

to ectopic tethering of the ER to microtubules. These data together show that TAOK2 

indeed is an ER localized microtubule tether that is important for the extensive interaction 

of the peripheral ER with the microtubule cytoskeleton. We define the domains through 

which TAOK2 mediates its tethering function. Importantly, these findings also imply that 

additional domains of TAOK2 outside the tethering elements regulate the coupling 

dynamics of the ER to the microtubule cytoskeleton.   
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Figure 3.3. TAOK2 is an ER-microtubule tethering protein kinase  

(A) TAOK2 (green) schematically depicted as a multipass transmembrane protein on 

the ER (grey). TAOK2 has an N-terminal cytoplasm facing kinase domain, is anchored to 
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the ER membrane through six transmembrane helices and an amphipathic region, and 

the C-terminal cytoplasmic tail directly binds microtubules (blue).   

(B) Confocal images of HEK293T cells transfected with GFP-TAOK2 (yellow), ER-

mRFP (magenta) and live-stained with microtubule dye (cyan). Scale bar is 1µm.   

(C) Magnified images of inset in B displays two individual TAOK2 (yellow) punctae on 

ER tubules as it makes contacts with and microtubules (cyan). Scale bar is 1µm.  

(D)  Percent TAOK2 puncta colocalized with ER and microtubules in HEK293T cells is 

plotted. Values indicate mean and error bars indicate S.E.M., n=10 cells where at least 

50 punctae per cell were analyzed.  

(E) Western blot of lysate from wildtype and TAOK2 (knock out) KO cell lines 

generated using CRISPR/Cas9 mediated gene editing.   

(F) Confocal images of WT and TAOK2 KO HEK293T cells transiently transfected with 

ER-mRFP (green) and mEmerald-ensconsin (magenta) to visualize microtubules. Yellow 

inset region of peripheral ER is magnified, and shown in the panels on the right for both 

WT and TAOK2 KO cells. Scale bar is 5µm.  

(G) The ratio of peripheral ER area in contact with microtubules to the total peripheral 

ER area in a 100μm2 region in the cell periphery is plotted for wildtype and TAOK2 

knockout HEK293T cells.  Values indicate mean, error bars indicate S.E.M., n=6, t-test 

with Welch’s correction.   

(H) ER density is calculated as fraction of ER area in a 100 μm2 region in the cell 

periphery measured in wildtype and TAOK2 knockout HEK293T cells. Values indicate 

mean, error bars indicate S.E.M., n=6, t-test with Welch’s correction.   
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(I) Schematic depicts the topology of each of the three TAOK2 deletion constructs. 

Representative confocal images of HEK293T KO cells expressing the indicated TAOK2 

constructs are shown where TAOK2 (yellow), ER-mRFP (magenta) and microtubules 

(cyan) are shown in merged and grayscale. Scale bar is 5μm.  
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Figure 3.S3. Generation of TAOK2 knockout HEK293 cell lines using genome 
editing 
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(A) Genomic structure of TAOK2 as visualized through the UCSC genomic browser, 

shows the exons in gray, and region targeted by RNA guides (purple and blue) is marked 

by scissors. RNA guide sequences used for generation of TAOK2 knockout are shown. 

(B) Sequence peaks show the result of DNA sequencing in wildtype and two separate 

KO cell lines performed after PCR of the surrounding genomic region. The change in 

nucleotide 

(C) sequence is shown in gray. 

(D) Genome editing leads to frameshift mediated early termination. Resulting changes 

in protein sequence for both TAOK2 knockout cell lines is depicted. 
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TAOK2 is required for ER microtubule plus end motility but not motor mediated 
movement   

To test whether loss of TAOK2 mediated tethering would impact overall motility of the ER 

membranes, we measured ER membrane movement over time. Wildtype and TAOK2 KO 

cells were transfected with the ER marker EGFP-Sec22b and time-lapse confocal 

microscopy allowed us to visualize ER dynamics. ER motility in TAOK2 KO cells was 

significantly increased compared to WT cells (Figure 3.4A). Average normalized pixel 

differences over time allowed us to calculate the ER motility index which increased from 

0.287±0.012 in WT cells to 0.351±0.017 (n=9, p=0.0098) in TAOK2 KO cells (Figure 

3.4B). We next determined whether TAOK2 and microtubule interaction affected the 

motility of ER membrane on microtubules. To further investigate how absence of TAOK2 

might affect ER motility, we performed simultaneous confocal imaging of ER (EGFP-

Sec22b) and microtubule end binding protein mCherry-EB3 (Figure 3.4C). We found that 

in WT cells both TAC movements on microtubule plus end, as well as rapid ER 

movements independent of EB3 comets were observed, however, in TAOK2 KO cells 

TAC movements were severely disrupted, and almost all observed movements were 

rapid and not associated with EB3 comets. Thus, loss of TAOK2 specifically disrupts TAC 

movements of ER membrane on MT growing plus ends (Figure 3.4C and 3.4D). Next, we 

determined whether absence of TAOK2 would impact microtubule dynamics. We found 

while the number of microtubule plus ends marker by EB3-mCherry were unaffected in 

TAOK2 KO cells (Figure 3.4E), microtubule growth assessed by measuring EB3 velocity 

was significantly increased in TAOK2 KO cells (Figure 3.4G). Further, in TAOK2 knockout 

cells, EB3 comet tracks were less directed exhibiting increased curvature and paused 

more frequently compared to control WT cells (Figure 3.4F and 3.4H). These data show 
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that TAOK2 mediated ER-MT tethering is essential for the dynamics of ER membranes. 

Additionally, loss of tethering of microtubules to the ER membranes impacts several 

aspects of microtubule dynamics, such as EB3 velocity, the directional persistence, and 

pause time of growing microtubules suggesting that microtubule growth and dynamics 

are fundamentally regulated by their interaction with the endoplasmic reticulum.  
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Figure 3.4. TAOK2 knockout disrupts ER-microtubule dynamics  
 
(A) Confocal images of peripheral ER in wildtype and TAOK2 KO cells expressing ER 

marker EGFP-Sec22b at a single time point (left column). Sum slice projection of 

cumulative pixel difference in successive frames over 30s time period (right), where 
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images were acquired every 3sec. Fluorescence intensity is pseudocolor coded, red 

regions representing increased ER motility. Scale bar is 3µm.  

(B) ER motility index calculated by averaging the normalized pixel difference between 

successive time frame over 30s is plotted for wildtype and TAOK2 KO cells. Error bars 

indicate S.E.M, n=9 cells, t-test.   

(C) Montage of images acquired every 2s, of wildtype and TAOK2 KO cells expressing 

EGFP-Sec22b and mCherry-EB3 shows movement of ER membranes (cyan) associated  

(D) with microtubule plus tips (red) in wildtype but not KO cells.   

(E) Time-lapse confocal images of cells expressing EGFP-Sec22b and mCherry-EB3 

were analyzed and ER membrane movements that classified as slow MT plus tip 

associated-TAC (colocalized with EB3 comet) in 200μm2 area of the cell over one minute 

time period are plotted. Mean values are plotted, n=5 cells for each condition, two tailed 

t-test with Welch’s correction.  

(F) EB3 comet number in a 100μm2 area in wildtype and knockout HEK293T cells is 

depicted. Values indicate mean, scale bars indicate S.E.M, n=10 cells, t-test with  

(G) Welch’s correction.  

(H) Microtubule directional persistence, calculated as a fraction of perpendicular 

distance between start/end points and the length of the actual path taken is plotted for 

wildtype and TAOK2 knockout cells. Values indicate mean ± S.E.M., n=9 cells with at 

least 5 comet paths measured per cell, two tailed t-test.  

(I) Percent total time spent by EB3 comet pausing (no growth) is plotted for wildtype 

and TAOK2 KO cells. Values indicate mean ± S.E.M., n=9 cells with at least 5 comet 

paths measured per cell, two tailed t-test.  
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(J) EB3 comet tracks generated using the Manual tracking function in Fiji were used 

to measure EB3 comet velocity by dividing the total distance traveled over time. Mean 

values for wildtype and TAOK2 KO cells are plotted, error bars indicate S.E.M, n=9 cells 

with 5 comets per cell, two tailed t-test.  
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TAOK2 regulates STIM1 mediated ER movement on microtubule growing ends  

We further probed how TAOK2 kinase might contribute to the ER tip associated 

movement or TAC. Microtubule plus-end associated movement of ER has been 

previously shown to be mediated by interaction of the ER transmembrane protein STIM1 

with the end binding proteins EB1 that bind the growing plus end of microtubules 

(Grigoriev et al., 2008). As TAOK2 knockout HEK293T cells exhibit defects in movement 

of ER on microtubule plus end, we next tested whether TAOK2 contributes to the STIM1 

mediated TAC movements, or whether it constituted a distinct mechanism of TAC 

movement. We first tested if the expression of STIM1 and EB1 proteins were affected in 

TAOK2 knockout cells. We found no changes in protein levels of STIM1 and EB1 in two 

independent TAOK2 knockout HEK293 cells (Figure 3.S4A). Further, immunostaining for 

endogenous EB1 in control and TAOK2 KO HEK293 cells revealed no differences in the 

density of EB1 comets (Figure 3.S4B). If TAOK2 regulated Stim1 mediated TAC 

movements, then we hypothesized that STIM1-EB movements would be disrupted in 

absence of TAOK1. Therefore, we transfected control and TAOK2 knockout HEK293T 

cells with Stim1-YFP, the ER marker Sec61-BFP, and microtubule plus tip marker 

EB3mCherry. In control cells, we found that Stim1-YFP was ER localized and overlapped 

with Sec61-BFP as expected, but importantly was also concentrated at the contact points 

between ER tubules and MT plus ends (Figure 3.5A). However, in TAOK2 knockout cells 

while Stim1-YFP still co-distributed with Sec61-BFP, its concentration at MT plusends 

marked by EB3-mCherry was dramatically reduced (Figure 3.5A). Time lapse imaging 

revealed numerous TAC movements where STIM1-YFP coincided with EB3mCherry 

comets that moved together over time, while both accumulation of STIM1 at  
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MT plus-ends, and ER TAC movements were absent in TAOK2 knockout cells (Figure 

5B and 5C). While the percent of EB3/STIM1 comets mediating TAC movement declined 

drastically, the number of EB3 comets making no contact with STIM1 significantly 

increase in TAOK2 KO HEK293T cells (Figure 3.5C). The association of STIM1 and EB 

proteins is direct through interaction of the Ser-x-Ile-Pro (SxIP) motif in the C-terminal tail 

of Stim1, with a well-defined hydrophobic cavity in the C-terminal end binding homology 

domain of EB1 and EB3 (Honnappa et al., 2009). We next tested whether EB binding 

motifs would be present in TAOK2. Indeed, we found that the C-terminal tail of TAOK2 

harbored a highly conserved SxIP motif (amino acids 1192-1195) which is found in many 

other EB binding proteins including CLASP1 and STIM1 (Figure 3.5D). The SxIP motif is 

typically present in a region rich in basic amino acids, which is also the case for TAOK2 

(Figure 3.5D, highlighted in red). Therefore, we tested whether TAOK2 localized with EB1 

on microtubule plus end. Immunostaining for endogenous TAOK2 and EB1 proteins in  

HeLa cells transfected with Sec22-GFP revealed that TAOK2 punctae colocalized with 

34.7% of EB1 comets (Figure 3.5E and 3.5H). Further, to test whether TAOK2 and EB1 

interact biochemically, we immunoprecipitated EB1 from HeLa cell lysate and then 

probed for TAOK2 and STIM1. TAOK2 and STIM1 both co-immunoprecipitated with EB1 

(n=3 experiments, Figure 3.5F). To test whether the SxIP motif is important for the binding 

of TAOK2 to EB1 on microtubule plus ends, we expressed the C-terminal tail of TAOK2 

containing the SxIP motif and microtubule binding domain (1162-1235) along with 

EB3mCherry in TAOK2 KO HEK293T cells. This construct localized to the microtubules 

as well as accumulated at the microtubles plus ends decorated by Eb3-mCherry. Further, 

the construct TAOK2 C-terminal tail construct which lacks the SxIP motif can still bind 



 97 

microtubules but not plus tips. Therefore, deletion of SxIP motif was sufficient to disrupt 

localization of TAOK2 to the plus tips but did not affect its microtubule binding properties 

(Figure 3.5G).   

To further determine the spatial distribution of endogenous TAOK2 and EB1 on 

microtubule plus ends and ER respectively, we analyzed the co-distribution of these 

proteins in fixed HeLa cells expressing ER marker Sec22b and immunostained for 

endogenous TAOK2 and EB1. Every TAOK2 punctae was on the ER membrane as 

expected, of which 22% were co-localized on EB1 comets (Figure 3.5H).   Next, we tested 

the co-distribution of endogenous TAOK2 and STIM1 in HeLa cells transfected with ER 

marker GFP-Sec22b. Both TAOK2 and STIM1 punctae were beautifully localized to the 

ER membrane marked by GFP-Sec22b (Figure 3.S4D).  We found that about 18% of all 

TAOK2 punctae colocalized with STIM1 punctae, and 19% of total STIM1 punctae 

colocalized with TAOK2 (Figure 3.S4C). Interestingly 56% of EB1 comets appeared to be 

in contact with the ER membrane. Of these ER contacting plus tips, 62.5% were positive 

for TAOK2 punctae (Figure 3.5H). These analyses reveal a high degree of interaction 

between the growing microtubule plus tips and the ER membrane. We show that TAOK2 

is important for TAC mediated ER motility, and that TAOK2 binds growing microtubule 

ends through interaction with EB1 mediated by the SxIP motif. Importantly, we found that 

the microtubule binding and EB binding properties of TAOK2 were distinct, and one could 

be abolished without affecting the other.   
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 Figure 3.5 TAOK2 regulates ER TAC movement and interacts with EB1 via SxIP 
motif  
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(A) Representative single z-frame confocal images of WT and KO HEK293T cells 

transiently expressing ER marker Sec61-BFP (blue), STIM1-YFP (green) and 

EB3mcherry (red). Scale bar is 3μm.  

(B) Maximum projection of single z frames shown in (A) over a period of 20 sec to 

visualize movement and path of EB3 and STIM1 over time in WT and TAOK2 KO  

(C) HEK293T cells. STIM1-YFP (green) and EB3-mcherry (red). Scale bar is 3μm. (C) 

Percentage of EB3 comets in 200μm2 area were classified as 1. Comets interacting with 

STIM1/ER and performing TAC, 2. Comets interacting with STIM1 transiently but not 

performing TAC, and 3. Comets not contacting STIM1/ER. Value indicates mean, error 

bar indicates S.E.M. n=7 cells, two-way ANOVA.  

(D) Schematic depicting the conserved binding motif of microtubule plus tip interacting 

proteins that associate with EB proteins. The SxIP-9 amino acid consensus and 

associated rules are shown. Yellow highlighted region shows aligned SxIP motifs of 

TAOK2 and known EB interacting proteins, bold green depicts conserved residues, and 

the basic amino acids are highlighted in red.  

(E) Confocal image of wildtype HeLa cells immunostained for EB1 (magenta) and 

TAOK2 (blue). Yellow inset region is magnified on the right. Scale bar is 1 μm.  

(F) Representative western blot (n=3) shows coimmunoprecipitation of TAOK2 and 

STIM1 when EB1 is immunoprecipitated using anti-EB1 antibodies from HeLa cell 

lysates. 1% input is shown for comparison in the left lane.    

(G) Representative confocal images of KO HEK293T cells transiently transfected with 

EB3-mcherry (red) and TAOK2 C terminal tail microtubule binding domain with and 

without the TRIP (SxIP) motif that confers EB1 binding.  Scale bar is 3μm. Yellow inset 
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region is magnified and shown on right to highlight the colocalization of EB3 with TAOK2 

in the presence of the TRIP (SxIP) sequence.  

(H) Wildtype HEK293T cells expressing ER-marker EGFP-Sec22b were 

immunostained for endogenous EB1 and TAOK2. Images of EB1 comets were analyzed 

to quantify the fractions of EB1 positive TAOK2 puncta to total TAOK2 puncta, number of 

TAOK2 positive EB1 puncta compared to total EB1 puncta, number of EB1 puncta on ER 

compared to total EB1 puncta, and number of TAOK2 positive EB1 puncta on ER 

compared to total number of EB1 on the ER.  Puncta were counted in 100μm2 ROI in the 

cell periphery. Values indicate mean, error bars indicate S.E.M., n=10 cells.  
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Figure 3.S4. Role of TAOK2 in ER motility on microtubule plus tips  

(A) Western blot of HEK293T WT and TAOK2 KO (1 and 2) cell lysate. Probed for 

TAOK2, EB1, STIM1 and α-tubulin. 

(B) Endogenous EB1 density over 100 μm2 region in cell periphery of WT and TAOK2 

KO HEK293T cells. Values indicate mean, error bars indicate S.E.M., t-test. 

(C) Fraction of TAOK2 punctae positive for STIM1 and fraction of STIM1 puncta 

positive for TAOK2. Values indicate mean, error bars indicate S.E.M., t-test. 
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(D) Confocal image of HeLa cell expressing EGFP-Sec22b (yellow) and 

immunostained for TAOK2 (blue) and STIM1 (magenta). Scale bar is 3μm (top) and 1μm 

(right). 
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Aberrant TAOK2 tethering disrupts ER restructuring during mitosis   

The endoplasmic reticulum undergoes dynamic restructuring during cell division (Carlton 

et al., 2020). During metaphase, as the mitotic spindle aligns the chromosomes at the 

metaphase plate, the ER is anchored at each end to the spindle poles but largely absent 

from chromosomes and the area between the spindle poles. Defects in ER clearance 

from the chromosomes and spindle elicit mitotic defects (Schlaitz et al., 2013). Given the 

extensive association of ER with MT during cell division, we investigated the role of 

TAOK2 in ER restructuring during mitosis. We performed super resolution confocal 

microscopy to visualize GFP-TAOK2 localization in mitotic cells. We found that GFP-

TAOK2 was present in close apposition to the spindle poles at sites where the ER 

membranes converged (Figure 3.6A). TAOK2 localized at discrete punctate sites 

throughout the curvilinear peripheral ER surrounding the mitotic cell, as well as at the 

points of contact between ER membrane and the mitotic spindle (Figure 3.6A). To test, 

whether TAOK2 was important for ER structural remodeling during cell division, we 

imaged WT and TAOK2-KO HEK293T mitotic cells expressing EGFP-Sec22b and 

mCherry-EB3 to visualize ER membranes and mitotic spindle. WT cells exhibited the 

characteristic ER morphology where ER membranes accumulated at spindle poles and 

fenestrated curvilinear peripheral ER surrounded the mitotic spindle. In contrast, 

TAOK2KO cells had abnormal morphology with increased peripheral curvilinear ER 

membranes, and a striking decrease in ER association with spindle poles (Figure 3.6B-

C). To determine if this aberrant ER morphology affected cell division, we immunostained 

WT and TAOK2 KO cells with tubulin and DAPI. While 95.6% WT cells showed normal 

bipolar spindle, only 44.8% KO cells had a normal bipolar spindle. KO mitotic cells 

displayed a chromosomal misalignment defect, where 39.3% KO cells had a bipolar 
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spindle with misaligned chromosomes, and 15.8% KO cells had multipolar spindle (Figure 

6D). While loss of TAOK2 induced defects in ER association with mitotic spindle, we next 

queried whether these defects could be rescued by expression of TAOK2. We quantified 

three distinct parameters namely, number of mitotic cells with 1) normal bipolar spindle, 

2) ER associated with spindle poles, and 3) ER dissociated from mitotic spindle.  

Expression of the full length TAOK2 in KO HEK293T cells abrogated the mitotic spindle 

defects and defects in ER association with the spindle pole (Figure 3.6E, top row and 

3.6F).  Expression of the truncated TAOK2 lacking the N-terminal kinase and coiled coil 

domains in TAOK2 KO HEK 293T cells, induced a dramatic collapse of the ER 

membranes on the mitotic spindle. TAOK2 binding to microtubules created an extremely 

short and stable MT-ER bridge between the spindle poles. The chromosomes were 

displaced from the metaphase plate and instead formed a rosette around the ER-MT 

spindle (Figure 3.6E-F, middle row). These cells failed to divide.  Additionally, the TAOK2 

microtubule binding domain when expressed in TAOK2 KO HEK293 cells localized to the 

mitotic spindle and not the ER as expected, and also did not cause the ER to collapse on 

the spindle. The number of normal bipolar cells increased from 49.3% in KO cells to 99% 

on expression of WT-TAOK2 in the TAOK2 KO cells. Only 5.8% of TAOK2 KO cells 

expressing the abnormal tether construct TAOK2 (941-1235) had a normal bipolar 

spindle, while 78.3% cells expressing the TAOK2 microtubule binding domain (1196-

1235) had a bipolar spindle. Moreover, expression of the TAOK2 microtubule binding 

domain (1196-1235) failed to rescue the defect in ER-spindle pole association observed 

in TAOK2 KO cells (Figure 3.6F). These data collectively show that TAOK2 mediates ER 

tethering to the spindle poles during cell division. Association of TAOK2 to the spindle 
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poles is important for ER accumulation at the poles during mitosis.  Further, the 

dissociation of TAOK2 from microtubules of the mitotic spindle is critical for the 

disengagement of ER from the mitotic spindle without which cell division is arrested.  

  

  



 106 

 

 
Figure 3.6 TAOK2 localizes to the mitotic spindle and regulates mitotic ER 
remodeling  
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(A) SoRa superresolution confocal image of HEK293T mitotic cell expressing 

GFPTAOK2 (magenta) and ER-mRFP (green) and stained with microtubule dye (blue), 

scale bar is 2μm. Magnified view of the ER-MT tethering sites on the spindle is shown on 

the right, scale bar is 0.5μm.  

(B) Representative confocal images of WT and TAOK2 KO mitotic HEK293T cells 

transiently transfected with EGFP-Sec22b (green) and mCherry-EB3 (magenta). ER 

morphology in WT and TAOK2 KO cells is shown in grayscale on right. Scale bar is 5µm.  

(C) ER distribution in mitotic cells is measured using Azimuthal Average of normalized 

fluorescence intensity in each hemisphere demarcated by the mitotic spindle (where 0 

and 180 correspond to the spindle poles) is plotted for WT (gray) and TAOK2 KO (orange) 

cells. Average means are plotted, error bars are S.E.M., and n=3 cells. (D) Percent mitotic 

WT (grey) and TAOK2 KO (orange) cells that exhibit bipolar, multipolar or misaligned 

mitotic spindles are plotted. Values indicate mean ± S.E.M., n>45 mitotic cells from three 

different experiments, p<0.0001 one-way ANOVA.  

(D) Representative confocal images of mitotic TAOK2 KO HEK293T cells expressing 

the indicated TAOK2 constructs (green), ER-mRFP (magenta), DNA (yellow) and 

microtubules (blue) are shown. Localization of TAOK2 construct and corresponding effect 

on ER morphology is shown in grayscale as well. Scale bar is 5µm. Schematic (right) 

depicts topology of GFP-TAOK2 deletion constructs.  

(E) Percent of mitotic TAOK2 KO HEK293T cells transiently expressing the indicated 

constructs were scored on the basis of 1) exhibiting normal bipolar spindle, 2) ER 

association with spindle poles and 3) ER dissociation from mitotic spindle.  Values 

indicate mean ± S.E.M., n=75 cells from 3 different experiments.  
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Catalytic autoregulation of TAOK2 mediated ER-MT coupling   

What might be the mechanism through which TAOK2 regulates its function as an ER-MT 

tether? We tested whether the kinase activity of TAOK2 regulates its microtubule 

association. First, we introduced a kinase-dead mutation within the catalytic domain of 

TAOK2 at residue K57A, which disrupts the autophosphorylation at the critical residue  

S181 in the activation loop (Moore et al., 2000), and hence the catalytic activity of TAOK2 

(Figure 3.7A). Next, we expressed either GFP tagged-TAOK2 WT or TAOK2K57A along 

with ER-mRFP in TAOK2 KO HEK293 cells to determine how catalytic activity might 

impact microtubule tethering and ER motility.  Comparative analysis of overlap between 

ER membrane and microtubules in cells expressing WT and kinasedead TAOK2 in 

TAOK2 KO HEK293 cells, revealed that loss of kinase activity increased the association 

of ER with microtubules from 42.9% to 75.4% while the peripheral ER density was 

unaffected (Figure 3.7B-D). To test if increased association with microtubules resulted in 

stronger ER-MT tethering and hence reduced motility, we measured ER motility in TAOK2 

KO HEK293 cells expressing kinase dead TAOK2-K57A and ER marker EGFP-Sec22b. 

A substantial decrease in ER membrane motility was found in cells expressing TAOK2-

K57A as opposed to TAOK2-WT (Figure 3.7E and F). The ER motility index calculated 

from mean normalized pixel differences over time, was found to decrease from 0.35±0.02 

in TAOK2-WT to 0.26±0.03 (n=9, p=0.0019) in K57-TAOK2 expressing cells (Figure 3.7E-

F). Further, we found that TAOK2 kinase activity was important for microtubule growth 

rates determined by measuring EB3 comet velocity. EB3 velocity averaged at 0.21µm/s 

in TAOK2-WT expressing KO HEK293 cells and was decreased significantly to 0.14µm/s 

in KO HEK293 cells expressing kinase dead TAOK2 (Figure 3.7G). Next, we used a 

pharmacological TAOK kinase inhibitor CP43, to acutely inhibit the kinase activity of 
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TAOK2 and test its effect on ER-MT coupling. HeLa cells incubated with 250nM CP43 for 

2 hours led to a strong reduction in its kinase activity, both in terms of autophosphorylation 

as well as its ability to phosphorylate Septin7, a known substrate (Figure 3.S5A). We 

measured ER motility index in HeLa cells transfected with EGFP-Sec22b incubated with 

DMSO or 250nM CP43 and found that ER motility was decreased from 0.27±0.02 to 

0.16±0.05 (n=9, p=0.002) in the presence of CP43 (Figure 3.S5B).  Additionally, 

measurement of EB3 velocity in HeLa cells showed that velocity was decreased from 

0.33±0.017µm/s in DMSO treated cells to 0.24±0.04µm/s on addition CP43 inhibitor 

(Figure 3.S5C). These data indicate that catalytic activity of TAOK2 regulates its ER-MT 

tethering function. While TAOK2 kinase activity negatively regulates its association with 

microtubules, it positively regulates microtubule growth and dynamics.  

Next, we assessed whether TAOK2 catalytic activity was regulated during mitosis and 

found that TAOK2 was highly activated during mitosis. Immunostaining interphase and 

mitotic cells with phospho-S181 antibody revealed a 2-fold increase in mitotic cells 

compared to interphase (Figure 3.7I). Western blot analysis showed high ratio of pS181-

TAOK2/TAOK2 in lysates from synchronized mitotic cells compared to asynchronous cell 

lysate (Figure 7H). Therefore, we tested if perturbation of TAOK2 kinase activity would 

impact mitosis or ER segregation during cell cycle. We expressed in TAOK2 KO HEK293 

cells either the TAOK2-WT or TAOK2-K57A construct along with ER-mRFP, and then 

used a 405nm-DNA dye and 673nm-MT dye to enable four-color imaging of TAOK2, ER 

membrane, chromosomes, and mitotic MT spindle. We found that while in TAOK2-WT 

expressing KO cells, both TAOK2 and the ER membranes were enriched at the spindle 

poles, and a majority of the ER membrane was dissociated from the spindle microtubules 
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(Figure 3.7J). However, in KO cells expressing TAOK2-K57A kinase dead mutant, 

TAOK2 association with the spindle MT was markedly increased and ER membranes 

were extensively associated with the mitotic spindle MT (Figure 3.7J). A failure of ER 

membranes to disengage from the spindle MT led to severe mitotic defects in K57A 

expressing cells including monopolar (25.5%), multipolar (23.5%) and aberrant spindles 

(20.8%). Accordingly, the number of mitotic cells exhibiting a normal bipolar spindle 

deceased from 92.8% in TAOK2 KO cells expressing TAOK2-WT to about 30% in 

TAOK2-K57A expressing cells (Figure 3.7K).  These data demonstrate that the increased 

kinase activity of TAOK2 is important for dynamic regulation of ER-MT tethering during 

cell division, and perturbation of its catalytic activity leads to failure of  ER disengagement 

from the mitotic spindle, ultimately inducing mitotic defects.  
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Figure 3.7 ER-microtubule tethering is regulated by catalytic activity of TAOK2  
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(A)  Catalytic activity of GFP-TAOK2 WT and GFP-TAOK2 K57A was measured in an 

in vitro kinase reaction using autophosphorylation at S181 as the readout. Western blot 

probed with phospho-S181 antibody to measure kinase activity and anti-GFP represent 

the total amount of TAOK2.   

(B) Confocal images of TAOK2 KO HEK293T cells expressing TAOK2-WT or 

TAOK2K57A along with ER-mRFP (cyan) and live-stained with microtubule dye (red). 

Scale bar is 3µm.  

(C) The ratio of peripheral ER area in contact with microtubules to the total peripheral 

ER area in a 100μm2 region in the cell periphery is plotted for TAOK2 KO HEK293T cells 

expressing either TAOK2-WT or TAOK2-K57A.  Values indicate mean, error bars indicate 

S.E.M., n=6, t-test with Welch’s correction.   

(D) ER density is calculated for TAOK2 KO HEK293T cells expressing either TAOK2-

WT or TAOK2-K57A by measuring the fraction of ER area in a 100μm2 region in the cell 

periphery. Values indicate mean, error bars indicate S.E.M., n=6, t-test with Welch’s 

correction.  

(E) Confocal images of peripheral ER in TAOK2 KO HEK293T cells expressing 

TAOK2 WT or TAOK2 K57A along with ER marker EGFP-Sec22b at a single time point 

(left column). Sum slice projection of cumulative pixel difference in successive frames 

over 30s, where images were acquired every 3s are shown. Fluorescence intensity is 

pseudocolor coded, red regions representing increased ER motility. Scale bar is 3µm.  

(F) ER motility index is calculated by averaging the normalized pixel difference 

between successive time frame over 30s. Mean ER motility for TAOK2 KO HEK293T cells 
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expressing either TAOK2-WT or TAOK2-K57A expressing cells is plotted. Error bars 

indicate S.E.M, n=9 cells, two tailed t-test.  

(G) EB3 comet tracks generated using the Manual Tracking function in Fiji were used 

to measure EB3 comet velocity by dividing the total distance travelled over time. Mean 

values for TAOK2 KO cells expressing TAOK2-WT, and TAOK2-K57A are plotted, error 

bars indicate S.E.M, n=5 cells with 5 comets per cell, two tailed t-test.   

(H) Average intensity of phospho-S181 staining in mitotic cells normalized by average 

interphase intensity is plotted. Error bars indicate S.E.M, n=10 cells, t-test with Welch 

correction.  

(I) Confocal images of mitotic and interphase HEK293T cells stained with phospho-

S181 and tubulin antibodies to label active TAOK2 and microtubules respectively. DNA 

stained with DAPI.  

(J) Confocal images of TAOK2 KO HEK293T mitotic cells expressing either GFP-

TAOK2 WT or GFP-TAOK2 K57A (green) along with ER-mRFP (magenta) was stained 

with DNA dye (yellow) and microtubules dye (blue). Scale bar is 5µm.   

(K) Mitotic defects in TAOK2 KO HEK293T cells expressing either GFP-TAOK2 WT 

or GFP-TAOK2 K57A are plotted as the percent of total mitotic cells. Values indicate 

mean ± S.E.M., n=85 cells from 3 different experiments.  

(L) Schematic representation of the pleiotropic function of TAOK2 in maintaining ER -

microtubule tethering, microtubule dynamics and ER remodeling during interphase and 

mitosis. Distinct effects of TAOK2 depletion (TAOK2 knockout) compared to those due to 

kinase dysfunction (TAOK2 kinase dead) in interphase and mitotic cells are shown.  The 

divergent effects of TAOK2 kinase dead mutation and TAOK2 knockout suggest 
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pleiotropic roles of TAOK2 mediated by distinct functional domains in addition to its kinase 

domain.  
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Figure 3.S5. Effect of TAOK2 kinase inhibition on ER and microtubule dynamics 

(A) Kinase activity of endogenous TAOK2 was measured in the presence of DMSO 

and 250nM CP43 using an in vitro kinase reaction with autophosphorylation at S181 and 

septin7 phosphorylation as the readout. Western blot probed with: phospho-S181 

antibody to measure kinase autophosphorylation activity, TAOK2 to measure 

immunoprecipitated TAOK2, pSept7 to measure substrate phosphorylation, and Septin7 

(GST) represent the total amount of purified Septin7 c-terminal coiled coil-GST added. 

(B) ER motility index calculated by averaging the normalized pixel difference between 

successive time frame over 30s is plotted for DMSO and CP43 treated HeLa cells. Error 

bars indicate S.E.M, n=10 cells, two tailed t-test. 

(C) EB3 comet tracks generated using the Manual tracking function in Fiji were used 

to measure EB3 comet velocity by dividing the total distance traveled over time. Mean 

values for DMSO and CP43 treated HeLa cells. Error bars indicate S.E.M, n=10 cells with 

5 comets per cell, two tailed t-test. 

  



 116 

3.4 - Discussion 

Our study identifies TAOK2 as an ER resident kinase that functions as a molecular tether 

linking the ER membranes to microtubule cytoskeleton. TAOK2 is a large multifunctional 

protein of 1235 amino acids (Chen et al., 1999). At the molecular level, we show that 

distinct structural domains within TAOK2 confer its catalytic activity, ER localization and 

microtubule association.  Importantly, we demonstrate that, while the ER-microtubule 

tethering function of TAOK2 is structurally dissociated from its kinase domain, the 

catalytic activity of TAOK2 negatively regulates ER-microtubule tethering. Our results 

show that knockout of TAOK2 and expression of kinase-dead TAOK2 have opposing 

effects on ER-microtubule tethering and dynamics in both interphase and mitotic cells 

(Figure 3.7L). Thus, TAOK2 possesses the unique capacity to oppositely autoregulate 

ER-microtubule tethering through its kinase activity.  We provide two key pieces of 

evidence in support of opposing autoregulation of tethering by TAOK2. First, we show 

that the kinase dead TAOK2 is a stronger ER-microtubule tether. Second, TAOK2 kinase 

activity is increased in mitosis, which correlates with a dramatic decrease in the tethering 

of ER membranes with the mitotic spindle microtubules. Perturbation of TAOK2 kinase 

activity in interphase cells causes increased ER-microtubule interaction and inhibiting 

kinase activity in mitotic cells leads to failure of ER-disengagement from the mitotic 

spindle causing mitotic defects.   

Our study also revealed another function of TAOK2 in regulating ER membrane tracking 

on MT plus tips. TAOK2 contains a conserved four residue motif SxIP that allows 

interaction with microtubule plus end proteins EB (end binding).  The SxIP motifs are 

typically embedded within basic and proline/serine-rich sequence regions and are 

characteristic features of other +TIPs such as APC, MACF, CLASP, STIM1, and MCAK 
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(Honnappa et al., 2009). Similarly, we found that SxIP motif within TAOK2 was part of the 

C terminal intrinsically disordered region and was surrounded by basic and serine 

residues. A previous proteome wide identification of mammalian SxIP-containing +TIPs 

led to the identification of several uncharacterized EB partners that have the capacity to 

accumulate at the growing microtubule ends. TAOK2 was identified in this study 

bioinformatically as an EB binding protein based on its SxIP motif, and was also detected 

in a biotinylation pulldown assay as an EB1 and EB3 (but not EB2) binding partner (Jiang 

et al., 2012).  

Identification of TAOK2 as a unique kinase that also functions as an ER-MT tether, adds 

to the short list of two other multifunctional ER enzymes, Spastin and Atlastin that bind 

microtubules. Hereditary spastic paraplegia protein, Spastin, is a microtubule severing 

AAA ATPase enzyme that localizes to the ER and remodels microtubules via its C 

terminus domain (Hazan et al., 1999; Roll-Mecak and Vale, 2008). The other is Atlastin, 

an ER localized GTPase required for ER tubule fusion (Orso et al., 2009). In addition to 

these enzymes, several other ER proteins associate with the microtubule cytoskeleton 

directly or indirectly and are each likely to serve a particular physiological function through 

tethering (Wang et al., 2016). Perhaps the most well studied, Stim1, is an ER protein that 

interacts with microtubule growing tips indirectly by binding EB1 proteins (Grigoriev et al., 

2008; Pavez et al., 2019). Climp63 is an ER protein thought to instruct the luminal width 

of ER sheets (Nikonov et al., 2007; Vedrenne et al., 2005) and can directly associate with 

microtubules (Klopfenstein et al., 1998). It is important to note, that unlike the 

abovementioned microtubule binding ER proteins, TAOK2 has the unique ability to 

interact with both microtubules and plus end proteins EB, and additionally can 
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bidirectionally autoregulate its microtubule association through its catalytic activity. 

Whether and how TAOK2 can catalytically regulate ER TAC movement remains to be 

tested.  

In light of our findings, TAOK2 appears to be a unique serine/threonine kinase, as no 

other multipass membrane serine/threonine kinase has been reported to date.  Two other 

kinases with a single transmembrane domain reside in the ER membrane, Ire1(Cox et 

al., 1993; Morl et al., 1993) and PERK (Harding et al., 1999). Both Ire1 and PERK kinases 

have a cytosol facing kinase domain similar to TAOK2. The C-terminal tailsof Ire1 and 

PERK project into the luminal domain where they have important functions associated 

with sensing ER stress (Ron and Walter, 2007). In contrast, the C-terminal tail of TAOK2 

faces the cytoplasm and directly binds microtubules. The intrahelical loops between with 

the transmembrane helices are predicted to be extremely short (4-6 amino acids), and it 

is unlikely that TAOK2 serves a role as an ER stress sensor within the ER lumen. 

However, it is conceivable that TAOK2 is activated during ER stress indirectly through 

other ER stress sensors. Our data suggests that the punctate localization of TAOK2 within 

distinct ER subdomains is conferred by an amphipathic helical domain following the sixth 

transmembrane helix.  Investigating the molecular identity of these ER subdomains in 

terms of its lipid and protein constituents would likely reveal important insight into TAOK2 

regulation. Based on the findings of this study, we predict that increased activation in 

conditions of cellular stress might negatively regulate its function as an ER-MT tether and 

will be an important area of future inquiry.   

Little is known about upstream mechanisms that mediate TAOK2 activation. Early studies 

on the family of TAO kinases suggest that they might function as intermediate signaling 
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kinases that link certain heterotrimeric G protein-coupled receptors to the p38 MAPK 

pathway. Among ligands that induce TAOK2 activation, nocodazole, sorbitol and the 

muscarinic agonist carbachol were found to increase TAOK2 activity from 1.5-3 fold on 

stimulation (Chen et al., 2003). Members of the TAO family can be activated by ATM 

kinase is response to genotoxic stress (Raman et al., 2007), however, whether TAOK2 is 

phosphorylated is unknown.  TAOK2 is phosphorylated by the Hippo kinase mammalian 

homolog MST3 at residue T468 proximal to the kinase domain (Ultanir et al., 2014). 

Whether phosphorylation by MST3 increases TAOK2 catalytic activity has not been 

demonstrated. Further, in neurons, the secreted semaphorin molecule Sema3a has been 

shown to increase TAOK2 kinase activity in neurons through interaction with its receptor 

Neuropilin 1 (de Anda et al., 2012). Therefore, several independent signaling pathways 

might impinge on TAOK2 kinase to achieve distinct context-dependent cellular outcomes.  

As a kinase highly expressed in neurons, and one critical for neurodevelopment, the role 

of TAOK2 as an autoregulated ER-MT tether is likely to serve specific physiological 

functions in neurons. Neuronal development, connectivity and plasticity are dependent 

on the presence of ER membranes within fine neuronal processes such as spines, axons 

and dendrites where they are transported along and tethered to microtubules. TAOK2 is 

critical for dendritic spine development (Ultanir et al., 2014; Yadav et al., 2017), axon 

elongation and basal dendrite branching (de Anda et al., 2012; Richter et al., 2018). 

TAOK2 knockout mouse models exhibit cognitive and socialbehavioral deficits, and show 

structural changes in brain size (Richter et al., 2018), mechanisms of which are unknown. 

Further, de novo mutations in TAOK2 have been found through whole-genome and 

exome sequencing of patients with autism spectrum disorder (Richter et al., 2018).  Our 



 120 

findings provide a hitherto unknown mechanism for kinase mediated control of ER 

tethering to microtubule cytoskeleton. Elucidating TAOK2 function in specialized cell 

types such as neurons that respond to physiological stimuli by remodeling ER-

microtubules tethering is likely to expand on our current understanding of the importance 

and dynamics of communication between cellular organelles and the cytoskeleton.  
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3.5 - Methods   

Antibodies and Plasmids  

Antibodies used in this study are as follows:  alpha-Tubulin (Mouse, Sigma, 

T9026100UL), GAPDH (Mouse, Invitrogen, MA5-151738), Calreticulin (Mouse, Abcam, 

ab22683), TAOK2, Rabbit, Sigma, HPA010650), Rtn3a (Rabbit, ProteinTech,12055-

2AP), Acetylated alpha Tubulin (Mouse, Sigma, T6793), GST (Mouse, Invitrogen), 

GM130 (Mouse, BD Labs, 610822), TAOK2-Cterm (Rabbit), Tom20 (Mouse, Santa Cruz 

Biotech, sc-17764), Stim1 (Mouse, Santa Cruz Biotech, sc-166840), GFP (Mouse, 

Roche, 11 814 460 001), Phospho-TAO2 (S181) (Rabbit, R&D Systems, PPS037). EB1 

(Mouse, Santa Cruz Biotech sc-47704), Alpha Tubulin (Rabbit, Cell Signaling, 2144S).  

Addgene Plasmids used in this study are as follows: mCh-Sec61 beta (#49155), sfGFP-

C1 (#54579), ER-mRFP (#62236), EGFP-Sec22b (#101918), BFP-Sec61 (#49154), 

Stim1-YFP (#19754), EB3-mcherry (), mito-BFP (#49151), mTagBFP2-Lysosomes20  

(#55308), Rab5-BFP (#49147) and mEmerald Ensconsin-C-18 (#62753).  

Molecular Cloning  

Full length human TAOK2 was PCR amplified from pCMV-Sp6-TAOK2 plasmid described 

previously (Ultanir et al., 2014), and inserted in vector sfGFP-C1 (Addgene #54579) using 

restriction sites HindIII and MfeI. Domain dissection mutants were subcloned from sfGFP-

TAOK2 using restriction enzymes HindIII and MfeI (New England Biolabs). All resultant 

plasmids were verified by sequencing. GST-TAOK2-(1187-1235) was subcloned from the 

sfGFP-TAOK2 into the pGEX4T1 vector using sites SalI and NotI. BFP-STIM1 was 

created by subcloning BFP from BFP-Rab5 (#49147) and inserting into STIM-YFP 

(#19754) using restriction sites SalI and NotI.   
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CRISPR/Cas9 genome editing  

Two independent TAOK2 knockout cell lines were generated using CRISPR/Cas9 

genome editing in HEK293T cells. Four guides were designed using Synthego guide 

design tool (https://www.synthego.com) to target coding exon 2. Guides were cloned into 

plasmid CrisprV2pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene Plasmid #62988) which 

has Puromycin resistance. Cells were passaged in single cell suspension and plated at 

50% confluence. Cultures were then transfected with lipofectamine 2000 reagent 

(Invitrogen 11668-030) and 2mg of each of the 2 guides used per KO line. Cells were 

then selected with Puromycin for 2 days to select for transfected cells. Non-Homology 

End Joining (NHEJ) repair created a deletion around the gRNA cutting site. Edited cells 

were then passaged into single cells and expanded into single cell colonies. Genomic 

DNA was extracted and the region around the cutting site was PCR amplified to send for 

sequencing. Knockout of the gene TAOK2 was confirmed by Sanger sequencing 

analysis, and absence of encoded protein was validated using western blot.   

Cell Culture and Maintenance  

All experiments were performed in HEK293T and HeLa cells, which were grown in DMEM 

media (Thermo Fisher, Gibco) with 10% fetal bovine serum (Axenia BioLogix) and 1% 

Pen-Strep (Invitrogen). Cells were maintained at 5% CO2 and 37°C and passaged every 

3-4 days.  

Immunofluorescence and Western Blotting  

Cells were fixed with 4% paraformaldehyde and 4% sucrose for 20 minutes at room 

temperature, followed by 3 washes with phosphate-buffered saline (PBS). One-hour 

incubation with blocking buffer (200mM Glycine pH 7.4, 0.25% TritonX-100, 10% Normal 

Donkey Serum, in PBS) was followed by overnight incubation with primary antibody at a 
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1:1000 dilution in blocking buffer. After three 5min washes in PBS, cells were incubated 

with secondary antibody at 1:1000 dilution in blocking buffer for 3hr. Coverslips were 

washed and then mounted onto slides with FluoromontG. Endogenous TAOK2 staining 

was performed similarly, except cells were fixed with cold methanol incubated on ice for 

20 minutes instead of PFA. Endogenous EB1 staining was adapted from (Grigoriev et al., 

2008) with specified changes. Briefly, cells were fixed with -20C methanol on ice for 15 

minutes and subsequently 4% PFA with 4% Sucrose for 15 minutes. Coverslips were 

washed with PBS and permeabilized with PBS and 1% TritonX-100. Blocking, washing 

and antibody dilution steps were performed using PBS with 1% bovine serum albumin 

and 0.15% Tween-20. Samples for western blot analysis were treated with 4X LDS 

Sample Buffer (Thermo Fisher) with 125 mM DTT and subsequently heated for 10 

minutes at 95C. Samples were electrophoresed on NuPAGE 4-12% Bis-Tris  

Polyacrylamide gels (Thermo Fisher) with NuPAGE MOPS running buffer (Thermo 

Fisher).  Western blot transfer to ImmobilonP PVDF membrane (Millipore-Sigma) with 

Transfer Buffer (25mM Tris, 192mM Glycine, 20% (v/v) Methanol, 0.05% SDS) at 100V 

for 60min. Resultant blot was blocked in 5% milk or BSA blocking buffer and subjected to 

primary antibody and HRP conjugated secondary antibody before visualization with 

Pierce™ ECL Western Blotting Substrate (Thermo Fisher). Western blot images were 

obtained using the ChemiDoc Imager (BioRad).  

Image Analysis and quantification  

MT growth analysis was performed using the ImageJ plugin for manually tracking objects 

(Manual Tracking). Single frame time lapse image stacks were processed to measure the 

distance traveled by EB3 comets in each frame. Velocity was calculated by dividing the 

total distance traveled by the time taken. Curvature was calculated by dividing the 
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minimum linear path (from beginning to end) by the length of the actual distance the EB3 

comet traveled. Time paused was calculated by measuring the number of times the EB3 

comet did not change coordinates multiplied by time between each frame (2s). Percent 

time paused is calculated by divided by the total time the comet was tracked. TAC - EB3 

comet quantification was done by counting the number of EB3 comets showing different 

EB and STIM1 properties during first 10 frames of images acquired every 2 seconds 

apart. “Stim1-TAC” contacts was counted as percent of EB3 that were positive for STIM1 

and where the ER/STIM1 extended along EB3. “Contact with STIM1” showed initial EB3-

STIM1 contact but no extension of the ER occurred. “No contact with STIM1” represents 

EB3 comets that did not colocalize with the STIM1/ER during the studied frames. Number 

of EB3 comets was measured by counting comets in images obtained as z-stacks with 

0.1 micron slicing whole cell expressing EB3-mcherry and dividing by the area of the cell. 

Endogenous EB1 comet number was measured by counting comets in a 100-micron ROI 

in cells immunostained for EB1.  

  

ER motility was measured from single-z frame image stacks acquired from imaging the 

ER markers (EGFP-Sec22 or ER-mRFP) using ImageJ. Substacks were created 

corresponding to frames 6s apart and pixel differences every 6s were calculated using 

the Stack Difference function to determine a change in fluorescence (ΔF). ΔF was then 

divided by the mean fluorescence (F) of the earliest time point frame from which it was 

derived. (i.e., ΔF between frames 3 and 4 would be divided by frame 3) These ΔF/F 

values were taken for each time point and averaged over 2 minutes to determine ER 

motility for each cell. To obtain the cumulative pixel difference the substack obtained from 
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using the Stack Difference function was z-projected with the ‘sum slices’ option, and then 

pseudocolored using the physics LUT. This method to calculate ER motility index is an 

adaptation from Dong et al. (2018) (Dong et al., 2018) with specified changes. Manders’ 

Overlap Coefficient (MOC) (MANDERS et al., 1993) was measured using Just Another 

Colocalization Plugin (JACoP) (BOLTE and CORDELIÈRES, 2006). TAOK2 puncta 

overlap with EB1 and STIM1 was analyzed using a single frame 100micron ROI in the 

cell periphery by counting independent and overlapping puncta. The ratio of acetylated 

tubulin to total a-tubulin was measured from images of immunostained cells acquired as 

z-stacks with 0.1micron z-steps. Maximum zprojections were thresholded and analyzed 

for area of acetylated tubulin and a-tubulin respectively. Ratios were determined by 

dividing the area of acetylated tubulin by that of a-tubulin in each cell.  

ER-microtubule overlap was measured using single frames of images cropped to a 100-

micron ROIs at the cell periphery, split into respective channels and thresholded. Total 

area of ER and microtubules was measured using “analyze particles” option on imageJ. 

Overlapping area was determined by using the ‘image calculator’ AND function on 

thresholded images of ER and microtubules; resultant area was measured using “analyze 

particles.” Overlap was measured as the ratio of area of overlap to the area of the ER.  

ER density was subsequently measured as the area of the ER divided by the area of the 

ROI.  These analyses were performed on WT and TAOK2 KO HEK293T cells expressing 

mEmerald-ensconsin and ER-mRFP, as well as TAOK2 KO HEK293T cells expressing 

ER-mRFP, TAOK2 WT and K57A respectively, stained with Viafluor microtubule live 

imaging dyes (Biotum, #70064, #70063). To assess mitotic defects, four color images 

were acquired as z-stacks with 0.3micron spacing such that the entire mitotic cell was 
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captured. Mitotic defects were scored manually by visualizing the entire z stack, based 

on the spindle morphology, ER morphology and chromosomal  

localization.  

Differential Centrifugation Assay  

HEK293T cells were grown to confluence in four 10cm dishes using DMEM media with 

10% fetal bovine serum and 1% Pen-Strep. Cells were washed once with Dulbecco’s 

PBS, collected in ice cold PBS and pelleted by centrifugation at 200g. Pellet was 

resuspended in 2 mL of homogenization buffer (250mM sucrose, 10mM HEPES, 1mM 

EDTA, protease inhibitors (Roche), 1mM PMSF, and 1mM DTT) and homogenized with 

a 25-gauge syringe needle.  Homogenate was subsequently spun at 800g to pellet 

nuclear fraction. Post nuclear supernatant (S1) was diluted in homogenization buffer to 

split between two 2mL ultracentrifuge tubes.  Heavy membrane fraction (P2) was 

obtained by centrifuging S1 at 27,000g for 30 minutes at 4 °C. Light membrane fraction 

(P3) was obtained by centrifuging S2 at 100,00g for 30 minutes. P3 was resuspended in 

either 200uL: homogenization buffer (control), or detergent buffer (1% NP-40, 1%  

TritonX-100, 0.1% SDS) and incubated on ice for 30 minutes before spinning at  200,000g 

for 60 minutes at 4 °C. Resultant high speed pellets (P4) were resuspended in 4x sample 

buffer with 125mM DTT. Resultant supernatants S4 and cytosolic supernatant fraction S3 

were precipitated with ice cold 10% trichloroacetic acid by incubating on ice for 15 minutes 

followed by centrifugation at 21,000g. Precipitates were washed with icecold acetone, 

and pelleted at 21,000g for 5 minutes and resuspended in 4x sample buffer with 125 mM 

DTT. All samples were run on SDS-PAGE gels and transferred to PVDF membrane for 

western blot analysis.   
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ER Membrane Isolation  

HEK293T cells were grown to confluence in four 10cm dishes. Cells were washed once 

with Dulbecco’s PBS, collected in ice cold PBS and pelleted by centrifugation at 200g.  

Pellet was resuspended in 1mL of isolation buffer (225mM mannitol, 75mM sucrose, 

30mM Tris-HCl pH 7.4, 0.1mM EGTA and protease inhibitors (Roche), and homogenized 

with a 25G needle at 4°C. The homogenate was subsequently subjected to a series of 

spins at 4°C, retaining the pellet from each and continuing with supernatant to the next 

spin. The centrifugation schema was as follows (adapted from Hoyer et al. 2018): 2 spins 

at 600g for 5 minutes to pellet both cell debris and nuclei (P1 and P2), 3 spins at 7000g 

for 5 minutes each to pellet mitochondria (P3, P4, and P5), and a 20,000g spin for 20 

minutes to pellet the crude ER fraction (P6). The supernatant from the last spin yielded 

the cytosol, and P6 was washed with isolation buffer devoid of EGTA and subject to a 

20,000g spin for 15 minutes at 4°C to re-pellet. P1-6 were resuspended in resuspension 

buffer (50mM HEPES, 2.5mM MgCl2, 200mM KCl, 5% glycerol, 1% TritonX-100). Protein 

concentrations of resuspended P1-6 and cytosolic fraction were quantified by BCA assay, 

and subsequently 4X sample buffer with 0.125M DTT was added. This method of crude 

organellar separation was adapted from Hoyer et al., (2018) (Hoyer et al., 2018).  

Normalized samples were analyzed by western blot.  

Microscopy   

Superresolution imaging was performed using the Nikon-CSU-W1 Spinning Disk 

equipped with a microlensed SoRa emission disk that achieves Super Resolution by 

Optical Pixel Reassignment with a xy resolution of 120nm. Images were acquired on an 

inverted Nikon Eclipse Ti2 microscope (Nikon Instruments) attached to a Yokogawa 

spinning disk unit (CSU-W1 SoRa, Yokogawa Electric) using a 1.49 100x Apo TIRF oil 
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immersion objective lens. Images were captured by an Andor Sona 4.2B-11 camera using 

the 2.8x SoRa relay, resulting in an effective pixel size of ~40 nm. 405, 488, and 561 nm 

laser lines were used for excitation. All other live and fixed cell imaging was performed 

on a Nikon Ti2 Eclipse-CSU-X1 confocal spinning disk microscope equipped with four 

laser lines 405nm, 488nm, 561nm and 670nm and an sCMOS Andor camera for image 

acquisition. The microscope was caged within the OkoLab environmental control setup 

enabling temperature and CO2 control during live imaging. Imaging was performed using 

Nikon 1.49 100x Apo 100X or 60X oil objectives. Live imaging for ER motility and EB3 

comet velocity was performed on fibronectin coated MatTek dishes  

(MatTek, P35G-1.5-14-C), and images at a single confocal z frame were captured every 

2sec. Fixed cell image acquisition was performed as a z stack of images with z distance 

of 0.3micron. Viafluor microtubule live imaging dyes (Biotum, #70064, #70063) were used 

to visualize microtubules during live imaging. Cells were incubated for 30 minutes at 37 

degrees C with (1:2000) dye in culture media. Subsequently, dye treated media is 

replaced with live imaging media with (1:10000) tubulin dye. DNA was stained with 

NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342) (Invitrogen), two drops/mL 

live imaging media incubated for 15 minutes at room temperature before imaging.   

Protein Purification   

TAOK2 C-terminal amino acids 1187-1235 were cloned into pGEX4T1 vector and 

transformed into BL21 E. coli to bacterially express the GST-tagged TAOK2 1187-1235. 

A 25ml starter culture grown from a single colony overnight was used to inoculate 1L 

culture, which was allowed to grow to an O.D, of 0.6 at 37°C. Protein expression was 

induced by IPTG at a final concentration of 0.4mM for 18 hours at 18°C. Bacteria were 

collected by a 15min spin at 5000g, washed with ice cold PBS, and the pellet was 
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resuspended in ice cold lysis buffer (50mM Tris pH 8.0, 5mM EDTA, 150mM NaCl, 20% 

glycerol, 5mM DTT, protease inhibitors and PMSF). Addition of 4mg lysozyme (Sigma) 

was followed by 30min incubation with 0.5% TritonX-100 and sonication on ice. The 

supernatant was collected after a 60min spin at 25,000g, and incubated with prewashed 

GST beads (Thermo Fisher) for 1 hour. Beads were washed with wash buffer (PBS + 

1mM DTT + 0.1% tween 20) followed by wash buffer without detergent. Bound protein 

was eluted and collected in fractions by glutathione elution buffer at pH8.0 (50mM Tris 

pH8.0, 250mM KCl, 1mM DTT, 10% glycerol and 30mM glutathione).   

Microtubule co-sedimentation assay   

Microtubules were prepared by polymerizing porcine tubulin (Cytoskeleton inc.) in general 

tubulin buffer (80mM PIPES pH 6.9, 2mM MgCl2, 0.4mM EGTA, Roche Protease 

Inhibitors) in the presence of 1mM GTP for 20 minutes at 35ᵒC and then diluted further. 

To prevent depolymerization, microtubules were treated with 40 μM Taxol. Microtubules 

and 5 μg purified protein were incubated at room temperature, and pelleted at 100,000g 

over a 60% glycerol cushion buffer (80mM PIPES pH 7.0, 1 mM MgCl2, 1 mM EGTA, 

60% Glycerol, protease inhibitor). The supernatant (top layer above cushion) and the 

pellet were removed and treated with 4X Sample Buffer with 250mM DTT and 5% beta-

mercaptoethanol. Resultant samples were subject to SDS-PAGE and colloidal 

Coomassie blue staining (Invitrogen).  

Mitotic cell lysate  

HEK293T cells were synchronized by treatment with 1.67μM nocodazole for 12-16 hours. 

Rounded cells were dislodged by shaking and collected with media. Concurrently, 

untreated asynchronously growing HEK293T cells were scraped and collected in DPBS. 

Both tubes of cells were separately pelleted, washed in DPBS, and lysed in HKT buffer 
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(25mM HEPES pH7.2, 150mM KCl, 1% Triton X-100, 1mM DTT, 1 mM EDTA, Protease 

Inhibitors (Roche, Complete), Halt Phosphatase Inhibitors (Thermo Fisher). Lysate was 

cleared of cell debris by centrifugation and protein concentrations were determined via 

BCA assay (Thermo Fisher). Sample Buffer with 125mM DTT was added to equalized 

amounts of protein and subject to western blot analysis as described above.   

Immunoprecipitation Kinase Assay   

HEK293T cells transfected with sfGFP-TAOK2 WT and sfGFP-TAOK2 K57A were lysed 

with HKT buffer (25mM HEPES pH7.2, 150mM KCl, 1% Triton X-100, 1mM DTT, 1 mM 

EDTA, Protease Inhibitors (Roche, Complete)). Lysate was precleared with Pierce 

ProteinG Agarose (Thermo Fisher), and immunoprecipitated with Roche anti-GFP Mouse 

antibody bound on Pierce protein G agarose. Beads were washed twice with HKT, once 

for 10 minutes with HKT with 1mM NaCl, and finally washed with HK buffer (25mM 

HEPES pH 7.2, 150mM KCl, 1mM DTT, 1 mM EDTA, Protease Inhibitors (Roche, 

Complete EDTA free)). Beads were washed once with the Kinase Buffer (25mM Tris pH 

7.5, 10mM MgCl2, 1mM DTT) prior to the in vitro kinase assay. Kinase assay was then 

performed by incubating with 0.5mM ATP and Halt protease/phosphatase inhibitors 

(Thermo Fisher) for 45 minutes at 30°C on a shaking heat block. Samples were then 

subjected to western blot analysis detailed above to detect autophosphorylation of 

TAOK2 at S181 using the rabbit antibody (R&D Systems, PPS037).   

CP43 Kinase Assay: Endogenous TAOK2 was immunoprecipitation from untransfected 

HeLa cells using the TAOK2 Sigma antibody. CP43 (500nM) was added to kinase assay 

along with 0.5mM ATP, Halt protease/phosphatase inhibitors (Thermo Fisher) and 

GSTSeptin 7 C-terminal coiled coil tail (321-438 amino acids) [Purified as described in 

Yadav et al., 2017)] as a substrate for 45 minutes at 30°C on a shaking heat block. 
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Immunoprecipitation of endogenous EB1 was adapted from (Hoogenraad et al., 2000). 

Briefly, HeLa cells were lysed with HKT buffer (25mM HEPES pH7.2, 100mM KCl, 0.5% 

Triton X-100, 1mM DTT, 1 mM EDTA, Protease Inhibitors (Roche, Complete)). Lysate 

was precleared with Pierce Protein-G Agarose (Thermo Fisher), and immunoprecipitated 

with anti-GFP Mouse (control), anti-EB1 mouse and anti-STIM1 antibodies separately 

bound on Pierce protein G agarose. Beads were washed thrice with HKT and washed 

thrice with HK buffer (25mM HEPES pH 7.2, 100mM KCl, 1mM DTT, 1 mM EDTA) then 

treated with 4X Sample Buffer with 250mM DTT and 5% beta-mercaptoethanol.  

Resultant samples were subject to SDS-PAGE.   

Statistics  

All statistics were performed in GraphPad software Prism9.0. Multiple groups were 

analyzed using ANOVA, while two group comparisons were made using unpaired t-test 

unless otherwise stated. Statistically p value less that 0.05 was considered significant. All 

experiments were done in triplicate, and experimental sample size and p values are 

indicated with the corresponding figures.  
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CHAPTER 4: ELUCIDATING TAOK2 INTERACTORS THROUGH BIOID2 
PROXIMITY LABELING  

4.1 - Introduction  

The cell is jam-packed with a plethora of various molecules of different sizes creating 

contextual ‘neighborhoods’ wherein contacts are made, and reactions occur. 

Understanding the function of a protein and the biological processes in which it 

contributes can often come down to understanding its interaction network. Over the years 

many different tools and methods have been created to study molecular contacts through 

an engineered or modified enzyme that is able to label interactors within a known radius 

either fused or targeted to the protein of interest (Qin et al., 2021).  Proximity labeling 

enzymes are of two general groups: peroxidases, and biotin ligases. The peroxidases of 

this group are activated by peroxide to convert biotin-phenols into highly reactive radical 

species which, on the scale of seconds, are able to tag proteins within a 1-10nm radius 

with biotin, which then can be captured on streptavidin beads (Li et al., 2014; Rhee et al., 

2013).  Horseradish peroxidase (HRP) and engineered ascorbate peroxidase (APEX) 

were originally fused to proteins of interest to act as reporters in electron microscopy 

(Hopkins et al., 2000; Martell et al., 2012); but have since evolved into the world of 

proximity labeling (Li et al., 2014; Rhee et al., 2013). APEX was further engineered to 

APEX2, which is more active in cells than its predecessor (Lam et al., 2015). It is worth 

noting that a pitfall of this approach that the peroxidase-based proximity labeling reactions 

require presence of hydrogen peroxide which is toxic to cells (Nindl et al., 2004).  

The other group of engineered enzymes for proximity labeling are biotin ligases, which 

utilize promiscuous point mutants of bacterial biotin ligases to biotinylate proteins within 

10nm of the protein of interest (Branon et al., 2018; Kim et al., 2016; Roux et al., 2012). 

The first of these proteins to be generated was BioID which utilizes BirA*, a promiscuous 
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point mutant of 35kDa E. coli biotin ligase as a labeling enzyme (Roux et al., 2012). The 

second generation of the biotin-ligase based proximity labeling enzymes, BioID2, 

employs a smaller, 27kDa, biotin ligase from A. aeolicus that does not bind DNA but is 

highly efficient (Kim et al., 2016). Both BioID and BioID2 require around 18 hours, to 

effectively biotinylate neighboring proteins (Roux et al., 2012; Kim et al., 2016). More 

recently, directed evolutions of BioID known as TurboID and miniTurbo have gained use 

due to their 10 minute reaction time, and in the case of miniTurbo, 28 kDa protein size 

(Branon et al., 2018).  These molecules are invaluable tools for studying protein-protein 

interactions and can be used to shed light on protein involvement in numerous pathways 

and processes. 
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Figure 4.1 – Schematic representation of the two classes of biotin ligase. 

(A) Shows peroxidases using biotin-phenol to biotinylate proteins within a proximal 

radius of the protein of interest (POI). 

(B) Depicts biotin ligases biotinylating proteins with a proximal radius of the POI in the 

presence of increased biotin. 
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Our lab previously uncovered several potential substrates through chemical genetic 

substrate identification (Yadav et al., 2017). Of these substrates, Septin 7 is the only 

one that has been validated as a bona fide substrate (Yadav et al., 2017). Given the 

essential role of TAOK2 in several aspects of neuronal development, and the lack of 

known regulators/interactors of TAOK2, unbiased identification of proteins that 

associate with TAOK2, will likely yield important insight into its function. In order to 

uncover TAOK2 interactors, I have chosen to use BioID2 due to its smaller protein size 

and long reaction time. Due to the large size of TAOK2 (138kDa) (Chen et al., 1999), a 

small biotin ligase such as BioID2 (Kim et al., 2016) will be more favorable to avoid 

steric hindrance. Further, a longer reaction time will allow for the labeling of interactors 

from numerous contexts rather than a 10-minute period which is more appropriate and 

useful for transient interactions.  

4.2 - Methods 

Cloning 

 Myc-tagged BioID2 was subcloned from pcDNA3.1 myc-bioid2-MCS (addgene# 74223) 

using myc-BioID2_AgeI_F and myc-BioID2_BglII_R  (see table below) digested with AgeI 

and BglII (New England Biolabs)(Platinum SuperFi Polymerase, Thermofisher Scientific). 

sfGFP-TAOK2 (previously described in Chapter 3 methods) was digested with AgeI and 

BglII to remove super-folded GFP. Digested vector and subcloned fragment were ligated 

using T4-ligase (New England Biolabs). Resultant plasmid pcDNA3.1 myc-bioid2-TAOK2 

was sequenced using sanger sequencing.  

pZIP-hEF1a-myc-bioid2-TAOK2 and pZIP-hEF1a-zsgreen-myc-bioid2-TAOK2 were 

cloned from pZIP- hEF1a-zsgreen-puromycin and pcDNA3.1 myc-bioid2-TAOK2 using 
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primers listed in the chart below by Gibson Assembly (New England Biolabs, NEBuilder® 

HiFi DNA Assembly Master Mix, E2621S) (Platinum SuperFi Polymerase, Thermofisher 

Scientific). 

 

Antibodies/Reagents 

 Anti-c-Myc (Sigma #C3956), Streptavidin-HRP (Abcam #ab7403), Neutravidin-DyLight 

550 (Invitrogen).  

Cell Culture 

 Experiments were performed in HEK293T and HeLa cells, which were grown in DMEM 

media (Thermo Fisher, Gibco) with 10% fetal bovine serum (Axenia BioLogix) and 1% 

Pen-Strep (Invitrogen). Cells were maintained at 5% CO2 and 37°C and passaged every 

3-4 days) 

PRIMER NAME SEQUENCE 5' TO 3' 

myc-BioID2_AgeI_F  GGTGGTACCGGTATGGAACAAAAACTCATCTCAGA 

myc-BioID2_BglII_R GGTGGTAGATCTGCTTCTTCTCAGGCTGAACTCG 

FRAG1_PZIP_FWD GACGGATCGGGAGATCCTCGCGC 

FRAG1_PZIP_REV CGGAGCCTCACGTATCGATAAACT 

FRAG2_PZIP_FWD AGTTTATCGATACGTGAGGCTCCG 

FRAG2_PZIP_REV GATGAGTTTTTGTTCCATGGTATTATCGTGTTTTTC
AA 

FRAG3_MYCBIOIDTAOK2_
FWD 

AACACGATAATACCATGGAACAAAAACTCATCTCA
GAAGAGGAT 

FRAG3_MYCBIOIDTAOK2_
REV 

TCCAGAGGTTGATTTCACCTCCAGGGGGG 

FRAG4_PZIP_FWD CCCCCCTGGAGGTGAAATCAACCTCTGGA 

FRAG4_PZIP_REV GCGCGAGGATCTCCCGATCCGTC 

FRAG 2.1_PZIP_REV TGAGTTTTTGTTCCATTGGACCGGGCACGAC 

FRAG3.1_MYCBIOIDTAOK
2_FWD 

GCCCGGTCCAATGGAACAAAAACTCATCTCAGAA 

FRAG3.1_MYCBIOIDTAOK
2_REV 

GAGGTTGATTGTTTCACCTCCAGGGGGGCAGG 

FRAG 4.1_PZIP_FWD CCCCCCTGGAGGTGAAACAATCAACCTCTGGA 
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BioID2 Experiments: Briefly, HEK293T cells grown on 10 cm plates were transfected with 

myc-BioID2-TAOK2 (JetOptimus, PolyPlus). After 12-24 hours, media was replaced in 

half of the plates with media containing 50uM Biotin. Remaining plates served as a control 

receiving 0.1% DMSO. Cells incubated for 18 hours in DMSO or biotin media and were 

subsequently washed with 25 mL room temperature DPBS (Gibco)/plate. Cells were 

collected in respective tubes and lysed on ice in HKTDS lysis buffer (25 mM HEPES pH 

7.2, 150 mM KCl, 1% Triton X 100, 0.5% deoxycholate, 0.1% SDS, 1mM EDTA, 1mM 

DTT with roche c0mplete protease inhibitors) and spun down 10 min at 16,500 × g, 4°C. 

Lysate was incubated on streptavidin beads overnight. Beads were washed extensively: 

3x with HKTDS, 3x with 2M Urea in 10mM Tris pH 8.0 and 3x with 20mM Tris pH 7.5. 

10% of the sample was analyzed by western blot (as described in chapter 3), remaining 

90% underwent sample preparation and subsequent mass spectrometry. 

Immunocytochemistry and confocal microscopy were performed as described in Chapter 

3.  

Sample Preparation 

 Beads were resuspended in 3x bead volumes of 8M Urea/10 mM Tris pH 8.0. Disulfide 

bonds were reduced by adding TCEP to a final concentration of 1 mM and incubating at 

room temperature for 30 minutes. Chloroacetamide (CAM) to final concentration of 3 mM. 

and incubated for 10 minutes at room temperature to alkylate cysteines. CAM was 

quenched by adding TCEP to 1mM. Sample pH was ensured at pH 8 and then incubated 

1:100 with LysC for 2 hours at 37°C. After adding TEAB to dilute urea to less than or 

equal 2M, trypsin was added and incubated 37°C for 12-16 hrs with gentle agitation. 
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Digestion was stopped by using TFA until sample reads pH 2.0. Samples were then 

loaded onto C18 StageTips. 

Data Analysis and Quantification 

 Data was analyzed in Perseus 1.6.5.0. String11.5 analysis was performed on string-

db.org. Gene Ontology analysis was performed using dice-database.org.  

4.3 - Pilot Experiment: Preliminary Results and Interpretation 

myc-BioID2-TAOK2 expressed in HEK293T cells localizes in the same microtubular 

pattern as observed previously (Fig 3.2 A Figure 4.2). Biotinylation occurs in a spatially 

precise fashion surrounding the myc-BioID2-TAOK2 signal (Figure 4.2). Lysate from 

HEK293T cells expressing myc-BioID2-TAOK2 treated with 50uM biotin or DMSO show 

changes in the amount of the biotinylated proteins, this is reflected in the streptavidin pull 

down (Figure 4.3).  We do not see myc-BioID2 TAOK2 enriched in the pull down, which 

was not expected. I hypothesize is that this construct is not taken up into enough cells to 

express high levels.  

 
Figure 4.2 – Confocal microscope images of HEK293T cells expressing myc-

BioID2-TAOK2 treated with 50uM biotin. 

Myc-BioID2-TAOK2 (cyan) is visualized using a c-myc antibody. Biotinylated proteins 

(Magenta) are depicted using Neutravidin-Dylight 550.  
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Figure 4.3 – BioID2 Western blots 

(A) Western blots of +biotin and -biotin streptavidin pull-down samples and 5% input 

samples. Right side shows blot against biotinylated proteins using streptavidin-HRP. Left 

shows blot against c-myc.  
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Note: The data beyond this point were generated from the pilot mass spectrometry run 

from this project. This run was not perfect in its experimental design and sample prep as 

there was approximately 5-fold more raw material in the +biotin condition than the -

biotin/DMSO only condition. Further, these samples were not loaded onto more than one 

C18 StageTip each, therefore, we have only one value per run and cannot calculate 

significance from these data. Due to the single replicate, I was not able to create a volcano 

plot with the logarithm of the fold change on the X axis, and the logarithm of the 

significance on the Y axis.  

I have plotted the ratio of enrichment here (Figure 4.4) which shows that there were 

numerous proteins highly enriched in the +biotin condition as compared to -biotin 

condition. This graph is not descriptive of significance of these values or fold change.  

Without significance values it is impossible to pick out hits from this large dataset, 

therefore the STRING11.5 analysis (Figure 4.5) and Gene Ontology analysis of biological 

processes (Figure 4.6) are unintelligible. In future datasets with proper internal replicates, 

hits will be picked out and focused on in these further analyses to elucidate TAOK2 

interactors.  
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Figure 4.4 – Graph comparing enrichment of proteins between +Biotin/-Biotin 
samples.  
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Figure 4.5 – STRING 11.5 analysis of top 100 potential TAOK2 interactors 
identified by BioID2 proximity biotinylation and mass spectrometry. Gene groups 
labeled by squares. 
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Figure 4.6 – Gene Ontology analysis network of biological processes based on 
top 100 potential TAOK2 interactors identified by BioID2 proximity biotinylation 
and mass spectrometry. Genes are in orange, biological processes in green. 
Saturation of green denotes strength of association. 
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4.4 - Future Directions 

Determining and validating TAOK2 interactors in HEK293T cells has proven challenging 

thus far. Expression level of the protein has been moderate, and transfection efficiency 

have been difficult to judge due to a lack of fluorescent tag. Further, the HEK293T cells 

have been a great starting point to optimize the proximity labeling technique but are not 

the most relevant cell type to study neurodevelopment. Moving forward, I propose to use 

rat primary cortical neurons as the context in which to perform proximity biotinylation 

experiments and further understand TAOK2’s role in biological processes necessary for 

neuronal development. Regarding the difficulties with transfection, I have cloned two myc-

bioid2-TAOK2 lentiviral transfer vectors, one of which is bicistronic, expressing zs-green 

to alleviate difficulties determining efficiency of horizontal gene transfer. The vector itself 

can be used direct transfection in HEK293T cells or can be used to make virus to 

transduce other cell types such as neurons which are difficult to transfect efficiently.  

Another limitation in this process has been the mixed specificity of our c-myc antibody, 

which is able to label both c-myc and myc-tagged proteins. In the future, an antibody 

against only myc-tagged proteins should be used for cleaner western blots and 

immunocytochemistry.  Once data from mass spectrometry runs with proper replicates 

have been collected, data should be processed by paired t-test in Perseus 1.6.5.0 to 

create a volcano plot depicting log (fold change) vs. log(p-value). Potential interactors will 

have high log(p-value) and high log (fold change) values and can be further analyzed 

using string analysis STRING11.5 and Gene Ontology analysis in dice-database.org.  

Potential interactors can be verified by coimmunoprecipitation.  

Limitations and Alternative Approaches: There is potential for BioID2 to not yield specific 

or significant results. In this case another proximity labeling method such as APEX or 



 146 

miniTurbo should be considered to circumvent difficulties with this proximity labeling 

enzyme. Furthermore, co-immunoprecipitation mass spec can be performed as an 

alternative or in addition to proximity labeling to ensure validity of the data.   
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS  

5.1 - Molecular and cellular functions of TAOK2 kinase  

 Through the experimental work in chapter 3, we demonstrated that TAOK2 is a 

large multidomain ER-localized kinase that directly binds to microtubules, thereby acting 

as an ER-microtubule tether. Further, we revealed that TAOK2 localized at microtubule 

plus-ends and that TAOK2 depletion results in disturbed STIM1/EB1 mediated TAC 

movement. Additionally, we uncovered that TAOK2 interacts with EB1 via a conserved 

SxIP motif to facilitate TAC movement, independently from its microtubule-binding 

activity.   We determined that TAOK2 is highly enriched at the mitotic spindle poles acting 

as an anchoring point for ER-spindle interactions. Interestingly, we found that TAOK2 

microtubule binding is regulated by its catalytic activity, loss of kinase activity resulting in 

increased ER-microtubule tethering. In chapter 4, I have detailed the experimental 

blueprint for determining TAOK2 interactors using proximity biotinylation enzyme BioID2.  

Identification of TAOK2 as a distinctive ER-microtubule tethering kinase has opened up 

many new questions to comprehend TAOK2’s role in neuronal development (Figure 5.1).  

 Determining that TAOK2 localizes to discrete ER domains of high curvature in the 

cell periphery was an interesting finding as it required six transmembrane domains and 

amphipathic helix to confer its localization. However, when only the 6 transmembrane 

helices are expressed TAOK2 localizes continuously throughout the ER membrane rather 

than these distinct areas. The question remains as to what area of the ER to which TAOK2 

localizes and to what biological process TAOK2 contributes. One potential subdomain of 

the ER that TAOK2 may localize to is the Rab10 subdomain of phospholipid biosynthesis 

(English and Voeltz, 2013).  Rab10 is an ER-localized GTPase that moves along 

microtubules in active subdomains pinpointed at the tip of approximately 50% of ER 
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tubules (English and Voeltz, 2013). Fascinatingly, these Rab10 subdomains contain two 

integral ER enzymes, phosphatidylinositol synthase (PIS) and choline/ethanolamine 

phosphotransferase (CEPT1) (English and Voeltz, 2013), which are necessary for the 

synthesis of phosphatidylinositol, phosphatidylcholine, and phosphatidylethanolamine 

respectively (Antonsson, 1997; Henneberry et al., 2002). The presence of Rab10 in this 

subdomain is important for ER tubule extension and fusion (English and Voeltz, 2013), 

which could make Rab10, PIS, and CEPT1 interesting potential interactors for TAOK2.  

Earlier in this thesis study, I showed TAOK2 knockout reveals changes in ER density 

in the ER periphery.  It is highly likely that TAOK2 could be interacting with proteins that 

shape the ER membrane such as reticulons, a class of transmembrane that form a 

hairpin-like structure in the membrane acting as a wedge in areas of high curvature 

(Voeltz et al., 2006). Interestingly, loss of reticulons results in decreased ER tubules, but 

increased ER sheet structures (Anderson and Hetzer, 2008; Craene et al., 2006; Voeltz 

et al., 2007). Another group of ER shaping proteins that TAOK2 could be interacting with 

are REEP1-4 which promote ER tubules, and REEP5/6 (also known as DP1/Yop1) which 

similarly to reticulons form wedges on the ER membrane that stabilize the membrane 

curvature (Hu et al., 2009). Loss of members of this group of proteins leads to unbranched 

tubular extensions of the ER (Hu et al., 2009), which can upset ER density which could 

make these proteins noteworthy in our quest for understanding TAOK2 in the context of 

ER shape. Another distinct subdomain of ER are the sites of interaction with distinct 

organelles such as mitochondria, endosomes, peroxisomes as well as membrane-less 

organelles such as the p-body. Whether TAOK2 localizes at any of these organellar 

contact sites remains to be tested. 
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 In chapter 3 we explored the impact of TAOK2 on ER morphology and movement, 

however, the implications of TAOK2 on ER function remain largely unknown. Given 

TAOK2 is activated in response to cellular stress (Chen et al., 1999; Chen et al., 2003; 

Fang et al., 2020), it follows that TAOK2 may play a role in the ER stress response and 

maintenance of homeostasis. Further studies are necessary to understand the role of 

TAOK2 on ER function, calcium storage, and cellular stress.  

5.2 - Implications of TAOK2 ER-MT tethering for neuronal development  

 Direct microtubule binding and ER-microtubules tethering by TAOK2 are 

remarkable functions of TAOK2 which has enumerated more lines of questioning for this 

kinase.  We now know that TAOK2 is one of several proteins that act as ER-microtubule 

tethers and also regulates STIM1 mediated ER-TAC movement through its association 

with EB1. An aspect of this signaling pathway that we have not yet explored is whether 

the catalytic activity of TAOK2 regulates ER-TAC movement. Based on our data, 

expression of TAOK2 kinase-dead results in increased microtubule binding of TAOK2, 

stronger ER microtubule tethering, increased ER density, decreased ER motility, and 

decreased EB3 velocity. We could speculate that TAC movement would occur slower 

than it does under wildtype conditions. Toward understanding if catalytic activity regulates 

TAC, an important next step is to test how TAOK2 is interacting with TAC machinery 

components EB1 and STIM1. We know that TAOK2 and EB1 associate, but whether  

TAOK2 phosphorylates EB1 or STIM1 and whether that regulated its binding to the 

EB1/STIM1 complex has not been investigated.  It is conceivable that TAOK2 phospho-

regulates STIM1 as it has been shown that STIM1 phosphorylation leads to exclusion of 

the ER from the spindle during mitosis (Smyth et al., 2012). Finally, with regards to  

TAOK2 microtubule binding, it is still not understood mechanistically how TAOK2 catalytic 
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activity regulates its association with microtubules. Given the potential that this could be 

an autophosphorylation event, in future studies, it would be interesting to map potential 

phospho-sites in the TAOK2 C-terminal microtubule binding. Understanding how TAOK2 

catalytic activity contributes to regulating TAC, EB1/STIM1 localization, and microtubule-

binding would shed light on how the mechanism by which TAOK2 mediates ER-

microtubule motility.  

 Given that TAOK2 is a regulator of several aspects of neuronal morphology 

including axon elongation, dendritic arborization, and spine formation, many questions 

remain about TAOK2 mediated ER-microtubule tethering in neuronal development.  

TAOK2 is now added to the list of proteins that regulate ER microtubule contacts such as 

M1 Spastin CLIMP-63, p180, and STIM1 (Grigoriev et al., 2008; Klopfenstein et al., 1998; 

Ogawa-Goto et al., 2007; Park et al., 2010) which play various roles in neuronal 

development. Several of these proteins are involved in the remodeling of microtubules. 

For instance, Spastin specifically decreases the microtubule network in the axon by 

severing microtubules (Sherwood et al., 2004), but does promote microtubule regrowth 

(Kuo et al., 2019). In addition, depletion of p180 in cultured neurons results in decreased 

microtubule stability through reduction of acetylated tubulin (Farias et al., 2019). Other 

ER-microtubule tethering proteins such as CLIMP-63 play a role in the distribution of 

smooth ER tubules throughout axons via dynein and kinesin-mediated sliding events 

(Faras et al., 2019). Finally, STIM1 is important for ER-TAC movement by its interactions 

with EB1/3 decorated microtubule plus ends, depletion of EB1/3 results in decreased 

smooth ER-tubules distribution to dendrites but does not change the distribution in the 

axon (Farías et al., 2019).  These data suggest that ER-microtubule tethering is important 
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for the ER insertion and distribution into neurites. How TAOK2 contributes to ER 

distribution through its ER-microtubule tethering ability is yet to be understood.  

TAOK2 depletion studies have shown a decrease in basal dendrite complexity, but no 

change in apical dendrites (de Anda et al., 2012; Richter et al., 2018). There is little known 

about the ER distribution in basal dendrites of pyramidal neurons. Further studies are 

necessary to understand how TAOK2 and ER impact basal dendrite formation and 

elaboration.   

ER insertion into the dendritic spines is important for synaptic plasticity local 

translation (Holbro et al., 2009; Ostroff et al., 2017). Further, ER inserted into dendritic 

spines forms a specialized organelle important for long term potentiation, known as the 

spine apparatus (Perez-Alvarez et al., 2020).  There are still lapses in our collective 

knowledge of ER insertion into dendritic spines. TAOK2 interacts with actin motor protein, 

Myosin Va on phosphorylation at T440 by MST3 kinase, and this regulates the 

recruitment of Myosin Va into the dendrites (Ultanir et al., 2014). In Purkinjje neurons, 

Myosin Va is responsible for ER transport into dendritic spines (Wagner et al., 2011). 

Myosin Va accumulates at the tip of the ER tubule as it moves into spines, and blocking 

Myosin Va actin-based movement reduces ER translocation into dendritic spines. It is 

likely that TAOK2 modulates this process and may act as a linking point between the ER 

and Myosin Va. Further research is required to better understand how TAOK2 and Myosin 

Va interplay are implicated in this process.  

Axonal growth is dependent on dynamic ER tubules enriched in the axonal growth 

cone that push forward the extension of the plasma membrane during neuronal 

development (Dailey and Bridgman, 1989; Farías et al., 2019) Interestingly, the ER is 
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translocated into the axonal growth cone filopodia during development by STIM1 (Pavez 

et al., 2019). Given that TAOK2 is highly enriched in the axonal growth cone during 

development, and depletion of TAOK2 results in impairments in axonal guidance (de 

Anda et al., 2012), it would be incredibly interesting to study if and how TAOK2 plays a 

role in neuronal ER insertion into the axonal growth cone and the impact on axonal 

development.  

 Perhaps one of the most interesting aspects of studying TAOK2 has been its 

linkage to autism spectrum disorder (ASD) (Weiss et al., 2008; Richter et al., 2018). 

Further, TAOK2 is encoded in the 16p11.2 genomic locus, copy number variations 

(CNVs) of which are associated strongly with ASD and schizophrenia (Kumar et al., 2007; 

McCarthy et al., 2009; Weiss et al., 2008). Due to the association of gene dosage changes 

of TAOK2 with brain size changes in mice and head circumference in patients (Luo et al., 

2012; Richter et al., 2018), ER-microtubule coupling should be examined in models of 

these CNVs to determine a potential cellular basis of disease. Of the 24 TAOK2 variants 

found by GWAS studies, only two of them show changes in kinase activity (Richter et al., 

2018). TAOK2 A135P is the only one of these mutations found in the kinase domain and 

is the only mutation which abolishes kinase activity (Richter et al., 2018). The remainder 

of these mutations do not have a clear pathophysiology but remain as ASD-linked 

unstudied mutants. In our study, we have uncovered TAOK2 ER localization and mapped 

the C-terminal microtubule-binding domain. These findings serve as a firm basis for 

further study and understanding of the impacts of these TAOK2 ASD variants on TAOK2 

function in ER microtubule tethering, TAC movement of the ER, and potential interactors 

(Figure 5.1).  
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Figure 5.1 Schematic of TAOK2, an ER resident protein that binds microtubules, 

acting as a microtubule tether and its potential interactors.   

TAOK2 binds EB1, but how it interacts with STIM1 is unknown. It remains unknown if 

TAOK2 phosphoregulates STIM1 or EB1. There is still a great amount to be learned as 

to how TAOK2 contributes to dendrite formation, dendritic spine formation and axonal 

elongation 
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