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ABSTRACT 

 
Title of Dissertation: Regulation of Class III Beta-Tubulin by Src-Mediated Tyrosine 

Phosphorylation 

Alan Alfano, Doctor of Philosophy, 2015 

Dissertation Directed by: Dr. Yun Qiu, Professor, Department of Pharmacology and 

Experimental Therapeutics 

Prostate cancer (PCa) is the second most lethal cancer in men, accounting for an 

estimated 30,000 deaths in 2013. For diagnoses of advanced disease, the standard 

treatment is androgen deprivation therapy (ADT). Despite initial success of ADT, many 

PCa patients relapse into an incurable androgen-insensitive disease termed Castration 

Resistant Prostate Cancer (CRPC). Taxane compounds (such as docetaxel [DTX]) + 

Steroid (such as Prednisone) is a first-line treatment, but DTX resistance is common in 

patients with advanced CRPC.  

Tubulins are an integral part of the cytoskeleton, and play a pivotal role in cell 

signaling, migration, and division. They exist in vivo either as soluble monomers or as α-

/β-tubulin heterodimers. These dimers are either recycled into monomers, or polymerized 

into microtubules (MTs). Microtubules serve a range of functions including structural 

support of the cell body, scaffolding for signaling molecules, and mitotic spindle support. 

β-tubulin is also the molecular target for taxane compounds. High expression levels of 

Class III β-tubulin (TUBB3, a primarily neural isoform of β-tubulin) correlate with 

taxane resistance and poor prognosis in several human cancers, including ovarian cancer 

(serous adenocarcinoma), breast cancer, non-small-cell lung cancer (NSCLC), and 

prostate cancer (PCa). 



 

 

It is known that c-Src (a known proto-oncogene) phosphorylates β-tubulins during 

both hematopoietic and neural differentiation. This has also been observed in leukemia 

cells. Despite recent advances, the relationship between Src-mediated tyrosine 

phosphorylation and microtubule modulation is still poorly understood, especially in the 

context of advanced solid malignancies. Herein we show that activated Src-kinase is able 

to phosphorylate TUBB3 at tyrosine 340 (Y340), and that tyrosine phosphorylation of 

βIII-tubulin at Y340 by Src-family kinases is critical in stabilization of TUBB3, and also 

plays a role in regulation of mitotic spindles. Given the clinical utility of TUBB3 as a 

biomarker of poor prognosis, characterizing cancer-specific post-translational 

modification (PTM) of TUBB3 in aggressive cancer cell types could lead to more 

specified biomarkers of patient outcome or therapeutic response. Additionally, a deeper 

understanding of the complex interplay between the Src family of kinases (SFKs) and 

microtubules could enable future researchers to design more specific and effective 

microtubule-targeted and/or SFK-targeted therapies. 
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Chapter 1: Introduction 

 
1.1 Aims 

 The primary aim of this thesis is to characterize site-specific tyrosine 

phosphorylation of TUBB3 by active Src kinase in advanced prostate cancer (PCa). 

Understanding this regulatory interaction is important for several reasons. Firstly, Src 

kinases and β-tubulin (TUBB) are independently major drug targets in chemotherapy. 

Elucidating the molecular mechanisms that govern SFK and TUBB3 function could lead 

to the advent of new combination therapies, shed light on a novel therapeutic 

intervention, or possibly reveal a novel biomarker of drug response/patient outcome. 

Increased TUBB3 expression level, and aberrant Src activation (by a myriad of upstream 

stimuli) are both biomarkers of aggressive disease and poor prognosis in a wide spectrum 

solid cancers. Thus, characterizing a novel signaling interaction between Src and TUBB3 

in advanced PCa could lead to the discovery of more accurate biomarkers of patient 

prognosis. This could prove critical to diagnosis and treatment regimens of PCa, given 

that distinguishing indolent from aggressive disease remains a major clinical challenge. 

 In this introductory chapter, we review current knowledge and practices regarding 

prostate cancer (epidemiology, diagnosis, treatment, subcellular mechanisms of 

initiation/progression), the specific role of Src in PCa, the specific known roles of 

microtubules/tubulin in PCa, current knowledge of mitotic regulation in cells, and the 

experimental framework of this project. In following chapters, we then expound on 

experimental procedures, project data and conclusions, and finally discuss our findings in 

context of recent trends in diagnosis and treatment of solid malignancies. 
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1.2 Prostate Cancer 

1.2.1 Epidemiology and Diagnosis 

 Prostate cancer (PCa) is the second most lethal cancer in men, accounting for an 

estimated 30,000 deaths in 2013 (1-3). Additionally, it is the most common male 

malignancy in the United States, with ~233000 new cases expected in 2014. In general, 

normal organ homeostasis and/or cellular integrity is compromised (via deleterious “1st 

hit” or due to aging), leading to pre-cancerous lesion of aberrant cell growth known as 

Prostatic Intraepithelial Neoplasia (PIN). Over time (or via mutagenic “2nd hit”), high-

grade PIN can develop further into clinically relevant prostate adenocarcinoma. In many 

cases, initial treatments are successful, but the disease can still progress into metastatic 

and or drug-resistant forms (See Fig 1 for schematic of PCa progression). Prostate Cancer 

is graded by histological subtype, using the Gleason scoring matrix to score tumors on a 

scale of 1-5 based on architecture. Patient diagnosis is further specified according to level 

of primary tumor invasion (T1-4), lymph node status (N0-1), and presence and 

prevalence of metastatic lesions (M0-M1a-M1c). In general, highly metastatic CRPCs 

invade brain, bone, and lymphatics, with bone being the most common site of metastatic 

colonization (2). 

1.2.2 Advanced Human Prostate Cancer  

 1.2.2.1 Androgen Deprivation Therapy 

 For advanced disease, the standard treatment is androgen deprivation therapy 

(ADT). Androgen deprivation is usually achieved by chemical castration. Chemical 

castration can be used in concert with surgery, or independently. It is achieved by one of 

several individual or combined methods. These methods include use of 1) luteinizing 
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hormone-releasing hormone agonists (like Degarelix) to reduce circulating serum 

androgens, 2) steroid biosynthesis inhibitors such as Abiraterone (A Cyp17a inhibitor), 

and/ multi-targeted AR antagonists such as Enzalutamide (formerly known as MDV3100) 

(4).  

 1.2.2.2 Treatment options for hormone-refractory CRPC  

 Although ADT is initially successful at reducing tumor burden and circulating 

PSA levels, many PCa patients experience relapse into an incurable, androgen-insensitive 

disease known as Castration Resistant Prostate Cancer (CRPC) (2,3). There are few 

treatment options for CRPC. Taxane compounds (Docetaxel [DTX] and Cabazitaxel 

[CTX]), Abiraterone, and sipuleucel-T are the current treatments FDA approved for 

CRPC, with Taxane + Steroid (such as Prednisone) being the first-line treatment (5-7). 

Several drugs (including Aflibercept, Orteronel, Zoledronic Acid, and Bevacizumab) 

have shown promise in early stage trials, but failed to improve survival when combined 

with taxanes or following taxane treatment in late-stage clinical trials (8-12). Though 

current treatment options offer some survival benefit, taxane resistance is commonly seen 

in advanced CRPC patients (2,3,5). 

 Progression to CRPC and eventual failure of CRPC treatments remain the major 

cause of prostate cancer lethality. Thus, they represent critical barriers to effective 

management of advanced Prostate Cancer. A deeper understanding of sub-cellular 

processes involved in castration resistance and eventual drug resistance is critical for 

improvement of current PCa treatment regimens. Additionally, characterizing novel 

signaling events in drug-resistant CRPC could lead to improved biomarkers for diagnosis, 

and/or new points of intervention for future therapies. 
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1.2.3 Prostate Cancer Initiation and Progression 

 Though there are a number of specific physiological processes and molecular 

effectors involved in PCa initiation and progression, aging is the single greatest risk 

factor for prostate cancer (1). By age 60, the probability of a man developing prostate 

cancer is greater than 1 in 7, compared to less than 1 in 10000 for men under age 40 (2). 

Aging, in itself, is not the specific causative factor of PCa. PCa is, more specifically, a 

conglomeration of numerous external and internal influences that cumulatively exert 

greater effects on prostate cell function as a man ages. These overarching motifs and risk 

factors include: cellular response to oxidative stress/DNA damage, activation of 

developmental signaling pathways, genomic and genetic aberrations, changes in 

epigenetic profile, and deregulation of intracellular signaling molecules (See Fig. 1 for 

schematic of PCa progression). This crux of this project transcends several of these 

cellular processes, given that Src is a central mediator of cellular stress response, and 

TUBB3 is critical in development, differentiation, and cell division. Our data shed light 

on the role of this novel regulatory interaction in cancer cells, and could also demystify 

questions regarding TUBB3 regulation in neural development.  
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1.2.3.1 Genetic Aberrations in PCa Initiation/Progression  

 One of the most widely studied processes involved in tumorigenesis are cellular 

changes associated with DNA damage and chromosomal instability. Alteration of gene 

expression profiles, or gene translocations are a central motif in all phases of prostate 

carcinogenesis and disease progression.  

 ETV1, ETV4, and ERG are the 3 major transcription factors encoded by the ETS 

gene family. This gene family is commonly activated in most clinical cases of prostate 

cancer, via chromosomal rearrangements (13,14). Most commonly, the ERG gene is 

placed under control of the AR-regulated TMPRSS2 promoter. This particular 

Figure 1. Schematic of prostate cancer progression.  In early stages of cancer 
progression, normal prostate epithelial cells undergo neoplastic transformation into pre-
cancerous PIN cells. Transition from normal to PIN is associated with a carcinogenic “first 
hit” such as MYC overexpression, TMPRSS2-ERG fusion, or inflammation. In many cases, 
PIN can further progress into primary adenocarcinoma, and eventually into metastatic 
disease. Each successive step of progression is characterized by specific physiological 
processes and genetic aberrations. (Fig adapted from Shen & Shen, Genes Dev. 
2001;24:1967-2000, Ref.2)  
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rearrangement results in aberrant expression of an N-terminally truncated ERG protein. 

Multiple causative mechanisms of TMPRSS2-ERG fusion have been identified in PCa, 

including interstitial deletion (15), or spatial proximity following AR binding and/or 

DNA damage (16,17). In addition to its role in tumor initiation, ETS activation promotes 

metastatic transition in PCa (18). ERG activation alone is only weakly tumorigenic, but 

this process can synergize with other molecular aberrations (such as PTEN alteration) to 

enhance PCa initiation and progression in vivo (19,20). Interestingly, several studies have 

also correlated TMPRSS2-ERG fusion status with TUBB3 expression in patients with 

highly aggressive PCa (21).  

 Downregulation of the tumor suppressor gene Nkx3.1 is a second key example of 

genetic alteration in early PCa development. The main characterized function of Nkx3.1 

is related to oxidative stress response (22), however the precise molecular contributions 

of Nkx3.1 to prostate carcinogenesis and progression still remain elusive. It has been 

reported, however, that more than 80% of patients with high-grade PIN or early stage 

show a loss-of-heterozygosity (LOH) at chromosome 8p21.2 (Nkx3.1 locus) (23). In more 

recent studies, Nkx3.1 downregulation has also been characterized in highly 

aggressive/metastatic lesions (24). In addition to Nkx3.1, several other enzymes 

associated with clearing of reactive oxygen species (ROS) are downregulated in high-

grade PIN and also in early-stage prostate adenocarcinomas (25). Generally speaking, 

inflammation and ROS damage are known to contribute to neoplastic transformation of 

prostate cells, but the exact underlying molecular mechanisms of prostate carcinogenesis 

are still unclear. It is also important to note, however, that Nkx3.1 loss of function is 
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usually one of several interrelated events that act in concert to enhance malignant 

transformation and disease progression.  

 C-Myc, a “master regulator” transcription factor, is a third signaling node that is 

central in prostate carcinogenesis. It is located at 8q24, a commonly amplified locus in 

highly aggressive malignancies. In many cases, MYC protein expression is observed 

even in the absence of gene amplification. Recent GWAS investigations have also 

highlighted the importance of this locus in prostate cancer specifically (26,27). 

Furthermore, MYC upregulation in vivo resulted in rapid onset of highly aggressive, 

metastatic adenocarcinoma (28). As with other key mediators of PCa progression, c-

MYC can also synergize with effectors such as PIM-1 kinases to enhance PCa 

progression (29). There are still many unanswered questions, however, regarding MYC 

and its precise role in PCa.  

  1.2.3.2 Androgen Receptor The Androgen Receptor (AR) is a critical mediator 

of prostate cellular maintenance and organ homeostasis. Additionally, it is widely 

accepted that AR-mediated signaling is a central regulator in prostate cancer progression. 

Testosterone and Dihydrotestosterone (DHT) are the canonical ligands for AR under 

normal physiological conditions. 5-alpha-reductase processing of testosterone produces 

DHT. During normal prostate function and maintenance, circulating serum androgens 

bind to inactive AR in the cytoplasm of prostate cells. This ligand binding induces a 

conformational change and subsequent nuclear translocation of AR, where AR binds 

chromosomal DNA at Androgen Response Elements (AREs) and ultimately alters gene 

transcription (30). Under normal conditions, AR activity in both epilthelial and stromal 

cells is needed for proper glandular function and homeostasis (Fig. 2).  
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 Prostate cancer cells are also critically dependent on persistent AR activation, but 

its role varies in differing cell types (2). Early stage PCa cells are still heavily reliant 

upon canonical AR signaling, via androgen-mediated activation. This is the mechanistic 

basis for clinical success of androgen deprivation therapy (ADT). In effect, removal of 

androgens results in G1 arrest or apoptotic response of a large majority of PCa cells. The 

androgen receptor also has an essential role in persistence and progression of castration 

resistant prostate cancer (CRPC) (2,3). Even in castrate conditions, sustained AR 

activation is critical for enhanced survival and aggression associated with advanced 

Figure 2. Paracrine androgen signaling in benign prostate.  Androgens 
(Testosterone/DHT) stimulate AR activation in stromal and epithelial prostate cells, 
leading to cellular homeostasis and downstream PSA production/secretion (Adapted from 
Vis and Schroeder, BJUI 2009. Ref 29) 
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CRPC cells (31,32). Aggressive CRPC cells achieve this aberrant AR activation through 

a variety of autocrine and paracrine mechanisms. Interestingly, full length AR also has a 

distinct transcriptome in CRPC when compared to AR transcriptome in hormone-

sensitive PCa (33). Reported mechanisms of non-canonical AR activation include: 1) 

aberrant expression of ligands or AR protein (34), 2) activating mutations (2). Our 

laboratory has previously characterized several alternative methods of AR activation as 

well. These mechanisms include 1) expression of active truncated splice variants (35,36), 

2) ligand-independent activation via ubiquitination (37), and 3) ligand-independent 

activation via Src-mediated tyrosine phosphorylation (32) (Fig. 3). The two latter 

findings highlight the intimate connection between alterations of intracellular signaling 

events and aberrant AR function in CRPC. Interestingly, class III beta-tubulin (Section 

1.5.2) is among the many critical genes regulated by AR in advanced cancer (38). Further 

pre-clinical and clinical studies are necessary to parse out the precise mechanisms of AR-

mediated CRPC progression. 
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 1.2.3.3 Alterations of Intracellular Signal Trandsuction in advanced PCa  

In general, many facets of cellular stress response are mediated via rapid activation of 

intracellular kinase cascades. Altered expression and/or activation of key intracellular 

signaling nodes (such as PI3K, RAS, SRC) is a frequently observed phenomenon in most 

aggressive malignancies, including prostate cancer. Several widely studied pathways 

involved in survival, growth, motility, and proliferation are essential in transduction of 

extracellular signals into cellular responses.  

 The protein product of the PTEN gene is a critical phosphatase enzyme involved 

in negative regulation of survival/proliferative Phosphatidylinositiol-3-kinase/Protein 

Kinase B (PI3K/AKT) signaling (39). It has also been widely reported that PTEN loss or 

mutation is a key event in the early stages of PCa development (40,41). Additionally, loss 

of PTEN copy number, or loss of PTEN protein expression, correlates with poor 
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prognosis and emergence of highly aggressive PCa (42,43). This finding is mirrored in 

mice, where ablation or mutation of PTEN results in neoplastic and/or malignant 

transformation of epithelial cells (44,45). Recent studies of PTEN inactivation have also 

correlated this phenomenon with Nkx3.1 loss of function, c-Myc upreglation, and ETS 

gene fusions (19,46,47). These studies also highlight the heterogeneity of processes that 

are involved in prostate cancer initiation and aggressive progression. Interestingly, 

several of the aforementioned studies also demonstrated that a basal level of PTEN 

activity is still present in even the most aggressive of prostate cancers. Mechanistically, 

the role of PTEN is quite diverse. As mentioned above, the most widely characterized 

role of PTEN is in its regulation of intracellular PI3K/AKT signaling (39,48). Studies of 

PTEN have also characterized its diverse role in regulation of other regulatory proteins, 

such as p27 (49), p53 (50), and Androgen Receptor (51). In addition to its role in 

tumorigenesis and aggressiveness, PTEN inactivation has a central role in development of 

CRPC (52). Despite these recent advances, the mechanisms by which PTEN loss 

mediates castration resistance, and possibly eventual drug resistance, remain largely 

unexplored.  

  PI3K/AKT pathway, and RAS-RAF-MEK/ERK signaling are two of the most 

commonly perturbed signaling pathways in a myriad of aggressive malignancies, 

including advanced prostate cancer. Generally these pathways are activated by cell 

surface receptors including G-protein coupled receptors (GPCRs), Immune Receptors, 

and most notably Receptor tyrosine kinases (RTKs, mainly growth factor receptors). 

When wildtype (WT) PTEN is intact, PI3K/AKT signaling can still be aberrantly 

enhanced via alternate mechanisms (53,54). Interestingly, these two pathways are also 
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complimentary in PCa. For example, concomitant activation of AKT and Raf in vivo 

strongly enhances PCa progression and castration resistance. Conditional RAS activation 

has recently been reported to cooperate with PTEN deletion in metastasis of prostate 

tumor cells, and this phenomenon can be therapeutically targeted using MEK inhibitors 

(55). In general, MEK have been characterized as attractive novel drug candidates in 

early stage clinical trials, but many key questions still remain regarding MAPK targeting 

in cancer. 

 Oncogenic tyrosine kinase signaling (via effectors like c-Src) is also widely 

implicated in tumorigenesis, castration resistance, and metastasis. Growth factor 

signaling strongly actvates Src-family kinases in PCa cells in vitro and in vivo through 

RTK activation. RTKs are a major Src kinase activator, along with Integrins, Focal 

Adhesion Kinase (FAK), and GPCRs. As stated above, our laboratory has previously 

reported that EGF-mediated activation of Src kinase (See section 1.5) can stabilize AR at 

Y534 and enhance CWR-R1 (See section 2.1.1) cell growth in androgen-depleted 

conditions (32). We have also found that Src activation in CWR-R1 cells is enhanced by 

a unique AR isoform (AR8), which in turn can serve to stabilize full-length AR (35). 

Interestingly, dasatinib (a Src inhibitor) showed strong effects against survival and 

motility of highly aggressive CRPC cell lines (56,57). There is also an intimate 

connection between Src signaling and bone metastases. For example, Src kinase 

inhibition reduces bone metastases of breast cancer in vivo (58). Despite recent advances, 

the precise molecular contributions of C-src to cancer progression are still being 

elucidated (59,60). Through this study, we have characterized a specific beta-tubulin 

isoform (namely TUBB3) as a novel Src substrate. We have confirmed expression of 
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TUBB3, and Tyrosine phosphorylation of TUBB3 that can be significantly decreased by 

treatment with chemical Src-inhibitor SU6656. We have characterized a specific residue 

(tyrosine 340) as the major target of this phosphorylation. Additionally, we show that 

modulation of pY340, by 1) point mutation or by 2) chemical inhibition, results in 

decreased protein stability, altered protein localization, and compromised mitotic spindle 

architecture in advanced PCa cell lines. In the subsequent sections of chapter 1, we 

review current knowledge regarding Src-family kinases (effector), Tubulin (substrate), 

and Mitosis (functional implication).  

1.3 Src-family kinases 

1.3.1 Activation and Structure 

 The SFK family consists of 11 non-receptor tyrosine kinases including but not 

limited to: Src, Lyn, Fyn, Hck, Lck, and Yes. C-Src, the prototypical SFK, is one of the 

oldest known and most widely studied of all proto-oncogenes (Fig.2) (61,62). Src 

inactivation is maintained by phosphorylation of Y530 by C-terminal Src kinase (Csk). 

Autophosphorylation of Y419 is required for complete Src activation (62). Canonical Src 

activation is achieved by activated upstream RTKs (i.e. EGFR, PDGFR, or FGFR) or by 

cytoplasmic effectors like FAK or Crk-associated substrate (CAS), which induce an open 

conformation upon binding (2,60). There are 4 ‘Src-Homology’ (SH) domains that 

comprise Src protein. The SH1 domain is the active kinase domain. The SH2 and SH3 

domains are uniquely important in various protein-protein interactions between Src and 

its cofactors/substrates. The SH2 domain also contains a motif that binds to pY530,  
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inciting the ‘closed’ protein conformation. Once activated, Src-homology (SH2 and SH3) 

domains are exposed for docking with binding partners and downstream phosphorylation 

events (Fig 4).  

  

 Generally speaking, aberrant Src activation (and downstream signaling) is 

characteristic of aggressive progression in most solid malignancies, including prostate 

cancer (Fig. 5). Indeed, SFK activity is upregulated in highly aggressive CRPC (63). 

Mechanistically, Src is a central signaling node for a variety of cellular processes, 

including growth/proliferation, motility (adhesion/migration/invasion), survival, 

angiogenesis, and metastasis (60,62,64-66). Previous studies from our laboratory and 

others have demonstrated that Epidermal Growth Factor (EGF) is a potent activator of 

Src signaling. More specifically, EGF treatment can activate AR in the absence of ligand, 

Figure 4. Src kinase protein structure. Inactivated Src is phosphorylated at Y530 by 
regulatory kinases, such as Csk. De-phosphorylation at Y530 opens protein structure, and 
Y419 phosphorylation establishes fully activated state (Fig adapted from Kim et al. Nat Rev 
Clin Oncol. 2009;6:587-595, Ref.8)  
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via EGFR/Src/AR complex formation at the cell membrane (32). Additionally, this Src 

activation in PCa cells is enhanced by a membrane associated AR splice variant (termed 

AR8) (35). Interestingly, this Src-EGFR activation can be bi-directional. For example, 

active Src can phosphorylate EGFR at Y845, which induces MEK/MAPK activation in 

breast cancer cells (67,68). Additionally, Lyn kinase has recently been reported to 

regulate AR expression and function in PCa cells (69). Despite recent advances in our 

understanding of Src signaling in advanced CRPC, the precise molecular contributions of 

Src to PCa progression are poorly understood. To this end, we have characterized 

TUBB3 as a novel Src substrate in highly aggressive CRPC cells (CWR-R1, PC3, 

DU145 – See section 2.1.1) as well as in taxane-resistant CRPC cells (R1/DTX- See 

section 2.1.1), and the role of this specific tyrosine phosphorylation in regulation of 

TUBB3 stability, localization, and function.  
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Figure 5. Src signaling in prostate cancer. Active Src kinase is a central signaling node, 
with multiple activating inputs and a wide variety of downstream effects. (Fig adapted from 
Fizazi K., Ann Oncol. 2007;18(11):1765-1773, Ref. 58)  
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1.3.2 Src-mediated regulation of the cytoskeleton  

 In reference to cytoskeletal modulation, Src-mediated modulation of the actin 

cytoskeleton is a relatively well-studied phenomenon. Additionally, SFK-mediated 

signaling via focal adhesions is a varied process with a range of downstream effects. 

Several mechanisms including 1) phosphorylation of integrins (deactivation), or 2) 

enhanced Src-mediated FAK activation (and subsequent disruption of E-Cadherin) are 

known.  Src-mediated modulation of microtubules (and more specifically, β-tubulin) has 

remained almost completely unexplored, especially in the context of solid malignancies 

(60,65). Interestingly, it has been reported that inhibition of SFKs can enhance taxane 

sensitivity in ovarian cancer cell lines, suggesting a link between SFK-mediated signaling 

and resistance to tubulin targeting drugs (70,71). Other Src kinases, including Fyn and 

Lyn kinases, have also previously been shown to associate with tubulins in mouse 

oocytes (72,73). Through this study, we have characterized regulation of a β-tubulin 

isoform (namely class III β-tubulin) by Src-Family Kinase (SFK) mediated tyrosine 

phosphorylation, and the role of this post-translational modification (PTM) in regulation 

of subcellular TUBB3 localization and TUBB3 protein stability, and mitotic spindle 

stability of prostate cancer cells.  

1.3.3 Role of Src in Mitotic Cells 

 As stated above, Src kinases are critical in many cell processes. In vitro molecular 

studies have revealed a role for SFKs in mitosis, but their precise role in mitotic cells is 

not well studied. Early studies revealed that active Src is required in mitosis (74,75). 

Additionally, Src inhibition caused mitotic arrest (56), and Src activity is increased 

following entry into mitosis via CDK1 phosphorylation. More recently, it has also been 
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reported that Src also has a critical role in cytokinesis, and this role is at least partially 

mediated through MAPK/ERK activation (76,77). Generally speaking, the role of SFK 

activation in mitotic entry and exit is known. Interestingly, it has been reported that c-Src 

kinase associates with mitotic spindles and spindle poles in mouse cells (78). 

Functionally, c-Src activity is critical in spindle microtubule formation, and proper 

mitotic spindle orientation/structure entering metaphase (79). Thus it is critical to identify 

Src substrates in mitosis, which could shed light on the precise mechanisms of Src-

mediated mitotic spindle regulation. 

1.4 Microtubules 

1.4.1 Structure and Regulation of Microtubules 

 Microtubules are an essential part of the cytoskeleton. They are dynamic 

polymers of repeating α-/β-tubulin heterodimers. They have a critical role in cell growth, 

survival, motility, and mitosis (80-83). Canonical polymerization of interphase 

microtubules begins at the centrosome, where gamma-tubulin ring complexes (TuRCs) 

interact with tubulin dimers to form a nucleation site. Following initiation, α-/β-tubulin 

heterodimers are incorporated radially at the microtubule minus (-) end from a nucleation 

site (usually a gamma-tubulin ring complex at the centrosome), in a “spiral-staircase” 

orientation at the microtubule plus (+) end (84) (Fig. 6). Microtubules have polarity, with 

α-tubulin at the minus end and β-tubulin at the plus end. This helps maintain relative 

stability at the minus end, while allowing for dynamic instability at the plus end. Many 

factors can alter microtubule structure/dynamics including PTMs of alpha and/or beta-

tubulin, tubulin isotype composition (85), or microtubule-associated proteins (MAPs) 

associated with microtubules (e.g. Tao protein) (86).  
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 During mitosis, microtubules form the mitotic spindle. These spindle 

microtubules are critical in proper chromosomal orientation and segregation. Class III β-

tubulin (TUBB3, see sec 1.5.2) is an essential constituent of mitotic spindle microtubules 

in many eukaryotic cell types (87). Microtubules major target of taxane drug compounds 

(such as docetaxel). Suppression of mitotic spindle dynamics is widely accepted as the 

major mechanism of cell death associated with tubulin-binding agents (TBAs).  

 

1.4.2 Functions of Microtubules 

 Microtubules serve many critical functions in cellular stress response: 1) 

maintenance of cell structure, 2) attachment and adhesion 3) locomotion, 4) protein 

transport, and 5) chromosome orientation and segregation during mitosis. They also often 

Figure 6. Microtubule structure. α-/β-tubulin heterodimers stack vertically into 
longitudinally arranged ‘strings’ known as protofilaments. They begin canonical nucleation 
at the centrosome via interactions with gamma-tubulin ring complexes, with dimers added at 
the growing plus end of the microtubule emanating toward the cell membrane. There is a 
‘seam’ that is created at each turn. (Fig adapted from Kollman et al, Nat Rev Mol Cell Biol. 
2001;24:1967-2000, Ref.82)  

+ 
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serve as a scaffold for a myriad of intracellular signaling events, including tyrosine kinase 

signaling (88), AR nuclear translocation (89), and p53 activity (90). Microtubules also 

have a complex proteome of specific MAPs that can be altered dramatically through very 

small changes in isotype composition of polymers (86,91). It is generally agreed that free 

tubulins interact with a divergent proteome compared to polymer-incorporated 

heterodimers. Unfortunately it is still very difficult to parse out the differing functional 

roles of these tubulin species, due to high turnover and rapid changes in dynamics of the 

microtubule network (81,91). Microtubules are also often deregulated in human 

malignancies. Aberrant protein transport, altered microtubule dynamics, and altered 

microtubule stability have been characterized in advanced disease, yet the overarching 

contributions of these aberrations to disease progression remain largely unexplored. See 

Ref. 89 (Parker et al.) for a comprehensive review of the diverse roles of microtubules in 

normal physiology and cancer.  

1.4.3 Microtubules as drug targets 

 Given the central role of microtubules in cell division and survival, they have long 

been a key point of chemotherapeutic intervention. TBAs can be either microtubule 

stabilizers, or microtubule de-stabilizers. Though the binding sites differ, both types of 

agents cause cell death via failure to proceed properly through metaphase (Fig 7).  

 De-stabilizing agents, such as vinca alkaloids, act by binding tubulin dimers and 

preventing their incorporation into kinetochore microtubules. This causes failure of 

mitotic checkpoint, and subsequent cell death. Vincristine and vinorelbine are two of the 

most prevalent microtubule de-stabilizing drugs currently in clinical use. Vincristine was 

FDA approved in 1963, and is currently used clinically to treat several different types of 
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bloodborne cancers including both non-Hodgkin’s and Hodgkin’s lymphoma, and acute 

lymphoblastic leukemia (ALL). Vinorelbine was approved by the FDA in 1991, and is 

currently used clinically to treat metastatic breast cancer, and NSCLC (92).  

 Microtubule stabilizing agents, such as taxane compounds, bind TUBB dimers 

that are already incorporated into microtubule polymers. Once bound, taxanes disable  

 

microtubule breakdown and arrest cells in mitosis. Taxane drugs (such as DTX), in 

combination with prednisone, are the current first-line treatment for metastatic CRPC. 

There have been several reported mechanisms, but compromise of spindle microtubule 

dynamics during mitotic spindle formation has been widely reported as the major cause 

of taxane-medated cell death following treatment (92,93). Despite initial survival benefit, 

taxane resistance is commonly observed in patients with advanced prostate cancer. There 

are very few viable treatment options for taxane-resistant CRPC, and the discovery of 

drug resistance generally entails a dismal prognosis (81). In order to combat these current 

Figure 7. Microtubule stabilizers and de-stabilizers. Microtubules can be targeted 
either by de-stabilizing compounds (like vinca alkaloids) or by stabilizing agents (such 
as taxanes or epothilones). In many instances, microtubules can also be stabilized by 
MAPs such as tao protein. Tubulin PTMs are also critical in defining tubulin isotype 
composition and dynamics of microtubules, with the c-terminus of both alpha- and beta-
tubulin being a major site of regulation. (Fig adapted from Parker et al, Frontiers in 
Oncology. 2014;4:1-19, Ref.89)  
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clinical challenges, it is essential to further parse out subcellular signaling events that can 

alter taxane response and/or mitotic spindle dynamics in advanced cancer cells. 

1.5 β-tubulin 

1.5.1 Isoform expression, structure, and post-translational modification of β-tubulin 

There are 6 unique isoforms of β-tubulin, encoded by 7 genes, with differentially 

regulated expression and function (80). In general, class I beta-tubulin (TUBB1) is 

expressed nearly ubiquitously in human cells, and each of the other isotypes are precisely 

regulated in both temporal expression (i.e. in embryonic development), and also in tissue 

specificity (i.e. TUBB3 in neurons testicular sertoli cells (94)). Despite significant 

divergence in spatiotemporal regulation, TUBB isoform sequences are very highly 

conserved. Interestingly, there does seem to be a divergence between TUBB1 and all 

other isoforms. Any TUBB isotype (TUBB2-TUBB6) shows no more than 80% sequence 

identity to TUBB1, yet they are all at least 90% identical to each other. Further studies 

are necessary, however, to understand the divergence in function and regulation among 

TUBB isoforms.  

 TUBB isoforms are regulated by a highly complex, yet precisely coordinated 

symphony of post-translational modifications (PTMs). Several of these PTMs, including 

acetylation, glycylation, and serine/threonine phosphorylation are widely studied in a 

variety of protein classes, yet their unique roles in regulation of TUBB activity are 

elusive. See Fig. 8 for a schematic of known tubulin PTMs. Recent studies have shown 

that tubulin PTMs can alter microtubule dynamics, protein stability, and interaction with 

key binding partners (such as transport proteins dynein and kinesin) (82,83,95). Tyrosine 

phosphorylation of TUBB by active Src kinase (pp60 c-Src) has been previously reported 



 

 

23 

in HL-60 leukemia cells (96), and in axonal growth cones (97), but this phenomenon has 

remained completely unexplored in the context of solid malignancies. Interestingly 

TUBB3 and active Src are critical in nerve growth cone guidance, yet there have been no 

studies investigating any specific regulatory interaction between the two proteins. 

Additionally, there have been no studies to date characterizing a single Src-specific 

tyrosine phosphorylation site of TUBB3. 

Figure 8. Known tubulin PTMs. The “tubulin code” is mediated through a highly complex 
concert of PTMs, including tyrosination/detyrosination of alpha-tubulin, glycylation, 
glutamylation, acetylation, and phosphorylation. As mentioned in Figure 7, tubulin c-terminal 
PTMs are critical in regulation of both alpha- and beta-tubulin. (Fig adapted from Janke, J Cell 
Biol. 2014;206:461-472, Ref. 84)  
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1.5.2 Class III β-tubulin 

 Class III β-tubulin (TUBB3, βIII-tubulin) is one TUBB isoform of particular 

interest. Under normal physiological conditions, TUBB3 is most abundantly expressed in 

neural and neuroendocrine tissues (neurons, testicular sertoli cells), but it is also 

expressed transiently or at basal levels in other normal tissues (98). During neuronal 

development, it is critical in directional migration of axon growth cones (99). In many 

mammalian cell types, TUBB3 is also a critical component of mitotic spindles in a wide 

range of human cells (87). Recent pre-clinical and clinical studies have characterized 

deleterious mutations of TUBB3, which result in severe developmental and 

neurophysiological detriments (100,101). Despite recent advances in our understanding 

of these isotype-specific mutations, the underlying molecular mechanisms leading to 

disease phenotype are still poorly understood. Thus, it is critical to characterize novel 

mutations or modifications of TUBB3 in disease.  

 High expression of class III β-tubulin in cancer cells has also recently emerged as 

a consistent biomarker of both 1) poor prognosis and 2) eventual taxane (paclitaxel and 

docetaxel) resistance in a wide variety of solid cancers, including breast cancer, ovarian 

cancer, non-small-cell lung cancer (NSCLC), and prostate cancer (Fig. 9) (21,102-108).  

TUBB3 is able to form complexes with gamma-tubulin in vivo, which has a regulatory 

role in polar orientation and assembly of mitotic spindle microtubules (109,110). 

Additionally, TUBB3 expression level can alter binding of tubulin-targeted drugs to 

microtubules, and is precisely regulated in a cell cycle-dependent manner (111,112). 

 

  



 

 

25 

   

In NSCLC cells, knockdown of TUBB3 enhanced cytotoxic effects of paclitaxel and 

cisplatin. Rescue of TUBB3 expression restored anchorage-independent growth and 

enhanced effects of both drugs (113-115). More recent studies in NSCLC and breast 

cancer cells have revealed a very interesting duality in the role TUBB3. At low drug 

concentrations (≤2nM), TUBB3 knockdown sensitized cells to both paclitaxel and 

vincristine, but the mechanism of apoptosis was independent of any perturbations in 

microtubule dynamics. At higher drug concentrations however, death by mitotic arrest 

was observed (116). This dose-dependent divergence in response presents the very 

intriguing possibility of TUBB3 functioning not only within the confines of the 

Figure 9. TUBB3 as a clinical biomarker in advanced CRPC. TUBB3 expression is an 
independent biomarker for disease recurrence, tightly linked to ERG fusion status and 
PTEN deletion. A) Representative IHC staining in patients with low (left) or high (right) 
TUBB3 expression. B-D) High expression tightly correlates with disease recurrence (B), 
ERG fusion status (C), and PTEN deletion (D) in advanced CRPC patients (Fig adapted 
from Tsourlakis et al, Am J Pathol. 2014;184:609-617, Ref. 107)  
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microtubule network, but also independently as a cellular signaling factor. Unfortunately, 

no molecular studies to date have characterized any non-microtubule function of TUBB. 

 Taken together, these data represent major advances in our understanding of 

TUBB3 upregulation and its role in therapeutic response, but the precise molecular 

mechanisms that regulate TUBB3 activity in vivo are still unclear. Additionally, precise 

spatiotemporal characterization of TUBB3 PTMs in advanced cancer could enable 

researchers and clinicians to further stratify patient prognosis, given the prevalence of 

TUBB3 as a specific indicator of poor prognosis and drug resistance in a wide spectrum 

of highly aggressive malignancies. We hypothesized that, in agreement with previous 

literature, TUBB3 expression is elevated in highly aggressive PCa cell lines. We further 

hypothesized that tyrosine phosphorylation of TUBB3 could regulate protein and/or 

microtubule function in mitotic PCa cells. Through this study, we found that TUBB3 is 

upregulated in CRPC cells, and in highly aggressive DTX-resistant CRPC cells. 

Furthermore, TUBB3 is phosphorylated at tyrosine 340 by active Src kinase in cells with 

high TUBB3 protein expression and Src activity, and that this phosphorylation regulates 

TUBB3 localization, and mitotic spindle stability in advanced CRPC cells. 

1.6 Experimental Outline 

We set out to characterize tyrosine phosphorylation of TUBB3 (a clinical biomarker of 

disease progression and taxane response in CRPC patients) by active Src kinase (a known 

proto-oncogene, and indicator of aggressive disease).  

Our method of analysis is three-fold: In chapter 3, we expound on 1) analysis of 

endogenous TUBB3 expression and tyrosine phosphorylation in advanced PCa cell lines 

using western blot and IP, and 2) mapping site-specific TUBB3 tyrosine phosphorylation 
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by active Src using western blots, IPs, and in silico analysis of TUBB3 sequence and 3D 

analysis of TUBA/TUBB dimer. In chapters 4 and 5, we elucidate the role of this site-

specific modification in regulation of TUBB3 localization using Immunofluorescent 

microscopy and sub-cellular fractionation, TUBB3 protein stability using Cycloheximide 

(CHX) time-course experiments, and in spindle dynamics of mitotic CRPC cells using 

immunofluorescent microscopy and confocal microscopy. In chapter 6, we discuss our 

recent findings in the context of known molecular mechanisms of CRPC progression, and 

in terms of current trends in CRPC diagnosis and treatment. 
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Chapter 2: Materials and Experimental Methods 

2.1 Cell Lines and Cell Culture 

2.1.1 Cryopreservation/Defrosting of Cell Lines 

 2.1.1.1 Cryopreservation  

 Low-passage stocks of each cell line were stored by cryopreservation for use 

throughout this project and for use in future studies. Cells were collected from ~90% 

confluent p100 culture dishes (ThermoFisher, Waltham, Massachusetts) by 1 min trypsin 

treatment, then pelleted by centrifugation (1000rpm, 5 min) in 15mL cell culture tubes 

(Sarstedt, Nümbrecht, Germany). Supernatant medium was aspirated, cell pellets were 

then resuspended in 2mL serum-free medium (SFM)+10% dimethyl sulfoxide (DMSO) 

for each initial p100 dish, and subsequently stored in 1.5mL cryo freeze vials (Corning, 

Corning, NY). For example, three p100 dishes of cells would be trypsinized, pelleted, 

resuspended in 6mL of SFM+10%DMSO, and then pipetted into 6 individual 1mL 

aliquots. Freeze-ready aliquots were immediately placed in a bath of dry ice/100% 

ethanol (EtOH) for 5 minutes, then transferred to -80°C overnight. Following overnight 

freeze in -80°C, frozen stocks were then transferred to liquid nitrogen for long-term 

storage.  

 2.1.1.2 Thawing Procedure  

 Vials were retrieved from liquid nitrogen onto dry ice. Stocks were thawed in 

37°C water bath until fully liquefied, then immediately transferred into 15mL tubes 

containing ~4mL fresh SFM (Without DMSO). Cells were then pelleted, and supernatant 

was discarded to wash out DMSO. Finally, the thawed cell pellets were then re-

suspended in 10mL of appropriate culture medium. All cell lines were kept in Thermo 
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NUNC p100 cell culture plates for routine maintenance. For some experiments, cells 

were either grown in identical conditions (p100 dish), or in Thermo NUNC 6-well plates. 

See Sections 2.1.2-2.1.5 for cell line information, and their respective culture conditions.  

2.1.2 Immortalized epithelial COS-1 and HEK293T cell lines 

For exogenous overexpression experiments, we used two cell lines: 1) monkey kidney 

COS-1 cells and/or 2) human embryonic kidney HEK293T cells. Both cell lines originate 

from normal epithelial cells, and they both express simian-virus SV40 Large-T antigen, 

rendering them immortal. In general, these cell lines are commonly used in cancer 

research as “blank-slate” cells, to examine functional characteristics of exogenously 

expressed proteins (TUBB3 and Src constructs in this study). COS-1 and HEK293T cells 

were cultured in Corning Cellgro DMEM (Corning), supplemented with 10% Fetal 

Bovine Serum (FBS) and 1% penicillin/streptomycin (Pen/Strep).  

2.1.3 Androgen-sensitive LNCaP and derivative C4-2, C4-2B CRPC cell lines 

Human LNCaP prostate adenocarcinoma cells were purchased from American Type 

Culture Collection (ATCC, Manassas, VA). LNCaP cells are androgen-responsive, drug-

sensitive cells. LNCaP derivative CRPC cell line C4-2B, was a generous gift from Dr. 

Douglas Tindall (Mayo Clinic). Cells were cultured in Corning Cellgro RPMI-1640 

medium (Corning), supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin (Pen/Strep).  

Cellular specifications:  

Origin: LNCaP – Human lymph node (thus LN) metastasis, C4-2B  - LNCaP xenograft, 

progressed to Castration-Resistant bone metastasis  

Androgen Responsiveness: LNCaP - YES, C4-2B - NO  
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Background: PTEN deletion, p53 wild-type (WT) 

Drug sensitivity: All cell lines are sensitive to chemotherapeutic agents, including DTX 

Tumorigenicity/Aggressiveness: LNCaP – relatively low, C4-2B – relatively high 

2.1.4 Castration-Resistant CWR-R1 and derivative R1/DTX cell lines 

Castration resistant CWR-R1 cell line was a generous gift from Dr. Elizabeth M. Wilson 

(University of North Carolina, Chapel Hill). CWR-R1 (R1) cells are human cells, 

originating from a castration-resistant CWR. Our lab subsequently enriched an isogenic 

10nM docetaxel-resistant R1-derived cell line, termed R1/DTX. We derived this cell line 

using gradually increasing doses of DTX for each culture cycle, until we had enriched a 

homogenous population of DTX resistant cells that could be cultured consistently. R1 

and R1/DTX cells were cultured in Corning Cellgro RPMI-1640 medium (Corning), 

supplemented with 10% Heat-inactivated FBS (HIFBS), and 1% pen/strep. One hour at 

37°C is sufficient to achieve heat-inactivation of FBS. 10nM DTX was an additional 

supplement in the R1/DTX cell medium. Our lab has published several studies 

investigating tumorigenic properties of R1/DTX cells, and mechanisms by which they 

evade DTX insult. See refs. (117) and (118). DTX stock was a kind gift from Sigma-

Aldrich.  

Cellular specifications: 

Origin: CWR-R1 - Castration-resistant xenograft of human CWR-22 cells 

R1/DTX  - 10nM DTX-resistant variant of CWR-R1 cells, enriched by selection with 

gradually increasing concentrations of DTX (118) 

Androgen Responsiveness: CWR-R1 - NO, R1/DTX - NO  

Background: Both cell lines -- PTEN WT, p53 WT 
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Drug sensitivity: All cell lines are sensitive to chemotherapeutic agents, including DTX. 

Tumorigenicity/Aggressiveness:  

CWR-R1 – moderately tumorigenic (1x10^6 cells for xenograft yielded very small 

tumors), relatively low aggression compared to R1/DTX derivative cells.  

R1/DTX – Exceptionally high tumorigenicity (As few as 100 cells for xenograft yielded 

massive tumor burden), very high aggression compared to parental CWR-R1 cells.   

2.1.5 Castration-Resistant, AR-negative, PC3 and DU145 cell lines 

Castration resistant PC3 and DU145 cells were originally purchased from American Type 

Culture Collection (ATCC, Manassas, VA). DU145 and PC3 cells were cultured in 

Corning Cellgro RPMI-1640 medium (Corning), supplemented with 10% FBS, and 1% 

pen/strep.  

Cellular specifications: 

Origin:  

PC3 – Bone metastasis of high-grade (Grade IV) CRPC (119). Widely reported to be 

very highly aggressive and very highly metastatic. (120) 

DU145 – Brain metastasis of high-grade CRPC (121). DU145 cells are highly aggressive, 

but less metastatic than PC3. (120) 

Androgen responsiveness: Neither cell line is responsive to androgens 

Background:  

DU145 – AR-negative, PTEN heterozygous mutant (M134L), 

PC-3 – AR-negiative, PTEN null.  

[SEE REFERENCE (122)] 
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Drug sensitivity: Both cell lines are hormone-refractory, but sensitive to 

chemotherapeutic agents, including DTX. 

Tumorigenicity/Aggressiveness:  

Both cell lines are highly aggressive/metastatic in vivo.  

2.1.6 Routine Maintenance of Cell Lines 

Cells were maintained at 37°C and 5% CO2 in a standard sterile lab incubator (Thermo 

Fisher, Waltham, MA). Cells were passaged every 4 to 5 days, and checked daily under 

light microscope for morphology and density. Fresh cell stocks were thawed every ~15-

20 passages. 

Standard cell passage protocol (for a single p100 dish):  

1) Wash cell plate with 3-5mL 1X PBS 

2) Aspirate PBS, add 1mL 1X Corning Cellgro Trypsin EDTA (Corning) 

3) Incubate cells in Trypsin for indicated times: 

 COS-1 – 2.5 min 

 293T – 2 min 

 R1 – 2 min 

 R1/DTX – 1.5 min 

 LNCaP – 1 min 

 C4-2B – 1 min 

 PC3 – 7 min 

 DU145 – 1 min 

4) Stop trypsin treatment with 4mL of cell-line-appropriate culture medium, wash cells 

off plate and transfer cell suspension into a 15mL conical tube 
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5) Spin for 3-4 minutes at 1000rpm 

6) Resuspend pellet in appropriate volume to split cells  

[mLcells into next plate/total volume of resuspended pellet] 

 COS-1 – 1:10 

 293T – 1:15 

 R1 – 1:5 

 R1/DTX – 1:5.5 

 LNCaP – 1:4 

 C4-2B – 1:4 

 PC3 – 1:8 

 DU145 – 1:6 

7) Mix 1mL of cell suspension into 9mL fresh medium, plate cells in a sterile p100 dish 

(gently rotate and tap plate to evenly spread cells along the surface of the plate), and 

place in incubator 

 

2.2 Cloning and Constructs 

 Hege Chen originally cloned untagged TUBB3 WT plasmid, and untagged 

TUBB3 Y222F plasmid. Initially, WT TUBB3 construct was subcloned into lentiviral 

vector, pcDNA3.1, and pEGFP-C2 (thus producing an N-terminal GFP tag) as previously 

described using restriction digestion with BamHI restriction digestion (32,123). All 

human GFP-TUBB3 constructs have C-terminal GFP tag. From this point on, wildtype 

GFP-TUBB3 is referred to as GFP-TUBB3, and each site mutant will be designated GFP-

(site) (i.e. GFP-TUBB3Y222F will be GFP-Y222F, etc) 



 

 

34 

 We made tyrosine site mutants (Y->F and Y->D) using mutagenesis PCR, with 

Stratagene Quickchange Mutagenesis Kit (Stratagene, La Jolla, CA). All site mutant 

sequences were confirmed correct through University of Maryland Genomics Core 

Facility. (SEE Appendices 1 and 2 for comprehensive primer and plasmid lists). Src 

kinase constructs (SrcY527F, SrcK295M) were originally cloned by Zhiyong Guo (32). 

 

2.3 Transfection and Infection Procedures 

Transient transfections were used only for exogenous expression experiments in COS-1 

and 293T cells. We used lentiviral infection for all exogenous expression experiments 

involving cancer cell lines.  

Transfection Procedure: COS-1 cells were plated into 6-well dishes and allowed to 

grow for 24h. Cells were then transfected using Xtremegene HP transfection reagent 

(Roche), using 2µL:1µg reagent:plasmid ratio. Cell lysates were collected either 48h or 

72h post-transfection. 

Infection Procedure: PCa cells were plated and allowed to attach/grow overnight. 

Lentiviral plasmid was added to plate 12-24h post-plating according to volume (24-well 

plate = up to 50µL virus, 6-well plate = 50-200µL virus, p100 dish = 1mL virus). Cells 

were then incubated overnight with virus. 24h post infection (48h post-plating), we 

changed cell medium to minimize viral cytotoxicity. Cell lysates were collected at least 

24h after changing medium post-infection. 
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2.4 Western Blot, Immunoprecipitation, and Antibodies 

2.4.1 Cell Lysate Preparation, Western Blot, and Immunoprecipitation 

For immunoprecipitations (IPs) and Western Blots, cell lysates were collected for  using 

Radioimmunoprecipitation (RIPA) buffer supplemented with phosphatase and protease 

inhibitors (PVDF, NaVO4, Aprotinin, NaF), unless otherwise noted. Cell lysates were 

then subjected to 30s sonication at 10% amplitude, centrifuged at 4C for 15 minutes, and 

dissolved in 2X SDS sample buffer. Western Blot and IP were carried out as previously 

described (118). For IP, cell lysates were incubated overnight at 4C while rotating, with 

~0.5µL antibody per 1mL lysate at 4C. On day 2, antibody pulldown was conducted 

using  

 For reciprocal IP (TUJ1/pTUBB3), cell lysates were collected from p100 plates 

using 1mL of RIPA. 100µL were then taken for total cell lysate (TCL, 10% input), and 

remaining lysate was split evenly into two 400µL aliquots for IP with indicated 

antibodies. For Western Blot analyses, lysates were separated on 8%, 10%, or 12% SDS-

Polyacrylamide gels. Proteins were transferred to Immobilon-P PVDF membranes 

(Millipore). Membranes were blocked using 5% milk or 3% Bovine serum albumin 

(BSA), then incubated at 4C overnight in primary antibody.  

2.4.2 Antibodies  

TUBB3 antibodies used: Mouse monoclonal TUBB3 (TUJ1) (Covance MMS-435p, 

1:10000), Mouse monoclonal TUBB3 (Chemicon TU20, 1:800), Rabbit polyclonal 

TUBB3 (Abcam, 1:10000). Other antibodies include: anti-pSFK-Y416 (Cell Signaling, 

1:1000), anti-alpha-tubulin (Sigma, 1:10000), anti-phosphotyrosine (Santa Cruz PY99, 

1:1000), anti-tubulin (ABM G098, 1:10000), anti-GAPDH (Santa Cruz, 1:5000) anti-
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HSP90 (Santa Cruz, 1:10000), and anti-PARP1 (Santa Cruz, 1:1000). TUBB3-pY340 

antibody was developed by immunizing rabbits with a synthetic phospho-peptide 

corresponding to phosphorylated Tyrosine 340 of TUBB3, followed by two-round 

affinity purification using immunogen (Many thanks to L.McMillan and NeoBioLabs). 

Densitometry quantification was conducted using image J densitometry function 

according to publicly available protocol 

(http://stanxterm.aecom.yu.edu/wiki/index.php?page=Using_ImageJ) 

 

2.5 Immunofluorescent Staining, Microscopy, and Quantification 

 Cells were grown on glass coverslips, transfected and/or treated as indicated in 

figure legends, then fixed using 3.7% paraformaldehyde (PFA) (i.e. added 200µL directly 

to 2mL medium). Once fixed, cells were washed 5 times with 1X PBS, then incubated in 

blocking buffer [818µL 1X PBS+15µL 20% Triton+10mg BSA+167µL Normal Donkey 

Serum (NDS) =1mL blocking buffer] for at least 1hr. Immediately following block step 

(i.e. no PBS wash), slides were incubated for 1-2hr at room temp with primary antibody 

(diluted in blocking buffer). Antibodies used: Mouse anti-TUBB3 (Covance, 1:400), 

Rabbit anti-TUBB3 (Abcam, 1:400). Epi-fluorescent imaging was performed on a Nikon 

TE2000-U inverted microscope system, using NIS Elements acquisition software. All 

images were acquired with either 60X or 100X oil objective. All confocal images were 

acquired on a Zeiss LSM-510 microscope using 60X oil objective. Quantification was 

completed by manual cell count. For each slide, at least 100 total cells (in at least 5 

random fields) were counted. 
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2.6 In silico Analyses 

NetPhos 2.0 software (http://www.cbs.dtu.dk/services/NetPhos/) was used to identify 

putative tyrosine phosphorylation sites of TUBB3. All 3-D models were conducted using 

publicly available Mac PyMol 1.5 software and TUBA/TUBB dimer structure (PDB# 

1JFF). 

2.7 Protein Stability Analyses 

COS-1 Cells were plated into 6-well plates and transfected as indicated. Cells were then 

treated with 100ug/mL CHX for indicated time points. Lysates were then collected as 

described. For endogenous protein stability, prostate cancer cells were plated into 6-well 

plates and allowed to grow for 72h. Before CHX treatment, cells were pre-treated for 2h 

with either vehicle (DMSO) or SU6656, then treated with CHX for indicated time. All 

MG132 treatments were conducted at 50µM concentration. 

2.8 Sub-cellular Fractionation 

Cells were grown in p100 dishes and treated with either vehicle or 10µM SU6656 for 2h 

before lysis. Cell lysis and fractionation was carried out according to manufacturer’s 

protocol (Pierce NE-PER nucleocytoplasmic fractionation kit). Fractions were resolved 

using SDS-PAGE, and Western Blot.  

2.9 Statistical Analyses 

Experiments were performed a minimum of three (3) replicates. Statistical analyses were 

performed as a student t-test using either GraphPad Prism (Ver. 6) or Microsoft Excel. P-

value of p<0.05 were considered statistically significant. 
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Chapter 3: Src-mediated Tyrosine Phosphorylation of TUBB3 in 

Human Prostate Cancer Cell Lines1 

3.1 Introduction 

 For clinical cases advanced PCa, TUBB3 expression is an independent biomarker 

for disease recurrence, tightly linked to ERG fusion status and PTEN deletion 

(21,107,108). Previous studies in cell lines and in clinical samples have shown that 

elevated TUBB3 expression is correlated with poor prognosis and decreased drug 

sensitivity in many solid cancers, including NSCLC, breast cancer, and ovarian cancer as 

well (31). It has also been widely reported that increased activation of Src-family kinases 

(SFKs) is closely associated with increased aggression of disease in a similar spectrum of 

solid malignancies (59,60). Thus, we first set out to measure relative TUBB3 protein 

expression in a panel of advanced human PCa cell lines, and to examine total tyrosine 

phosphorylation of TUBB3 in several of the more aggressive PCa cell lines. We 

hypothesized that expression of TUBB3 protein would be increased in CRPC cells when 

compared to isogenic androgen-responsive cells, and that TUBB3 protein expression 

would also be increased in DTX-resistant CRPC cells when compared to isogenic drug-

sensitive cells. Phosphorylation of TUBB3 has been confirmed by mass spectrometry, but 

only in a neuronal setting. No specific tyrosine residues have been mapped as TUBB3 

phosphorylation sites, nor have any upstream tyrosine kinases been characterized as 

regulators of TUBB3, especially in the context of advanced cancer cells. We further 

hypothesized that TUBB3 is phosphorylated at tyrosine in advanced PCa cell lines that  

                                                
1 Chapters 3, 4, and 5: Alfano A, Xu J, Deshmukh D, Chen H, Qiu Y. Regulation of Class III β-Tubulin by 
Src-Mediated Tyrosine Phosphorylation. In preparation for submission to J. Biol Chem, 2015 
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also show high levels of Src kinase activity (examined by measure of pSrc-Y416 status), 

and that pharmacological inhibition of Src using SU6656 would reduce tyrosine 

phosphorylation of TUBB3. Following examination of total TUBB3 tyrosine 

phosphorylation, we set out to characterize the major site of Src-mediated 

phosphorylation using TUBB3 site mutants, and in silico analysis.  

3.2 Expression and tyrosine phosphorylation of TUBB3 in PCa cell lines 

3.2.1 Procedure 

TUBB3 protein expression in PCa cell lines: We first examined TUBB3 protein levels in 

seven (7) prostate cancer cell lines: LNCaP, C4-2B, CWR-R1, R1/DTX, CWR-22Rv1, 

PC3, and DU145. Cells were grown to ~85% confluency and lysed in RIPA buffer 

supplemented with phosphatase/protease inhibitors (See sec. 2.4). Lysates were the 

resolved using SDS-PAGE, and blotted for TUBB3 (using monoclonal TUJ1 antibody), 

pSrc, and alpha-tubulin (loading control). Experiment was repeated in duplicate.  

Tyrosine phosphorylation of TUBB3: Following measurement of TUBB3 expression 

levels in advanced PCa cell lines, we then set out to investigate total tyrosine 

phosphorylation of TUBB3, and the effect of Src inhibition on total tyrosine 

phosphorylation of TUBB3. CWR-R1, R1/DTX, and DU145 cells were plated in 6 well 

plates and grown to ~85% confluency. On the day of lysis, cells were pre-treated with 

10µM Src-inhibitor SU6656 (+) or equal volume of DMSO (-). IP was carried out as 

described in Section 2.4, using TUJ1 (mouse monoclonal anti-TUBB3) to pull down 

protein. IP samples and Total Cell Lysate (TCL) were resolved using SDS-PAGE, and 

subsequently blotted with indicated antibodies. 
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3.2.2 Results and Discussion 

 Consistent with previous studies, we found that TUBB3 is expressed in a wide 

range of PCa cell lines (Fig. 10). Interestingly, we observed a significant increase in 

TUBB3 expression from the androgen-sensitive LNCaP cell line to its androgen- 

 

insensitive isogenic C42B derivative (lane 1 compared to lane 2). We also observed an 

expected increase in TUBB3 expression when comparing the castration-resistant CWR-

R1 cell line to its isogenic DTX-resistant derivative R1/DTX cell line (lane 3 compared 

to lane 4). Finally, the most aggressive/metastatic cell lines (PC3 and DU145) had the 

highest expression levels of TUBB3. We also examined Src activation status and found it 

was also elevated in a majority of the advanced PCa cell lines (R1, R1/DTX, PC3, 

DU145).  

Figure 10. Expression of TUBB3 in prostate cancer cell lines. Prostate cancer cell 
lysates were collected in RIPA buffer supplemented with inhibitors* 72h after plating, 
resolved by SDS-PAGE, then blotted with indicated antibodies.  (*see Section 2.4.1) 
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 Given that TUBB3 expression is increased in aggressive cell lines, we next 

investigated overall tyrosine phosphorylation (pY) status of TUBB3 in R1, R1/DTX, and 

DU145 cells. In the three cell lines, we found that TUBB3 is phosphorylated at tyrosine, 

and that this tyrosine phosphorylation is decreased following Src-inhibition with SU6656 

(Fig. 11, A). There have been no previous studies investigating tyrosine phosphorylation 

of TUBB3 in advanced cancer cells. It was puzzling to find no studies involving Src 

kinase-mediated regulation of TUBB3, given the clinically reported role of TUBB3 in 

tumorigenicity and progression of solid cancers, coupled with the prevalence of Src 

dysfunction in a similar spectrum of cancers. We report for the first time that Src kinase-

mediated phosphorylation of a clinically relevant β-tubulin isoform (TUBB3) in 

advanced prostate cancer cells. To date, no tyrosine phosphorylation sites have been 

mapped for beta-tubulin (86). Given the status of TUBB3 as a biomarker of poor clinical 

outcome, further studies will be needed to examine the utility of TUBB3 tyrosine 

phosphorylation (and other TUBB3 PTMs) as possible biomarkers of patient-specific 

drug response, and/or eventual outcome.  

 We next compared the effect of Src inhibition (using SU6656) with the effect of 

knockdown of Src protein expression using Src-specific shRNA. Interestingly we found 

that, in contrast to Src inhibition, Src KD dramatically increased total tyrosine 

phosphorylation of TUBB3 (Fig. 11, B). This leads us to conclude that there must be 

other tyrosine kinases involved in regulation of TUBB3 in advanced PCa cells. To date, 

no other tyrosine kinases have been reported to regulate beta-tubulin in advanced cancer. 

It is critical that future studies examine the role of other tyrosine kinases (including other 

SFKs such as Fyn, Lyn, and Lck) in TUBB3 protein regulation. For this study, we also 
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measured expression level of Fyn kinase. We noted that Fyn expression level stayed 

relatively stable, even in the presence of Src shRNA.  Interestingly, Fyn kinase has been 

reported to interact with beta-tubulin in mouse oocytes (72,73).  

 

 

3.3 Identification of Src-specific TUBB3 tyrosine phosphorylation site 

3.3.1 Procedure 

To investigate the primary site(s) of Src-mediated TUBB3 tyrosine phosphorylation, we 

used several in vitro and in silico approaches. 

Sequence analysis: We conducted multiple sequence alignments (MSAs) of human 

TUBB isoforms, and of species-specific TUBB3 sequences, using publicly available 

Figure 11. Tyrosine phosphorylation of TUBB3 in advanced CRPC cell lines. A) Prostate 
cancer cell lines were allowed to grow for 72h, then treated with either vehicle (DMSO) or 
10µM SU6656 (Src-inhibitor) for 2h. Cell lysates were then subjected to immunoprecipitation 
with anti-TUBB3 (TUJ1) antibody, and blotted with indicated antibodies. Total Cell Lysate 
(TCL, 10% input) were also collected before IP, resolved by SDS-PAGE, and blotted with 
indicated antibodies. B) R1/DTX cells were allowed to grow for 24h, and then infected with 
either EV or shSrc. Cells were allowed to grow for an additional 48h post-infection (medium 
changed 24h post-infection), then treated with either vehicle (DMSO) or 10µM SU6656 for 2h 
before lysis and IP with anti-TUBB3. 



 

 

43 

ClustalOmega alignment software via European Bioinformatics Institute (EBI) website 

(http://www.ebi.ac.uk/Tools/msa/clustalo/).  

3D molecular modeling: Each putative phosphorylation site was mapped using publicly 

available PyMol 1.5 software, and a previously studied (100) 3D crystal structure of 

bovine tubulin (TUBA1/TUBB2) heterodimer (PDB:1JFF). 

Phosphorylation of TUBB3 by constitutively active Src kinase: COS1 cells were plated in 

6-well plates and allowed to grow overnight. Cells were then co-transfected with GFP-

TUBB3 plasmids and SrcY527F as indicated. Cells were allowed to grow for additional 

48h post-transfection, then lysed with RIPA+inhibitors and subjected to IP using Rabbit 

anti-GFP antibody. IP and TCL lysates were resolved with SDS-PAGE, and blotted with 

indicated antibodies.  

Determination of TUBB3 phosphorylation site: COS1 cells were plated in 6-well plates 

and allowed to grow overnight. Cells were then co-transfected with GFP-TUBB3 

plasmids (wildtype and Y->F site mutants) and SrcY527F as indicated. Cells were 

allowed to grow for additional 48h post-transfection, then lysed with RIPA+inhibitors 

and subjected to IP using Rabbit anti-GFP antibody. IP and TCL samples were resolved 

with SDS-PAGE, and blotted with indicated antibodies. We quantified band intensities 

using publically available ImageJ software (http://imagej.nih.gov/ij/). TUBB3 pY signal 

was normalized against GFP-TUBB3 pulldown, and wildtype GFP-TUBB3 + SrcY527F 

(positive control) was set to 1. 

Localization of exogenous TUBB3 or TUBB3 mutants in COS-1 cells: 24 hours after 

plating, COS-1 cells were transfected with untagged TUBB3 or untagged TUBB3 site 

mutants as indicated. 48 hours post-transfection, cells were fixed with 3.7% PFA and 
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stained as described in section 2.5. Following staining, images were taken on a Nikon 

TE-2000 inverted microscope (EPI-fluorescence images) using NIS Elements software, 

or on a Zeiss LSM 510, using Zeiss LSM Image Acquisition controls. 

3.3.2 Results and Discussion 

 3.3.2.1 Putative tyrosine phosphorylation sites 

 Based on the reduction of TUBB3 total pY signal following SU treatment, we set 

out to further corroborate the possibility of Src-mediated modulation of TUBB3 tyrosine 

phosphorylation, and to characterize a Src-specific tyrosine phosphorylation site. To 

determine putative TUBB3 tyrosine phosphorylation sites, we first used NetPhos 2.0 

phosphorylation prediction software to analyze TUBB3 protein sequence (Accession 

Number: Q13509). Prediction software analysis yielded seven (7) putative 

phosphorylation sites. We then used publicly available ClustalOmega web server to align 

TUBB3 sequences from various species, and also to align human TUBB isoform 

sequences for comparison. We found that 5 of the putative sites (Y50/51, Y59, Y222, 

Y281, and Y340) were highly conserved among species and also throughout all TUBB 

isoforms. Interestingly, 2 C-terminal tyrosine residues (Y425 and Y437) were present 

only in cancer-related isoforms. Tyrosine 425 is present in both TUBB3 and TUBB4, and 

tyrosine 437 is TUBB3-specific. We initially surmised that Y425 and Y437 were more 

likely sites of Src-mediated phosphorylation, given their location at TUBB3 c-terminus, 

and the fact it is only present in cancer-associated TUBB isoforms (Y425 is present in 

only TUBB3/TUBB4).  

 Several putative tyrosine phosphorylation sites reside at loci of very high interest. 

Tyrosine 50/51 is two tandem tyrosines exposed at the surface of the TUBA/TUBB 
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dimer. Tyrosine 222 (Fig.12, C/D) is of particular interest, as it resides directly over the 

GDP-binding pocket of TUBB. It is widely known that incorporation of tubulin dimers 

into microtubules triggers GTPase activity of TUBB, thus the majority of a microtubule 

polymer consists of GDP-tubulin, with GTP-tubulin at the growing plus end (124). It is 

plausible that Y222 could alter microtubule dynamic instability, or TUBA/TUBB dimer 

incorporation into microtubules, via altered GDP binding. Tyrosine 281 could also be an 

important site of TUBB regulation, given that it resides in the unique TUBB microtubule 

loop (or M-loop) structure. The M-loop is part of the taxol-binding site of TUBB, thus 

altered charge of the M-loop could affect taxol binding to TUBB. It has been proposed 

that taxane-mediated stabilization of microtubules is due to a conformational change in 

the M-loop structure, which causes tightening of lateral contacts among microtubule 

protofilaments (124). Interestingly, sequence analysis of TUBB1 in epothilone-resistant 

lung cancer cells revealed a unique mutation at the M-loop, specifically at Q292 (125). 

As mentioned above, Y425 and Y437 are unique given their proximity to the TUBB c-

terminus and their presence only in disease-associated TUBB isoforms (TUBB3/TUBB4 

for Y425, and ONLY TUBB3 for Y437). Many further studies are needed, however, to 

determine 1) which sites are most critical for regulation of TUBB, 2) isotype-selectivity 

of site-specific tyrosine phosphorylation, and 3) role of these site-specific 

phosphorylation events in normal cellular physiology and disease. 

 As a second method of in silico analysis, we examined a published 3D structure 

of bovine alpha/beta heterodimer (PDB: 1JFF) to assess whether each tyrosine residue is 

exposed at the surface of the protein. We found that all tyrosine residues are exposed at 

the surface of dimerized TUBB protein. See Figs. 12 and 13 for 3D structures of putative 
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TUBB3 phosphorylation sites. Figure 12 is a pair of maps for all highly conserved sites: 

Y50/51, Y222,Y281, and Y340.  

 

 

Figure 12. 3D Molecular modeling of conserved putative TUBB3 tyrosine 
phosphorylation sites. Molecular models constructed using Mac PyMol 1.5 modeling 
software. Red- α-tubulin, Blue- β-tubulin. Each model is presented as a ball-and-stick 
model (left), and as a surface map (right). A/B) TUBB3 Y50/51 C/D) TUBB3 Y222  

A B 

C D 

E F 

G H 
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Figure 13 is a pair of maps for Y425, only present in TUBB3 and TUBB4. Unfortunately, 

there are no published 3D structures of human TUBB3, thus tyrosine 437 is not present in 

the published dimer structure. We concluded it would be exposed at the surface based on 

the location of Y425, however, and the fact that TUBB c-termini are exposed on the outer 

surface of microtubules (86). 

 

 3.3.2.2 Identification of Src-specific TUBB3 tyrosine phosphorylation site 

 We co-expressed wild-type GFP-TUBB3 with empty vector, constitutively active 

Src (Y527F), or kinase dead Src (K295M), and allowed cells to grow for 48h. Cell lysates 

were then collected and subjected to IP with Rabbit anti-GFP antibody. We observed a 

robust pY signal for GFP-TUBB3 when co-expressed with active Src, and this 

phosphorylation was significantly decreased when cells expressed kinase-dead Src 

K295M (Fig. 14). From these data, we conclude that active c-Src can phosphorylate 

TUBB3. To date, no specific tyrosine residues have been mapped as TUBB  

 

Figure 13. 3D Molecular modeling of TUBB3/TUBB4-specific putative TUBB3 tyrosine 
phosphorylation site. Molecular models constructed using Mac PyMol 1.5 modeling software. 
Y425 is shown in orange. Red- α-tubulin, Blue- β-tubulin. Model is presented as a ball-and-stick 
model (left), and as a surface map (right).  



 

 

48 

 

phosphorylation sites (86,95). We used PCR-based site-directed mutagenesis to make 

individual GFP-TUBB3 YF mutants. We then co-expressed SrcY527F with GFP-

TUBB3 alone, GFP-TUBB3 + SU6656 (as negative control), or one of the indicated site 

mutants. We found that 2 sites (Y222, and Y340) significantly reduced TUBB3 total pY 

signal when mutated to phenylalanine (Fig. 15). After our IP experiments, we examined 

the subcellular localization of untagged TUBB3 or indicated mutants (Fig. 16). We found 

that wild-type TUBB3 localized mainly into the microtubule network when 

overexpressed in COS-1 cells, as did Y222F mutant. Y340F mutant showed a drastically 

different localization pattern, with predominantly punctate nuclear staining and 

perinuclear accumulation in a region, which we postulated to be the centrosome. 

Figure 14. Active Src kinase can phosphorylate TUBB3 in vitro. COS-1 cells were 
transiently co-transfected with GFP-TUBB3 and either Empty Vector, constitutively 
active Src kinase (Y527F), or kinase dead Src kinase (K295M). Lysates were then 
subjected to IP with anti-GFP antibody, and blotted along with TCL with indicated 
antibodies.  
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Phosphomimetic Y340D mutant rescued compromised microtubule localization of 

untagged TUBB3.  Through mutagenesis and structural studies, we concluded that Y340 

is the primary tyrosine affected by Src kinase, despite the lack of a canonical Src 

consensus sequence. Microscopy experiments also revealed that Y340F mutant localized 

to punctae inside the cell nucleus, and also aggregated at the centrosome of interphase 

cells (Fig 16). This was quite unexpected, even though non-microtubule function of 

TUBB3 as a sub-cellular survival factor has been suggested previously (81). Given that 

exogenous Y340F mutant localized into the nucleus, we were unsurprised when SU6656 

treatment suppressed interphase microtubule dynamics of exogenous TUBB3 in COS-1 

cells (Fig. 17A), and stimulated nuclear translocation of endogenous TUBB3 (Fig. 17B) 

in R1/DTX cells. Nuclear action of TUBB3 (or beta-tubulins in general) is an almost 

completely unexplored phenomenon, thus further studies will be needed in the future to 

determine the functional and/or diagnostic significance of TUBB3 nuclear translocation 

in cancer cells.  
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Figure 15. Identification of TUBB3 Phosphorylation Site. Cos-1 cells were 
transiently co-transfected with SrcY527F and GFP-TUBB3 (WT or Y-F mutant as 
indicated). Lysates were collected 48 hours post-transfection, and subjected to 
Immunoprecipitation with anti-GFP antibody, and blotted along with TCL for 
indicated antibodies. Y222F and Y340F mutants significantly reduced total tyrosine 
phosphorylation of TUBB3 in the presence of active Src kinase. 
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Figure 16. Localization of exogenous WT TUBB3 or TUBB3 mutants. COS-1 Cells were 
plated onto glass coverslips and transiently transfected with indicated untagged constructs 24h 
post-plating. Cells were then allowed to grow for 48h post-transfection, fixed with 3.7% para-
formaldehyde (PFA), and stained using mouse anti-TUBB3 (TUJ1, Green) and DAPI (Blue). 
Image magnification for all is 60x. Scale bar represents 14 micrometers. 
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 To further assess the possibility of Y340 being a TUBB3 phosphorylation site, we 

used publicly available ClustalOmega web server to align TUBB3 sequences from 

various species (Fig. 18A, upper), and also to align human TUBB isoform sequences for 

comparison (Fig. 18A, lower). Tyrosine 340 is conserved among species, and among 

almost all isoforms. Interestingly, residue 340 is a cysteine in the ubiquitously expressed 

TUBB1 isoform. See Appendix 3 for full ClustalOmega sequence alignment. We 

conducted further in silico analysis for Y340, as we examined the published 3D structure 

of bovine alpha/beta heterodimer (PDB: 1JFF) to assess whether Y340 is exposed at the 

surface of the protein. We found that this residue is in fact exposed at the surface of the 

protein (Fig. 12 G/H, Green). Also, it is known that TUBB c-terminus is exposed at the 

outer surface of microtubules. We concluded from these data that TUBB3 is expressed 

and tyrosine phosphorylated.  Y340 is exposed at the surface of both free dimer, and 

microtubule polymer. Taken together, our IP, IF, and in silico analyses indicate that Y340 

is a major site of Src-mediated TUBB3 phosphorylation. 
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Figure 17.  Src inhibtion stimulates TUBB3 nuclear localization.  A. COS-1 cells were 
plated onto glass coverslips and allowed to grow for 24h. Cells were then transiently 
transfected with untagged wild-type TUBB3, and incubated for 48h. On the day of staining, 
cells were pre-treated for 2h with SU6656, fixed with 3.7%PFA, and then stained with anti-
TUBB3 (TUJ1) and DAPI.  B. R1/DTX cells were treated with SU6656 for 2h, then subjected 
to subcellular fractionation using Pierce NE-PER nuclear/cytoplasmic extraction kit. Lysate 
fractions were then resolved by SDS-PAGE and blotted for indicated antibodies. 

Figure 18. In silico analysis of Y340. A. Multiple-sequence alignment of upper, TUBB3 
protein among species, and lower, Human TUBB isoforms. Residue 340 is a cysteine in the 
ubiquitously expressed TUBB1, but is a conserved tyrosine in all other TUBB isoforms. B. 3D 
molecular model constructed using Mac PyMol 1.5 modeling software. Red- α-tubulin, Blue- β-
tubulin, Yellow- TUBB c-terminus, Green- Tyrosine 340.  
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Chapter 4: Effect of Src modulation on endogenous TUBB3 Y340 

phosphorylation2 

4.1 Introduction 

 As outlined in section 1.3, aberrant Src signaling is implicated in aggression and 

progression of a wide spectrum of solid malignancies. Following our characterization of 

Y340 as a primary site of TUBB3 tyrosine phosphorylation, we then developed a Rabbit 

phospho-specific anti-serum pTUBB3-Y340 capable of detecting an increase in GFP-

Y340 phosphorylation induced by SrcY527F (hereafter termed anti-pTUBB3 or anti-

pY340).  

 Previous studies in our laboratory have highlighted the importance of growth 

factors in enhancing proliferation/survival of advanced PCa cells via Src activation 

(32,35). We therefore set out to analyze changes in TUBB3 pY340 signal in response to 

mitogenic Src stimuli (such as FBS, or specifically EGF). Using our pTUBB3 antibody, 

we also examined the effect of gradually increasing concentrations of DTX treatment on 

Src activation and downstream pTUBB3.  

4.2 Src kinase phosphorylates endogenous TUBB3 in advanced PCa cell 

lines 

4.2.1 Procedure 

TUBB3 pY340 antibody specificity: COS-1 cells were transiently transfected with GFP-

                                                
2 Chapters 3, 4, and 5: Alfano A, Xu J, Deshmukh D, Chen H, Qiu Y. Regulation of Class III β-Tubulin by 
Src-Mediated Tyrosine Phosphorylation. In preparation fors submission to J. Biol Chem, 2015 
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TUBB3, GFP-Y222F, or GFP-Y340F, in the presence or absence of constitutively active 

Src. Lysates were collected 48 hours post-transfection, and subjected to IP with anti-GFP 

antibody. IP lysate and total cell lysate were blotted with indicated antibodies.   

Reciprocal IP of TUBB3 and pTUBB3 in PCa cell lines: DU145 and PC3 cells were 

serum starved for 24h before lysis. Lysates were then split into equal aliquots, subjected 

to reciprocal IP with mouse anti-TUBB3 (TUJ1) or rabbit anti-pTUBB3-Y340, then 

blotted along with TCL for indicated antibodies. 

Effect of EGF stimulation on TUBB3 Y340 phosphorylation: CWR-R1 CRPC cells were 

serum-starved 24 hours, and then treated for indicated times with 50ng/mL EGF. The 

maximum pY340 phospho-signal was observed at 10’, but was then blocked by 

simultaneous treatment with SU6656. 

Effect of DTX treatment on TUBB3 Y340 phosphorylation: DU145 cells were treated for 

24 hours with indicated concentrations of docetaxel (DTX), lysed, and subjected to 

western blotting with indicated antibodies. 

4.2.2 Results and Discussion 

 GFP-Y340F mutant effectively abrogated pY340 readout when co-expressed with 

active Src, confirming specificity of our antibody for subsequent experiments (Fig. 19).  

We then set out to examine the effect of Src stimulation or inhibition on endogenous 

TUBB3 Y340 phosphorylation. Using reciprocal IP, Src deactivation by 24h serum 

starvation was sufficient to reduce Y340 phosphorylation in both DU145 and PC3 cell 

lines (Fig. 20). Interestingly, we noted a significant difference in TUBB3 and Src protein 

expression levels in several PCa cell lines.  
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Figure 19. Specificity of anti-TUBB3-pY340 antibody. COS-1 cells were transiently 
transfected with GFP-TUBB3, GFP-Y222F, or GFP-Y340F, in the presence or absence of 
constitutively active Src. Lysates were collected 48 hours post-transfection, and subjected to 
IP with anti-GFP antibody. IP lysate and total cell lysate were blotted with indicated 
antibodies.  

Figure 20. Reciprocal IP of anti-TUBB3 (TUJ1) and anti-pY340. DU145 and PC3 
cells were either supplemented with fresh medium or serum starved for 24h before lysis. 
Lysates were then split into equal aliquots, subjected to reciprocal IP with mouse anti-
TUBB3 (TUJ1) or rabbit anti-pTUBB3-Y340, then blotted along with TCL for indicated 
antibodies.  

 DU145    PC3 
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 Given that there is a wide variety of signaling molecules in serum that could 

directly or indirectly stimulate Src activation, we next set out to examine the effect of a 

more specific stimulus. In previous studies, we have found that EGF treatment enhances 

Src activation, and directly enhances proliferation and survival of advanced CRPC cell 

lines (35). As expected, we found that treatment with 50ng/mL EGF was sufficient to 

induce Y340 phosphorylation at 10-minute time point (Fig. 21, Lane 2), and this 

phosphorylation at 10 minutes was strongly inhibited by simultaneous treatment with 

SU6656 (Fig. 21, Lane 6).  

 

 

 

Figure 21. EGF induction TUBB3 Y340 phosphorylation. CWR-R1 CRPC cells were 
serum-starved 24 hours, then treated for indicated times with 50ng/mL Epidermal Growth 
Factor (EGF). The maximum pY340 phospho-signal is observed at 10’ (Lane 2), but is then 
blocked by treatment with SU6656 (Lane 6). 
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Finally, we investigated the effect of docetaxel treatment on TUBB3 pY340 signal. 

Interestingly, we found that DTX treatment was sufficient to enhance TUBB3 pY340, 

and this phosphorylation increased with increasing dose of DTX (Fig. 22). Based on 

previous experiments (see Chapter 3), we purified a site-specific pTUBB3 antibody, 

specific to tyrosine 340. After confirming antibody specificity, we examined the effect of 

Src signaling on pY340 status. We found that serum starvation for 24 hours was 

sufficient to significantly decrease pY340 signal. Furthermore, we report for the first time 

that EGF-mediated activation of Src kinase can enhance TUBB3 tyrosine 

phosphorylation at Y340. This is a reasonable result, given that EGF is a positive 

regulator of cell survival, and Src activation is widely known to directly enhance cell 

survival. We also found a dose-dependent increase in Src-activation, TUBB3 pY340 

status, and TUBB3 expression upon treatment of highly aggressive DU145 cells with 

increasing amounts of DTX. These findings lead to the conclusion that Src inhibition 

could possibly be a prognostic indicator in specified clinical cases where TUBB3 pY340 

is high. Further pre-clinical and clinical studies will be necessary to examine any 

correlation of TUBB3 Y340 phosphorylation with disease progression, disease 

recurrence, and/or drug response.  
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Figure 22. Effect of DTX treatment on TUBB3 Y340 phosphorylation. DU145 cells were 
treated for 24 hours with indicated concentrations of docetaxel (DTX), lysed, and subjected to 
western blotting with indicated antibodies. 
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Chapter 5: Role of TUBB3 Y340 phosphorylation in modulation of 

TUBB3 protein function3 

5.1 Introduction 

 Regulation of TUBB3 expression by proteasome degradation has been previously 

reported (91,111). We surmised from previous observations that TUBB3 Y340 

phosphorylation may regulate TUBB3 protein stability. To test this hypothesis, we first 

examined whether or not proteasome inhibition (with MG132) could effectively rescue 

GFP-Y340F expression to similar level as untreated wildtype GFP-TUBB3. We then 

measured the half-life of exogenous GFP-TUBB3 (or mutant) in COS-1 cells by 

cycloheximide time course, or similarly measured half-life of endogenous TUBB3 in the 

presence or absence of SU6656. Given the known roles of TUBB3 in tumorigenesis and 

drug resistance, any mechanism of TUBB3 stabilization could theoretically enhance the 

aggressive behavior of advanced cancer cells, in PCa and other solid malignancies as 

well. 

 Several previous studies (in lung cancer [NSCLC specifically], breast cancer, and 

CRPC) have revealed that SFKs have an essential role in both interphase and mitotic 

CRPC cells, but the precise molecular mechanisms of Src signaling in mitotis remain 

elusive. In advanced PCa cell lines, it has recently been reported that c-Src specifically 

regulates mitotic spindle polarity and proper chromosome orientation at the metaphase 

plate (79). Additionally, phosphorylation of beta-tubulin at S172 by CDK1 regulates 

mitotic microtubule dynamics (126). Thus, we also set out to examine the effect of 

                                                
3 Chapters 3, 4, and 5: Alfano A, Xu J, Deshmukh D, Chen H, Qiu Y. Regulation of Class III β-Tubulin by 
Src-Mediated Tyrosine Phosphorylation. In preparation fors submission to J. Biol Chem, 2015 
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TUBB3 Y->F mutation on mitotic spindles, and the effect of Src inhibition with SU6656 

on endogenous TUBB3 and mitotic spindles. 

5.2 TUBB3 Y340 phosphorylation regulates protein stability 

5.2.1 Procedure 

Effect of proteasome inhibition on TUBB3 expression: We first set out to examine 

whether or not MG132 could rescue GFP-Y340F expression to comparable levels with 

vehicle-treated GFP-TUBB3. MG132 did, in fact, rescue GFP-Y340F to comparable 

level with vehicle-treated GFP-TUBB3. This is consistent with previous reports that 

TUBB3 is regulated by proteasomal degradation. 

Exogenous and Endogenous TUBB3 half-life analysis by CHX time course: Given that 

TUBB3Y340F expression could be rescued by MG132 treatment, we next examined half-

life of exogenous GFP-Y340 compared to GFP-TUBB3 in COS-1 cells using CHX time-

course experiments. We then measured the effect of Src inhibition (with SU6656) on 

half-life of endogenous TUBB3 in advanced CRPC cell lines.  

Rescue of untagged Y340F mutant by proteasomal inhibition: HEK-293T cells were 

transiently transfected with untagged human TUBB3 constructs (EV, Wild-type, Y340D, 

Y340F), and allowed to grow for 48h post transfection. Lysates were then collected and 

resolved by SDS-PAGE, then blotted to examine TUBB3 expression at 55kD 

5.2.2 Results and Discussion  

 We first found that, consistent with previous literature, that TUBB3 is at least 

partially regulated by proteasomal degradation. Indeed, the decreased expression of GFP-

Y340F could be rescued to detectable levels by treatment with 8h MG132 treatment (Fig. 

23). We subsequently found that half-life of GFP-Y340F protein was significantly 
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decreased when compared to GFP-WT (Fig. 24). GFP-WT half-life was found to be 

>8hr, while calculated GFP-Y340F half life was ~3hr. Previous experiments confirmed 

that SU6656 inhibitor could strongly inhibit phosphorylation at Y340 (Fig 21).  

 

  

 

Figure 23. TUBB3 is regulated by proteasomal degradation. COS-1 cells were transiently 
transfected with Empty Vector, GFP-TUBB3, or GFP-Y340F. Cells were allowed to grow for 
48 hours post-transfection, then treated with either vehicle (DMSO) or proteasome inhibitor 
MG132. Lysates were collected, resolved by SDS-PAGE, and blotted with indicated antibodies.  
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Figure 24. Half-life of exogenous GFP-TUBB3 and GFP-Y340F. Upper, COS-1 cells were 
transiently transfected 24h post-plating with either GFP-TUBB3 or GFP-Y340F, and incubated for 
48 hours post-transfection. At 48h post transfection, cells were treated with cycloheximide (CHX) 
for indicated times. Lysates were collected, resolved by SDS-PAGE, and blotted with indicated 
antibodies. Lower, Quantification by densitometry of TUBB3/alpha-tubulin ratio for upper panel  
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 Based on the calculated half-life of GFP-TUBB3 vs. GFP-Y340F, we chose time 

points of 0, 3, and 6 hours to examine the effect of CHX on vehicle- or SU-treated PCa 

cells. Indeed, half-life of endogenous TUBB3 is dramatically reduced following 2h pre-

treatment with Src inhibitor, and protein expression was rescued by MG132 treatment 

despite decreased pY340 signal (Fig. 25). Finally, transient transfection of 293T cells 

with untagged human TUBB3 constructs revealed that TUBB3 Y340F expression could 

be rescued by MG132 treatment (Fig. 26, Lane 6). Our experiments indicate that half-life 

of wild-type GFP-TUBB3 is >24hrs, consistent with previous reports. TUBB3 Y340F 

mutation reduces GFP-TUBB3 half-life to <8hrs. Untagged Y340F mutant expression 

was rescued through MG132 treatment to stabilize protein (Fig 26). From these data, we 

conclude that TUBB3 Y340 phosphorylation can be modulated by Src kinase activation 

or inhibition, and that this phosphorylation at Y340 stabilizes TUBB3 protein. These 

recent results suggest that Src-mediated phosphorylation of TUBB3 could allow it to 

persist in settings where it could be used by advanced cancer cells to facilitate cell 

survival (i.e. EGF-stimulated or docetaxel-treated conditions), or enhance mitotic fidelity. 

Given that TUBB3 is specifically up-regulated in M-phase (111), further studies of cell-

cycle-specific Src-mediated TUBB3 tyrosine phosphorylation could shed light on the 

precise spatiotemporal role of this PTM. Interestingly, previous studies have examined 

modulation of protein stability via phosphorylation. Interestingly, it was reported that 

Paxillin modulates drug sensitivity of NSCLC cells through protein stability, via 

modulation of site-specific ERK-mediated phosphorylation of Bcl2-interacting mediator 

of cell death (BIM) and Mcl-1 (127). Also, breast cancer studies showed that PCNA 

activity is controlled by EGFR-mediated tyrosine phosphorylation at Y211 (128). 
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Figure 25. Src inhibition decreases endogenous TUBB3 protein stability. Upper, 
R1/DTX cells were pretreated for 2h with either vehicle or SU6656, then treated with CHX, 
or combined CHX/MG132 for indicated time points. Lysates were resolved by SDS-PAGE, 
and blotted with indicated antibodies. Lower, Quantification by densitometry of 
TUBB3/alpha-tubulin ratio for upper panel.    
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5.3 Disruption of TUBB3 Y340 phosphorylation alters mitotic spindle 

stability and chromosome orientation in metaphase 

5.3.1 Procedure 

Analysis of TUBB3 in Mitotic Cells by IF staining and fluorescent microscopy : COS-1 

cells were transiently transfected 24h post-plating with indicated plasmids (TUBB3, Y340F, 

Y340D). Cells were allowed to grow for an additional 48h on glass coverslips before collection, 

fixation, and co-stain with mouse monoclonal anti-TUBB3 (green), rabbit anti-pericentrin (red), 

and DAPI (blue, for DNA). Images were taken using Nikon TE-2000 invrerted microscope, and 

Zeiss LSM510 Laser Scan Confocal Microscope. Quantification reflects at least three 

independent experimental repeats. 

 

 

Figure 26. MG132 treatment rescues expression of untagged TUBB3 Y340F mutant. 
HEK-293T cells were transiently transfected with untagged human TUBB3 constructs 
(EV, Wild-type, Y340D, Y340F), and allowed to grow for 48h post transfection. Lysates 
were then collected and resolved by SDS-PAGE, then blotted with indicated antibodies. 
Lanes 1-4 were cultured in normal medium (DMEM+10%FBS), Lane 5 is Y340F 
+DMSO, Lane 6 is untagged human Y340F +MG132  
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5.3.2 Results and Discussion 

 Consistent with previous reports, we found that exogenous TUBB3 localizes 

preferentially into mitotic spindles during mitosis (Fig. 27, panel A), as did the 

phosphomimetic Y340D mutant (Fig.27, panel C). We observed, however, that TUBB3-

Y340F (shown in interphase cell in Fig. 5A, panel B) was unable to incorporate into 

mitotic spindles. Quantification of intact TUBB3-positive mitotic spindles (Fig. 28) 

revealed a significant loss in Y340F-expressing cells, and a concomitant rescue of 

activity in Y340D-expressing cells. 

 

 

 

 

Figure 27. Disruption of TUBB3 Y340 phosphorylation alters mitotic spindle structure. 
COS-1 cells were transiently transfected 24h post-plating with indicated plasmids (TUBB3, 
Y340F, Y340D). Cells were allowed to grow for an additional 48h on glass coverslips before 
collection, fixation, and co-stain with mouse monoclonal anti-TUBB3 (green), rabbit anti-
pericentrin (red), and DAPI (blue, for DNA). Images were taken using a Zeiss LSM510 Laser 
Scan Confocal Microscope. 
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Figure 28. Quantification of Intact TUBB3(+) mitotic spindles (Related to figure 27). 
Quantification of cell count from 3 independent repeats of Expt in Fig. 27. All cell counts were 
conducted by visual inspection. At least 100 total cells were counted for each condition, and the 
experiment was repeated in triplicate. 
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 In highly aggressive DU145 cells, and taxane-resistant R1/DTX cells, we also 

observed a sharp decrease in the number of intact bipolar TUBB3 (+) spindles following 

SU treatment (Fig. 29). Quantification by cell count (Fig. 30) revealed a significant 

reduction in visibly intact TUBB3(+) mitotic spindles in both cell lines. Taken together 

these data indicate that TUBB3 phosphorylation, at tyrosine 340, stabilizes TUBB3 

protein and also facilitates TUBB3-mediated stabilization of mitotic spindles in dividing 

cells. 

 Suppression of microtubule dynamics, or mitotic slippage, is a major mechanism 

of taxane-mediated cell death. Not surprisingly, altered mitotic spindle dynamics is an 

emerging observed motif in advanced cancer cells. It been previously reported that Src is 

a direct regulator of mitotic spindles (79). It is also known that TUBB3 is a critical 

component of mitotic spindle microtubules (both astral and kinetochore microtubules) in 

mammalian cells (87), and that removal of TUBB3 from the total tubulin pool 

significantly increases in vitro microtubule assembly. Recently, Ertych et al. 

demonstrated that increased spindle microtubule assembly directly contributes to 

chromosomal instability and in vivo tumor progression in colorectal cancer cells (129). 

Unsurprisingly, SU-treated mitotic cells show complete abrogation of proper metaphase 

plate structure and chromosome orientation (Fig. 29, e-h/m-p) Despite these 

advancements in our knowledge of Src and TUBB3 in mitosis, very little has been 

characterized regarding their possible interplay in regulating mitotic spindle dynamics. 

Through this study, we have demonstrated that SU treatment of advanced PCa cell lines 

dramatically inhibited mitotic spindle dynamics, and resulted in disorganized 

chromosome distribution and compromise of mitotic spindle architecture (Figs. 27-30). 
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Future studies will be necessary to compare the physiological effects of Dasatinib+DTX 

on tumors with high pY340 status versus those with low pY340 phosphorylation. We 

hypothesize that those tumors with high pY340 signal will respond more pronouncedly to 

Dasatinib+DTX combination treatment.  
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Figure 29. Src inhibition alters endogenous mitotic spindle structure and chromosome 
orientation. DU145 cells (a-h) OR docetaxel-resistant R1/DTX cells (i-p) were grown on 
glass coverslips for 48h, then treated for 2 hours with either DMSO (a-d, i-l) or Src-inhibitor 
SU6656 (e-h, m-p). Cells were then co-stained with mouse anti-alpha-tubulin (red), rabbit 
anti-TUBB3 (green), and DAPI (blue). Scale bar represents 4.5 micrometers. 
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Figure 30. Quantification of Intact TUBB3(+) mitotic spindles (Related to Fig. 29) Slides from Fig. 
29 were then quantified by cell counting for intact, bipolar, TUBB3-positive mitotic spindles. At least 
100 total cells were counted for each experimental repeat, and experiment was repeated at least three 
independent times. 
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Chapter 6: Final Discussion and Future Directions 

 We have shown here that TUBB3 expression is significantly increased during 

PCa progression using isogenic cell lines. Firstly, TUBB3 expression is increased in 

castration-resistant C4-2B cells compared to isogenic parental LNCaP cells. Secondly, 

we found that TUBB3 is increased in 10nM DTX-resistant R1/DTX cells compared to 

isogenic parental CWR-R1 cells. These findings support previous studies that have 

suggested TUBB3 to have a key role in transition to castration resistance, and also a key 

role in further transition to taxane resistance. The molecular mechanisms by which 

TUBB3 mediates these transitions are not well characterized, thus warranting further 

studies. Furthermore, we report here for the first time that TUBB3 is phosphorylated at 

tyrosine by active Src kinase in advanced prostate cancer cells, specifically at tyrosine 

340 (Y340). Furthermore, we have found that this Y340 phosphorylation is dramatically 

decreased upon Src inhibition with chemical inhibitors such as SU6656, or concomitantly 

increased following Src activation with mitogenic media (i.e. media supplemented with 

FBS). We were unsurprised that Y340 phosphorylation is markedly increased by EGF, 

given the widely reported role of EGF in persistence and aggression of advanced PCa. 

Functionally, we found that phosphorylation at Y340 significantly reduces TUBB3 

protein half-life, and has a marked effect on architecture of mitotic spindles. Taken 

together these data indicate that TUBB3 phosphorylation, at tyrosine 340, stabilizes 

TUBB3 protein and also facilitates TUBB3-mediated stabilization of mitotic spindles in 

dividing cells. Our findings are summarized visually in figure 31. 

 Though we found Y340 to be a major site of SFK-mediated phosphorylation, 

several other residues undoubtedly warrant further study based on their location in 
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TUBB3 protein. These include Y222 (located directly over the GDP-binding pocket), 

Y281 (located in the critical TUBB M-loop), Y425 (specific for TUBB3 and TUBB4), 

and Y437 (TUBB3 specific, and located in a highly acidic region). Comprehensive 

studies are required to further characterize the role of each site in regulation of TUBB3 

activity, localization, and binding partners. It is also critical to characterize the interplay 

of TUBB3 phosphorylation sites with other TUBB modifications (such as acetylation, 

methylation, de-tyrosination, and Serine/Threonine phosphorylation)  

 Current treatments involving DTX and/or Src-inhibitors produce a number of 

deleterious side effects in patients. Thus, we must continue searching for safer and more 

specific chemotherapeutic options for advanced cancer. Elucidating molecular 

mechanisms of TUBB3 regulation could lead to improvement of existing microtubule-

targeted therapies, or also to the development of specific TUBB3-targeted therapies. 

Given that 1) TUBB3 expression and 2) dysfunction of SFKs both are associated with 

poor outcome in a variety of solid cancers, a deeper understanding of the interplay 

between SFKs and β-tubulin in advanced prostate cancer could also improve clinical 

treatment of other solid cancers, including breast cancer and NSCLC. Furthermore, it is 

plausible that phosphorylation status of TUBB3 could be a predictive biomarker of 

prognosis or drug response. This could be especially applicable in prostate cancer. 

Recently, a phase III clinical trial concluded that Dasatinib (Src inhibitor) failed to 

improve patient outcome when combined with Docetaxel/Prednisone in advanced CRPC 

patients. These patients were selected randomly, however, and a number of patients 

responded favorably to Dasatinib+Docetaxel. We believe that these responders could 

possibly have higher levels of TUBB pY340, but further in vivo studies are needed to 
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investigate the utility of phospho-TUBB3-Y340 as a predictive biomarker of drug 

response, or patient outcome. It is also important to note that Dasatinib (Src-inhibitor) 

and taxane compounds have proven to be effective in combination therapy of other 

advanced cancers, such as NSCLC. Thus it is possible that TUBB/Src regulatory 

interaction could conceivably be a single point of therapeutic intervention in the future. 

Further study is needed, however, before these critical clinical challenges can be 

overcome. 
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Figure 31. Model. Upstream stimuli activate Src kinase, resulting in an increase of TUBB3 
phosphorylation at Y340. This increased Y340 phosphorylation results in enhanced TUBB3 stability, 
which leads to mitotic spindle stability, TUBB3-mediated cell survival, and decreased effectiveness of 
DTX treatment. However pharmacological inhibition of Src kinase, such as with SU6656, is able to 
decrease TUBB3 Y340 phosphorylation. This leads to decreased stability of TUBB3, which in-turn 
results in compromised mitotic spindle integrity in dividing cells.  
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Appendices 
 

Appendix I: TUBB3 site mutagenesis primers 
 
  

ATCAGCGTATTCTTCAATGAGGCCTCC 
A3:Y50/51F-F 

A4:Y50/51F-R GGCCTCATTGAAGAATACGCTGATGCGCTC 
A5:Y340F-F AACAGCAGCTTCTTCGTGGAGTGG 
A6:Y340F-R CTCCACGAAGAAGCTGCTGTTCTTACT 
A11: TUBB3Y437F-F GGCGAGATGTTCGAAGACGAC 
A12: TUBB3Y437F-R GTCGTCTTCGAACATCTCGCCCTC 
A13: TUBB3Y425F-F TACCAGCAGTTCCAGGACGCC 
A14: TUBB3Y425F-R GGCGTCCTGGAACTGCTGGTACTC 
A15: TUBB3Y281F-F AGCCAGCAGTTCCGGGCCCTG 
A16: TUBB3Y281F-R CAGGGCCCGGAACTGCTGGCTGCC 
A17: TUBB3Y59F-F TCTCACAAGTTCGTGCCTCGA 
A18: TUBB3Y59F-R TCGAGGCACGAACTTGTGAGAAGA 
A19: TUBB3Y222F-F ACGCCCACCTTCGGGGACCTC 
A20: TUBB3Y222F-R GAGGTCCCCGAAGGTGGGCGTGGC 
A21: TUBB3Y422F-F GTGTCCGAGTTCCAGCAGTAC 
A22: TUBB3Y422F-R GTACTGCTGGAACTCGGACACCAG 
A23: TUBB3Y340D-F AACAGCAGCGACTTCGTGGAG 
A24: TUBB3Y340D-R CTCCACGAAGTCGCTGCTGTTCTT 
A25: TUBB3Y340wT-
F 

AACAGCAGCTACTTCGTGGAG 

A26: TUBB3Y340wT-
R 

CTCCACGAAGTAGCTGCTGTTCTT 

A27: TUBB3Y222D-F ACGCCCACCGACGGGGACCTC 
A28: TUBB3Y222D-R GAGGTCCCCGTCGGTGGGCGTGGC 
A29: TUBB3Y281D-F AGCCAGCAGGACCGGGCCCTG 
A30: TUBB3Y281D-R CAGGGCCCGGTCCTGCTGGCTGCC 
 
*A25/A26 were primers used to mutate untagged Y340F mutant back to wildtype. 
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Appendix II: TUBB3 mutant plasmid list 
 
Lenti-hTUBB3 1007/lenti 
Lenti-hTUBB3-Y222F 1007/lenti 
Lenti-hTUBB3-Y425F 1007,lenti 
GFP-hTUBB3 140 - pEGFP-C2 
eGFP-hTUBB3-Y50/51F 140 
eGFP-hTUBB3-Y340F 140 
eGFP-hTUBB3-Y425F 140 
eGFP-hTUBB3-Y437F 140 
 eGFP-hTUBB3-Y59F 140 
eGFP-hTUBB3-Y222F 140 
Lenti-hTUBB3-Y425D 1007/lenti 
Lenti-hTUBB3-Y437F 1007/lenti 
Lenti-hTUBB3-Y281F 1007/lenti 
eGFP-hTUBB3-Y281F 140 
eGFP-hTUBB3-Y422F 140 
Lenti-hTUBB3-Y422F 1007/lenti 
PCDNA-hTUBB3-Y422F pCDNA3.1 
eGFP-hTUBB3-Y340D 140 
Lenti-hTUBB3-Y340D 1007/lenti 
PCDNA-hTUBB3-Y340D pCDNA3.1 
Lenti-hTUBB3-Y340F 1007/lenti 
Lenti-hTUBB3-Y425F 1007/lenti 
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Appendix III: Full sequence alignment of TUBB isotypes 
 
CLUSTAL 2.1 multiple sequence alignment 
 

sp|Q9H4B7|TBB1_HUMAN       MREIVHIQIGQCGNQIGAKFWEMIGEEHGIDLAGSDRGASALQLERISVY 50 
sp|Q13885|TBB2A_HUMAN      MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHGDSDLQLERINVY 50 
sp|Q9BVA1|TBB2B_HUMAN      MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGSYHGDSDLQLERINVY 50 
sp|Q13509|TBB3_HUMAN       MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPSGNYVGDSDLQLERISVY 50 
sp|P04350|TBB4A_HUMAN      MREIVHLQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLERINVY 50 
sp|P68371|TBB4B_HUMAN      MREIVHLQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLERINVY 50 
sp|P07437|TBB5_HUMAN       MREIVHIQAGQCGNQIGAKFWEVISDEHGIDPTGTYHGDSDLQLDRISVY 50 
sp|Q9BUF5|TBB6_HUMAN       MREIVHIQAGQCGNQIGTKFWEVISDEHGIDPAGGYVGDSALQLERINVY 50 
sp|Q3ZCM7|TBB8_HUMAN       MREIVLTQIGQCGNQIGAKFWEVISDEHAIDSAGTYHGDSHLQLERINVY 50 
                           *****  * ********:****:*.:**.** :*   * * ***:**.** 
 
sp|Q9H4B7|TBB1_HUMAN      YNEAYGRKYVPRAVLVDLEPGTMDSIRSSKLGALFQPDSFVHGNSGAGNN 100 
sp|Q13885|TBB2A_HUMAN     YNEAAGNKYVPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNN 100 
sp|Q9BVA1|TBB2B_HUMAN     YNEATGNKYVPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNN 100 
sp|Q13509|TBB3_HUMAN      YNEASSHKYVPRAILVDLEPGTMDSVRSGAFGHLFRPDNFIFGQSGAGNN 100 
sp|P04350|TBB4A_HUMAN     YNEATGGNYVPRAVLVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNN 100 
sp|P68371|TBB4B_HUMA      YNEATGGKYVPRAVLVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNN 100 
sp|P07437|TBB5_HUMA       YNEATGGKYVPRAILVDLEPGTMDSVRSGPFGQIFRPDNFVFGQSGAGNN 100 
sp|Q9BUF5|TBB6_HUMAN      YNESSSQKYVPRAALVDLEPGTMDSVRSGPFGQLFRPDNFIFGQTGAGNN 100 
sp|Q3ZCM7|TBB8_HUMAN      YNEASGGRYVPRAVLVDLEPGTMDSVRSGPFGQVFRPDNFIFGQCGAGNN 100 
                          ***: . .***** ***********:**. :* :*:**.*:.*: ***** 
 
sp|Q9H4B7|TBB1_HUMAN      WAKGHYTEGAELIENVLEVVRHESESCDCLQGFQIVHSLGGGTGSGMGTL 150 
sp|Q13885|TBB2A_HUMAN     WAKGHYTEGAELVDSVLDVVRKESESCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|Q9BVA1|TBB2B_HUMAN     WAKGHYTEGAELVDSVLDVVRKESESCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|Q13509|TBB3_HUMAN      WAKGHYTEGAELVDSVLDVVRKECENCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|P04350|TBB4A_HUMAN     WAKGHYTEGAELVDAVLDVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|P68371|TBB4B_HUMAN     WAKGHYTEGAELVDSVLDVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|P07437|TBB5_HUMAN      WAKGHYTEGAELVDSVLDVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|Q9BUF5|TBB6_HUMA       WAKGHYTEGAELVDAVLDVVRKECEHCDCLQGFQLTHSLGGGTGSGMGTL 150 
sp|Q3ZCM7|TBB8_HUMAN      WAKGHYTEGAELMESVMDVVRKEAESCDCLQGFQLTHSLGGGTGSGMGTL 150 
                          ************:: *::***:*.* ********:.************** 
 
sp|Q9H4B7|TBB1_HUMAN      LMNKIREEYPDRIMNSFSVMPSPKVSDTVVEPYNAVLSIHQLIENADACF 200 
sp|Q13885|TBB2A_HUMAN     LISKIREEYPDRIMNTFSVMPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|Q9BVA1|TBB2B_HUMAN     LISKIREEYPDRIMNTFSVMPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|Q13509|TBB3_HUMAN      LISKVREEYPDRIMNTFSVVPSPKVSDTVVEPYNATLSIHQLVENTDETY 200 
sp|P04350|TBB4A_HUMAN     LISKIREEFPDRIMNTFSVVPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|P68371|TBB4B_HUMAN     LISKIREEYPDRIMNTFSVVPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|P07437|TBB5_HUMAN      LISKIREEYPDRIMNTFSVVPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|Q9BUF5|TBB6_HUMAN      LISKIREEFPDRIMNTFSVMPSPKVSDTVVEPYNATLSVHQLVENTDETY 200 
sp|Q3ZCM7|TBB8_HUMAN      LLSKIREEYPDRIINTFSILPSPKVSDTVVEPYNATLSVHQLIENADETF 200 
                          *:.*:***:****:*:**::***************.**:***:**:*  : 
 
sp|Q9H4B7|TBB1_HUMAN      CIDNEALYDICFRTLKLTTPTYGDLNHLVSLTMSGITTSLRFPGQLNADL 250 
sp|Q13885|TBB2A_HUMAN     SIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
sp|Q9BVA1|TBB2B_HUMAN     CIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
sp|Q13509|TBB3_HUMAN      CIDNEALYDICFRTLKLATPTYGDLNHLVSATMSGVTTSLRFPGQLNADL 250 
sp|P04350|TBB4A_HUMAN     CIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
sp|P68371|TBB4B_HUMAN     CIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
sp|P07437|TBB5_HUMAN      CIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
sp|Q9BUF5|TBB6_HUMAN      CIDNEALYDICFRTLKLTTPTYGDLNHLVSATMSGVTTSLRFPGQLNADL 250 
sp|Q3ZCM7|TBB8_HUMAN      CIDNEALYDICSKTLKLPTPTYGDLNHLVSATMSGVTTCLRFPGQLNADL 250 
                          .********** :****.************ ****:**.*********** 
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sp|Q9H4B7|TBB1_HUMAN      RKLAVNMVPFPRLHFFMPGFAPLTAQGSQQYRALSVAELTQQMFDARNTM 300 
sp|Q13885|TBB2A_HUMAN     RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQMFDSKNMM 300 
sp|Q9BVA1|TBB2B_HUMAN     RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQMFDSKNMM 300 
sp|Q13509|TBB3_HUMAN      RKLAVNMVPFPRLHFFMPGFAPLTARGSQQYRALTVPELTQQMFDAKNMM 300 
sp|P04350|TBB4A_HUMAN     RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQMFDAKNMM 300 
sp|P68371|TBB4B_HUMAN     RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQMFDAKNMM 300 
sp|P07437|TBB5_HUMAN      RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQVFDAKNMM 300 
sp|Q9BUF5|TBB6_HUMAN      RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVPELTQQMFDARNMM 300 
sp|Q3ZCM7|TBB8_HUMAN      RKLAVNMVPFPRLHFFMPGFAPLTSRGSQQYRALTVAELTQQMFDAKNMM 300 
                          ************************::********:*.*****:**::* * 
 
sp|Q9H4B7|TBB1_HUMAN      AACDLRRGRYLTVACIFRGKMSTKEVDQQLLSVQTRNSSCFVEWIPNNVK 350 
sp|Q13885|TBB2A_HUMAN     AACDPRHGRYLTVAAIFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVK 350 
sp|Q9BVA1|TBB2B_HUMAN     AACDPRHGRYLTVAAIFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVK 350 
sp|Q13509|TBB3_HUMAN      AACDPRHGRYLTVATVFRGRMSMKEVDEQMLAIQSKNSSYFVEWIPNNVK 350 
sp|P04350|TBB4A_HUMAN     AACDPRHGRYLTVAAVFRGRMSMKEVDEQMLSVQSKNSSYFVEWIPNNVK 350 
sp|P68371|TBB4B_HUMAN     AACDPRHGRYLTVAAVFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVK 350 
sp|P07437|TBB5_HUMAN      AACDPRHGRYLTVAAVFRGRMSMKEVDEQMLNVQNKNSSYFVEWIPNNVK 350 
sp|Q9BUF5|TBB6_HUMAN      AACDPRHGRYLTVATVFRGPMSMKEVDEQMLAIQSKNSSYFVEWIPNNVK 350 
sp|Q3ZCM7|TBB8_HUMAN      AACDPRHGRYLTAAAIFRGRMPMREVDEQMFNIQDKNSSYFADWLPNNVK 350 
                          **** *:*****.* :*** *. :***:*:: :* :*** *.:*:***** 
 
sp|Q9H4B7|TBB1_HUMAN      VAVCDIPPRGLSMAATFIGNNTAIQEIFNRVSEHFSAMFKRKAFVHWYTS 400 
sp|Q13885|TBB2A_HUMAN     TAVCDIPPRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|Q9BVA1|TBB2B_HUMAN     TAVCDIPPRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|Q13509|TBB3_HUMAN      VAVCDIPPRGLKMSSTFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|P04350|TBB4A_HUMAN     TAVCDIPPRGLKMAATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|P68371|TBB4B_HUMAN     TAVCDIPPRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|P07437|TBB5_HUMAN      TAVCDIPPRGLKMAVTFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG 400 
sp|Q9BUF5|TBB6_HUMAN      VAVCDIPPRGLKMASTFIGNSTAIQELFKRISEQFSAMFRRKAFLHWFTG 400 
sp|Q3ZCM7|TBB8_HUMAN      TAVCDIPPRGLKMSATFIGNNTAIQELFKRVSEQFTAMFRRKAFLHWYTG 400 
                          .**********.*: *****.*****:*:*:**:*:***:****:**:*. 
 
sp|Q9H4B7|TBB1_HUMAN     EGMDINEFGEAENNIHDLVSEYQQFQDAKAVLEEDEEVTEEAEMEPEDKGH 451 
sp|Q13885|TBB2A_HUMAN    EGMDEMEFTEAESNMNDLVSEYQQYQDATADEQGEFEEEEGEDEA-----  445 
sp|Q9BVA1|TBB2B_HUMAN    EGMDEMEFTEAESNMNDLVSEYQQYQDATADEQGEFEEEEGEDEA-----  445 
sp|Q13509|TBB3_HUMAN     EGMDEMEFTEAESNMNDLVSEYQQYQDATAEEEGEMYEDDEEESEAQGPK  450 
sp|P04350|TBB4A_HUMAN    EGMDEMEFTEAESNMNDLVSEYQQYQDATAEE-GEFEEEAEEEVA-----  444 
sp|P68371|TBB4B_HUMAN    EGMDEMEFTEAESNMNDLVSEYQQYQDATAEEEGEFEEEAEEEVA-----  445 
sp|P07437|TBB5_HUMAN     EGMDEMEFTEAESNMNDLVSEYQQYQDATAEEEEDFGEEAEEEA------  444 
sp|Q9BUF5|TBB6_HUMAN     EGMDEMEFTEAESNMNDLVSEYQQYQDATANDGEEAFEDEEEEIDG----  446 
sp|Q3ZCM7|TBB8_HUMAN     EGMDEMEFTEAESNMNDLVSEYQQYQDATAEE-EEDEEYAEEEVA-----  444 
                         ****  ** ***.*::********:***.*    :       :     
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