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Kinase regulation of microtubule dynamics 

Abstract 

 

Microtubules are dynamic polymers that facilitate important cellular functions, including 

intracellular transport and chromosome segregation. They are remodeled by plus-end 

polymerization dynamics, which are commonly targeted to treat cancer. The regulation of 

microtubule polymerization dynamics by kinases has been extensively studied, but the 

mechanisms driving this regulation are not well understood. This dissertation covers two 

orthogonal approaches used to explore kinase regulation of interphase microtubule dynamics. Our 

first approach systematically explored the effects of kinase inhibition on microtubule growth in 

live cells. We conducted a high-content screen of preclinical, clinical, and approved kinase 

inhibitors using an automated quantitative pipeline to score EB3-positive growing plus-ends.  Our 

findings suggest that kinase regulation of microtubule growth varies across cell types and is 

dependent on the basal activation of signaling pathways. In the case of human retinal pigmented 

epithelial cells, kinases weakly regulate microtubule growth under baseline conditions, and that 

regulation is stronger under sensitized conditions when growth is partly inhibited by a microtubule 

depolymerizing drug. Our second approach tested the hypothesis that kinase-phosphatase 

signaling functions to maintain plus-end dynamics in response to microtubule depolymerization. 

This hypothesis was informed by phosphoproteomics data showing the rapid dephosphorylation 

of dozens of microtubule-binding proteins in response to a microtubule depolymerizing drug, 

including several that are known to stabilize microtubules. We validated one such protein, CLIP1, 



� iv

as a biomarker of microtubule stability. Our data suggest that CLIP1 phosphorylation may be a 

viable tool to discover a kinase and/or phosphatase that responds to microtubule depolymerization. 

In addition to our contributions to fundamental microtubule biology, our work also has 

implications in translational drug discovery. Our high-content screening approach is useful for 

quantifying off-target inhibition of tubulin by kinase inhibitors, which is a common challenge in 

drug development.  
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Chapter 1 

Introduction
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1.1�Microtubules and their functions in living cells  

Microtubules (MTs) are highly conserved cytoskeletal structures found in all eukaryotes, 

with homologous structures found in many prokaryotes [1]. This introduction, along with the 

following chapters, will mainly focus on mammalian microtubule biology in interphase. MTs are 

polymers comprised of the protein subunit tubulin. Multiple tubulin proteins are expressed in 

mammalian cells, including α-, β-, and γ-tubulin. Soluble α-β-tubulin heterodimers assemble to 

form microtubules. MTs are polar polymers, as the assembly of tubulin subunits is governed by 

directionality. Heterodimers polymerize end-to-end, with the α-tubulin of one heterodimer 

interacting with the β-tubulin of another heterodimer to form a protofilament [2]. In mammalian 

cells, MTs are 25 nm-wide hollow tubes comprised of 13 protofilaments [3]. Although tubulin 

subunits can polymerize from either end of a MT polymer, the two ends are governed by different 

dynamics. In mammalian interphase cells, the minus-end is anchored at the microtubule organizing 

center (MTOC) near the nucleus, while the more dynamic plus-end is free to explore the cytoplasm 

[4]. γ-tubulin, along with other protein machinery, serve as nucleators for microtubule assembly 

at the MTOC [5].   

MTs facilitate a myriad of important cell functions: physical organization of organelles, 

serve as tracks for intracellular transport, determine directionality and polarity, and most famously, 

form the mitotic spindle that separates chromosomes during cell division [2, 6-8]. The organization 

of the microtubule cytoskeleton varies by cell phase and type. Massive remodeling occurs during 

the transition from interphase to mitosis, with complete disassembly of the interphase microtubule 

array to form the mitotic spindle [9].  

 

1.2 Microtubule dynamics and its regulation  
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1.2.1 Microtubule dynamics 

The inherent plasticity of microtubules plays a key role in many of their cell functions [2]. 

MTs are able to rapidly remodel through stochastic bouts of polymerization and depolymerization 

of tubulin subunits, called dynamic instability [10, 11]. Plus-end polymerization dynamics is 

governed by GTP hydrolysis [12]. GTP-bound α-β-heterodimers are incorporated into the growing 

plus-end. Accumulation of GTP-bound heterodimers at the plus-end, called the GTP cap, promotes 

a period of growth. Incorporated heterodimers undergo GTP-hydrolysis, leading to a period of 

shrinkage caused by the rapid depolymerization of GDP-bound heterodimers. Transitions between 

periods of growth and shrinkage are called catastrophes, while the reverse transition is called a 

rescue. MT dynamics are also known to undergo periods of rest where MTs are stabilized, and no 

heterodimers are added or removed from the plus-end [13].  

1.2.2 Microtubule-binding proteins 

Microtubule dynamics is regulated by a suite of microtubule-binding proteins, also known 

as microtubule associated proteins (MAPs). This diverse group of proteins bind to MT polymers 

or tubulin heterodimers to influence dynamics, either promoting polymerization or pause to 

stabilize MTs, or promoting depolymerization to destabilize MTs. They can be roughly broken 

down to 7 classes based on their method of binding and effects on dynamics (Table 1.1) [2]. The 

classical MAPs tau, MAP2, and MAP4 are lattice-binders that bind along the length of a MT 

polymer to stabilize it [2, 14]. +TIPs, such as the EB and CLIP families, target and track along 

growing plus-ends [15]. Destabilizing MAPs, such as stathmin and katanin, bind tubulin subunits 

and MT polymers, respectively, to promote catastrophe [16, 17].  
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Table 1.1. MT regulation by microtubule-associated proteins (MAPs). Summarized from Goodson 
and Jonasson, 2020 [2].  

Name Class Effect 

CAMPSAPs Minus-end targeting Stabilize MTs 

CLASP +TIP Stabilize MTs 

CLIP1 & 2 +TIP Stabilize MTs 

Doublecortin +TIP Stabilize MTs 

EB1, 2, & 3 +TIP Stabilize MTs 

Fidgetin Severing Destabilize MTs 

Katanin Severing Destabilize MTs 

Kinesin 13 +TIP destabilizer Destabilize MTs 

Kinesin 8 +TIP destabilizer Destabilize MTs 

MAP1 Lattice-binding Stabilize MTs 

MAP2 Lattice-binding Stabilize MTs 

MAP4 Lattice-binding Stabilize MTs 

MAP65/Ase1/PRC1 Bundling Stabilize MTs 

Spastin Severing Destabilize MTs 

Stathmin Sequestering Destabilize MTs 

STOP Lattice-binding Stabilize MTs 

Tau Lattice-binding Stabilize MTs 

XMAP215 +TIP Stabilize MTs 

γ-TuRC Minus-end capping Stabilize MTs 
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1.2.3 Kinase regulation of microtubule dynamics 

Mammalian cells express hundreds of kinases that regulate a myriad of cellular processes, 

from nutrient-sensing to promote growth and survival (PI3K/ATK), to stress response (JNK), and 

progression through the cell cycle (CDKs) [18]. Kinase signaling pathways also converge on 

microtubules. Dozens of kinases have been implicated in the regulation of microtubule dynamics 

through a variety of methods across multiple cell types and cell states, whether by direct action on 

tubulin or via MAP phosphorylation. Kinase regulation via MAPs is normally characterized by 

phosphorylation of sites within the MT-binding domain, which in turn regulates their binding 

affinity [19-21] (Figure 1.1A). Kinase regulation of MT dynamics persists throughout the cell 

cycle [22]. This regulation has been extensively studied in cell division [23-30]. Kinase regulation 

of interphase microtubule dynamics has also been widely investigated in multiple systems (Table 

1.2, Figure 1.1B), but the mechanisms are not well understood and there is little consensus on 

which signaling pathways may play a predominant role.  

Figure 1.1. Kinase-phosphatase regulation of microtubule dynamics. (A) General model of 
regulation. Kinases and phosphatases regulate MT dynamics via addition and removal of 
phosphate groups on microtubule associated proteins (MAPs). Phosphorylation within the MT-
binding region of MAPs alters their binding affinity. (B) Examples of kinases from the literature 
that regulate MT dynamics via MAP phosphorylation, based on reports detailed in Table 1.2.  
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Table 1.2. Kinases that regulate mammalian interphase microtubule dynamics. 

Kinase Cell Lineage Regulation Reference 

ABL2 NIH 3T3, COS-7 MT stability, growth rate [31] 

AMPK Vero MT growth speed via CLIP1 [32] 

AURKA HeLa 

HUVEC 

MT growth & shrink rates, rescues 

MT growth speed & lifetime 

[33] 

[34] 

CAMK4 K562 MT stability via stathmin [35] 

CDK K562 MT stability via stathmin [27] 

CDKL5  Primary dendrites 

COS-7 

MT growth via MAP1S 

MT growth via CLIP1 

[36] 

[37] 

CK1 CV-1 MT stability [38] 

CK2 HeLa MT stability [39] 

DYRK1A  Primary neurons MT stability [40] 

ERK NIH 3T3 MT stability [41] 

FER  SKOV3 MT stability [42] 

GSK3β Primary neurons 

Keratinocytes 

 

Primary neurons 

MT stability via MAP1B 

MT growth & shrink rates, pause via 

CLASP2 

MT growth speed, stability 

[43] 

[44] 

 

[45] 

ILK Keratinocytes 

HeLa 

MT stability 

MT shortening & pause time, 

catastrophe 

[46] 

[22] 

JNK HeLa, Ptk2 

 

MCF-7 

MT growth velocity via KIF5B; growth 

& shrink rate, rescue  

MT stability 

[47] 

 

[48] 

LKB1 MEF MT stability [49] 

MARK1 & 2 CHO MT stability via tau, MAP2, & MAP4 [50, 51] 

MARK2 Neuro 2a, primary 

dendrites 

MT growth velocity & trajectory length 

 

[52] 

MARK1, 2 & 3 U2OS MT growth speed & lifetime [53] 
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Table 1.2 (Continued). Kinases that regulate mammalian interphase microtubule dynamics. 

Kinase Cell Lineage Regulation Reference 

NEK3 

NEK7 

Primary neurons 

HeLa, MEF 

MT stability 

MT growth speed & lifetime, 

catastrophe 

[54] 

[24] 

P38 Primary 

cardiomyocytes, 

HeLa 

MT stability via MAP4 & stathmin 

 

 

[55] 

PAK1 COS-7 MT stability via KIF2A [56] 

PI3K/AKT NIH 3T3 

MCF10A, A2058 

MT stability 

MT stability 

[41, 57] 

[58] 

PKA  K562 

C6, DBTRG-05MG, 

A172 

MT stability via stathmin 

MT stability 

[59] 

[60] 

PKC  MCF-10A, MDA-

MB-231 

MT growth, shortening, & pause time; 

catastrophe  

[61] 

ROCK  PC12 

U2OS 

MT stability 

MT stability 

[62] 

[63] 

RSK2  A549, 212LN MT stability via stathmin [64] 

TTBK2  HeLa MT shrink rate, rescue via KIF2A [65] 
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1.4 Technical approaches to probe microtubule dynamics  

There are numerous technical approaches to measure microtubule dynamics, some of 

which are more quantitative than others. A classical approach involves fixed immunofluorescence 

to probe MT stability. This includes staining for acetylated or detyrosinated tubulin, as both of 

these tubulin post-translational modifications are correlated with more long-lived MTs. 

Quantitative Western blotting can be used instead of immunostaining [66]. Another classical 

approach is the extraction of soluble and polymerized tubulin fractions from cells, followed by 

quantitative Western blots [59]. Both of these approaches provide insights into how a perturbation 

affects overall MT stability, but do not specify how these effects relate to changes in MT dynamics 

parameters.  

In order to measure changes in MT growth and shrinkage, or catastrophe and rescue, a 

method called MT tracking must be employed. This method can be used in live cells or in a cell-

free system. In live cells, MT tracking is conducted using a fluorescently-linked molecular probe, 

for example GFP-tubulin. However, there are technical challenges associated with using whole 

MTs to track dynamic instability parameters. The high density of MTs throughout the cytosol 

causes high background and poor signal to noise, at times making it difficult to discern changes to 

individual MTs by eye or to train an algorithm to measure changes. Investigators are often limited 

to less dense areas like those near the cortex, which only represents a small subset of the bulk MT 

mass within a cell. These challenges can be addressed by the use of fluorescently tagged +TIPs 

due to their defined morphology and equal distribution throughout the cell. These characteristics 

are particularly useful for tracking with image analysis software. Historically, the EB family and 

CLIP1 are used for +TIP tracking experiments and in recent years, the EB proteins have become 

the gold standard for quantifying MT dynamics in living cells [67-70]. Individual MTs or +TIPs 
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can be tracked over time using live-imaging to quantify changes in growth and shrink rates, growth 

lifetimes and trajectory, and frequencies of catastrophe and rescue [71]. Other measurements of 

+TIPs can be explored as well, including counts and length [72]. These measurements can be 

probed by fixed immunofluorescence in cells that have not been transfected with a fluorescent 

marker. In Chapter 2, we count EB3-GFP comets as a marker for microtubule growth. Comet 

counting, as opposed to real-time tracking of comet trajectories, allows for high-throughput 

experiments, and is therefore an ideal approach for large-scale screening of effects on MT 

dynamics. 

1.5 Cancer pharmacology  

1.5.2 Microtubules as important targets in cancer 

Microtubules are commonly targeted by chemotherapeutic drugs in the clinic to treat a 

variety of cancers, including solid tumors and those of hematological origins. These microtubule-

targeting agents (MTAs) are used alone or in combination regimens to impede oncogenic 

proliferation [73]. It is commonly thought that the efficacy of MTAs is driven by inducing cell 

cycle arrest and cell-autonomous death in actively dividing cells. However, there is evidence that 

MTAs may also have some clinical efficacy in interphase by inducing micronucleation [74]. There 

are multiple classes of MTAs that poison polymerization dynamics via different mechanisms. 

Some MTAs bind at sites on soluble tubulin heterodimers to promote MT depolymerization. These 

include Combretastin-A4, which binds at the colchicine site on β-tubulin. Other MTAs bind the 

lattice of MT polymers at the taxane site to promote “hyperstabilization”, such as epothilone B. 

Multiple MTAs have made it through various stages of development to reach the clinic, while 

others are limited to use in basic science research due to poor toxicity profiles or lack of efficacy. 

A selection of clinically relevant MTAs are summarized in Table 1.3 [73, 75]. 
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Table 1.3. Microtubule-targeting agents in cancer. Summarized from Florian and Mitchison, 
2016, Rohena and Mooberry, 2015, and FDA.gov [73, 75]. 

Name Binding Site Mechanism of Action Use 

Colchicine Colchicine MT destabilizer Not approved 

Combretastatin-A4 Colchicine MT destabilizer Not in clinic 

Docetaxel Taxane MT stabilizer Multiple solid tumors 

Epothilone B Taxane MT stabilizer Not approved 

Epothilone D Taxane MT stabilizer Not approved 

Eribulin Colchicine MT destabilizer Metastatic Breast Cancer 

Nocodozole Colchicine MT destabilizer Not in clinic 

Paclitaxel Taxane MT stabilizer Multiple solid tumors 

Vinblastin Vinca MT destabilizer Hematological neoplasms 

Vincristine Vinca MT destabilizer Hematological neoplasms 

 

1.5.3 Kinases as important targets in cancer 

Kinases are commonly constitutively activated by oncogenic mutations, leading to the 

overactivation of pro-proliferative and pro-survival signaling pathways, such as PI3K, BRAF, and 

EGFR [76]. As a result, kinase inhibitors have become an important class of targeted anticancer 

therapies following the landmark approval of Gleevec (imatinib) in 2008 [76, 77]. As of 2020, 52 

small molecule kinase inhibitors have been approved by the FDA, with a vast majority for 

oncogenic indications [77]. In contrast to chemotherapies like MTAs that target all fast-replicating 

cells, kinase inhibitors are more specific for cells that have accumulated oncogenic mutations. This 

reduces some of the toxicities commonly associated with MTAs, such as neutropenia [73]. 

However, selectivity is a common challenge in kinase inhibitor drug development. Small molecule 

kinase inhibitors famously exhibit activity on multiple kinases within the same family, as well as 

unrelated kinases. This is due to the design of competitive inhibitors that bind within the ATP-
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binding pocket, which is highly conserved across kinases [78]. Selectivity is normally inversely 

correlated to concentration, with off-target activity increasing with drug concentration.  

Kinase inhibitors also often inhibit non-kinase targets, including microtubules [78, 79]. At 

least 13 kinase inhibitors, including clinically relevant compounds, have been shown to inhibit 

tubulin polymerization [80-82]. This off-target action on tubulin is now appreciated as common 

challenge of kinase inhibitor development. As discussed in Chapter 2, development of sensitive 

tools to quantify the effects of kinase inhibitors on microtubules is a highly valuable endeavor 

within the field of drug discovery. Although the non-selectivity of kinase inhibitors poses a 

challenge in the clinic, this “polypharmacology” can be exploited by researchers to study the 

kinase regulation of different cellular functions. In this dissertation, kinase inhibitor 

polypharmacology is used as an advantage to investigate MT dynamics. 

 

1.6 Dissertation scope  

This dissertation covers two orthogonal approaches used to explore the same central 

question – how do kinase signaling pathways regulate interphase microtubule dynamics? �

Although kinase regulation of interphase microtubule dynamics has also been widely investigated 

in multiple systems, the mechanisms are not well understood and there is little consensus on which 

signaling pathways may play a predominant role. There are multiple experimental approaches that 

can be employed to explore this question. An obvious approach would follow up on the literature 

reports described above in Section 1.2.3 (Table 1.2). However, it would not be feasible to iterate 

through these reports one-by-one.  

The work described in Chapter 2 sought to investigate kinase regulation in an unbiased and 

systematic manner through the utilization of a novel high-content screening approach. We 
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exploited kinase inhibitor polypharmacology to screen a clinically relevant library of compounds 

for effects on microtubule dynamics. An important advantage of this approach is that it allowed us 

to test multiple pathways simultaneously. To our knowledge, this is the first instance of an image-

based screen for effects of kinase inhibitors on MT growth. The goal of this work was to start with 

a systems pharmacology approach to identify key regulatory kinases followed by mechanistic 

work. This would allow us to identify how a panel of 42 kinase inhibitors with varying target 

selectivity affect MT dynamics, followed by a computational deconvolution approach to narrow 

down which kinases may be predominantly driving effects seen in the screen. Following this, 

additional experiments could be conducted to investigate the upstream signaling pathway, with 

hope of identifying intermediate signaling molecules.  

It would also be feasible to conduct this screen with a genetic knockdown approach, such 

as an siRNA/shRNA or CRISPR screen, instead of using chemical inhibitors. However, genetic 

knockdowns are slow. They require pre-existing protein to turn over, which happens on the time 

scale of days. During this time, cells may activate compensating pathways, making it difficult to 

accurately interpret effects. Another challenge is the possibility of functional redundancy. For 

instance, if multiple kinases co-regulate microtubules in the same way, knocking them down 

individually would miss this effect.  The use of kinase inhibitors addresses these concerns. 

Response to kinase inhibition can be measured quickly, within minutes or hours, potentially before 

compensatory mechanisms could be activated. Moreover, kinase inhibitor polypharmacology, 

allows for perturbation of multiple kinases at once.�Another advantage of kinase inhibitors is their 

relevance to drug discovery. Kinase inhibitors an important classes of cancer therapies, and 

therefore, any new annotation of a new biological activity is useful. 
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The work described in Chapter 3 took a candidate-based approach, by starting with a 

proposed mechanism of phospho-regulation and working from there to attempt to identify a 

regulatory kinase and/or phosphatase that may work within a larger system. The candidate, CLIP1, 

a +TIP known to regulate microtubule dynamics, was utilized as a probe to explore signaling 

response to microtubule depolymerization. This would allow us to tease apart a possible 

mechanism that counteracts this perturbation to maintain dynamics. Both approaches – the 

unbiased approach described in Chapter 2 and the candidate-based approach from Chapter 3 –

yielded useful insights into the role of kinase signaling in microtubule dynamics within 

mammalian tissue culture cells.  
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Chapter 2 

A kinase inhibitor screen for effects on microtubule dynamics reveals implications for basic 

biology and drug discovery 

Sergine Brutus, Javier Pineda, Clarence Yapp, Craig Thomas, Timothy J. Mitchison
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2.1 Attributions 

This chapter is a reformatted 1st-author manuscript that will be submitted to a cell biology journal. 

Supplementary figures for the manuscript are included in Appendix 1. The work described was 

conducted in collaboration with Craig Thomas at the National Center for Translational Sciences 

and Clarence Yapp of the Laboratory of Systems Pharmacology at Harvard Medical School. I 

designed and conducted experiments, completed data analysis and visualization, and wrote the 

manuscript. Javier Pineda, of the Mitchison lab, wrote the custom automated pipeline used to 

conduct data analysis. Clarence Yapp provided support on experimental setup and wrote additional 

custom quantitative software (described in Appendix 2). Craig Thomas’s group conducted key 

biochemical target identification and supply of the quality-controlled kinase inhibitor library. Tim 

Mitchison conceived the experimental direction with input from me, provided key support as an 

advisor, and reviewed and edited the manuscript.  

 

2.2 Abstract 

Microtubules are dynamic polymers that physically organize cells and segregate chromosomes 

during mitosis, and their polymerization dynamics are commonly targeted to treat cancer.  Kinase-

phosphatase signaling has been implicated in the regulation of microtubule dynamics across 

multiple cell lines and cell states, but few studies have systematically explored the effects of kinase 

inhibition on microtubule growth in living cells. Here we report a high-content screen of 

preclinical, clinical, and approved kinase inhibitors for effects on microtubule growth in live cells. 

We employed an automated pipeline that scored EB3-positive growing plus-ends and used cell 

area as a surrogate for cytotoxic activity. Direct action on tubulin was scored in an image-based in 

vitro tubulin polymerization follow-up assay. Our data suggest that multiple kinases weakly 
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regulate microtubule growth under basal conditions, and that regulation is stronger under 

sensitized conditions when growth is partly inhibited. Based on our data and published reports, we 

propose that cell type and background substantially affect kinase regulation of microtubules, and 

that few if any kinases strongly regulate microtubules in all cell types. Our methods will be useful 

for detecting off-target inhibition of tubulin, which is a common challenge during kinase inhibitor 

development. 

 

2.3 Introduction 

Microtubules (MTs) are integral components of the cytoskeleton, whose constant 

remodeling facilitates key cellular functions, such as intracellular transport, mitosis, and migration 

[6-8]. It is due to their role in these important pro-survival functions that microtubules are 

commonly targeted to treat cancer [73, 80, 83]. These polar polymers grow by the addition of GTP-

bound α,β-tubulin heterodimers to a growing plus-end, and shrink by dissociation of GDP-bound 

heterodimers. Microtubule remodeling occurs via dynamic instability, whereby plus-ends switch 

between periods of growth and shrinkage [10-12]. Microtubule dynamics are regulated by a suite 

of MT-binding proteins, including those that bind along the length of the lattice and those that 

accumulate at the growing plus-end, called plus-end tracking proteins (+TIPs) [2].  

One family of +TIPs, includes end-binding proteins 1,2 & 3 (EB1-3, gene names 

MAPRE1-3), which serve as the substrates for the rest of the +TIP machinery, and are expressed 

in different tissues [84]. EB1 expression is ubiquitous while EB2 and EB3 are preferentially 

expressed in the nervous system [85]. In addition to their interesting biology, the EB proteins have 

provided valuable tools for quantifying microtubule dynamics in living cells. The defined 
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morphology of EBs has allowed for automated counting and tracking of fluorescently-tagged EB 

comets using image analysis software [68-70].  

The human genome encodes more than 500 kinases that regulate almost all aspects of cell 

behavior, including microtubule dynamics, and the binding affinity of multiple MT-binding 

proteins depends on their phosphorylation state [19-21]. Dozens of kinases have been shown to 

affect microtubule dynamics through a variety of methods across a myriad of cell types and cell 

states [22-65] (Figure 1.1, Table 1.2). Despite the heavy implication of kinase signaling in the 

regulation of microtubule dynamics in multiple systems, the mechanisms are poorly understood 

and the extent to which certain pathways control dynamics over others has not been systematically 

addressed. These questions can be addressed in an unbiased manner by screening a kinase inhibitor 

library for effects on EB3 comets. 

Since the approval of Gleevec (imatinib) for treatment of chronic myelogenous leukemia, 

kinase inhibitors have emerged as an important class of anti-cancer drugs, and increasingly, kinase 

inhibitors are being developed for other diseases [76, 77]. A well-known challenge in kinase drug 

discovery is selectively between kinases. Small molecules that target kinase active sites tend to 

inhibit multiple kinases, with the degree of inhibition and number of targets increasing with drug 

concentration. Less well known is the challenge of specificity over non-kinase targets [78, 79]. 

One common, and problematic, off-target activity of kinase inhibitors is binding to tubulin and 

inhibiting microtubule polymerization. In fact, at least 13 kinase inhibitors are known to exhibit 

off-target inhibition of tubulin [80-82].  Significant inhibition of microtubule dynamics may only 

occur at concentrations higher than pharmacologically relevant, but this is often unclear [82]. It is 

also unclear why kinase inhibitors also commonly bind tubulin. Relevant considerations include 

the tendency of the colchicine binding site on tubulin to bind diverse aromatic molecules, and the 
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fact that only ~2% of tubulin needs to bind an inhibitor to disrupt the growth of plus-ends [86, 87]. 

It has been technically challenging to identify off-target binding to tubulin because commercial 

biochemical assays, which measure microtubule polymerization by turbidimetry, are insensitive. 

Compounds must be added stoichiometrically with the concentration of tubulin in the assay, which 

may be above the solubility limit of early stage compounds, and makes it difficult to reliably score 

weak inhibitors [88]. Thus, there is a need for more sensitive assays to detect microtubule 

inhibitors. Others have reported quantitative imaging approaches using fixed cells, such as 

utilizing fluorescently-labeled transferrin to score endocytic trafficking as a readout for off-target 

effects of kinase inhibitors on microtubule function [89]. Here, we count EB3 comets as a marker 

for growing microtubule ends. This assay was previously shown to be a more sensitive readout of 

effects of microtubule dynamics than mitotic abnormalities in one recent study [72]. An additional 

advantage was that cell area provided a surrogate for cytotoxic effects. We used non-cancerous 

interphase cells to report microtubule biology that is as normal as is possible in a tissue culture 

system. This also allows for valuable insights into the action of clinically-relevant kinase inhibitors 

on non-target cells.  

 

2.4. Results 

High-content screening of kinase inhibitors to explore effects on microtubule growth. 

Our goals were to identify kinases that regulate microtubule growth and to develop 

technology that will help identify compounds with off-target activity on microtubules in drug 

discovery pipelines. We screened a curated library of 42 kinase inhibitors in human retinal 

pigmented epithelial (RPE1) cells expressing an end-binding protein 3 (EB3)-GFP reporter. Live-

cell fluorescence imaging of EB3 comets was conducted before, and 4 hours after, treatment with 
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kinase inhibitors over a range of doses. These images were processed and quantified using a 

custom Python-based automated pipeline previously reported by our group [72]. The output of this 

quantification were dose-response curves that plotted fold-change values of the effect of 

compounds on comet counts and cell area compared to DMSO controls (Figure 2.1A). As positive 

controls, we used Combretastatin-a4 (CA4) and epothilone - B (EPOB), two potent microtubule 

drugs that inhibit dynamics via different mechanisms. CA4 is a clinical grade depolymerizer that 

binds free tubulin heterodimers at the colchicine site to promote microtubule destabilization, and 

EPOB is an antineoplastic agent that binds inside the microtubule lattice at the taxane site to 

promote microtubule stabilization [73, 75].  

The kinase library hits a diverse set of kinases as depicted by their nominal targets (Figure 

2.1B). It was specifically curated to cover a broad range of the kinome via polypharmacology 

using a minimal number of compounds. It was originally used to dissect the pathways involved in 

a complex phenotype, cell migration, using a deconvolution strategy to infer cellular targets based 

on the convergence of screen hits and known biochemical inhibition data [90, 91]. Maximal 

targeting of the kinome is even more likely due to our dose range going up to 10 µM. Moreover, 

it is important to note that our library is clinically relevant library given that it is comprised of 

preclinical, clinical, and approved compounds across a range of cancer indications (Figure 2.1C; 

Table 2.1) [92, 93]. 
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Figure 2.1. High-content screening of kinase inhibitors to explore effects on MT growth. (A) 
Workflow of high-content screening approach in live RPE1 cells stably expressing EB3-GFP. 

Created with Biorender.com. Scale bar = 10 �m. (B) Red dots indicate nominal targets for kinase 
inhibitor library. Illustration reproduced courtesy of Cell Signal Technology, Inc 

(www.cellsignal.com). (C) Highest developmental stage reached for kinase inhibitors.
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Figure 2.1 (Continued). 
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Table 2.1. Compound library information. 

Compound Alias Phase Indication Target 

Afatinib Gilotrif Approved NSCLC 

Others 

EGFR, HER2/4, P-gp  

AP-26113 Brigatinib 

Alunbrig 

Approved NSCLC ALK, EGFR, ROS1  

Apatinib Rivoceranib Approved 

Ph 3 

Gastric 

HCC 

VEGFR2, KIT, SRC, 

RET 

Axitinib Inlyta Approved RCC VEGFR1/2/3  

Cobimetinib Cotellic Approved Melanoma MEK 

LDK-378  Ceritinib 

Zykadia 

Approved NSCLC ALK, IGF1R, INSR, 

ROS1 

LY-2835219 Abemaciclib

Verzenio 

Approved 

Ph 3 

Breast 

NSCLC, Melanoma, 

Glioblastoma 

CDK4/6 

Neratinib Nerlynx Approved 

Ph 2 

Breast 

NSCLC, Colorectal 

EGFR, HER2/4 

Pazopanib Votrient Approved RCC, Sarcoma VEGFR1/2/3, 

PDGFRA/B, FGFR1/3, 

KIT, ITK 

CSF1R, LCK 

BMS-754807  Ph 2 Breast, Solid tumors IGF1R 

MGCD-265 Glesatinib Ph 2 NSCLC VEGFR1/2/3, HGFR 

Pelitinib  Ph 2 

Ph 1 

NSCLC, Colorectal 

Solid tumors 

EGFR, HER2, SRC 

Rabusertib  Ph 2 

Ph 1 

NSCLC, Pancreatic 

Solid tumors 

CHK1 

Talmapimod  Ph 2 Multiple Myeloma, 

MDS  

p38 MAPK 
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Table 2.1 (Continued). Compound library information. 

Compound Alias Phase Indication Target 

AT-9283  Ph 2 (Failed) 

Ph 2 

Multiple Myeloma 

Leukemia 

AURKA/B, JAK2/3,  

BCR-ABL, GSK3B 

Tandutinib  Ph 2 (Failed) 

Ph 2 

AML, Glioblastoma 

Kidney 

FLT3, PDGFRB, KIT, 

CSF1R  

Dinaciclib  Ph 3 

Ph 2 

CLL 

Melanoma, Breast, 

NSCLC 

CDK1/2/5/9 

LY2157299 Galunisertib Ph 3 

Ph 2 

 

MDS               

Prostate, Rectal, 

Liver, Breast, 

Glioblastoma, 

Pancreatic 

TGFBR1 

Telatinib  Ph 3 

Ph 1 

Gastric 

Solid Tumors 

VEGFR2/3, KIT, 

PDGFRA 

Tivozanib  Ph 3 

Ph 2 

RCC 

Colorectal, 

Glioblastoma 

VEGFR1/2/3 

Cediranib  Ph 3 (Failed) 

Ph 3 

Lung, Colorectal 

Fallopian, Ovarian, 

Peritoneal  

VEGFR2 

Orantinib  Ph 3 (Failed) 

Ph 2 

Ph 1 

HCC 

Breast 

Solid Tumors 

VEGFR2, AURKA/B,  

KIT, FGFR, PDGFR 

39621  Preclinical  MARK2/Par-1 

AMG-25  Preclinical  KIT 

AMG-51  Preclinical  MET, KDR, MST1R, 

IGFR 
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Table 2.1 (Continued). Compound library information. 

Compound Alias Phase Indication Target 

AT-7867  Preclinical  AKT1/2/3 

AZ-23  Preclinical  NTRK1 

CEP-33779  Preclinical  JAK2 

CHIR-99021  Preclinical  GSK3B/A 

Dorsomorphin  Preclinical  TGFBR1, AMPK 

FR-180204  Preclinical  ERK1/2 

GW-441756  Preclinical  NTRK1 

GZD-824  Preclinical  BCR-ABL 

LDN-193189  Preclinical  BMPR1A, ACVR1 

NCGC002442

-50-01 

 Preclinical  TYK2 

PF-3644022  Preclinical  MAPKAP-K2 (MK2) 

Pluripotin  Preclinical  ERK, RASGAP 

PRP003-013  Preclinical  DDR1 

PRP01-012  Preclinical  YES1 

PRT-062607  Preclinical  SYK 

TAE-684  Preclinical  ALK 

WZ-3146  Preclinical  EGFR 

 

Kinase inhibitors showed minimal effects on MT growth and cell area. 

Most inhibitors showed little deviation from the negative control, even at high 

concentrations (Figure 2.2, A-B; Figure S2.1), as exemplified by brigatinib, an ALK/EGFR 

inhibitor approved for non-small cell lung cancer (NSCLC) (Table 2.1). This result was surprising, 

given that many kinases have been reported to regulate microtubule dynamics in the literature. A 

handful of compounds did show strong inhibition of EB3 comet count at high concentrations. This 
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is exemplified by ceritinib (LDK-378), another ALK inhibitor approved for NSCLC, which caused 

a complete loss of comets at 10 µM (Figure 2.2C; Figure S2.2; Table 2.1).  

To address whether the effect of kinase inhibitors at high concentration was driven by 

effects on microtubules, or was secondary to toxic effects, we checked cell area measurements 

(Figure 2.2A) and performed visual inspection of cell images. We found that for almost all 

compounds with strong effects at high doses, those effects were actually driven by toxicity, 

exhibited by large reductions in cell area, (Figure S2.3, A-C). Notable exceptions were ceritinib 

and PRP003-013 (Figure S2.2).  

We were surprised that so few inhibitors strongly perturbed microtubule growth, implying 

lack of regulation by many kinases in RPE1 cells. To further test this conclusion, we measured the 

effect of staurosporine, a potent, broad-spectrum kinase inhibitor [94].  Staurosporine was toxic 

starting at 30 nM, leading to large changes in cell area that were not picked up by the automated 

software. The surviving cells, although very different in terms of cell size and shape, still had 

comets even at the highest dose of 1 µM (Figure 2.2D; Figure S2.3D). We also tested inhibitors of 

GSK3β and MARK2, kinases that have been previously linked to the regulation of interphase 

microtubule dynamics (Figure 2.2E, Figure S2.6A) [53, 95, 96]. Neither showed substantial effects 

on comet count.  Altogether, our data suggest that microtubule growth is not strongly regulated by 

kinases in RPE1 cells under basal growth conditions. 
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Figure 2.2. Kinase inhibitors show minimal effects on MT growth and cell area. (A) Heatmap 
shows Log2FC values, with respect to DMSO, for comet counts and cell area in response to 4 h 
treatment with kinase inhibitors. Each value is an average of 4 acquisition fields per well, with 
triplicate wells, across 3 biological replicates. Hierarchical clustering is implemented using 
median linkage and Euclidian distance. Colors are centered with respect to DMSO. (B-E) Dose-
response curves for select compounds showing fold-change values for comet count and cell area, 
with respect to DMSO, after 4 h treatment. Each data point corresponds to the average of 4 
acquisition fields per well, with triplicate wells, across 3 biological replicates. Error bars 
correspond to SEM. Conditions with solid bars are a fixed concentration, with width 
corresponding to SEM.
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Figure 2.2 (Continued). 
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Several false positives that were mistakenly scored by the automated software were 

identified through visual inspection of images (Figure S2.4). One of these cases, PF-364402, was 

due to compound insolubility, leading to fluorescent aggregates scoring as EB3 comets (Figure 

S2.4A). There were two additional cases of highly fluorescent compounds misleading the software. 

One compound, PRP01-012, accumulated in cells and was mistakenly scored as increasing EB3 

comets (Figure S2.4B). Another, orantinib, remained in the media and was so highly fluorescent 

that cells were no longer visible when intensity levels were set to match the pre-drug control image 

(Figure S2.4C). These false positives were easily distinguished by eye, suggesting a more 

sophisticated automated analysis would also discriminate them. 

Kinase regulation of MT growth under sensitized conditions.  

To further investigate the weak effects on microtubule growth seen under basal conditions, 

we decided to test the effect of sensitizing the system. Genetic studies of microtubule regulating 

proteins in yeast cells showed that partial inhibition of microtubule polymerization with a drug 

strongly sensitizes the cells to loss of function in microtubule regulators [97, 98]. To model this 

approach in our system, RPE1 cells were co-treated with a dose range of library compounds plus 

a fixed dose of the microtubule depolymerizer, combretastatin-A4, chosen to induce a ~50% loss 

of EB3 comets.  The concentration of CA4 used (3.25 nM) allowed for selection of kinase 

inhibitors that either enhance comet loss (FC<0.5, Log2FC<-1) or suppress comet loss (FC>0.5, 

Log2FC>-1). More kinase inhibitors scored in the CA4-senstized screen in comparison to the 

baseline screen, with majority of compounds having some effect across the dose range. Moreover, 

this screen was noticeably noisier than the baseline screen, as can be appreciated by increase in 

coloration of the heatmap, where effects at low concentration that do not follow predictable dose-

response curves are likely due to noise in the assay, and also from the increased width of SEM 
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bars (Figure 2.3A; Figure S2.5). It is expected that one would pick up more noise in a sensitized 

screen. 

Four potential hit compounds were selected based on their reproducible, dose-dependent 

effects in the sensitized screen. Three appeared to decrease EB3 comet count (CA4 enhancers), 

and one to increase it (CA4 suppressors) (Figure 2.3B). Of these, only AT-9283 did not score in 

the initial baseline screen (Figure 2.3C). The others had effects that were either modest, or only 

seen at high concentrations. In order to explore the robustness of the hit compounds’ effects on 

comet count in the CA4-sensitized situation, we used a fixed concentration of the kinase inhibitors 

and tested for effects on the CA4 dose-response curve in follow-up assays. All of the hit 

compounds altered the CA4 dose-response curve in a statistically significant manner except for 

AT-9283, although their effects are not as strong as the positive control (EPOB) (Figure 2.3D; 

Figure S2.7A).  Staurosporine and the GSK3β and MARK2 inhibitors were also tested in 

combination with CA4. Staurosporine did not score in either combination experimental set-up 

(Figure S2.6, A-B; Figure S2.7B). GSK3β inhibition, however, appeared to rescue comet loss 

induced by a fixed dose of CA4 and significantly altered CA4’s dose-response, albeit with a small 

effect size like the hit compounds (Figure S2.6, A-B; Figure S2.7B). MARK2 inhibition did not 

rescue comet loss (Figure S2.6A). In summary, the CA4-sensitized screen was successful at 

picking up reproducible effects of kinase inhibitors that were missed in the primary screen under 

basal conditions.  However, the kinase regulation revealed by this approach was quite modest, as 

judged by small shifts in the CA4 dose-response curves, and small effects under baseline 

conditions.   
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Figure 2.3. Kinase regulation of MT growth under sensitized conditions. (A) Heatmap shows 
Log2FC values, with respect to DMSO, for comet counts and cell area in response to 4 h treatment 
with kinase inhibitors plus a fixed dose of the microtubule depolymerizer, combretastatin-A4 ( 3.25 
nM CA4). Values averaged for 4 acquisition fields per well, with duplicate wells, across 2 
biological replicates. Hierarchical clustering is implemented using ward linkage and Euclidian 
distance. Colors are centered with respect to CA4. (B) Dose-response curves of candidate hit 
compounds plus CA4 (from heatmap). Error bars = SEM. Conditions with solid bars are a fixed 
concentration, with width corresponding to SEM. (C) Dose-response of candidate hit compounds 
alone. (D) Dose-response of CA4 alone or CA4 plus fixed dose of candidate hit compound or CA4 
plus fixed dose of epothilone B (EPOB). 
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Figure 2.3 (Continued). 
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Effects of CA4 enhancers on in vitro tubulin polymerization. 

To determine whether the action of the enhancer compounds can be attributed to direct 

interactions between them and tubulin, an in vitro tubulin polymerization assay was employed. 

Tetramethylrhodamine-labeled tubulin was polymerized in the presence of kinase inhibitors or 

controls for 20 minutes, prior to fixation and imaging. Of the three enhancers, only pluripotin, a 

preclinical dual RasGAP/ERK inhibitor, substantially impeded tubulin polymerization, suggesting 

that this compound’s reduction of EB3 comets in RPE1s may be driven by direct interactions with 

tubulin. Tubulin polymerization still occurred in the presence of both GZD-824, a preclinical BCR-  

ABL inhibitor, and PRP003-013, suggesting that the effect of these compounds in cell may be via 

signaling (Figure 2.4). 

Figure 2.4. Effect of CA4 enhancers on in vitro tubulin polymerization. Representative images of 
fixed tetramethylrhodamine-labeled tubulin polymers grown for 20 min in the presence of 
controls: (-) DMSO, (+) MT depolymerizers (CA4 and BKM-120), or kinase inhibitors. 
Representative images (N = 2), 6-8 acquisition fields per condition. Scale bar = 10 �m. 
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2.5. Discussion 

Here, we described the design and execution of a novel high-content screening approach 

to explore kinase regulation of microtubule dynamics with implications in both basic and 

translational biology. Given the numerous reports of kinase signaling driving multiple parameters 

of microtubule dynamics, we expected kinase inhibition to have substantial effects on microtubule 

growth. Surprisingly, we found that no kinase inhibitors in our library strongly perturbed 

microtubule growth in RPE1s under baseline conditions.  This included tests of broad-spectrum 

inhibitors and inhibitors of kinases previously shown to regulate microtubules in other systems. In 

a sensitized screen, where cells were co-treated with CA4, we observed more inhibitors scoring, 

but their effects were still fairly modest. This became more apparent when we tested hits from the 

sensitized screen for their effects on the CA4 dose-response curve. We interpret these data as 

showing that microtubule dynamics are likely regulated by multiple kinases in RPE1 cells, but for 

the kinases covered by our library, the effect size is fairly small and therefore insufficient to pursue 

mechanistically. This conclusion seems to contradict literatures reports in other systems. We 

believe differences in cell type, and basal activation of signaling pathways, may account for 

differences.   

We should note important biological and technical limitations of our methods. The most 

important biological limitation may be the choice of cell system.  We suspect that cell context is 

important, based in part on a recent paper from our group which reported inhibition of microtubule 

growth by PI3 kinase inhibitors in cancer cells where the pathway was basally activated by an 

oncogenic mutation [58]. Three PI3K inhibitors inhibited microtubule growth in the PI3K-

activated cancer cells in that report, but only one of them also as had the same effect in RPE1 cells, 

and that one (BKM-120, buparlisib) was previously shown to have direct effects on in vitro tubulin 
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polymerization [81]. We reproduced this off-target activity in our image-based in vitro tubulin 

polymerization assay (Figure 2.4). These results highlight the importance of cell background, and 

resulting dependence on certain signaling pathways, in the regulation of microtubule dynamics.  It 

also emphasizes that stronger effects can be picked up in a more sensitized system, as we show 

with our CA4 co-treatment experiments. Effects that are picked up can be further characterized to 

determine whether they were due to the compound interacting with tubulin or via signaling, as we 

did by following up with an in vitro tubulin polymerization assay. Using this approach, we 

discovered that a pre-clinical ERK inhibitor (pluripotin) perturbs tubulin polymerization, 

suggesting direct action on tubulin (Figure 2.4).   

There are multiple technical limitations, as is common with high-throughput imaged-based 

approaches. We only counted EB3 comets at a fixed time point, and thus might have missed effects 

on microtubule polymerization velocity, or effects on comet length and brightness denoting 

changes in EB3 accumulation. Additionally, our kinase library did not cover the whole kinome, 

and therefore may have missed pathways that strongly regulate microtubule growth due to lack of 

coverage. Although, given the initial curation of this library to maximize coverage with a small 

number of compounds based on polypharmacology and the extensive dose range test, it is likely 

that a sizeable portion of the kinome was covered. Moreover, the variability we see in our negative 

controls makes it difficult to measure robustness of out method by conventional Z' scoring 

(Discussed in Appendix 2). This variability, whether biological and/or technical, may also affect 

fold-change measurements for experimental conditions, given that they are calculated with respect 

to DMSO. However, the use of dose-response helps to increase our confidence in compounds that 

score. For example, the data from the sensitized screen were substantially noisier than the baseline 

data because less replicates were utilized, but we only selected compounds with a reproducible, 
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dose-dependent effect to follow up on. In addition, although our ability to infer toxic effects from 

cell area and morphology is a benefit of the high-content approach, large changes in cell area can 

affect comet counts. Normalizing by cell area only addresses this issue to a certain point.  

Our methods may be useful for drug discovery, specifically for the challenge of identifying 

off-target effects of small molecules on microtubules, which is surprisingly common. Here, and in 

another recent paper from our group, we show that EB3 comet counting in living cells is a robust 

and sensitive method for quantification of drug effects on microtubule dynamics [72]. Although 

there are other established technologies, such as in vitro turbidimetry and automated live-cell 

tracking of dynamic instability parameters (plusTipTracker), our described technology can be used 

to generate careful dose-response, unlike turbidimetry, and screen compounds in a high-throughput 

manner in comparison to plusTipTracker [69, 99]. It can be expanded to screen larger libraries 

given the right equipment to increase throughput, e.g. using pin transfer and testing more plates at 

once.  

Our results help contextualize previous reports on signaling inputs into microtubule 

dynamics from kinases. In particular, we propose that few, if any, kinases strongly regulate 

microtubule growth in all human cell types, and that many of the reports of kinase regulation in 

the literature are context-specific. Our approach can also be applied to explore the effects of other 

biologically relevant perturbations on microtubule dynamics, e.g. growth factor or cytokine inputs. 

In addition to exploring basic microtubule biology, these results also serve as a report of off-target 

effects of preclinical, clinical, and approved kinase inhibitors on interphase microtubules. These 

data can help build a better understanding of the pharmacology that drives the clinical efficacy of 

kinase inhibitors and the associated toxicity of these targeted cancer therapies. It may also be useful 

to characterize combination regimens of kinase inhibitors and microtubule drugs that are currently 
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under clinical evaluation. For example, ceritinib (LDK-378), one of the approved inhibitors we 

screened, is being tested in combination with docetaxel (NCT03611738). It is worth noting how 

the neurotoxicity, for instance, of a microtubule drug can be augmented by the addition of a kinase 

inhibitor that may also affect microtubule dynamics. Apart from kinase inhibitors, this approach 

can also be applied to test other clinically relevant small molecule compounds. In summation, our 

approach and findings provide novel insights into microtubule biology and kinase inhibitor drug 

discovery. 

 

2.6 Materials & Methods 

Cell Culture and Live Cell Microscopy. 

Human retinal pigmented epithelial (RPE1) cells stably expressing an end-binding protein 3 

(EB3)-GFP reporter were cultured in DMEM F-12 media (Gibco) supplemented with 10% FBS 

(ThermoFisher) and 1% penicillin/streptomycin (Gibco). For drug treatments, cells were seeded 

at 2500 cells per well in 20 µL of full growth medium in 384-well optical film bottom plates 

(Perkin Elmer) ~24 h prior to live cell microscopy experiments. Cells were treated with a dose-

range of compounds (3 nM – 10 µM) using the HP D300e automated drug dispenser, with triplicate 

technical replicates for the baseline screen and duplicate technical replicates for the sensitized 

screen. DMSO concentrations were kept at ~0.1%.  Pre-drug images were acquired prior to drug 

treatment and incubation at 37 Celsius for 4 h, followed by post-drug image acquisition. Images 

were acquired using the GE IN Cell Analyzer 6000 automated, high-content microscope at 

40x/0.95-N.A. under constant heating and CO2 flow. Compound information summarized in Table 

2.1 can be found at https://drugs.ncats.io/.  

EB3 Comet Quantification and Data Visualization. 
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Automated image quantification was conducted as described in a previous publication from our 

group [72]. Fold-change measurements for comet counts across multiple acquisition fields per 

condition were automatically output according to the following derivation: 

(1)�Across all acquisition fields for a given condition:  

Cpre-drug = comet count pre-drug 

Cpost-drug = comet count post-drug 

Apre-drug = cell area pre-drug 

Apost-drug = cell area post-drug 

(2)�Comet Count = 
���	�����
��	�����
��
���	
���
��	
���
��

 

(3)�Fold-change (FC) = Comet CountDrug/Comet CountDMSO 

Heatmap generation and clustering was performed in Python (Figure 2-3). Plotting of dose-

response curves (Figure 2-3; Figure S1-S7) was conducted in GraphPad Prism. Curve fitting using 

a nonlinear regression model, log(inhibitor) vs. response -- Variable slope, and statistical 

comparison of fits (Figure 3D; Figure S7) was also conducted using GraphPad Prism.  

Technical challenges: Large changes in cell area were not always picked up, as in the example of 

staurosporine. The algorithm is also sensitive to false positives, such as fluorescent compounds 

and aggregates that are similar in size to comets. Insolubility also needs to be considered for 

compounds treated at high doses. Bioavailability needs to be considered for experiments with early 

time points; we attempted to do this by using a 4-hour time point to allow adequate time for drugs 

to make it into the cell. It is important to note that although inconvenient, all of these concerns can 

be addressed by visual inspection of the wells in question. 

in vitro Tubulin Polymerization and Fixed Fluorescence Imaging. 
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30-40 µM tetramethylrhodamine-labeled soluble tubulin, 1mM GTP (in 1x BRB80), and 30-40 

µM of compounds were mixed on ice. Note that the concentration of tubulin required for 

polymerization is high, and therefore the concentration of tested compounds needs to be equally 

high to see an effect. Polymerization occurred during a 20 min incubation at 37 Celsius. The 

reaction was then quenched with the fixation buffer, comprised of 1x BRB80 + 60% glycerol + 

0.1% glutaraldehyde, at a 1:10 dilution. Samples were further diluted 1:10 before mounting on 

slides. Images were manually acquired using the Nikon 90i digital microscope at 60x under oil 

immersion.  
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Probing CLIP1 as a tool to explore phospho-regulation of microtubule dynamics 

Sergine Brutus, Javier Pineda, Jui-Hsia Weng, Timothy J. Mitchison
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3.1 Attributions 

This work was conducted in collaboration with several members of the Mitchison lab. This initial 

project direction was conceived by Tim Mitchison, based on phosphoproteomics experiments 

conducted and analyzed by Javier Pineda. Figures 3.1 and 3.2A depict a selection of this 

phosphoproteomics data. Jui-Hsia Weng contributed to antibody generation, advised on 

experimental set-up and troubleshooting, and completed experiments for Figure 3.2C. I designed 

and conducted experiments for remaining figures. Tim Mitchison provided key support as an 

advisor, and also led experimental efforts for antibody generation.  

 

3.2 Abstract 

Microtubules are constantly remodeled via plus-end dynamics in order to facilitate integral cellular 

functions, such as intracellular transport, migration, and mitosis. We hypothesize that cells monitor 

microtubule dynamics, relying on kinase-phosphatase signaling to respond to perturbations and 

restore dynamics. This hypothesis is informed by preliminary data showing the rapid 

dephosphorylation of dozens of microtubule-associated proteins (MAPs) in response to 

microtubule depolymerizing drugs, including several MAPs that are known to stabilize 

microtubules. The response seen with microtubule-stabilizing MAPs suggests the existence of a 

homeostatic regulatory circuit that responds to microtubule perturbations. We identified one such 

microtubule-stabilizing MAP, CLIP1, as potential biomarker of microtubule destabilization that 

was used to investigate this signaling circuit, with hopes of identifying the kinase-phosphatase 

regulators. With effort to solve technical challenges, CLIP1 phosphorylation can be a viable tool 

to discover a kinase and/or phosphatase that regulates microtubule dynamics. In addition to 

uncovering fundamental aspects of microtubule biology, this work has the potential impact of 
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providing insight into how cells respond to microtubule depolymerizers, which are an important 

class of chemotherapeutic drugs used to treat patients in the clinic. 

 

3.3 Introduction 

As discussed at length in Chapter 1, microtubules (MTs) are integral components of the 

cytoskeleton, whose constant remodeling facilitates key cellular functions [6-8]. These polymers 

are assembled by the polymerization of tubulin subunits. MT remodeling occurs via plus-end 

polymerization dynamics, or the stochastic switching between polymerization and 

depolymerization of tubulin subunits [13]. MT dynamics can be regulated by many proteins that 

bind MTs (MAPs), including those that specifically bind and track along the growing plus-end, 

called plus-end tracking proteins (+TIPS) [2]. In this chapter, we focus on the +TIP, CAP-Gly 

domain-containing linker protein 1 (CLIP1). CLIP1, formerly known as CLIP-170, plays an 

integral role in vesicular transport and MT-organelle linkage [100-102]. In addition to regulating 

MT-kinetochore attachment during mitosis [103], it has been shown to regulate interphase MT 

dynamics by promoting MT stabilization [104] by specifically prolonging the rescue phase [105].  

Mammalian cells are known to employ several sensory networks to monitor the health of 

important compartments. Notable examples include the DNA damage repair pathways and 

unfolded protein response [106, 107]. Given the functional importance of MT dynamics for 

multiple cellular functions, we hypothesize that cells monitor MT dynamics, as well. Thus, 

allowing cells to respond to perturbation of dynamics, such as MT destabilization. This is a largely 

unexplored topic in the field and we sought to address this knowledge gap. To investigate this 

question, we perturbed MT dynamics using two microtubule drugs that work via different 

mechanisms (eribulin, an FDA-approved MT depolymerizer, and epothilone B, a MT stabilizer) 
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and looked for changes in kinase-phosphatase signaling using phosphoproteomics. In additional 

to global changes induced by both drugs, we found an interesting group of peptides that were 

rapidly dephosphorylated in response to MT destabilization, but did not respond to MT 

stabilization. The work discussed below are follow-up experiments used to validate these 

phosphoproteomics findings and to set the foundation for future mechanistic studies.  

 

3.4. Results 

MT depolymerization induces rapid dephosphorylation of MAPs 

RPE1 cells were synchronized in interphase and treated with eribulin (MT destabilizer) or 

epothilone B (MT stabilizer) for up to 128 minutes, followed by lysis and preparation of samples 

for phosphoproteomics. There were global phosphorylation changes to the proteome in response 

to both MT perturbations (data not shown). However, one subset of peptides showed a striking 

differential response to the two MT drugs. These peptides exhibited rapid and sustained 

dephosphorylation within as little as 4 minutes of MT depolymerization with eribulin, while EPOB 

had little to no effect on phosphorylation. These peptides corresponded to multiple types of 

proteins, including MAPs (Figure 3.1A).  Interestingly, more than twenty MAPs were rapidly 

dephosphorylated in response to MT destabilization, including MT-stabilizing MAPs, such as 

MAP2, MAP1S, and CLIP1 (Figure 3.1B) [2]. 

CLIP1 phosphorylation is a biomarker of MT stability 

CLIP1 phosphopeptides had some of largest fold-change values across peptides within the 

group with specific response to MT depolymerization (data not shown), with multiple CLIP1 

phosphosites becoming dephosphorylated (Figure 3.2, A-B). Given its known regulation of MT  
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dynamics, CLIP1 stood out to us as a potential biomarker for the response we saw in the 

phosphoproteomics data. CLIP1’s N-terminus is comprised of three serine-rich stretches (S1, S2, 

S3), flanking two CAP-gly domains. Each of these five regions are independently capable of 

binding MTs [108]. It is known that CLIP1 is phosphorylated at multiple sites that regulate its MT-

binding affinity and, therefore, its ability to regulate dynamics, but the consequences of 

phosphorylation at our sites of interest remain unclear (Figure 3.2B) [103, 109, 110].  

Figure 3.1. Phosphoproteomics shows specific dephosphorylation response to MT 
depolymerization (conducted by Javier Pineda). (A) Heatmap shows Log2FC values for 

phosphopeptides following treatment with MT depolymerizer (eribulin) or polymerizer (epothilone 

B) for up to 128 minutes. Color leaflet indicates protein annotation. (B) MT-associated proteins 

(MAPs) with dephosphorylated peptides from the heatmap. 
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Figure 3.2. CLIP1 phosphorylation is a biomarker of MT stability. (A) Log2FC of CLIP1 
phosphopeptide in response to eribulin treatment (conducted by Javier Pineda). (B) Schematic of 
CLIP1 domain structure and relevant phosphorylation sites. Adapted from Lee, H.S., et al., 2010 
[111]. (C) Time course of CLIP1 phosphorylation in response to treatment with the microtubule 
depolymerizer, Combretastain-A4 (CA4), for up to 120 minutes (conducted by Jui-Hsia Weng). 
Representative image, N = 3.  
 

The serine residues that are dephosphorylated following MT destabilization (S195, S197, S200, 

and S204) are located in the second serine-rich stretch of CLIP1’s MT-binding region (Figure 

3.2B). Therefore, we hypothesized that their phosphorylation can affect CLIP1’s MT-binding 

affinity and likely MT dynamics. We validated CLIP1 dephosphorylation in response to MT 

destabilization using Western blot (Figure 3.2C). Retinal pigmented epithelial (RPE1) cells were 

synchronized in interphase and treated with Combretastatin-A4 (CA4, MT destabilizer) or 
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epothilone B (EpoB, MT stabilizer), for up to 2 hours. P-CLIP1 levels were detected with an 

antibody that we generated to recognize phosphorylation at S200 and/or S204. 

Kinase regulation of CLIP1 phosphorylation 

Based on these data, we predicted there is kinase-phosphatase signaling in place that 

responds to MT destabilization. The rapid dephosphorylation of MT-stabilizing proteins, such as 

CLIP1, in response to MT destabilization suggested the existence of a homeostatic regulatory 

circuit. We predicted that regulators of this circuit may be kinases and/or phosphatases that sense 

MT destabilization and signal to recover proper dynamics, specifically by the rapid 

dephosphorylation of MT-stabilizing MAPs to increase their MT-binding affinity and promote MT 

stability (Figure 3.3). Furthermore, these data suggested that CLIP1 phosphorylation could be 

probed to tease apart this regulatory circuit.  

Figure 3.3. Model of CLIP1 phospho-regulation. The binding affinity of microtubule associated 
proteins (MAPs) is reduced by phosphorylation and increased by dephosphorylation. A shift in 
MT dynamics, induced by depolymerization, could induce dephosphorylation of MT-stabilizing 
MAPs to protect MTs from further destabilization. This model is based on known phospho-
regulation of the classic MT-stabilizing MAPs tau, MAP2, and MAP4, by MARK [112, 113].  
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Multiple kinases have been shown to specifically regulate CLIP1 biology, including M-

TOR, PLK1, and AMPK [32, 103, 114] (Figure 3.4A). Our goal was to identify what kinase could 

be driving the phospho-regulation suggested by the phosphoproteomics data. We observed that 

treatment with staurosporine, a broad-spectrum kinase inhibitor that covers a large portion of the 

kinome including PLK1 and AMPK, also induces CLIP1 dephosphorylation [94, 115]. Meanwhile 

the MARK inhibitor did not affect CLIP1 phosphorylation (Figure 3.4, B-C).  

Figure 3.4. Kinase regulation of CLIP1 phosphorylation. (A) Pathway map of kinases known to 
phosphorylate CLIP1. Adapted from http://pathwaynet.princeton.edu/. (B) Effect on CLIP1 
phosphorylation in response to Combretastain-A4 (CA4) time course following 1 h pre-treatment 
with staurosporine or MARK inhibitor. (C) Effects on CLIP1 phosphorylation in response to 
kinase inhibition by 1 h treatment with staurosporine or MARK inhibitor. 
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Both staurosporine and CA4 induced CLIP1 dephosphorylation in a dose-dependent manner. 

However, total CLIP1 levels were also depleted (Figure 3.5A). This suggested the loss of P-CLIP1 

signal was actually due to loss of CLIP1 protein overall. To determine whether the time dependent 

dephosphorylation of CLIP1 induced by CA4 we had previously seen was reliable (Figure 3.2C), 

we repeated this experiment and checked total CLIP1 levels.  We now observed double bands for 

the total CLIP1 signal, with an upper band that was not affected by CA4 treatment and a lower 

band that was (Figure 3.5B). 

Figure 3.5. Total CLIP1 levels change in response to drug treatment. (A) Effect of staurosporine 
and Combretastin-A4 (CA4) dose response on total CLIP1 levels and CLIP1 phosphorylation. 
Representative images, N = 3. (B) Effect of CA4 time course on total CLIP1. (C) Effect of 
staurosporine time course on total CLIP1 levels and CLIP1 phosphorylation. Total CLIP1 and 
fluorescently-labeled P-CLIP1 antibodies used to probe same blot. 
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A staurosporine time course also produced similar questionable results, despite the use of a 

fluorescently-labeled P-CLIP1 antibody to probe both total CLIP1 and P-CLIP1 on the same blot 

rather than probing the same samples on two different blots (Figure 3.5C). This made us question 

the reliability our results thus far.  

Due to the above issues with probing CLIP1 phosphorylation via Western blot, we wanted 

to develop a more reliable and more quantitative method. We determined that an antibody-capture 

ELISA would better serve our purposes (Figure 3.6). We decided to generate our own total CLIP1 

antibody, instead of using the commercial CLIP1 that produced the unconvincing Western blot 

results (Cell Signaling Technology). This antibody would capture all total CLIP1 from the cell 

lysate. We would then detect P-CLIP1 using a fluorescently-labeled antibody. Unfortunately, the 

CLIP1_cterm antibody generation failed. The first few bleeds from a rabbit immunized with our 

peptide did not adequately raise antibodies, as measured by dot blot (data not shown).  

Figure 3.6. Antibody-capture ELISA method to measure CLIP1 phosphorylation. Total CLIP1 
would be captured from cell lysates, followed by detection of the phosphorylated CLIP1 fraction 
using a labeled antibody. Adapted from http://www.antibodies-online.com/.  
 

3.5 Discussion and Future Directions 

Here, we report on the feasibility of using CLIP1 as a tool to test the hypothesis that cells 

exhibit a feedback response to MT depolymerization to maintain dynamics. While we were able 

to successfully reproduce results from phosphoproteomics experiments by showing rapid 
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dephosphorylation of CLIP1 in response to a different MT depolymerizer using Westerns, we ran 

into multiple technical challenges during follow-up experiments. We did not anticipate this 

experimental direction to have such issues with reliability of results, especially the variation in 

CLIP1 levels. Although considerable time was spent attempting to troubleshoot the cause, we 

ultimately did not find a clear explanation for this difference. We next turned to the use of new 

reagents, by deciding to generate our own total CLIP1 antibody, but that venture was also 

unsuccessful.  

If additional troubleshooting efforts were successful in addressing these technical issues, 

our next steps would be to continue investigating the mechanism of CLIP1 phospho-regulation 

downstream of MT depolymerization, with hopes of identifying the unknown kinase-phosphatase 

pair in our model (Figure 3.3). Although identifying the kinase would be feasible using chemical 

and genetic tools, mechanistic pursuit of a phosphatase would be challenging. It is plausible to 

screen a small library of phosphates inhibitors, but these compounds can be very toxic and are not 

selective due to the highly conserved nature of phosphatase complexes [116]. Therefore, even if 

toxicity did not confound results, it would be difficult to narrow down to a particular phosphatase. 

There is the additional concern of focusing on CLIP1 phospho-regulation, given that it was one of 

many proteins shown to respond to MT depolymerization. If our model holds true, CLIP1 may be 

only one component of the regulatory machinery at work. Despite these caveats, exploring this 

phospho-regulation mechanism is could be a highly significant direction.  

If investigating the upstream signaling proved too challenging, another interesting 

direction would be to explore the functional consequences on MT-binding affinity of CLIP1 

phosphorylation at our novel sites (S195, S197, S200, and S204). To do this, we would generate 

phospho-mimetic (serine � aspartic acid) and non-phosphorylatable (serine � alanine) mutant 
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FLAG-tagged plasmids for CLIP1. RPE1 cells could be transfected with mutant or wild-type (WT) 

plasmids prior to assessing binding affinity. To test the effect on binding affinity, we would 

perform a MT co-sedimentation assay by centrifuging cell lysates followed by 

immunoprecipitation. A potential limitation of this approach would be specificity because it is not 

possible to differentiate between near-by aggregates simply spinning down with MTs as opposed 

to true binding. An alternative approach to address this concern would be quantitative imaging of 

GFP-CLIP1 mutants binding to Taxol-stabilized MTs in vitro [117].  

 

3.6 Materials & Methods 

Phosphoproteomics 

Human retinal pigmented epithelial (RPE1) cells were cultured in DMEM F-12 media (Gibco) 

supplemented with 10% FBS (ThermoFisher) and 1% penicillin/streptomycin (Gibco). Cells were 

grown to full confluence, and serum starved prior to drug treatments.  Following drug treatments, 

cells were lysed with urea buffer and digested with trypsin. Sample preparation, 

phosphoproteomics runs, and data were analyzed as previously described by [118, 119]. 

Antibody generation  

Peptide sequences for P-CLIP1(C-TASESISNLS#EAGS#IKKGERE) and CLIP1_cterm (Ac-

CNDDETF-cooh) were ordered from Genescript. Rabbit immunizations were performed by 

Cocalico Biologicals. Peptide preparation and antibody purification was completed as previously 

described by [120, 121]. 

Western blots 

Human retinal pigmented epithelial (RPE1) cells were cultured in DMEM F-12 media (Gibco) 

supplemented with 10% FBS and (ThermoFisher) 1% penicillin/streptomycin (Gibco). Prior to 
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drug treatments, cells were seeded in 12- or 24-well plates and grown to full confluence. In 

preparation for Western blot analysis, cells were washed with PBS (Gibco) and directly lysed with 

sample buffer containing SDS.  

 

 



�

 

Chapter 4 

Discussion
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4.1 Summary of major findings 

 In this dissertation, we described two approaches to explore kinase regulation of 

microtubules: an unbiased screening approach and a candidate-based approach. Specifically, we 

employed these approaches to interrogate how kinase signaling pathways regulate mammalian 

interphase microtubule dynamics. 

In Chapter 2 we described a novel high-content screening approach that tested for effects 

of kinase inhibition on MT growth based on changes in EB3-GFP comet count in human retinal 

pigmented epithelial (RPE1) cells. Despite dozens of reports of kinase regulation of interphase MT 

dynamics in the literature, we found that none of the kinase inhibitors we tested strongly perturbed 

MT growth under basal conditions, including the broad-spectrum inhibitor staurosporine and 

several inhibitors of kinases that have been repeatedly implicated in multiple cell lines, such as 

GSK3β. We expected most inhibitors to score across a range of doses, requiring a computational 

deconvolution approach to determine which specific kinases were driving these effects. While we 

initially found this result surprising given the literature precedence, we determined that the lack of 

basal effects suggested that kinase regulation is more consequential when MTs are perturbed. In 

other words, perhaps effects of kinase inhibition would be stronger if MTs were depolymerized. 

This line of thinking was also partially informed by the rapid dephosphorylation of MT-binding 

proteins we saw specifically in response to MT depolymerization as described in Chapter 3.  

To test this theory, we conducted a sensitized screen, where cells were co-treated with 

kinase inhibitors and the microtubule depolymerizing drug, CA4. As expected, kinase inhibitors 

have a stronger effect on MT growth when combined with fixed-dose CA4. We identified four 

compounds that enhanced or suppressed CA4-induced comet loss in a reproducible and dose-

dependent manner. Follow-up experiments determined that all of the CA4 enhancers were capable 
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of altering the shape of CA4’s dose-response curve. However, the effect size was smaller than 

expected based on preliminary experiments that showed a robust effect on CA4 dose-response by 

the MT stabilizing drug, EPOB. We next conducted an image-based in vitro tubulin polymerization 

assay to determine whether the effect of these compounds on MT growth is actually due to kinase 

inhibition or direct perturbation of tubulin. We found that one of these enhancer compounds, 

pluripotin, likely affects MT growth by directly targeting tubulin while the other compounds may 

target kinases that weakly regulate MT growth.  

In summation, the results from both screens led us to conclude that kinases do not strongly 

regulate MT dynamics in RPE1 cells. For both the baseline and sensitized screens, few kinase 

inhibitors affect MT growth in a dose-dependent manner. Although we did see more effects in the 

sensitized screen and even identified some hit compounds, these effects also proved to be modest. 

Therefore, we determined that the small effects we saw were not sufficient to follow-up with 

mechanistic studies.  

In Chapter 3, we described the use of CLIP1 as a molecular probe to test phospho-

regulation as a mechanism to maintain MT dynamics in the face of MT depolymerization. This 

approach was based on a hypothesis, stemming from previous phosphoproteomics experiments, 

that cells are able to sense MT perturbations and mount a signaling response. These data showed 

a specific response to MT depolymerization, whereby a group of phosphosites became rapidly 

dephosphorylated within minutes of treatment with a MT depolymerizing drug but were unaffected 

by a MT stabilizing drug. This group included peptides mapping to several MT-binding proteins, 

including CLIP1. CLIP1 stood out to us as an ideal probe, given that it is an important MT-binding 

protein known to regulate MT stability. Moreover, CLIP1 phosphosites were among the most 

responsive to MT depolymerization. We were able to validate CLIP1 dephosphorylation in 
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response to MT depolymerization via Western blot using a phospho-specific antibody. However, 

following this exciting initial result, we ran into multiple technical challenges that made it difficult 

to pursue the mechanism of CLIP1 phospho-regulation, which are described in extensive detail in 

Chapter 3.  

 

4.2 Limitations and outstanding questions 

The results described in both chapters suggest that our central question proved more 

difficult to test experimentally than we anticipated. There were multiple limitations, both 

biological and technical that made it difficult to not only generate expected results, but also at 

times affected our ability to interpret these results.  

In Chapter 2, the results did not match our expectations, based on the literature, that kinases 

play an integral role in the regulation of MT growth in RPE1 cells. There are several theories why 

our results do not align with previous reports: 

1.� Choice of cell type: Kinase regulation varies across cell type. 

2.� Choice of library: Kinase regulators could have been missed to lack of kinome coverage. 

3.� Choice of perturbation: Phosphatases may play a larger role in RPE1 cells. 

4.� Choice of readout: Effects in other parameters of MT growth may have been missed by 

choosing to focus on comet count.  

The first explanation is that we underestimated the importance of cell background. We may 

have incorrectly assumed that reports by other groups in other cell types would be generalizable 

to RPE1 cells. In fact, the choice of cell type may have been the most important limitation of this 

work. Based on our results, we now believe cell context is important. Through the lens of our 

results, we’ve come to realize the high prevalence of cancer cell lines in reports of kinase 
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regulation of MT dynamics (Table 1.2, Figure 4.1), including a recent paper from our group which 

showed differential effects of PI3 kinase inhibitors in PI3K-activated cancer cells versus RPE1 

cells [58]. This is not the only report of differential kinase regulation in a sensitized system. 

Another group showed that LKB1 overexpression only affected MT dynamics when MTs were 

depolymerized with nocodazole [49]. We also noted the common use of neuronal cells, including 

primary cells, by other groups. It is possible that neuronal MTs may be more sensitive to kinase 

inhibition due to the functional importance of MTs in axonal transport. Perhaps our screen results 

would have been more robust in one of these cell types. All together, these findings from our group 

and other investigators emphasize the importance of cell background, and resulting basal activation 

of specific signaling pathways, in determining differences in kinase regulation of microtubule 

dynamics.  

Figure 4.1. Kinase regulation of interphase microtubule dynamics across cell type. Relative 
frequencies of cell types used to investigate interphase microtubule dynamics in literature reports. 
Blue boxes denote non-cancerous cells, including cell lines and primary cells, further defined by 
cell lineage. Green boxes denote cancer cell lines, further defined by organ of origin.  
 

While we have interpreted the negative screen results as being due to our choice of cell 

type, it may have also been due to our choice of compound library. We are confident that our 

library did cover a fairly large portion of the kinome, given that it was specifically curated to do 
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so via polypharmacology. Although the small curated library had its advantages, it did not cover 

the whole kinome, and we therefore may have missed pathways that strongly regulate microtubule 

growth. Additionally, due to our use of clinically relevant compounds, our library was skewed 

towards tyrosine kinase inhibitors, with less representation of serine-threonine kinase inhibitors. 

If we had selected a larger library compiled simply on biological activity instead of weighing 

clinical use, we could have achieved better coverage of serine-threonine kinases. When we initially 

designed our experimental approaches, we expected numerous hits from our screens requiring 

extensive follow-up validation studies to narrow down to predominant pathway for mechanistic 

studies. Therefore, we made the practical decision to conduct our screen in one cell type with a 

smaller library for the sake of expediency. In retrospect, we could have screened a larger kinase 

inhibitor library and/or systematically tested multiple cell lines. 

 Although screening kinase inhibitors proved to be a sound approach, it is also possible that 

our negative screen results could be due to our choice of perturbation. As described in our model 

of kinase-phosphatase regulation of MT dynamics (Figure 1.1), phosphatases do play an important 

role. Perhaps, MT growth is not sensitive to kinase inhibition in RPE1 cells because phosphatase 

regulation is more consequential. Therefore, it may have been informative to screen for effects of 

phosphatase inhibition on MT growth. It is important to note, however, that this approach would 

be less feasible using our high-content screening approach. The genome encodes a small number 

of phosphatase catalytic subunits, whose specificity is controlled by association with a much larger 

number of targeting subunits to form complexes. While there are available phosphatase inhibitors, 

they tend to inhibit multiple catalytic subunits, and do not discriminate between complexes that 

share the same catalytic subunit [116]. This untenable lack of selectivity would make screening 

very challenging. 
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Finally, another explanation for our negative screen results, could be our choice of readout. 

In order to make screening dozens of kinase inhibitors across a broad dose range feasible, we 

needed a readout that was amenable to a high-throughput setup. Therefore, we decided to measure 

changes in EB3-GFP comet count following drug treatment. However, comet counting provides 

only a snapshot of MT polymerization dynamics. Given that our method was limited to counting 

growing MTs at fixed time point, we may not have captured effects on microtubule polymerization 

that could have been gleaned from tracking comet trajectories in real-time.  Of course, real-time 

tracking would have reduced our ability to conduct high-throughput experiments due to the 

requirement for many more time points. Therefore, an alternative method could have been to 

couple EB3 comet counting with quantification of EB3-GFP comet length or brightness, to capture 

additional effects on MT polymerization.  

Furthermore, there were several additional technical limitations that may have impacted 

our results. For experiments in our sensitized system, choosing to do a co-treatment instead of a 

pretreatment may not have been inconsequential. At the time, we determined that based on the 

limited basal effects of kinase inhibition, there would have been little difference between a pre- 

and co-treatment. This may have been an incorrect assumption. Although the co-treatment 

approach made it easier to simultaneously screen for enhancers and suppressors in an efficient 

manner. 

The difficulty of testing kinase regulation of MT dynamics was most apparent in the results 

described in Chapter 3. We aimed to test a hypothesis that implied the existence of a regulatory 

feedback loop to maintain dynamics, based on phosphoproteomics results showing lots of 

phosphorylation changes in response to drugging MTs. Due to practical reasons, we honed in on 

one specific MT-binding protein with hopes of discovering a regulatory kinase and/or phosphatase. 
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However, even if we did not experience the numerous technical issues described in Chapter 3, it 

is possible that CLIP1 phospho-regulation would not reflect the overall mechanism we were most 

interested in exploring. Despite this candidate-based approach stemming from an interesting 

hypothesis based on a rich phosphoproteomics dataset, the unbiased screening approach in Chapter 

2 had more technical advantages and the results proved to be much more reliable and interpretable.  

 

4.3�Significance 

The most significant results of our work are those described in Chapter 2. Despite the 

unexpected negative results of our screens, we made several biological and technical contributions 

to the field that are valuable to both microtubule biologists and drug discovery scientists. Our 

results suggest that many of the reports of kinase regulation in the literature are context-dependent. 

Specifically, we propose that kinase regulation is not generalizable, and that kinases do not 

strongly regulate microtubule growth across all cell types. This knowledge can help inform 

methodologies for future studies. We described a novel high-content approach to investigate MT 

regulation in an unbiased systematic manner previously unreported by others. Our approach can 

also be used to explore the effects of other biologically relevant perturbations on microtubule 

dynamics, such as hypoxia, growth factors, and immune signaling. The screen results also serve 

as a report of off-target effects of preclinical, clinical, and approved kinase inhibitors on interphase 

microtubules. These findings also included the discovery of several kinase inhibitors capable of 

directly perturbing tubulin to destabilize MTs, such as the preclinical ERK inhibitor, pluripotin. 

Therefore, these data are highly useful to drug discovery scientists, as they provide important 

insights into possible off-target toxicities of these important therapies, especially in the case of 

combination regimens that include both kinase inhibitors and microtubule drugs. Our approach 
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can also be used to test other classes of small molecule compounds for undesired effects on 

microtubules. In conclusion, these findings are not only relevant to the field of microtubule 

biology, but also directly relevant to patients in the clinic.  
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Appendix 1 

Supplemental Figures for Chapter 2 
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Figure S2.1. Remaining dose-response curves of kinase inhibitors showing effects on MT growth. 
Dose-response curves for select compounds showing fold-change values for comet count and cell 
area, with respect to DMSO, after 4 h treatment. Each data point corresponds to the average of 4 
acquisition fields per well, with triplicate wells, across 3 biological replicates. Error bars 
correspond to SEM. Conditions with solid bars are a fixed concentration, with width 
corresponding to SEM. 
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Figure S2.1 (Continued). 
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Figure S2.2. Complete comet loss with select kinase inhibitors at 10 ��� (A-B) Dose-response 
curves showing fold-change values for cell area, with respect to DMSO, after 4 h treatment. Each 

data point corresponds to the average of 4 acquisition fields per well, with triplicate wells, across 

3 biological replicates. Error bars correspond to SEM. Conditions with solid bars are a fixed 

concentration, with width corresponding to SEM. Representative images of live RPE1 cells stably 

expressing EB3-GFP taken before and after 4 h treatment. Scale bar = 10 �m.  
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Figure S2.3. Toxicity of select kinase inhibitors at 10 ��� (A-C) Dose-response curves for select 
compounds showing fold-change values for cell area, with respect to DMSO, after 4 h treatment. 
Each data point corresponds to the average of 4 acquisition fields per well, with triplicate wells, 
across 3 biological replicates. Error bars correspond to SEM. Conditions with solid bars are a 
fixed concentration, with width corresponding to SEM. Representative images of live RPE1 cells 
stably expressing EB3-GFP taken before and after 4 h treatment. (D) Representative images after 
4 h treatment. Scale bar = 10 �m. 
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Figure S2.3 (Continued).  
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Figure S2.4. False positives mistakenly scored by automated quantitative pipeline. (A-C) Dose-
response curves for select compounds showing fold-change values for comet count and cell area, 
with respect to DMSO, after 4 h treatment. Each data point corresponds to the average of 4 
acquisition fields per well, with triplicate wells, across 3 biological replicates. Error bars 
correspond to SEM. Conditions with solid bars are a fixed concentration, with width 
corresponding to SEM. Representative images of live RPE1 cells stably expressing EB3-GFP 
taken after 4 h treatment. Scale bar = 10 �m.   
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Figure S2.5. Remaining dose-response curves of kinase inhibitors showing effects on MT growth 
in combination with 3.25 nM combretastin-A4. Dose-response curves showing fold-change values 
for comet count and cell area, with respect to DMSO, after 4 h treatment. Each data point 
corresponds to the average of 4 acquisition fields per well, with triplicate wells, across 2 biological 
replicates. Error bars correspond to SEM. Conditions with solid bars are a fixed concentration, 
with width corresponding to SEM.  
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Figure S2.5 (Continued).  
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Figure S2.6. Effect of comretastatin-A4 in combination with staurosporine, GSK-3 inhibitor, and 
MARK inhibitor. (A) Dose-response curves for kinase inhibitors plus fixed dose of CA4 showing 
fold-change values for comet count, with respect to DMSO, after 4 h treatment. Each data point 
corresponds to the average of 4 acquisition fields per well, with duplicate wells, across 2 
biological replicates. Error bars correspond to SEM. Conditions with solid bars are a fixed 
concentration, with width corresponding to SEM. (B) Dose-response of CA4 alone or CA4 plus 
fixed dose of kinase inhibitor.  
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Figure S2.7. Comparisons of nonlinear regression model fits for dose-response of combretastatin-
A4 (CA4) alone, and CA4 plus fixed-dose kinase inhibitor or EPOB, with respect to DMSO, after 
4 h treatment. (A-B) Best-fit parameters and statistical comparison of fits shown. Each data point 
corresponds to the average of 4 acquisition fields per well, with duplicate or triplicate wells, 
across 2 biological replicates. Error bars correspond to SEM. Conditions with solid bars are a 
fixed concentration, with width corresponding to SEM.
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Figure S2.7 (Continued).  
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Figure S2.8. Effect of select kinase inhibitors on in vitro tubulin polymerization. Representative 
images of fixed tetramethylrhodamine-labeled tubulin polymers grown for 20 min in the presence 
of controls: (-) DMSO, (+) MT depolymerizers (combretastatin-A4 and BKM-120), or kinase 
inhibitors. Representative images (N = 2), 6-8 acquisition fields. Scale bar = 10 �m.  
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Appendix 2 

Additional Supporting Data for Chapter 2
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The following are additional supporting data for the manuscript described in Chapter 2 and 

Appendix 1. These figures are not publication-quality and include some preliminary data.  

 

A.2.1 Measuring robustness in a high-content screen 

Overview 

For every 384-well plate quantified for the screen results described in Chapter 2 and 

Appendix 1, a statistical measure called a Z' score was used to determine the signal to noise ratio 

of that particular experiment [122, 123]. The Z' score for all of the plates are summarized in Table 

A2.1. A Z' score is an estimation of the separation between distributions of negative and positive 

controls. It is derived based on the following equation: 

� � �������
��� � �����
����
���	���
��� � ���	���
���

� 

SD = standard deviation, poscntrl = positive control, negcntrl = negative control 

(1)�1 > Z' > 0.5 : Large separation between positive and negative control distributions 

(2)�0.5 > Z' > 0 : Small separation between positive and negative control distributions 

(3)�Z' = 0 : Positive and negative control distributions touch 

(4)�0 > Z' :  Positive and negative control distributions overlap 

In a traditional high-throughput drug screen where only a fixed dose of a compound is tested, 

having such a measure is integral to determine which hit are true hits. And whether the assay set 

up it robust enough to properly identify hits. Although Z' scores are not always accurate measures 

of the quality of an image-based high-content screen, we measured this parameter to see if it would 

serve well for our approach [124]. Z' scores can be misleading in cases where variance is not 

constant [123], which may be the case for the negative controls in our screen.  
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Table A2.1. Z' scores for EB3 comet experiments. 

Plate No. (+) Cntrl 

Wells 

(+) Cntrl No. (-) Cntrl 

Wells 

Z' Score 

Baseline 1 3 1 µM EPOB 20 0.5 

Baseline 2 3 1 µM EPOB 20 0.5 

Baseline 3 3 1 µM EPOB 20 0.5 

Baseline 4 3 1 µM EPOB 20 0.2 

Baseline 5 3 1 µM EPOB 26 0.1 

Baseline 6 3 1 µM EPOB 20 -0.2 

Baseline 7 3 1 µM EPOB 20 -0.1 

Baseline 8 3 1 µM EPOB 20 0.1 

Baseline 9 3 1 µM EPOB 32 0.1 

Baseline 10 3 1 µM EPOB 20 0.3 

Baseline 11 3 1 µM EPOB 20 0.1 

Baseline 12 3 1 µM EPOB 20 0.3 

Baseline 13 3 1 µM EPOB 20 0.1 

Sensitized 1 14 100 nM EPOB 14 -0.3 

Sensitized 2 14 100 nM EPOB 14 -0.2 

Sensitized 3 14 100 nM EPOB 14 -0.4 

Sensitized 4 14 100 nM EPOB 14 0.0 
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Table A2.1 (Continued). Z' scores for EB3 comet experiments. 

Plate No. (+) Cntrl 

Wells 

(+) Cntrl No. (-) Cntrl 

Wells 

Z' Score 

Sensitized 5 14 100 nM EPOB 14 -0.2 

Sensitized 6 14 100 nM EPOB 14 0.3 

Sensitized 7 14 100 nM EPOB 14 0.1 

Sensitized 8 14 100 nM EPOB 14 0.0 

Sensitized 9 14 100 nM EPOB 14 -0.1 

Sensitized 10 14 100 nM EPOB 14 -0.2 

Sensitized 11 14 100 nM EPOB 14 -0.6 

Sensitized 12 14 100 nM EPOB 14 -0.5 

 

We found that there was a precipitous drop in Z' scores when comparing plates from the 

baseline screen to the combination treatment plates from the sensitized screen. This decrease may 

be due to the use of well randomization for baseline treatments and not for combination treatments. 

It would have been ideal to randomize for the combination treatments, as well, but this would have 

posed a challenge when pre-processing the images for quantification based on the current version 

of the automated pipeline. It is clear that Z' scores are very sensitive to the number of negative 

control wells used when comparing baseline and combination plates. This was also verified by 

quantifying the same dataset with a full panel of DMSO control wells in comparison to with just 

a subset of the controls, leading to output of vastly different Z' prime scores (data not shown). 
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Using fewer negative control wells appears to decrease the Z' score.  It is also possible that using 

more negative control wells can unintentionally inflate the Z' score, by narrowing the negative 

control distribution and making it seem as if the separation between negative and positive control 

distributions is larger than it is.  

Through visual inspection of images, we found that low Z' scores were not actually 

reflective of the effects of positive and negative controls. In all plates, EB3-GFP comets remained 

unaffected in DMSO control wells, and positive control treatments always got rid of almost all 

comets. Images correlated well with the quantified comet counts, with few exceptions that were 

identified as false positives. Given that drug treatments were over a large dose range, we were not 

discouraged by the reported Z' scores. This decision would not be wise with a traditional single-

dose high-throughput screen. An added benefit of using a broad dose range was higher confidence 

in reproducible dose-dependent effects. In summary, we determined that Z' scores may not have 

been the optimal method to measure robustness for our screen set up.  

 

A.2.2. Automated quantification of in vitro microtubule polymerization 

Attributions 

This work was completed in collaboration with Clarence Yapp of the Laboratory of Systems 

Pharmacology at Harvard Medical School. I designed and conducted experiments, and conceived 

the idea of utilizing an unbiased, automated software to analyze the data. Clarence Yapp wrote the 

custom quantitative software and completed data analysis.  

Overview 

An automated pipeline was written to quantify the images from in vitro tubulin 

polymerization experiments (Figure 2.4, S2.8). A preliminary script was trained on DMSO and 
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positive controls images. The improved pipeline was used to quantify all acquisition from a single 

experiment. The software counted individual pixels as either part of a line (MT polymer) or dot 

(soluble tubulin aggregate). This allowed for quantification of MT count and length. Outputs were 

average count and length across a given condition, and all individual length measurements for each 

condition (Figure A2.1).  

We ran into multiple technical concerns that affected our confidence in these 

measurements. Tubulin labeling stoichiometry at times confounded the line detection algorithm, 

leading to single MT polymers being counted as multiple (Figure A2.1A). This issue made the MT 

length measurements essentially useless. If this issue did not occur, differences in MT polymer 

length across conditions would have been useful information. For these experiments, a mixture of 

labeled and unlabeled tubulin was polymerized. The ratio of the two was approximately 1:5 

(labeled: unlabeled). Increasing the proportion of labeled tubulin would address this technical 

concern by generating more uniformly labeled MT polymers. Another issue was that false 

positives in the dot detection algorithm interfered with affected line detection (Figure A2.1B), also 

contributing to improper length measurements. This highlighted the need for a background control 

to distinguish between “background dots” from the much larger dots, that we recognized as 

aggregates as soluble tubulin. Although these differences were pretty distinguishable by eye, the 

algorithm is unable to do so. This issue could be addressed by implementing a background 

subtraction step in addition to a size cutoff. In summation, with some straightforward experimental  

troubleshooting, this approach could be drastically improved to provide reliable automated 

measurements. 
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Figure A2.1. Automated quantification of in vitro tubulin polymerization using custom MATLAB 
pipeline. (A) Individual pixels analyzed by two algorithms to assign them as part of a microtubule 
polymer or soluble tubulin aggregate. (B) Effects of kinase inhibitors on microtubule count. Fold-
change was quantified using the average mean across multiple acquisition fields (6-8 fields per 
condition). DMSO was used as a negative control. The microtubule depolymerizers, CA4 and 
BKM-120, were used as positive controls. 

 

A.2.3. Validation of a false positive from the baseline high-content screen 

Follow-up experiments were completed to validate that PRP01-012, a YES1 inhibitor, was a highly 

fluorescent compound leading to false positive results in the baseline screen (Table 2.1, Figure 

S2.4). As a result of the following data, this compound was not included in the sensitized screen.  
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Figure A2.2. PRP01-012 is a fluorescent compound. (A) Live imaging in RPE1 cells reveals that 
PRP01-012 masks EB3-GFP signal at high concentrations. Representative image, N = 3. 
Brightness & contrast matched across images. (B) Confirmation that PRP01-012 is a fluorescent 
compound. Widefield images were taken of aliquots of DMSO and compound stock. 
 



� 82 

Figure A2.3. PRP01-012 does not affect MT growth in RPE1 EB3-GFP line. (A) Growing MTs 
are still present after treatment. The same cells were imaged live for EB3-GFP and then fixed for 
endogenous EB1 staining. (B) Fixed imaging confirms that EB3-GFP comets and the MT array 
are not affected by PRP01-012 treatment.  
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