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Abstract 

 

UNC-45A is a highly-conserved member of the UCS protein family that has 

important roles in regulating cytoskeletal-associated functions in invertebrates 

and mammalian cells including cytokinesis, exocytosis, cell motility, and neuronal 

development. Here we show for the first time that UNC-45A is a microtubule-

associated protein (MAP) with microtubule (MT) destabilizing activity. Using in 

vitro biophysical reconstitution and TIRF microscopy analysis, we show that 

UNC-45A directly binds to taxol-stabilized microtubules in absence of any 

additional cellular cofactors and acts as an ATP-independent microtubule 

destabilizer. In cells, we show that UNC-45A binds to and destabilizes 

microtubules and its depletion causes severe defects in chromosome 

congression, segregation, and spindle polarity. We also show that UNC-45A is 

overexpressed in human specimens of chemoresistant ovarian cancer and that 

UNC-45A overexpressing, chemoresistant cells resist chromosome mis-

segregation and aneuploidy when treated with clinically relevant concentrations 

of paclitaxel. Lastly, we show that UNC-45A depletion exacerbates paclitaxel-

mediated stabilizing effects on mitotic spindles and increases sensitivity to 

paclitaxel. Taken together, our studies support the role of UNC-45A as a novel 

member of the MT destabilizing protein family and as a molecular target for 

paclitaxel-resistant human cancers. 
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Significance Statement.  

 

These findings reveal novel and significant roles for UNC-45A in regulation of 

cytoskeletal dynamics, broadening our understanding of the basic mechanisms 

regulating microtubule stability and human cancer susceptibility to paclitaxel, one 

of the most widely used chemotherapy agents for the treatment of human 

cancers. 
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Chapter 1. INTRODUCTION 

 

UNC-45 Discovery and Evolutionary Conservation 

 

Uncoordinated protein 45 (UNC-45) is a highly-conserved member of the 

UNC45/CRO1/She4p (UCS) family. Initial discovery of UNC-45 occurred in 1974 

from a random mutagenesis screen seeking to identify motility genes in C. 

elegans by Henry Epstein1. Upon temperature-sensitive mutation of UNC-45, the 

worms had severely impaired motility and signs of paralysis at non-permissive 

temperatures despite appearing wild-type at permissive temperatures1. Later 

studies determined the impaired motility was due to UNC-45’s role as a myosin 

chaperone that aides in proper myosin folding, maturation, and accumulation2-9. 

Therefore, mutation of UNC-45A results in a loss of myosin contractility. To date, 

most functional studies on UNC-45 have been performed in lower organisms, 

such as the invertebrates C. elegans and Drosophila melanogaster1,10-12. These 

studies have provided a strong foundation of knowledge focused on UNC-45’s 

role as a myosin chaperone. However, in 2002 it was discovered that vertebrate 

organisms carry two isoforms of UNC-45: UNC-45A and UNC-45B13. 

 

The vertebrate isoforms of UNC-45 exist on two separate chromosomes, share 

only moderate identity, and are differentially expressed. UNC-45A originates from 

chromosome 15 and UNC-45B originates from chromosome 17. Although each 
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specific isoform is highly (~95%) identical between vertebrate organisms, UNC-

45A and UNC-45B share only a modest ~55% identity with each other13.  Along 

with their genetic differences, they are also differentially expressed throughout 

human tissue. UNC-45A, also known as General Cell UNC-45A, is expressed in 

most human tissues to varying degrees, including lung, brain, and ovarian 

tissues. In contrast, UNC-45B is predominantly expressed in striated muscle and 

is known to be essential for myoblast fusion and sarcomere organization13. As 

their differential expression and limited identity suggests, it appears the ancestral 

functions of UNC-45 are divvied between the two vertebrate isoforms.  This 

thesis work will focus on the ubiquitously expressed UNC-45A isoform. 

 

UNC-45A Structure and Function 

 

Structurally, UNC-45A is a protein composed of 944 amino acids and four 

identified domains: N-terminal domain, central domain, neck domain, and C-

terminal domain2,14. The N-terminal domain contains three consensus 

tetratricopeptide repeat (TPR) sequences in a helix-turn-helix motif that facilitates 

protein-protein interaction and is required for the co-chaperone activity of Hsp70 

and Hsp9015. The poorly conserved central domain has no known function but is 

thought to be necessary for the bent UNC-45A conformation12,16. The neck 

domain, located exactly at the bend between the central and UCS domains, 

became a recently proposed fourth domain in 2013 after a study discovered that 
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C. elegans UNC-45A oligomerizes at the neck to form a filamentous scaffolding 

structure16. Lastly, the C-terminus contains the highly conserved and well-studied 

UCS domain, though which UNC-45A interacts with the myosin motor domain as 

a chaperone2,15-17.  

 

Although the conservation of UNC-45 throughout evolution suggests it has critical 

importance, its functions are still largely unknown. To date, there are only 61 

publications on UNC-45 available on PubMed, and a vast majority of the 

literature focuses on invertebrate organisms and their singular UNC-45 

isoform2,11,15,16,18-20. Thus, there is still much to discover regarding UNC-45A’s 

function in vertebrate organisms. In 2006, UNC-45A was identified as a regulator 

of the progesterone receptor/hsp90 chaperoning pathway, which is one of the 

first reports to reveal UNC-45A activities are not confined to myosin interaction21. 

Since then, we and others have contributed to the understanding of the role of 

UNC-45A in mammalian cells within and outside its regulation of myosin activity. 

UNC-45A has been shown to control myoblast cell proliferation and expression 

levels to drop as differentiation occurs13. More recently, UNC-45A has been 

shown to promote myosin folding and stress fiber assembly22. Additionally, we 

have shown that UNC-45A controls non-muscle myosin II (NMII)-associated 

functions in ovarian cancer cells23, immune cells24, and neurons25 via regulation 

of NMII activation and its binding to actin.  
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Aberrant Expression of UNC-45A and Cancer Progression 

 

As the research interest on UNC-45A intensifies, it has become clear that UNC-

45A performs an important role in diverse cancer settings. For instance, UNC-

45A was shown to confer resistance to histone deacetylase inhibitors and retinoic 

acid-induced proliferation arrest in human neuroblastoma cells26. Moreover, 

aberrant expression of UNC-45A has been directly implicated in the disease 

progression of multiple solid-tumor cancers. The TCGA database indicates 

UNC45A mRNA is altered in 32/287 (11%) of complete skin cutaneous 

melanoma tumors (TCGA, provisional) and significantly correlates with poor 

survival27,28. Importantly, the alterations were defined as mRNA high and/or 

amplification in 29/32 (91%) cases. Beyond the mRNA level, UNC-45A protein 

overexpression has also been shown to have a profound effect on the 

progression of cervical, ovarian, and breast cancers23,29-31.  

 

When UNC-45A is silenced in cervical cancer cells, cell proliferation and tumor 

growth in vivo is drastically reduced29. Upon investigating the role of UNC-45A in 

cervical cancer cell proliferation, co-localization and cellular fractionation studies 

revealed UNC-45A is a novel centrosomal-associated protein29. UNC-45A has 

also been shown to be a cell-cycle-associated protein in breast and ovarian 

cancer, where loss of UNC-45A expression reduces cellular proliferation23,31. 

Furthermore, increased UNC-45A expression in clinical specimens of breast and 
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ovarian cancer correlated significantly with poor clinical outcome23,31. Together, 

these studies suggest UNC-45A plays a critical role in the proliferation and 

progression of solid tumors. The translational aspect of this work will focus on 

ovarian cancer, where UNC-45A was first identified to have a clinical role in 

disease progression and poor outcome. 

 

Overview of Ovarian Cancer  

 

Ovarian cancer is the second most common and most lethal gynecologic 

malignancy in the United States 32,33. There are 4 main subtypes of ovarian 

cancer: high-grade serous, mucinous, clear-cell, and endometroid. High-grade 

serous ovarian cancer (HGSOC) accounts for 75% of all epithelial ovarian cancer 

cases and is characterized by highly aggressive tumors that are initially 

chemosensitive but later acquire increasing chemoresistance34. Thus, HGSOC is 

the deadliest subtype, accounting for approximately two-thirds of all ovarian 

cancer deaths33,34. Ovarian tumors were long thought to originate from ovarian 

epithelial tissue, but recent studies have determined the originating tissue to be 

the epithelium of the distal end of the fallopian tube35. Beyond its origin, the 

disease progression of ovarian cancer is also unique: cells shed from the primary 

ovarian tumor into accumulated peritoneal ascitic fluid, where they disseminate 

throughout the abdominal cavity and form multiple metastases (Figure 1.1)36. 

Symptomatically, ovarian cancer can be hard to diagnose due to the relatively  
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Figure 1.1. Ovarian cancer metastasizes throughout the abdominal cavity. 

Schematic illustration of ovarian cancer metastasis from the primary tumor. 

Ovarian cancer cells (blue) disseminate from the primary tumor into ascitic fluid, 

forming spheroids that attach to omentum tissue and form metastases. (From 

“Targeting Mitochondria for Treatment of Chemoresistant Ovarian Cancer.,” by 

Emmings, E. et al., 2019, Int J Mol Sci., 20(1) p. 229. Copyright 2019 by the 

authors. Reprinted with permission.) 
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innocuous and nonspecific nature of its initial symptoms such as bloating, 

nausea, back pain, and weight loss37. Symptoms often only reach concerning 

severity when the disease is already advanced, resulting in 75% of patients 

becoming diagnosed at an advanced stage, where their 5-year relative survival 

rate is only 29%.  

 

The current standard of care for ovarian cancer has remained in practice since 

the 1980’s and consists of primary debulking surgery followed by 

chemotherapy38. Primary debulking surgery serves three main purposes: to 

properly stage the disease, to pathologically determine the ovarian cancer 

subtype, and to physically remove as much cancer as possible. In fact, one of the 

greatest predictors of prognosis is leaving no residual tumor after surgery39. 

Following surgery, patients are administered a combination of carboplatin, a 

DNA-targeting agent, and paclitaxel, a microtubule-targeting agent40. Although 

initially effective at reducing tumor in about 80% of patients, most patients recur, 

and their recurrence is incurable in 75% of cases34. Thus, a major contributor to 

poor prognosis in ovarian cancer is chemoresistance. Currently, no effective 

clinical strategies exist to prevent or overcome the acquisition of 

chemoresistance34.  

 

Concentration-Dependent Mechanisms of Paclitaxel-Induced Cell Death 
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Paclitaxel is one of the most widely-prescribed chemotherapeutic agents in the 

treatment of human cancer41. It is approved by the Food and Drug Administration 

to treat a plethora of cancer types including ovarian, breast, and lung cancer, and 

is utilized off-label in several additional cancer settings42. In ovarian cancer 

specifically, paclitaxel is used in combination with carboplatin for initial 

chemotherapy and is commonly used as single-agent second-line chemotherapy 

as well34. Paclitaxel is initially very effective, leading to its consistent use since 

199241,43,44. However, the development of chemoresistance remains a crucial 

problem preventing long-term disease remission. 

 

Paclitaxel was discovered and isolated from a sample of the Pacific yew tree 

Taxus brevifolia in 1967 after the discovery that its bark extract had cytotoxic 

properties45,46. Paclitaxel targets microtubules to exert cytotoxicity47,48. 

Microtubules are polymers of alpha and beta tubulin that create a major 

component of the cellular cytoskeleton structure49. They are important for many 

critical cellular functions including protein transport, migration, and division50-54. 

Notably, these are three functions UNC-45A is known to affect in mammalian 

cells. Microtubules rely on the property of dynamic instability, the process of 

continuous growth and catastrophe, to execute their functions55,56. Dynamic 

instability allows microtubules to move proteins to targeted cellular regions, to 

polarize a migrating cell, and to organize and separate chromosomes into 

daughter cells upon cell division. Paclitaxel binds and stabilizes microtubules, 
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effectively halting their dynamicity, leading to cell death upon collapse of vital 

microtubule functions47,48,57. Because many types of rapidly dividing cancer cells 

rely heavily on functional microtubules, they are an effective target in multiple 

cancer settings58. 

 

The majority of studies investigating paclitaxel’s mechanism of action have been 

conducted in vitro at micromolar concentrations. Cells grown in presence of 

these treatment conditions arrest at metaphase and are unable to complete cell 

division due to overly-stable spindle microtubules, leading to cell death (Figure 

1.2, top)46,48,58-60. Specifically, the stabilized spindle microtubules are unable to 

form proper kinetochore-microtubule attachments because they’ve lost their 

ability to dynamically “search and capture” target kinetecores61. The missing 

kinetochore attachments activate the spindle assembly checkpoint which arrests 

mitosis and prevents the advancement to anaphase, eventually leading to cell 

death62-64. However, cancer cells without a functional mitotic checkpoint were 

also sensitive to paclitaxel, which is inconsistent with this perceived mechanism 

of action65-68.  

 

In 2014, a study conducted by Beth Weaver’s group at The University of 

Wisconsin, Madison, determined the intratumoral concentration of paclitaxel after 

treatment in a clinical setting for the first time.  
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Figure 1.2. Mechanism of paclitaxel-induced cytotoxicity is concentration 

dependent. Schematic illustration of the two cellular fates after treatment with 

micromolar (top) or nanomolar (bottom) concentrations of paclitaxel. Top: 

micromolar concentrations of paclitaxel induce cell death by causing cell cycle 

arrest at metaphase. Bottom: Clinically relevant, nanomolar concentrations of 

paclitaxel induce cell death after multipolar cell divisions and loss of essential 

chromosomal material. (Adapted from “How Taxol/paclitaxel kills cancer cells,” by 

Beth A. Weaver, 2014, Mol Biol Cell, 25(18), p. 2677-2681. Copyright 2014 by 

Weaver. Adapted with permission.) 
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Although doctors administer paclitaxel at known doses, this drug is known to 

accumulate intracellularly69-74. Therefore, it was uncertain to what extent cancer 

cells accumulated paclitaxel and what the ultimate intratumoral concentration of 

paclitaxel became after treatment. The Weaver group approached this question 

by obtaining breast tumor biopsies after paclitaxel treatment and measuring the 

intracellular concentration of paclitaxel using High Performance Liquid 

Chromoatography (HPLC). They then compared the intratumoral concentration 

with the administered concentration and determined that paclitaxel accumulates 

~40-fold on average from plama to tumor75. Ultimately, their study suggests that 

for in vitro studies to replicate clinically relevant conditions, laboratories should 

treat cancer cells with nanomolar rather than micromolar concentrations of 

paclitaxel.  

 

This degree of concentration adjustment has profound effects on paclitaxel’s 

mechanism of action. At nanomolar intratumoral concentrations, treated cancer 

cells are able to complete cell division, in contrast to the arrested mitotic cells at 

micromolar concentrations. However, cell division occurs abnormally on 

multipolar spindles at intratumoral concentrations of paclitaxel (Figure 1.2, 

bottom)43,75. Multipolar spindles are thought to form after mis-trafficking of 

centrosome duplication regulatory proteins due to excess paclitaxel-induced 

microtubule stability76. Upon cell division on multipolar spindles, chromosomes 

are improperly and disproportionately segregated into daughter cells. 
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Consequentially, daughter cells that lose essential chromosome material 

undergo cell death. To most accurately study chemoresistance acquired by 

patients, it is important to work with clinically relevant concentrations of 

paclitaxel43,75. Thus, chemoresistant experiments performed in this thesis have 

all been performed with a nanomolar range of paclitaxel treatment.  

 

Conclusions and Thesis Aims 

 

Co-localization and cellular fractionation studies using cervical cancer cells have 

revealed that UNC-45A is a novel centrosomal-associated protein29. This, along 

with the fact that UNC-45A overexpression correlates with poor outcome in 

human cancers23,31, and that a significant contributor to poor patient outcome is 

chemoresistance to the microtubule-stabilizing chemotherapy agent 

paclitaxel77,78, suggests that UNC-45A may play a role in regulating microtubule 

stability.   

 

The overarching hypothesis of this thesis is that UNC-45A functions as a 

microtubule-destabilizing protein, which, when overexpressed, confers a survival 

advantage to chemoresistant ovarian cancer cells by antagonizing the 

microtubule-stabilizing effects of paclitaxel. This dissertation aims to: 

1) Evaluate the interaction between UNC-45A and microtubules in vitro, in 

vivo, and in situ. 
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2) Determine the microtubule-associated function of UNC-45A and its impact 

on microtubule stability. 

3) Assess the relationship between UNC-45A expression and paclitaxel 

sensitivity in ovarian cancer cell lines and clinical specimens. 

 

Overall, the multidisciplinary scope of the dissertation has the potential to 

stimulate multiple fields of study, from basic cytoskeletal science to translational 

cancer biology.  
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Chapter 2. UNC-45A is a Novel Microtubule-Associated Protein that 

Regulates Mitotic Progression 

 

Introduction  

 

Cancer cells are often characterized by rapid and unbridled cell proliferation79,80. 

In cervical, breast, and ovarian cancer cell lines, UNC-45A knockdown has been 

shown to significantly slow proliferation rates23,29,31. Specifically, a 75% 

knockdown of UNC-45A decreased breast cancer cell growth by half after 72 

hours31. Similar results were observed in ovarian cancer cell lines, where an 80% 

knockdown also reduced proliferation by half23. Lastly, HeLa cells transfected 

with siRNA that achieved >90% knockdown grew 3-fold less than control HeLa 

cells over 96 hours29. Furthermore, in vivo murine tumor volume was 5-fold less 

after doxycycline-induced knockdown of UNC-45A in subcutaneously injected 

HeLa cells as compared to control cells29 and similar in vivo results were 

obtained after UNC-45A knockdown in subcutaneously injected MDA-MB-231 

cells30. Together, these studies provide compelling evidence that UNC-45A is 

required for cancer cell proliferation both in cell lines and animal models.  

 

Pertinent to its role as a regulator of cell proliferation, UNC-45A has been 

recently shown to co-localize and fractionate with γ-tubulin at the centrosome in 

both osteosarcoma and cervical cancer cells29. Importantly, the centrosome is 
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the major microtubule organizing center (MTOC) in mammalian cells, from which 

microtubules emanate either as an astral array in interphase or as spindle-MTs in 

mitosis81. Mitotic microtubules are comprised of kinetochore- and spindle-

microtubules that search, capture, and organize chromosomes at the metaphase 

plate prior to separating them equally into two daughter cells82.  

 

The effect of UNC-45A loss on mitotic index and progression, together with its 

localization to the MTOC, suggests that UNC-45A may be a key regulator of 

microtubule-associated mitotic functions. In this scenario, UNC-45A would 

interact directly or indirectly with microtubules to influence cell division. To gain 

further insight on the role of UNC-45A during cell division, we first asked whether, 

in addition to localization with γ-tubulin at the MTOC, UNC-45A could also 

localize and interact with microtubules themselves. Additionally, we sought to 

study in greater detail the impact of UNC-45A loss on mitosis, by observing 

parameters of properly executed mitosis such as chromosome congression, 

chromosome alignment, chromosome separation, and spindle polarity. 

 

Materials and Methods  

 

Chemicals  

DAPI (4,6-diamidino-2-phenylindole) was purchased from Invitrogen. 
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Cell Lines 

The ovarian cancer cell line COV362 was a generous gift from Dr. Panagiotis A. 

Konstantinopoulos (Dana-Farber Cancer Institute, Boston, MA). the cervical 

cancer cell line HeLa, and the fibroblast cell line NIH3T3 were purchased from 

the ATCC. Cell lines were cultured in DMEM supplemented with 10% fetal bovine 

serum. 

 

Antibodies 

Anti-UNC-45A (Enzo Life Sciences, (Protein Tech 1956-1-AP)), anti-alpha-tubulin 

(Sigma), anti-acetylated-alpha-tubulin (Santa Cruz Biotechnology) and anti-

gamma-tubulin (Sigma) were used. Peroxidase-linked anti-mouse 

immunoglobulin G and peroxidase linked anti-rabbit immunoglobulin G were from 

Amersham. Texas Red–Goat anti-Mouse IgG, Texas Red–Goat anti-Rabbit IgG, 

FITC-Donkey and anti-Mouse IgG, peroxidase–goat anti-mouse IgG, 

peroxidase–goat anti-rabbit IgG were purchased from Jackson ImmunoResearch 

Laboratories, Inc. 

 

Immunofluorescent microscopy  

Cells were fixed in methanol for 5 minutes at -20ºC. After blocking with 5% BSA 

in PBST, cells were stained with anti-UNC-45A, anti-alpha tubulin, or anti-gamma 

tubulin primary antibodies followed by FITC- or Texas Red–conjugated 

secondary antibodies and analyzed via confocal fluorescence microscopy. 
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Images were taken with an Olympus BX2 upright microscope equipped with a 

Fluoview 1000 confocal scan head. A UPlanApo N 60X/1.42 NA objective was 

used. FITC was excited with a 488-nm laser and emission collected between 505 

and 525 nm. For Texas Red, a 543-nm laser was used for excitation and 

emission collected between 560 and 660 nm. Images were taken with sequential 

excitation. For all mitotic phenotype comparisons, analyzed cells were taken from 

same experiment dates with identical acquisition settings. Cells were 

synchronized using 5 µmol/L of Ro3306 for 20 hours followed by rescue with 

DMEM + 10% FBS. Images were analyzed using ImageJ software. Pole to pole 

distance was measured from the center of one pole, as identified by gamma 

tubulin staining, to the center of the next pole. Chromosome congression was 

measured from the widest metaphase plate area of each cell. Misaligned 

chromosomes were defined as chromosomes with a clear separation from the 

metaphase plate. Lagging chromosomes were defined as chromosomes trailing 

behind newly separated DNA in anaphase cells.  

 

Western blot analysis and immunoprecipitation  

Total cellular protein (5-20 µg) from each sample was separated by SDS-PAGE, 

transferred to a PVDF membrane and subjected to Western blot analysis. For 

coimmunoprecipitation, cells were lysed in lysis buffer (50 mmol/L Tris, pH 7.4, 

150 mmol/L NaCl, 1% Nonidet P-40, 1X protease inhibitor mixture, 1X 

phosphatase inhibitor mixture), precleared, and precipitated with primary 
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antibody and protein A/G beads. Samples were subjected to Western blot 

analysis using the specified antibodies. Per each protein, Western blots were 

quantified within the linear range of detection. 

 

MT cosedimentation assay in cells  

Cells were lysed using 1% NP-40 lysis buffer containing 150 mmol/L NaCl, 50 

mmol/L Tris-HCl pH 7.8, and protease inhibitor cocktail. The lysates were treated 

with either control DMSO or 1 mmol/L of taxol and incubated at 37ºC for an hour. 

Lysates were spun at 15,000 rpm for 30 minutes at room temperature and the 

supernatant and pellet fractions were separated by SDS-PAGE and analyzed via 

Western blotting. Extent of UNC45A association with polymerized MTs (pellet 

fraction) was determined by densitometric analysis using ImageJ software. 

 

Recombinant protein  

GFP-UNC-45A was cloned into pGEX-2TK to generate the GST-GFP-UNC-45A 

protein. The protein was expressed in Rosetta (DE3) pLysS, and following GST 

removal, it was affinity purified and dialyzed as we have previously described 

(17, 18). 

 

Preparation of paclitaxel-stabilized MTs  

The paclitaxel-stabilized MTs were prepared in a mixture that consisted of 8.3 

µmol/L rhodamine-labeled tubulin, 24.7 µmol/L unlabeled tubulin, 1 mmol/L GTP, 
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4 mmol/L MgCl2, and 4% DMSO. The mixture was kept on ice for 5 minutes 

followed by 30-minute incubation at 37C. After incubation, the mixture containing 

MTs was diluted into 390 µL warm Brb80 solution containing 10 µmol/L 

paclitaxel. The MTs were then spun down at 20 psi for 5 minutes. The MT pellet 

was then resuspended into 400 µL warm 10 µmol/L paclitaxel Brb80 solution and 

stored in 37ºC incubator. All MTs were prepared on the day of experiment. 

 

Cell proliferation assays 

Cells were seeded in 6-well plates at a density of 30,000 cells per well and either 

mock treated or treated with 5 nmol/L of paclitaxel 24 hours after plating. 

Proliferation rate was determined by counting the cells over a period of 6 days 

via Trypan blue exclusion staining. 

 

Human subjects  

Archival tissues were used with the Institutional Review Board approval.  

 

Immunohistochemistry 

Five-micrometer-thick formalin-fixed, paraffin-embedded sections were 

deparaffinized and rehydrated by sequential washing with xylene, 100% ethanol, 

95% ethanol, 80% ethanol, and PBS. For antigen retrieval, slides were immersed 

in Reveal Decloaker (Biocare Medical) and steamed for 30 minutes at 100C. 

Endogenous peroxidase activity was blocked with 3% H2O2 for 10 minutes. After 
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washing with PBS, slides were blocked with 10% normal goat serum in PBS for 

10 minutes at room temperature, followed by incubation with rabbit anti-human 

polyclonal UNC-45 antibody (Proteintech Group Inc.) at a concentration of 1:200 

in blocking solution overnight at 4C. After washing twice with PBS, slides were 

incubated with a biotinylated anti-rabbit secondary antibody conjugated (10 

minutes) and streptavidin/ horseradish peroxidase (10 minutes; Dako), followed 

by 3,3- diaminobenzidine (Phoenix Biotechnologies) substrate for 3 minutes. 

Slides were lightly counterstained with Gill No. 3 hematoxylin (Sigma) for 60 

seconds, dehydrated, and mounted. UNC-45A antibody validation was performed 

on SKOV-3 cell lines transduced with shRNA scramble or shRNA-UNC-45A and 

subject to IHC as above described. Immunostained slides were reviewed by a 

panel of five investigators blinded to the clinical outcome of the corresponding 

patients. The staining intensity was rated as follows: 0, no staining; 1, weak 

intensity; 2, moderate intensity; and 3, high intensity 

 

Statistical analysis 

Results are reported as mean ± standard deviation of 3 or more independent 

experiments. Unless otherwise indicated, statistical significance of difference was 

assessed by two-tailed Student t test using Prism (V.4 GraphPad) and Excel. 

The level of significance was set at p < 0.05. 

 

Results  



21 
 

UNC-45A localizes to microtubules in both interphase and mitotic cells 

 

Because UNC-45A is known to be associated with the centrosome, the major 

microtubule organizing center in a cell, we were initially interested in determining 

the localization of UNC-45A throughout the cell cycle. To do that, we first 

synchronized populations of HeLa and NIH3T3, commonly used cell lines to 

observe microtubules using Ro 3306, which functions as a cyclin dependent 

kinase 1 (CDK1) inhibitor that causes cell cycle arrest at the G2/M boundary. Ro 

3306 is advantageous over other cell cycle synchronizing agents because it 

synchronizes cells just prior to mitosis. This is ideal for studying the localization 

of proteins throughout the cell cycle, as you can precisely rescue the cells and 

arrest them at interval time points after rescue to enrich for every phase of the 

cell cycle. 

 

Once synchronized, cells were fixed and stained for UNC-45A, microtubules, and 

DAPI (Figure 2.1). DAPI staining was used to determine each stage of mitosis 

through the characteristic DNA patterns at prophase, prometaphase, metaphase, 

anaphase, and telophase. Using confocal immunofluorescent microscopy, we 

observed the staining pattern of UNC-45A closely resembled that of microtubules 

throughout much of mitosis. In fact, when the two immunofluorescent channels 

were merged, a yellow color indicating co-localization was readily apparent 

(Figure 2.1.).   
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Figure 2.1. UNC-45A co-localizes with mitotic microtubules in cancer and 

fibroblast cells throughout the cell cycle. Synchronized A) HeLa or B) NIH3T3 

cells were fixed and immunofluorescently stained for DAPI (blue), UNC-45A 

(red), and Alpha tubulin (green). DAPI staining was used to determine each 

stage of the cell cycle.  Cells were imaged at prophase, prometaphase, 

metaphase, anaphase, and telophase, and extent of co-localization (yellow) was 

observed in the merged image panels. (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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We were next interested in whether this localization was restricted to mitotic cells 

or extended to non-dividing cells, which have a much different microtubule 

network. To answer this, we turned to the ovarian cancer cell line COV362, which 

is an epithelial cell line with a defined MT structure, and used confocal 

microscopy to image dividing and nondividing cells after staining them for UNC-

45A and microtubules. Again, we observed strong colocalization between the two 

proteins (Figure 2.2). Upon high-resolution imaging, it was evident that UNC-45A 

bound along individual microtubules in a uniform, punctate pattern in both 

interphase and mitotic microtubules, highlighted in the inset images of Figure 2.2. 

Immunofluorescent antibody specificity was confirmed utilizing a scramble control 

and UNC-45A knockdown cellular system (Figure 2.3). Knockdown efficiency of 

UNC-45A was about 80%, and as shown in Figure 2.3, there was a 

corresponding decrease in UNC-45A immunofluorescent intensity in the UNC-

45A knockdown cells. All quantified western blots were measured within the 

antibody’s linear range of detection, which was determined for each protein in 

Figure 2.4. 

 

We next asked whether UNC-45A also localized to microtubules in clinical 

specimens. To approach this, clinical specimens of ovarian cancer were 

immunohistochemically stained for UNC-45A and the staining pattern was 

determined. Incredibly, when focusing on mitotic figures within clinical  
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Figure 2.2. UNC-45A and microtubules co-localize in both interphase and 

dividing ovarian cancer cells. Asynchronous COV362 cells were 

immunofluorescently stained for UNC-45A (red) and Alpha tubulin (green). Both 

A) non-dividing and B) dividing cells were imaged. Co-localization (yellow) was 

observed in the merged image panels. Inset images highlight uniform, punctate 

pattern of UNC-45A staining along individual microtubules. (Adapted with 

permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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Figure 2.3. Anti-UNC-45A antibody is specific to UNC-45A protein. A) 

Western blot analysis for levels of UNC-45A in HeLa cells transduced with either 

shRNA scramble or shRNA-UNC-45A. Numbers indicate the ratio between UNC-

45A and total protein measured using ImageJ analysis. B)  Representative 

images of UNC-45A intensity in Scramble and UNC-45A Knockdown HeLa cells 

fixed and stained for DAPI (blue) and UNC-45A (red). DAPI was used to identify 

metaphase HeLa cells. (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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Figure 2.4. Linear range for quantitative Western blot analysis. A) Total cell 

lysates (0.6 to 40 μgs) blotted against UNC-45A, alpha tubulin, acetylated alpha 

tubulin, or total protein (amido black staining). B) Linearity of Western blot 

detection. (Adapted with permission from Mooneyham et al., 2018, Molecular 

Cancer Res.) 
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specimens, UNC-45A was observed tracking along spindle microtubules in situ 

(Figure 2.5). This confirmed that UNC-45A localization to microtubules was not a 

cell-line artifact. The specificity of UNC-45A antibody was validated with formalin-

fixed, paraffin-embedded scramble control and UNC-45A knockdown ovarian 

cancer cell pellets, sectioned and immunohistochemically stained for UNC-45A. 

As Figure 2.6 demonstrates, cells with knocked down UNC-45A expression had 

predictably less observable UNC-45A staining, confirming the specificity of the 

UNC-45A antibody in immunohistochemistry.  

 

UNC-45A physically binds microtubules in vivo 

 

Although the colocalization between UNC-45A and microtubules is robust, it is 

possible for co-localization of two proteins to occur without them being physically 

bound. To determine whether UNC-45A was physically associated with 

microtubules in vivo, we performed a microtubule spin down assay. In this assay, 

lysates are created from either mock or paclitaxel treated cells using a gentle 

lysis buffer that preserves protein-protein interaction. The paclitaxel treated cells 

will have a more stable microtubule network, resulting in an increased proportion 

of tubulin polymers withstanding lysis. Those lysates are subjected to high-speed 

ultracentrifugation to separate the large polymers such as microtubules and their 

associated proteins (pellet fraction) from everything else (supernatant fraction). In 

Figure 2.7, both UNC-45A and microtubules appear in the pellet upon taxol  
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Figure 2.5 UNC-45A tracks along spindle microtubules in situ. 

Ovarian cancer clinical specimens were immunohistochemically stained for UNC-

45A expression (brown) and imaged at 40X. Dividing cells were identified as cells 

containing characteristically condensed chromosomes after hematoxylin 

counterstain.  (Adapted with permission from Mooneyham et al., 2018, Molecular 

Cancer Res.) 
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Figure 2.6. Specificity of the UNC-45A antibody in immunohistochemistry. 

Representative images of high and low to absent UNC-45A staining in COV362 

cells transduced with either shRNA scramble (left) or shRNA-UNC-45A (right). 

Bars 25 μm. (Adapted with permission from Mooneyham et al., 2018, Molecular 

Cancer Res.) 

 

 



30 
 

 

 

Figure 2.7. UNC-45A physically associates with microtubules in ovarian 

cancer cells. Microtubules from COV362 cells were stabilized in presence or in 

absence (mock) of 1μM Taxol for 1 hour prior being subjected to 

ultracentrifugation for a cellular microtubule spin-down assay. The resulting 

supernatant and pellet fractions were separated, fractionated by SDS-PAGE and 

subjected to Western blot analysis using anti-UNC-45A, anti-α-tubulin, and anti-

actin antibodies. (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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stabilization of microtubules, suggesting that UNC-45A is physically associated 

with MTs. To determine whether the appearance of UNC-45A in the pellet was 

due to physical binding to microtubules specifically, and not to other large 

structural polymers, we probed for actin as a control. As you can see, the actin 

polymer appears in the pellet, but its pellet polymer proportion does not increase 

after treatment with the microtubule targeting agent, paclitaxel (Figure 2.7). This 

confirms that the increase of UNC-45A in the pellet after taxol treatment is 

specific to its physical association with MTs in vivo.  

 

Once we had confirmed UNC-45A is physically associated with tubulin polymers, 

we were also curious as to whether UNC-45A had an affinity for free tubulin. 

Because free tubulin has an entirely different morphological conformation than 

microtubules, which are hollow tubes comprised of 13 alpha/beta tubulin 

protofilaments, proteins that have an affinity for tubulin polymers can have a 

dramatically different affinity for free tubulin. The previously performed spin down 

assay is incapable of determining free tubulin affinity because both free tubulin-

bound and non-bound proteins appear nonspecifically in the supernatant. 

Instead, we performed an immunoprecipitation assay to analyze free tubulin 

affinity in which we used IgG as a negative control and Hsp90 as a positive 

control of UNC-45A binding. This immunoprecipitation was performed with 

COV362 cell lysates, where most of the tubulin within a cell is dissociated into 

free tubulin subunits upon lysis.  Both IgG and Hsp90 performed as expected,  
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Figure 2.8. UNC-45A is not associated with free tubulin in ovarian cancer 

cells. UNC-45A was immunoprecipitated from COV362 cell lysates with an anti-

UNC-45A monoclonal antibody. Coimmunoprecipitated Hsp90 was detected by 

Western blot and used as positive control. Immunoprecipitation with mouse IgG 

was performed as a negative control. (Adapted with permission from Mooneyham 

et al., 2018, Molecular Cancer Res.) 
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proving the assay was functional. However, there was no visible free tubulin 

binding by UNC-45A (Figure 2.8). Together, this suggests UNC-45A has an 

affinity for the tubulin polymer structure and not free tubulin dimers.  

 

UNC-45A is a novel microtubule-associated protein (MAP) 

 

After demonstrating UNC-45A is physically associated with microtubules 

intracellularly, we were next curious as to whether UNC-45A was capable of 

binding microtubules directly, or whether the binding was indirect and mediated 

by other cellular components. To determine UNC-45A’s ability to bind 

microtubules directly, we utilized an in vitro system containing only purified UNC-

45A (Figure 2.9) and microtubules in the absence of any additional cellular 

components. We observed the interaction of UNC-45A and microtubules via 

Total Internal Reflection Fluorescent (TIRF) microscopy. In this assay, 

rhodamine-labeled, paclitaxel-stabilized microtubules are immobilized on a 

coverslip coated with anti-rhodamine antibodies. Next, GFP-tagged UNC-45A is 

allowed to flow into the system. The field is illuminated by angled light, which 

illuminates only a very shallow area of light beyond the coverslip. This setup has 

the advantage of reducing background fluorescence and, therefore, allows 

visualization of individual fluorescent proteins that would otherwise be obscured 

in traditional microscopy systems. A schematic of our TIRF microscopy system 

can be found in Figure 2.10A, illustrating a cartoon of what we would expect to  
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Figure 2.9. Recombinant wild-type UNC-45A-GFP protein. Western blot 

analysis of recombinant UNC-45A to determine working purity. Lane 1: molecular 

weight marker. Lanes 2, 3 and 4: 5, 2.5 and 1.25 μg samples of UNC-45A-GFP 

protein were separated on a 4-15% SDS gel and stained with Coomassie Blue. 

(Adapted with permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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Figure 2.10. UNC-45A directly binds to microtubules in vitro. A) 

Experimental setup for in vitro TIRF microscopy examination of UNC-45A-GFP 

microtubule binding ability. Paclitaxel-stabilized MTs are adhered to a coverslip 

with anti-rhodamine antibody, and then binding of UNC-45A-GFP is visualized 

using TIRF microscopy. B) Representative TIRF microscopy image of UNC-45A-

GFP (green) binding along a paclitaxel-stabilized microtubule (red). (Adapted 

with permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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see if UNC-45A is capable of binding microtubules directly. Figure 2.10B is a 

representative image of our experimental result, where a microtubule bound by 

UNC-45A can be observed. Notably, the uniform, punctate binding pattern of 

UNC-45A in vitro was strikingly reminiscent of what we observed in vivo (Figure 

2.2), strengthening these findings. This proved UNC-45A is capable of binding 

MTs directly, in the absence of any additional cellular components, thus 

identifying UNC-45A as a novel microtubule-associated protein (MAP) for the first 

time.  

 

Microtubule associated proteins can have an affinity for particular regions of a 

polymerized microtubule. For example, EB-1 is a well-known end-binding protein 

that binds to the very tips of actively polymerizing microtubules83,84. Alternatively, 

there are microtubule associated proteins like tau that are known to bind to the 

tubulin polymer as a microtubule linker, resulting in stabilizing effects85. To 

analyze UNC-45A’s preferential binding location, we quantified the green 

fluorescent intensity along individual microtubules to see where UNC-45A most 

often appears. We analyzed groups of long (6μm), intermediate (3µm) and short 

(2µm) microtubules. As you can see in Figure 2.11, UNC-45A is bound 

throughout the microtubules with relatively consistent fluorescent intensity, 

regardless of length.  
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Figure 2.11. UNC-45A binds along entire length of long, intermediate, and 

short microtubules in vitro. A) Sample TIRF microscopy images of taxol-

stabilized MTs (red) and UNC-45A-GFP (green) at different MT lengths. B) 

Quantification of UNC-45A-GFP localization along MTs, for three different 

average MT lengths (errors bars, SEM). (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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Depletion of UNC-45A results with delayed mitotic progression 

 

It has previously been shown that loss of UNC-45A reduces cellular proliferation 

rate in ovarian, breast, and cervical cancer cell lines. To determine if that was 

true in our cellular system, we analyzed the proliferation rate of our ovarian 

cancer cell lines after UNC-45A knockdown. Specifically, COV362 and SKOV-3 

cells were plated in 6 well plates and transduced with either scramble or UNC-

45A knockdown shRNA and allowed to grow over 6 days. Proliferation rate was 

monitored by cell counts in a hemocytometer chamber and knockdown was 

evaluated at time of plating. Consistent with literature, cells without UNC-45A 

indeed grew at a significantly slower rate (Figure 2.12).  

 

Because UNC-45A affects proliferation rate, localizes to the centrosome, and we 

had now shown it localizes with microtubules throughout each phase of the cell 

cycle, we were interested in gaining a more thorough understanding of the 

impact of UNC-45A on cell division. To investigate this, we fixed an 

unsynchronized population of HeLa cells after scramble control or UNC-45A 

knockdown shRNA and quantified the number of dividing cells over total cells 

within each condition (Figure 2.13A and 2.13B). Interestingly, although UNC-45A 

knockdown cells proliferate at a slower rate, there are more cells dividing at any 

given time (Figure 2.13C and Figure 2.13D). This suggests that loss of UNC-45A 

is hindering mitosis in some way. We next wondered where that road block  
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Figure 2.12. Ovarian cancer cell line proliferation rate decreases after UNC-

45A knockdown. A) COV362 and B) SKOV-3 ovarian cancer cells were 

transduced with either scramble or UNC-45A shRNA and knockdown efficiency 

was evaluated by Western blot (top). Subsequently, cells were grown in 6 well 

plates and cell counts were performed over 6 days to evaluate proliferation rate 

(bottom). (Adapted with permission from Mooneyham et al., 2018, Molecular 

Cancer Res.) 
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Figure 2.13. Mitotic index increases after UNC-45A knockdown. A) Western 

blot analysis of HeLa cells transduced with either scramble, UNC-45A #1, or 

UNC-45A #2 shRNA. Numbers indicate ratio between UNC-45A and total protein 

measured using ImageJ analysis. B) Representative images of asynchronous 

HeLa scramble or UNC-45A knockdown populations stained for DAPI and 

analyzed for mitotic index. Mitotic cells marked by a yellow asterisk. Bottom: 

Quantification of mitotic index for HeLa shRNA scramble and C) shRNA KD #1 or 

D) shRNA KD #2. E) Quantification of metaphase over mitotic cells in HeLa 

shRNA scramble and shRNA KD #2 cells. (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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occurred. To begin answering that question, we quantified the cell cycle stage of 

each dividing cell and discovered a buildup of dividing cells in metaphase (Figure 

2.13E), suggesting that was the mitotic bottleneck.  

 

Loss of UNC-45A causes abnormal mitotic phenotypes consistent with 

hyper-stable microtubules 

 

To investigate the cause of mitotic delay upon UNC-45A depletion, we looked 

more closely at mitotic phenotypes throughout the cell cycle, focusing on 

metaphase. We observed a lack of tightly organized chromosomes at the 

metaphase plate accompanied by wideset spindle poles in the UNC-45A 

knockdown population (Figure 2.14 A-C). Additionally, the UNC-45A knockdown 

cells exhibited a greater incidence of misaligned chromosomes and lagging 

chromosomes in metaphase and anaphase (Figure 2.14 D-G). Along with these 

abnormal mitotic phenotypes, metaphase cells with multipolar spindles occurred 

at a significantly higher rate in the UNC-45A knockdown cell population (Figure 

2.14H and 2.14I). Due to microtubules comprising the mitotic spindle, a dynamic 

structure responsible for organizing and separating chromosomes during cell 

division, it is likely that each of these phenotypes arose from disordered 

microtubule behavior. Specifically, these phenotypes closely match the effect of 

paclitaxel treatment, suggesting these abnormalities arise from hyper-stable 

spindle microtubules.  
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Figure 2.14. Loss of UNC-45A results in mitotic abnormalities. A) 

Representative images of scramble and UNC-45A knockdown metaphase HeLa 

cells stained for gamma tubulin (red) and DAPI (blue) to measure spindle length 

and metaphase plate chromosome distribution. B) Quantification of distance 

between spindle poles in scramble and UNC-45A knockdown HeLa cells. C) 

Quantification of metaphase plate width in scramble and UNC-45A knockdown 

HeLa cells D) Representative images of scramble and UNC-45A knockdown 

metaphase HeLa cells with a misaligned chromosome marked by a yellow arrow. 

E) Quantification of misaligned chromosome incidence in scramble and UNC-

45A knockdown HeLa populations. F) Representative images of scramble and 

UNC-45A knockdown anaphase HeLa cells with a lagging chromosome marked 

by a yellow arrow. G) Quantification of lagging chromosome incidence in 

scramble and UNC-45A knockdown HeLa populations. H) Representative 

images of scramble and UNC-45A knockdown metaphase HeLa cells stained for 

gamma tubulin (red) and DAPI (blue) exemplifying bipolar and multipolar 

spindles. I) Quantification of multipolar spindle incidence in scramble and UNC-

45A knockdown HeLa populations. (Adapted with permission from Mooneyham 

et al., 2018, Molecular Cancer Res.) 
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Figure 2.15. Clinical specimens with low UNC-45A staining have increased 

incidence of mitotic abnormalities. A) Representative images of normal (left) 

versus abnormal (right) mitotic figures in clinical specimens stained by 

immunohistochemistry for UNC-45A. B) Quantification of UNC-45A staining 

intensity correlated to the absence (no, n=35) or the presence (yes, n=13) of 

mitotic abnormalities. (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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To determine whether the association between UNC-45A and mitotic 

abnormalities was restricted to cell lines, we obtained a Tissue Microarray 

containing ovarian cancer clinical specimens for immunohistochemical analysis 

of UNC-45A expression. UNC-45A staining intensity was determined by a panel 

of scientists blinded to specimen details and graded on a scale of 0 to 3. After 

binning specimens into UNC-45A high (>1.5) and UNC-45A low (<1.5) 

expression groups, mitotic cells were observed and abnormal phenotypes, such 

as multipolar spindles and misaligned chromosomes, were analyzed. After 

quantification, it was clear that our results were consistent: cells with low levels of 

UNC-45A have increased mitotic abnormalities (Figure 2.15). Together, these 

data indicate loss of UNC-45A leads to mitotic phenotypes characterized by 

hyper-stable microtubules both in vivo and in situ.  

 

Discussion  

 

UNC-45 has been highly conserved throughout evolution, but there is limited 

understanding of its functions in mammalian cells. Multiple studies have 

suggested UNC-45A has a role within and outside of myosin II-associated 

functions in mammalian cells. Intriguingly, it was recently shown to localize to 

and fractionate with the major microtubule organizing center, the centrosome, in 

mammalian cells, suggesting it may have microtubule-associated functions29,86-88. 

In this Chapter, we show for the first time that UNC-45A is a novel microtubule-
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associated protein (MAP) that is capable of directly binding microtubules in vitro. 

In cells, UNC-45A localizes and binds to both interphase and mitotic 

microtubules and is evident tracking along spindle microtubules in situ within 

ovarian cancer clinical specimens.  

 

Cellular proliferation is significantly hindered after UNC-45A loss in multiple 

contexts, including cervical, ovarian, and breast cancer. This, along with the 

revelation that UNC-45A is novel MAP, led us to investigate the mitotic 

phenotypes characteristically associated with proper microtubule function73. In 

Chapter 2, we demonstrate the loss of UNC-45A results in multiple mitotic 

abnormalities, such as disorganized chromosome congression, misaligned 

chromosomes, and multipolar spindles, in both ovarian cancer cell lines and 

clinical specimens. A subsequently published 2019 study demonstrated the loss 

of UNC-45A also caused delayed mitosis with prolonged metaphase and 

disordered chromosomes in breast cancer cells, consistent with our results and 

strengthening our conclusions30. Together, these findings identify UNC-45A as a 

regulator of mitosis, likely through its interaction with microtubules.  

 

Microtubule-associated proteins participate in many cellular functions such as 

cellular transport of cargo and regulation of microtubule dynamics. MAPs have 

the potential to impact various critical cellular functions such as cellular 

morphology, proliferation, migration, and transport, many of which are pathways 
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recently identified to be affected by UNC-45A expression30,50-54. Because of their 

varied and wide-ranging impact on essential cellular functions, MAPs are often 

dysregulated in neurological disorders, cancer, and many other human diseases. 

Thus, the Chapter 2 identification of UNC-45A as a novel MAP and regulator of 

mitosis is an important discovery that uncovers an entirely new aspect of UNC-

45A function in mammalian cells that could have extensive cellular implications.  
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Chapter 3. UNC-45A Functions as a Microtubule Destabilizing protein in 

vitro and in vivo 

 

Introduction  

 

Microtubules are the structural polymers central to cell division, making them a 

key target of anticancer agents.   Taxanes, Epothilones, and Vinca Alkaloids all 

target microtubule stability to induce cancer cell death46,89-91. The concept behind 

microtubules as a target of anti-cancer agents resulted from the dependence of 

cancer cells on microtubules to execute rapid and viable cell divisions58. When 

cancer cells are treated with microtubule stabilizing agents, microtubules become 

overly static and unable to perform their critical functions. This can result in 

halted mitosis, aborted cell division, and/or deadly loss of chromosomal material 

after erroneous cell division46,48,58-60.  

 

Upon closer examination, microtubule stabilization by nanomolar concentrations 

of paclitaxel treatment result in multipole abnormal mitotic phenotypes. 

Microtubules fail to efficiently align chromosomes at the spindle equator, resulting 

in misaligned chromosomes and a larger metaphase plate width that hints at 

disorganized chromosomes72,74,92. This misalignment can subsequently lead to 

lagging chromosomes in anaphase and loss of essential chromosome material. 

Furthermore, cells treated with paclitaxel often exhibit multipolar spindle 
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formation at metaphase93,94. Multipolar spindles introduce chaotic attempts to 

divide duplicated chromosomal material into supernumerary daughter cells, 

ultimately resulting in loss of essential chromosomal material. Because UNC-45A 

co-localizes and associates with microtubules throughout the cell cycle and the 

loss of UNC-45A results in mitotic abnormalities consistent with hyper-stabilized 

mitotic microtubules, this chapter explores in detail the relationship between 

UNC-45A and microtubule stability.   

 

Materials and Methods  

 

Chemicals 

4',6-diamidino-2-phenylindole (DAPI) was purchased from Invitrogen. 

 

Cell lines 

The ovarian cancer cell line COV362 was a generous gift from Dr. Panagiotis A.  

Konstantinopoulos (Dana Farber Cancer Institute). The cervical cancer cell line  

HeLa and the fibroblast cell line NIH3T3 were purchased from the American 

Type Culture Collection (ATCC). Cell lines were cultured in DMEM supplemented 

with 10% fetal bovine serum. RFL-6 cells were purchased from the American 

Type Culture Collection (ATCC) Ham’s F-12K medium (Thermo Fisher) 

supplemented with 20% FBS. 
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Antibodies  

Anti UNC-45A (Enzo Life Sciences, Protein Tech), anti alpha-tubulin (Sigma), 

anti acetylated-alpha-tubulin (Santa Cruz Biotechnology), anti ɣ-tubulin (Sigma), 

anti-TRITC polyclonal antibody (Thermo Fisher Scientific). Peroxidase-linked 

anti-mouse Immunoglobulin G and peroxidase-linked anti-rabbit Immunoglobulin 

G were from Amersham. Texas Red-Goat anti-Mouse IgG, Texas Red-Goat anti-

Rabbit IgG, FITC-Donkey and anti-Mouse IgG, Alexa Fluor 594-conjugated 

Donkey anti-mouse IgG, Peroxidase-Goat anti-mouse IgG, Peroxidase–Goat 

anti-rabbit IgG were purchased from Jackson Immunoresearch Laboratories, Inc.   

 

Modulation of UNC-45A expression levels in cells.  

For UNC-45A silencing or overexpression, scramble and UNC-45A shRNAs 

lentiviral supernatant or empty vector control and UNC-45A-GFP lentiviral 

supernatants were prepared and used to infect HeLa, Fibroblasts, COV362 and 

SKOV-3 cell lines as we have previously described24,25.  

 

Immunofluorence microscopy, image acquisition, and quantification. 

Cells were fixed in methanol for 5 minutes at -20°C. After blocking with 5% BSA 

in PBST, cells were stained with anti-UNC-45A, anti-alpha tubulin, anti-ɣ tubulin 

or anti- acetylated alpha tubulin primary antibodies followed by FITC- or Texas 

Red-conjugated secondary antibodies and analyzed via confocal fluorescence 

microscopy. Images were taken with an Olympus BX2 upright microscope 
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equipped with a Fluoview 1000 confocal scan head. A UPlanApo N 60X/1.42 NA 

objective was used. FITC was excited with a 488 nm laser and emission 

collected between 505 and 525 nm. For Texas Red a 543 nm laser was used for 

excitation and emission collected between 560 and 660 nm. Images were taken 

with sequential excitation. Fluorescent intensity of the mitotic spindle was 

measured within a defined circular area containing the entirety of each spindle 

pole using ImageJ software.  

 

Western blot analysis and immunoprecipitation.  

Total cellular protein (10–40 µg) from each sample was separated by SDS-

PAGE, transferred to PVDF membranes and subjected to Western blot analysis. 

Samples were subjected to Western blot analysis using the specified antibodies. 

Per each protein, Western blots were quantified within the linear range of 

detection. 

 

Recombinant protein.  

GFP-UNC-45A was cloned into pGEX-2TK to generate the GST-GFP-UNC-45A  

protein. The protein was expressed in Rosetta (DE3) pLysS and following GST 

removal it was affinity purified and dialyzed as we have previously described. 

 

Preparation of paclitaxel-stabilized, rhodamine-labeled microtubules.  
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The paclitaxel-stabilized rhodamine-labeled MTs were prepared as follows: 

unlabeled tubulin (cytoskeleton #T240) and rhodamine labeled tubulin 

(cytoskeleton #TL590M) were mixed in a 5:1 ratio in Brb80 buffer with 1mM DTT 

and 1mM GTP then incubated on ice for 5 minutes. Next, the mixture was 

incubated at 37⁰ C where 1/10 of the reaction mixture volume of 1μM, 10μM, and 

100μM paclitaxel (Cytoskeleton #TXD01) were added sequentially for 5 minutes 

each to create labeled, taxol-stabilized microtubules at a final concentration of 

40μM. After incubation, the MT mixture was diluted with warm Brb80 solution 

containing 100μM paclitaxel and 1mM DTT to be flowed into the TIRF chamber. 

All microtubules were prepared on the same day of the experiment.  

 

Construction and preparation of flow chambers for TIRF imaging.  

A 22mm x 50mm glass coverslip was used as the base of the chamber and an 

18mm x 18mm coverslip was used as the top. Prior to chamber assembly, 

coverslips were thoroughly cleaned and silanized. Three narrow strips of parafilm 

were stacked in three equidistant columns on the base coverslip to create two 

separate experimental chambers per slide. Once assembled, vaccumm-

assistance was used to flow an anti-rhodamine antibody solution in Brb80 into 

the chambers. After 10 minutes of room temperature incubation, the antibody 

solution was flushed out with two chamber volumes of Brb80 and a blocking 

solution of 1% PF127 in Brb80 was introduced. After 10 minutes of incubation the 

chambers were flushed with 2 channel volumes of Brb80 and the rhodamine-
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labeled MT mixture was added and allowed to attach to the antibody-coated 

coverslip for 15 minutes.  

 

In vitro analysis of UNC-45A-GFP impact on MT kinking and MT mass.  A 

final reaction mixture, containing imaging buffer and 125nM 0r 500nM final 

concentration of UNC-45A-GFP, was introduced into the TIRF imaging chamber, 

and the interaction between UNC-45A-GFP and paclitaxel-stabilized 

microtubules was visualized via 488 nm and 561 nm lasers generated from the 

Zeiss TIRF microscope at 100X magnification. Representative images were 

taken after 10 minute and 20 minute incubation with UNC-45A-GFP in each 

condition. A kinked microtubule was defined as a sharp angle observed within an 

individual microtubule. Microtubule mass was measured as average microtubule 

fluorescent intensity from 3 individual areas per field of view. Laser power and 

exposure time were minimized while TIRF angle was maximized to avoid 

photobleaching and photodamage. 

 

In vitro Tubulin Polymerization assay. The tubulin polymerization assay was 

performed as instructed in the Cytoskeleton Tubulin Polymerization Assay Kit 

(#BK006P) with the following modifications: no glycerol was used as a 

polymerization enhancer due to its known interference with tubulin ligand binding 

and instead, a 5mg/mL starting concentration of purified tubulin was used to 

enhance spontaneous tubulin polymerization. Assay was performed with 25nM or 
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75nM of purified UNC-45A protein (wild-type, C-terminally deleted, or N-

terminally deleted) and 1μM or 10μM of nocodazole as a depolymerization 

control. Each polymerization curve was analyzed as a percentage of the control 

polymerization curve. All experiments performed in triplicate.  

 

UNC-45A-GFP microtubule depolymerization image analysis.  

Individual paclitaxel-stabilized microtubule images were cropped from the 1-hour  

timelapse image using ImageJ v1.49. The kymographs of individual microtubules 

were then generated using ImageJ to illustrate the depolymerization process 

over time. The change in microtubule length was then calculated and divided by 

the total time span of the process to obtain the depolymerization rate. The units 

were converted from horizontal and vertical pixels on the kymograph into µm and 

minutes, respectively.  The data points gathered at the three experimental 

conditions (Control, 0.6 µM UNC-45A and 1.2 µM UNC-45A) were plotted  

separately in boxplots for comparison. Two-tailed Student’s t tests were 

performed to illustrate the significance.   

 

Statistical analysis  

Results are reported as mean ± Standard Deviation of three or more independent 

experiments. Unless otherwise indicated, statistical significance of difference was 

assessed by two-tailed Student’s t using Prism (V.4 Graphpad, San Diego, CA) 

and Excel. The level of significance was set at p<0.05.   
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Results  

 

Modulation of UNC-45A affects the proportion of long-lived microtubules in 

vivo.  

 

Because loss of UNC-45A results in mitotic abnormalities consistent with hyper-

stable spindle microtubules, we next aimed to determine the relationship 

between UNC-45A expression levels and microtubule stability. For this purpose, 

we evaluated expression levels of acetylated alpha tubulin. Acetylation is a post-

translational modification of alpha tubulin that has been shown to mark long-lived 

microtubules within a cell95-100. To exist for extended durations within a dynamic 

network suggests that the long-lived microtubules are stable. The extent of 

microtubule stability is examined as a ratio between the quantity of acetylated 

microtubules over the total quantity of microtubules. After UNC-45A knockdown, 

ovarian cancer cells had a 67% increase in microtubule stability (Figure 3.1, left). 

Conversely, after UNC-45A overexpression, ovarian cancer cells had a 56% 

decrease in microtubule stability (Figure 3.1 right). Together, these data suggest 

UNC-45A is acting as a microtubule destabilizing protein in vivo, consistent with 

its effect on mitotic cells. 

 

To evaluate the effect of UNC-45 on microtubule stability at a single-cell level, we 

first looked at acetylated tubulin levels in HeLa and NIH3T3 cells after UNC-45A  



56 
 

 

 

 

Figure 3.1. Modulation of UNC-45A affects proportion of long-lived 

microtubules in vivo. COV362 ovarian cancer cells were transduced with either 

scramble shRNA (S), UNC-45A shRNA (KD), empty vector (Emp), or UNC-45A-

GFP vector (OE), then lysed 48 hours post-rescue. Lysates were run on an SDS-

PAGE gel and analyzed for expression levels of UNC-45A, Acetylated tubulin, 

and alpha tubulin. Numbers indicate ImageJ analysis of ratio between acetylated 

tubulin and alpha tubulin. (Adapted with permission from Mooneyham et al., 

2018, Molecular Cancer Res.) 
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knockdown in dividing cells. At metaphase, acetylated tubulin fluorescent 

intensity increases almost 2-fold after loss of UNC-45A in both HeLa and 

fibroblast cells (Figure 3.2A and 3.2B). To determine whether UNC-45A’s impact 

on MT stability was cell-cycle-restricted, we next evaluated acetylated tubulin 

levels in interphase cells after UNC-45A knockdown. In interphase cells, 

acetylated tubulin increased 4-fold upon loss of UNC-45A, indicating UNC-45A’s 

effect on microtubule stability occurs in both dividing and non-dividing cells 

(Figure 3.2C). Lastly, to determine whether the reverse was also true, we 

performed the complement experiment by measuring acetylated alpha tubulin 

intensity after UNC-45A overexpression in metaphase cells. In this scenario, 

UNC-45A overexpression caused approximately a 50% decrease in MT stability 

(Figure 3.2D). Together, these data propose UNC-45A functions as a 

microtubule destabilizing protein in both metaphase and interphase cells. 

 

Modulation of UNC-45A affects microtubule stability in vivo. 

 

There is some debate in the field as to whether acetylated tubulin levels directly 

reflect microtubule stability. To confirm the increased proportion of acetylated 

tubulin after UNC-45A knockdown truly resulted in a more stable microtubule 

network, we next subjected control and UNC-45A knockdown cells to the 

microtubule destabilizing agent, nocodazole. If the loss of UNC-45A increases 

microtubule stability, then UNC-45A knockdown should confer some level of  
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Figure 3.2 UNC-45A modulation affects proportion of long-lived 

microtubules in both metaphase and interphase cells. A and B) Top: 

Representative images of A) HeLa and B) NIH3T3 cells transduced with either 

scramble or UNC-45A shRNA then stained for acetylated alpha tubulin (green) 

and DAPI (blue). Bottom: ImageJ quantification of acetylated alpha tubulin 

fluorescent intensity in scramble and UNC-45A knockdown A) HeLa and B) 

NIH3T3 cell populations. C) Left: Representative images of scramble and UNC-

45A knockdown interphase COV362 cells stained for acetylated alpha tubulin. 

Right: ImageJ quantification of acetylated alpha tubulin fluorescent intensity in 

interphase scramble and UNC-45A knockdown COV362 cells. D) Left: Western 

blot analysis of UNC-45A expression levels in HeLa cells transduced with an 

empty or UNC-45A-GFP vector. Numbers below indicate ratio between UNC-45A 

and total protein measured using ImageJ analysis. Center: Representative 

images of acetylated alpha tubulin fluorescence in metaphase empty vector 

control and UNC-45A overexpressing HeLa cells. Right: ImageJ quantification of 

acetylated alpha tubulin fluorescent intensity in control and UNC-45A 

overexpressing HeLa cells. (Adapted with permission from Mooneyham et al., 

2018, Molecular Cancer Res.) 
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resistance to microtubule destabilizing agents such as nocodazole. After 

overnight treatment with low nanomolar doses of nocodazole, the microtubule 

network of the control cell population was noticeably diminished. However, the 

microtubule network of UNC-45A knockdown cells remained intact (Figure 3.3). 

This confirmed that microtubule stability is increased after loss of UNC-45A 

expression, as suggested by the changes in acetylated tubulin levels after UNC-

45A modulation. 

 

Although the levels of alpha tubulin do not change via western blot after UNC-

45A knockdown, that does not mean that the total microtubule mass is not 

impacted by UNC-45A modulation. Alpha tubulin can either be free within a cell 

or incorporated into the microtubule polymers. To evaluate the impact of UNC-

45A on total microtubule polymer mass within a cell, free tubulin must be 

removed from the cellular system via free tubulin extraction. Therefore, to 

determine whether UNC-45A expression impacts total microtubule mass within a 

cell, we fixed and stained control and UNC-45A overexpressing fibroblast cells 

for alpha tubulin after free tubulin extraction to label the polymerized microtubule 

network only. Indeed, we observed a visible decrease in microtubule mass after 

overexpressing UNC-45A, which was significant upon quantification (Figure 3.4A 

and 3.4B). Interestingly, broken microtubules were also apparent at the cellular 

periphery, and broken microtubules appeared more frequently in cells 

overexpressing UNC-45A (Figure 3.4A inset, and Figure 3.4C).  
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Figure 3.3. Loss of UNC-45A results with increased microtubule network 

stability. Left: COV362 cells transduced with scramble or UNC-45A shRNA were 

treated with 10nM of nocodazole for 16 hours and then fixed and stained for 

alpha tubulin (green). Right: ImageJ quantification of alpha tubulin fluorescent 

intensity in scramble and UNC-45A knockdown populations after mock (dark 

grey) and nocodazole (light grey) treatment.  
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Figure 3.4. Overexpression of UNC-45A decreases microtubule mass and 

increases MT breakages. A) Representative images of RFL-6 rat lung 

fibroblasts transduced to express empty vector GFP or GFP-UNC-45A and 

stained for alpha tubulin (red). Cells overexpressing UNC-45A show B) a 

significant decrease in total MT-mass and C) an increase of microtubule 

breakages at the cell edges compared to the control group.  
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UNC-45A directly destabilizes microtubules in vitro 

 

Until this point, we had only investigated UNC-45A’s impact on microtubule 

stability in a complex cellular system. Therefore, it was impossible to determine 

whether the destabilizing effect of UNC-45A on microtubules is the result of direct 

or indirect action; there are many microtubule stability regulators within a cell that 

work cooperatively and antagonistically, and UNC-45A could be exerting its 

effects through a number of stability-regulating pathways. To evaluate the effect 

of UNC-45A on depolymerization rate, individual paclitaxel-stabilized 

microtubules were observed continuously over 60 minutes by time-lapse TIRF 

microscopy in the presence of increasing concentrations of UNC-45A. In the 

control condition, there was little to no depolymerizaion over 60 minutes since the 

microtubules were taxol stabilized. However, microtubules were completely 

depolymerized after incubation with UNC-45A, and depolymerization rates 

significantly increased with the introduction of more UNC-45A (Figure 3.5). This 

indicates that microtubules depolymerize at a faster rate as a concentration-

dependent response to UNC-45A.   

 

To determine whether UNC-45A is a direct modulator of microtubule stability, we 

turned to an in vitro TIRF microscopy system containing paclitaxel-stabilized, 

rhodamine-labeled microtubules and GFP-tagged recombinant UNC-45A only, in  
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Figure 3.5. UNC-45A accelerates the depolymerization rate of microtubules 

in vitro. A) Kymographs representing time-lapse movies of paclitaxel-stabilized 

MTs in the control experiment without UNC-45A (top) and in presence of 

increasing concentrations of UNC-45A-GFP (middle and bottom). B) Paclitaxel-

stabilized MT depolymerization rates with increasing concentrations of UNC-45A-

GFP (controls n=115; 0.6 μM n=138; 1.2 μM n=134; p<0.0001, controls vs 0.6 

μM and 1.2 μM). (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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the absence of any additional cellular factors, and took still images of control and 

UNC-45A conditions after 10 and 20 minutes. Representative fields of view are 

shown in Figure 3.6A, which shows microtubule mass decreasing in both a time-

and concentration dependent manner in the presence of UNC-45A (Figure 3.6B). 

Interestingly, consistent with the microtubule breakages we saw intracellularly, 

we observed microtubules that appeared kinked in the conditions containing 

UNC-45A (yellow arrows, Figure 3.6).  

 

Kinked microtubules were defined as a sharp angle observed within one, 

continuous microtubule. Kinked microtubule sites are prone to breakages. A 

breakage cannot be observed at a fixed point in time since a broken microtubule 

can appear the same as two individual microtubules. Therefore, we must analyze 

the point in time just before breakage, when the microtubule is still intact, but 

kinked (Figure 3.7A). We observed increased instances of kinked microtubules in 

both a time and concentration dependent manner in the presence of UNC-45A 

(Figure 3.7B). Specifically, the proportion of kinked microtubules increased by ~3 

fold in the 250nM UNC-45A condition and ~1.5 fold in the 125nM UNC-45A 

condition over the control microtubules after 20 minutes. Together, this data 

identifies a novel function for UNC-45A as an ATP-independent microtubule 

destabilizing protein that directly kinks and depolymerizes microtubules in a 

concentration- and time-dependent manner. 
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Figure 3.6. UNC-45A decreases microtubule mass in vitro in a time- and 

concentration-dependent manner. A) Representative images of paclitaxel-

stabilized microtubules (red) in the absence or presence of UNC-45A over time. 

Yellow arrows indicate observed microtubule kinks. B) ImageJ quantification of 

fluorescent intensity in each of the 6 conditions pictured in panel A. T-test values 

indicated by asterisks. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 3.7. UNC-45A increases the proportion of kinked microtubules in 

vitro in a time- and concentration-dependent manner. A) Examples of normal 

(top) and kinked (bottom) microtubules. Microtubules are rhodamine-labeled 

(red) and UNC-45A is GFP-tagged (green). B) Quantification of kinked 

microtubules over time in the presence of increasing concentrations of UNC-45A.    
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N-terminus is required for the microtubule-associated functions of UNC-

45A in vitro and in vivo 

 

Because UNC-45A has not previously been implicated in microtubule-associated 

functions, we were interested in identifying the domain of UNC-45A was required 

for interaction with microtubules. We began by creating deletion mutants of the 

known functional domains within UNC-45A: the Hsp-90-interacting N-terminal 

domain, and the myosin II-interacting C-terminal domain. The resulting truncated 

proteins, shown in Figure 3.8A, were N-terminally deleted UNC-45A (dN, 125-

944aa) and C-terminally deleted UNC-45A (dC,1-544aa). We examined the 

purity of each protein by SDS-PAGE gel analysis and amido black staining. Each 

protein was >90% pure (Figure 3.8B). 

 

To begin structure-function analysis, we used TIRF microscopy to evaluate the 

microtubule binding ability of dC-UNC-45A and dN-UNC-45A compared to wild-

type (WT) UNC-45A. As we observed previously in Chapter 2, WT-UNC-45A is 

capable of directly binding microtubules in a purified in vitro system without any 

additional cellular factors. The binding pattern is punctate and visible along the 

entire length of microtubules (Figure 3.9, top). Strikingly, despite being 

approximately half the size of WT-UNC-45A, C-terminally deleted UNC-45A 

retains the ability to bind microtubules as efficiently as wild-type UNC-45A and 

exhibits the same binding pattern (Figure 3.9, middle). This suggests that the  
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Figure 3.8. Recombinant wild-type and mutant UNC-45A. A) Schematic 

illustrating full-length wild-type UNC-45A (top) N-terminally deleted UNC-45A 

(middle) and C-terminally deleted UNC-45A (bottom). Numbers indicate the 

amino acid range of each protein. B) Western blot indicating molecular weight 

and purity of WT (0.6 μg), dN (6 μg), and dC (6 μg) UNC-45A-GFP. 
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Figure 3.9. N-terminus of UNC-45A is required for microtubule binding in 

vitro. Representative images of wild-type (top), C-terminally deleted (middle), 

and N-terminally deleted (bottom) UNC-45A-GFP (green) and paclitaxel-

stabilized microtubules (red) observed via TIRF microscopy.  
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conserved, myosin II-interacting UCS domain is not required for UNC-45A’s 

microtubule-associated functions. Conversely, deletion of the N-terminus 

completely abrogates the microtubule binding ability of UNC-45A (Figure 3.9, 

bottom), suggesting the microtubule-interacting domain is located in the first 124 

amino acids at the amino terminus.  

 

To correlate these findings with microtubule destabilizing activity, we next 

performed tubulin polymerization assays comparing wild-type and mutant UNC-

45A, using the microtubule-destabilizing drug, nocodazole, as a positive control 

of microtubule depolymerizing activity. The tubulin polymerization assay relies on 

the ability of purified tubulin subunits to polymerize spontaneously at a critical 

concentration when incubated at a polymerizing temperature. This polymerization 

occurs in the absence of any polymerization enhancers, such as paclitaxel or 

glycerol, when tubulin is plated at a concentration of 5 mg/mL or higher. We 

chose to perform this assay in the absence of glycerol due to its noted property 

of interfering with MAP binding to microtubules, and without taxol to determine 

the extent of UNC-45A microtubule destabilizing activity on native microtubule 

structures as opposed to paclitaxel-stabilized microtubules, which were used in 

TIRF microscopy experiments. 

 

Tubulin polymer mass is measured over 60 minutes by absorbance of 340nm 

light, which is proportionate to the total level of tubulin polymer in each well. Over 
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60 minutes, free tubulin first enters a nucleation phase, then an exponential 

growth phase as polymerization begins, and lastly reaches a plateau once it 

achieves the highest possible tubulin polymer mass in that condition. At the 

ultimate polymer mass, microtubule growth and catastrophe events have 

reached an equilibrium. Less polymer mass is indicative of microtubule 

destabilization, preventing more polymers from forming. As displayed in Figure 

3.10A, nanomolar concentrations of WT-UNC-45A decreased polymer mass by 

approximately 50% over an hour in a concentration-dependent manner. Similar 

results were achieved by the MT-binding C-terminally deleted mutant, which also 

reduced polymer mass by approximately 50% in a concentration dependent 

manner (Figure 3.10B). The N-terminally deleted UNC-45A protein, however, 

was unable to exert any significant microtubule destabilizing activity, consistent 

with its inability to directly interact with microtubules (Figure 3.10C). Nocodazole, 

the microtubule destabilizing drug used as a positive control, was able to nearly 

completely prevent microtubule polymerization when used at micromolar 

concentrations (Figure 3.10D), confirming the functionality and sensitivity of this 

assay. 

 

Lastly, we sought to extend these findings to an in vivo cellular system by 

transfecting fibroblast cells with flag-tagged expression vectors of WT and mutant 

UNC-45A protein and subsequently assessing the microtubule network stability. 

Although wild-type UNC-45A is expressed very efficiently in a cellular system,  
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Figure 3.10. N-terminus of UNC-45A is required for microtubule 

destabilizing activity in vitro. Tubulin polymerization assays were performed 

with purified tubulin and increasing concentrations of either A) WT-UNC-45A, B) 

dC-UNC-45A, C) dN-UNC-45A, and D) nocodazole over 60 minutes. Nocodazole 

was used as a positive control of microtubule depolymerization.  
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Figure 3.11. In vivo expression of wild-type and mutant UNC-45A. RFL6 cells 

were transduced with either a mock, wild-type, C-terminally deleted, or N-

terminally deleted flag-tagged UNC-45A expression vector. Expression levels of 

each protein were analyzed via western blot with an anti-flag antibody. 
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Figure 3.12 N-terminus of UNC-45A required for MT destabilizing activity in 

vivo.  RFL6 cells transduced with either empty vector (control), Wild type UNC-

45A (WT), C-terminally deleted UNC-45A (dC), or N-terminally deleted UNC-45A 

(dN) and stained for alpha tubulin (red). A) Representative images of microtubule 

mass in each condition. Scale bar = 20 μm. B) Representative images of 

microtubule breakages in each condition. Scale bar = 5 μm. C) Analysis of 

microtubule mass measured via ImageJ quantification of alpha tubulin 

fluorescent intensity. Values were normalized to control alpha tubulin 

fluorescence. Significance denoted as follows: n.s. = nonsignificant, * = p < 0.05, 

**** = p < 0.0001.  D) Analysis of observable microtubule breakages per cell. All 

values nonsignificant.  
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both mutants were very weakly expressed (Figure 3.11). Therefore, rather than 

assess microtubule stability biochemically at a population level, we moved to an 

immunofluorescent system where cells expressing greater levels of mutant 

protein could be isolated and analyzed more comparatively to wild-type 

expressing cells. Immunofluorescent analysis of microtubule mass after wild-type 

and mutant UNC-45A expression revealed WT-UNC-45A reduced MT-mass by 

~40%, dC-UNC-45A reduced MT-mass by ~30%, and the dN-UNC-45A 

microtubule mass was not significantly different than control cells (Figure 3.12A 

and 3.12C). Additionally, when individual microtubules were examined in greater 

detail at the cell periphery, breakages were observed more frequently in WT- and 

dC-UNC-45A expressing cells as compared to control and dN cells as a trend 

(Figure 3.12B and 3.12D). Together, this suggests that the N-terminus of UNC-

45A is required for MT-destabilizing activity in vivo and in vitro. 

 

 

Discussion  

 

Microtubule-associated proteins can physically associate with and act on 

microtubules, often impacting their dynamic instability to exert function. Chapter 3 

built on the finding that UNC-45A is a novel MAP by identifying it as a 

microtubule-destabilizing protein that interacts with microtubules via its N-

terminus. Although this work identifies an entirely new function for UNC-45A as a 
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microtubule destabilizing protein, it is not completely incongruous with current 

literature. In fact, it supports the wide-array of roles UNC-45A has been shown to 

perform in mammalian cells. The microtubule network is an expansive, dynamic 

cytoskeletal structure that is an integral part of protein transport, cell motility, and 

division50-54. Therefore, microtubule-associated proteins can impact an extensive 

array of cellular functions through their interaction with microtubules and 

subsequent effect on protein localization, cell polarity, mitosis, and numerous 

related pathways. The MT-destabilizing function of UNC-45A potentially 

complements its ability to confer resistance to the pan-HDAC inhibitor, belinostat, 

for example26. A major contributor to pan-HDAC toxicity is perturbed mitotic 

progression101. Therefore, while pan-HDAC inhibitors can work cooperatively with 

MT-stabilizing drugs such as vincristine to synergistically kill cancer cells101, MT-

destabilizing proteins such as UNC-45A may counteract its mechanism of action 

and lead to HDAC inhibitor resistance. This is only one of many possibilities and, 

clearly, future research is needed to elucidate the intricate relationships between 

UNC-45A and its currently known roles in mammalian cells.   

 

There are three main classes of microtubule destabilizing proteins: sequestering, 

severing, and end-depolymerases. Sequestering proteins destabilize 

microtubules by binding to free tubulin in the cell, depleting the quantity of free 

tubulin ready for incorporation into the tubulin polymer and therefore increasing 

the likelihood of catastrophe after stalled growth. A well-known tubulin 
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sequestering protein is stathmin, which has an affinity for paired tubulin 

dimers102-104. End depolymerases have an affinity for or travel to the ends of 

microtubules and cause destabilization by either preventing the addition of 

additional tubulin dimers or physically pulling the ends of microtubules into a 

morphological conformation that promotes catastrophe. Mitotic centromere-

associated kinesin (MCAK) is a well-known end depolymerase that uses ATP 

hydrolysis to alter the conformation of end-protofilaments on microtubules105-107. 

Lastly, severing proteins act to destabilize microtubules by breaking them in a 

central region. Katanin, named after the Japanese sword katana, oligomerizes on 

a microtubule and uses ATP-hydrolysis to “pull” apart the polymer by the C-

terminal tails of tubulin subunits, leaving damage from which the microtubule 

subsequently depolymerizes108-111. 

 

Although it is tempting to classify UNC-45A as a microtubule severing protein 

based on its ability to cause microtubule breakages in vivo and kink microtubules 

in vitro, its mechanism of action is very different from traditional microtubule 

severing proteins. For example, UNC-45A has no known ATPase domain and 

destabilizes microtubules in an ATP-independent manner, as ATP was not 

present in any of our in vitro assays. Additionally, and maybe as a consequence 

of ATP-independence, UNC-45A requires higher concentrations and longer 

amounts of time to exert its function in vitro than common ATP-dependent 
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severing proteins. Together, the distinct actions of microtubule destabilization by 

UNC-45A defy classification and are of great interest for future studies.  

 

In 2019, a study was published indirectly linking UNC-45a to microtubule 

instability30, in phenotypic agreement with the current work. Prior to this study, 

and our own, demonstrating the microtubule destabilizing function of UNC-

45A112, its association with microtubules was unknown. Therefore, we set out to 

determine which functional domain of UNC-45A was required for microtubule-

interaction by using structure-function analysis. Our analysis revealed that upon 

truncation of the 124aa N-terminal domain, the ability of UNC-45A to interact with 

and destabilize microtubules is completely abrogated. This is interesting, 

because the N-terminal domain had only been linked to co-chaperone activity 

previously.  

 

The N-terminal domain of UNC-45A contains three consecutive tetratricopeptide 

repeats. TPR domains are known to form protein-protein interactions driven by 

electrostatic and hydrophobic forces113. They are often implicated in chaperone, 

cell cycle, and protein transport functions and appear on a variety of proteins as 

a possible ancestral domain for protein-protein interaction that has been adapted 

to be used in multiple contexts114. It is possible that the TPR domain could be 

facilitating the interaction between UNC-45A and microtubules. Microtubule-

associated proteins are often characterized by being electrostatically positive, for 
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interaction with the negatively charged C-terminal tails115, with hydrophobic 

surface areas that have affinity for large hydrophobic polymers such as 

microtubules. The identification of the interacting domain is an exciting discovery, 

and it would be interesting to delve deeper into the specific interaction-mediating 

residues to illuminate potential regulatory mechanisms.  
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Chapter 4: Paclitaxel-resistant Ovarian Cancer Cells Overexpress UNC-45A 

and Overcome Cell Death on Multipolar Spindles 

 

Introduction 

 

Clinically relevant concentrations of paclitaxel kill cancer cells in vivo by causing 

excessive microtubule stabilization which results with cell division on multipolar 

spindles, severe aneuploidy, and eventual apoptotic cell death43,75. Drug 

resistance is thought to cause treatment failure and death in more than 90% of 

ovarian cancer patients with advanced metastatic disease, which make up most 

of the ovarian cancer patient population upon diagnosis. The limited mechanistic 

understanding of paclitaxel resistance means there are no effective strategies to 

overcome chemoresistance, resulting in a stagnantly poor 5-year survival rate for 

advanced ovarian cancer. Therefore, the inability to predict and influence how 

patients will respond to paclitaxel and the onset of paclitaxel resistance 

represents a major obstacle for long-term disease remission116.  

 

Recently, the idea that baseline microtubule stability affects paclitaxel sensitivity 

has been gaining traction. In fact, microtubule stability has been linked to 

paclitaxel resistance in multiple settings. In 2005, a study found that while 

paclitaxel-ressitant cancer cells over-expressed p-glycoprotein117,118, that was not 

the ultimate source of their drug resistance. Rather, the paclitaxel resistant cells 
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had a decreased proportion of stable microtubules, as measured by microtubule 

acetylation, and that was thought to be the major contributor to paclitaxel 

resistance.  Then, in 2011, Mitotic Centromere-Associated Kinesin (MCAK), a 

well-known microtubule depolymerizing protein, was implicated in paclitaxel 

resistance when researchers demonstrated MCAK-overexpressing cells survived 

paclitaxel treatment that was toxic to control cells119. Soon after, a 2011 study by 

Dr. Robert Bast Junior’s group from MD Anderson Cancer Center demonstrated 

the generalizable concept that microtubule stabilization enhances paclitaxel-

mediated cytotoxicity by performing an siRNA screen120. Specifically, they utilized 

pooled siRNAs to knockdown genes that affected microtubule stability, such as 

regulatory kinases, and evaluated their subsequent sensitivity to paclitaxel. This 

was an important finding because it implied cellular components affecting 

microtubule stability may be important biomarkers and molecular targets to study 

in the context of ovarian cancer. Lastly, a 2015 study from Dr. Shih’s group at 

Johns Hopkins showed Spleen Tyrosine Kinase (SYK) augmented paclitaxel 

cytotoxicity by stabilizing microtubules in primary ovarian cancer cell cultures and 

cell lines121,122. Going one step further, they demonstrated that targeting SYK 

increased paclitaxel sensitivity in an in vivo animal model, validating microtubule 

stabilizing proteins as potential molecular targets in paclitaxel-resistant disease.  

 

We and others have previously shown that UNC-45A overexpression correlates 

with patients’ poor outcome in ovarian and breast cancer23,31. This is especially 
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interesting in the context of UNC-45A’s newly discovered function as a 

microtubule-destabilizing MAP, outlined in Chapter 2 and Chapter 3 of this thesis. 

Because UNC-45A and paclitaxel have antagonistic activity on microtubule 

stability, we set forth to determine whether UNC-45A overexpression is 

specifically associated to paclitaxel resistance in ovarian cancer. 

 

Materials and Methods  

 

Chemicals   

The 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide 

inner salt (WST-1) was purchased from Cayman Chemicals. Propidium iodide 

(PI) was purchased from Sigma. 4',6-diamidino-2-phenylindole (DAPI) was 

purchased from Invitrogen. Paclitaxel was purchased from Teva Pharmaceuticals 

and Carboplatin was purchased from Segent Pharmaceuticals. 

 

Cell lines.  

The ovarian cancer cell line COV362 was a generous gift from Dr. Panagiotis A.  

Konstantinopoulos (Dana Farber Cancer Institute). The ovarian cancer cell lines 

OVSAHO, Kuramochi, and JHOS2 were a generous gift from Dr. Douglas Levine 

(Memorial Sloan Kettering Cancer Center). The ovarian cancer cell line SKOV-3, 

the cervical cancer cell line HeLa and the fibroblast cell line NIH3T3 were 
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purchased from the American Type Culture Collection (ATCC). Cell lines were 

cultured in DMEM supplemented with 10% fetal bovine serum. 

 

Antibodies  

Anti UNC-45A (Enzo Life Sciences, Protein Tech), anti alpha-tubulin (Sigma), 

anti acetylated-alpha-tubulin (Santa Cruz Biotechnology), anti ɣ-tubulin (Sigma) 

anti MCAK (GeneTex). Peroxidase-linked anti-mouse Immunoglobulin G and 

peroxidase-linked anti-rabbit Immunoglobulin G were from Amersham. Texas 

Red-Goat anti-Mouse IgG, Texas Red-Goat anti-Rabbit IgG, FITC-Donkey and 

anti-Mouse IgG, Peroxidase-Goat anti-mouse IgG, Peroxidase–Goat anti-rabbit 

IgG were purchased from Jackson Immunoresearch Laboratories, Inc.   

 

Immunofluorence microscopy, image acquisition, and quantification.  

Cells were fixed in methanol for 5 minutes at -20°C. After blocking with 5% BSA 

in PBST, cells were stained with anti-UNC-45A, anti-alpha tubulin, anti-ɣ tubulin 

or anti- acetylated alpha tubulin primary antibodies followed by FITC- or Texas 

Red-conjugated secondary antibodies and analyzed via confocal fluorescence 

microscopy. Images were taken with an Olympus BX2 upright microscope 

equipped with a Fluoview 1000 confocal scan head. A UPlanApo N 60X/1.42 NA 

objective was used. FITC was excited with a 488 nm laser and emission 

collected between 505 and 525 nm. For Texas Red a 543 nm laser was used for 

excitation and emission collected between 560 and 660 nm. Images were taken 
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with sequential excitation. For all mitotic phenotype comparisons, analyzed cells 

were taken from same experiment dates with identical acquisition settings.  

 

Western blot analysis and immunoprecipitation.  

Total cellular protein (10–40 µg) from each sample was separated by SDS-

PAGE, transferred to PVDF membranes and subjected to Western blot analysis. 

Samples were subjected to Western blot analysis using the specified antibodies. 

Per each protein, Western blots were quantified within the linear range of 

detection. 

 

Cell viability and proliferation rate assays.  

Cell viability was determined by 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H 

tetrazolium-5-carboxanilide inner salt assay as previously described123. Briefly, 

cells were seeded at the concentration of 1,000 per well in 100 μL medium in 96-

well plate and treated with the indicated concentrations of drugs.  At the indicated 

time points, cells were incubated according to the manufacturer’s protocol with 

the WST-1 labeling mixture for 2 hours. Formazan dye was quantified using a 

spectrophotometric plate reader to measure the absorbance at 450nm (ELISA 

reader 190; Molecular Devices). Alternatively, cells were seeded in 6 well plates 

at a density of 30,000 cells per well and either mock treated or treated with 5nM 

of paclitaxel 24 hours post-plating. Proliferation rate was determined by counting 

the cells over a period of 6 days via Trypan blue exclusion staining.   
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Measurements of intracellular levels of paclitaxel via High-Performance-

Liquid-Chromatography (HPLC).  

 

COV362 ovarian cancer cells were grown in 10 cm dishes and treated with 100 

nM of paclitaxel for 18 hours following which cells were trypsinized, pelleted, 

resuspended in 1 mL of ddH2O and stored at -80° C. Thawed cells were 

homogenized in water and the samples were applied to solid-phase extraction 

columns (Bond Elut C18, Agilent) and eluted with acetonitrile (1 mL). After the 

solvent was removed, the residue was lyophilized and reconstituted in the HPLC 

mobile phase (30% of 35 mM acetic acid in ddH2O and 70% acetonitrile, 100 

μL). A 50 μL injection was separated using isocratic 30% of 35 mM acetic acid in 

ddH2O and 70% acetonitrile (2 mL/min) on an Agilent 1200 Infinity series HPLC 

system with a Gemini 5μ C18 110A 4.6 Å~ 250 mm column. The paclitaxel signal 

(retention time 4.6 min) was monitored at 227 nm. Analyses were performed 

independently in triplicate. A standard curve was generated using untreated cell 

lysates that were spiked with paclitaxel in acetonitrile (250 nM to 100 μM, final  

concentrations) before solid-phase separation.  

 

Human Subjects.  

Archival tissues were used with the Institutional Review Board approval. 
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Immunohistochemistry. 

Five-micron thick formalin-fixed, paraffin-embedded sections were deparaffinized 

and rehydrated by sequential washing with xylene, 100% ethanol, 95% ethanol, 

80% ethanol, and PBS. For antigen retrieval, slides were immersed in Reveal 

Decloaker (Biocare Medical, Concord, CA) and steamed for 30 min at 100 

degrees C. Endogenous peroxidase activity was blocked with 3% H2O2 for 10 

min. After washing with PBS, slides were blocked with 10% normal goat serum in 

PBS for 10 min at room temperature, followed by incubation with rabbit anti-

human polyclonal UNC-45 antibody (Proteintech Group Inc) at a concentration of 

1:200 in blocking solution overnight at 4 degrees C. After washing twice with 

PBS, slides were incubated with a biotinylated anti-rabbit secondary antibody 

conjugated (10 min) and streptavidin/horseradish peroxidase (10 min; Dako), 

followed by 3,3-diaminobenzidine (Phoenix Biotechnologies) substrate for 3 min. 

Slides were lightly counterstained with Gill No. 3 hematoxylin (Sigma) for 60 s, 

dehydrated, and coverslipped. UNC-45A antibody validation was performed on 

COV-362 cell lines transduced with shRNA scramble or shRNA-UNC-45A and  

subject to immunohistochemistry as above described. Immunostained slides 

were reviewed by a panel of five investigators blinded to the clinical outcome of 

the corresponding patients. The staining intensity was rated as follows: 0 = no 

staining, 1+ = weak intensity, 2+ = moderate intensity, and 3+ = high intensity.   

 

Flow cytometry.  
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Cell cycle status following treatment with drug or vehicle alone was determined 

via flow cytometry analysis in cells harvested at indicated time points, fixed and 

stained with 0.1% (m/v) propidium iodide in PBS-T. Fluorescence was measured 

with a FACSCantoII flow cytometer (Becton Dickinson) and analyzed with FlowJo 

software.   

  

Colony formation assay.  

The colony formation assay was performed in 6 well plates as we have 

previously described124. Briefly, ten days after plating, or when colonies of 30-50 

cells were observed, colonies were either mock treated or treated with 5nM of 

paclitaxel continuously for 3 weeks by addition of paclitaxel to the feeder layer. 

Colony viability was assessed by phase contrast microscopy. Viable colonies 

appeared translucent and circular with regular borders. Viability was confirmed 

by isolation and mechanical dissociation of representative colonies in each  

condition followed by trypan blue staining.   

  

Statistical analysis.  

Results are reported as mean ± Standard Deviation of three or more independent 

experiments. Unless otherwise indicated, statistical significance of difference was 

assessed by two-tailed Student’s t using Prism (V.4 Graphpad, San Diego, CA) 

and Excel. The level of significance was set at p<0.05.   
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Results  

 

UNC-45A is aberrantly expressed in chemoresistant ovarian cancer clinical 

specimens and cell lines 

 

Paclitaxel, a microtubule stabilizing agent, is one of the most widely prescribed 

chemotherapy agents in the treatment of human cancers. For ovarian cancer, 

where aberrant overexpression of UNC-45A is associated with poor clinical 

outcome, paclitaxel is used in both primary and secondary chemotherapy 

approaches. This is especially interesting in the context of UNC-45A as a newly 

identified microtubule destabilizing protein, as outlined in Chapter 3. We 

hypothesized UNC-45A may be acting antagonistically toward paclitaxel, 

conferring a survival advantage to cancer cells expressing high levels of UNC-

45A upon paclitaxel treatment.  

 

To investigate the association between UNC-45A and chemoresistance, we 

obtained clinical specimens of nonrecurrent and recurrent ovarian cancer. 

Recurrent cancer was defined as cancer that recurred within 6 months of primary 

chemotherapy treatment, which is the clinical definition of ovarian cancer 

chemoresistance125. Therefore, in our analysis, recurrent and chemoresistant are 

synonymous. Ovarian cancer clinical specimens were immunohistochemically 

stained for UNC-45A and staining intensity was evaluated on a graded scale of 0  
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Figure 4.1. UNC-45A is overexpressed in clinical specimens of recurrent, 

chemoresistant ovarian cancer. A) Immunohistochemical staining of UNC-45A 

in clinical specimens from patients with non-recurrent (n=40) or recurrent (n=8) 

ovarian cancer that exhibit weak (left) and intense (right) UNC-45A staining. B) 

Staining intensity for each case was graded as 0 (no staining), 1 (weak staining), 

2 (moderate staining), and 3 (intense staining). (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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Figure 4.2. Endogenous UNC-45A expression levels correlate with 

paclitaxel sensitivity. Expression levels of UNC-45A in ovarian cancer cell lines 

with different degrees of paclitaxel sensitivity as measured by WST-1 assay 

following 48 hours drug exposure and expressed as IC50. Numbers indicate the 

ratio between UNC-45A levels and total protein which was used as an equal 

loading control. (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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to 3 by a panel of scientists blinded to patient status. After binning clinical 

specimens into either UNC-45A low expressing (staining intensity < 1.5) or UNC-

45A high expressing (staining intensity >1.5) groups, it was apparent that tumors 

expressing high levels of UNC-45A were more likely to recur after chemotherapy, 

indicating UNC-45A expression correlates with ovarian cancer chemoresistance 

(Figure 4.1). Interestingly, endogenous levels of UNC-45A also correlated with 

paclitaxel sensitivity in a panel of ovarian cancer cell lines (Figure 4.2).  

 

To analyze the direct impact of UNC-45A on paclitaxel sensitivity, we generated 

pairs of paclitaxel sensitive and paclitaxel resistant ovarian cancer cell lines using 

COV362 cells, which genetically represent the HGSOC subtype 126-128. We 

approached this using two distinct methods. One method, meant to mimic clinical 

development of chemoresistance, relied on 24-hour cycles of paclitaxel treatment 

followed by washout, representing pharmacokinetic clearance of paclitaxel in 

patients. Then cells were allowed 2 weeks of recovery in normal media before 

the next cycle of treatment to reflect the 2 week wait period between 

chemotherapy appointments for patients. This schedule was repeated for 3 

cycles (Figure 4.3A). The surviving cells were allowed to grow together as a 

polyclonal population of resistant cells, as they would in a clinical setting. 

Alternatively, we approached this in a more extreme manner by treating ovarian 

cancer cells with paclitaxel continuously over 21 days before rescuing with 

normal media (Figure 4.3B). Surviving cells were allowed to grow in colonies,  



94 
 

 

 

 

 

Figure 4.3. Generation of paclitaxel-resistant ovarian cancer cell lines. 

Schematic representation of the protocols followed to generate populations of A) 

polyclonal and B) clonal paclitaxel-resistant COV362 ovarian cancer cells. 

(Adapted with permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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then colonies were isolated and grown as clonal populations of resistant cells. 

For these studies, clones 1 and 7 were selected for further experimentation 

because they grew well after clonal expansion. Extent of acquired paclitaxel 

resistance was evaluated via a WST-1 cytotoxicity assay over 96 hours. The 96-

hour time point was chosen to ensure cells had an opportunity to divide, since 

paclitaxel-induced cell death at clinically-relevant concentrations occurs after cell 

division. The polyclonal resistant population was about 5X more resistant to 

paclitaxel treatment as compared to the parental cell line, and the clonal resistant 

cells were 15-20X more resistant to paclitaxel (Figure 4.4A). 

 

A commonly studied potential mechanism of chemoresistance in ovarian cancer 

is the accumulation of multidrug-resistant pumps, which are capable of shuttling 

drugs directly out of the cell and thus prevent the cell from being fully impacted 

by treatment117,118. If this is true in our resistant cellular system, we would expect 

two outcomes: 1) our paclitaxel resistant cell lines would have cross-resistance to 

a variety of chemotherapy agents, since multidrug-resistant pumps act 

aspecifically, and 2) intracellular levels of drug would be lower in the 

chemoresistant cells compared to sensitive, since the pumps would be removing 

much of the drug from the intracellular space. To assess these readouts of 

aspecifically-acquired resistance, we first performed a WST-1 cell viability assay 

after 48 hours of treatment with carboplatin, a DNA-targeting agent commonly 

used in combination with paclitaxel as primary chemotherapy. Neither the  
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Figure 4.4. Paclitaxel-resistant populations exhibit no cross-resistance to 

carboplatin and maintain equal intracellular concentrations of paclitaxel. A) 

Dose-dependent inhibition of cell viability of COV362 sensitive, polyclonal, clone 

#1, and clone #7 cells exposed to the indicated concentrations of paclitaxel over 

a period of 96 hours. B) Dose-dependent inhibition of cell viability of COV362 

sensitive, polyclonal, clone #1, and clone #7 cells exposed to the indicated 

concentrations of carboplatin over a period of 48 hours. C) Intracellular 

concentrations of paclitaxel as measured via HPLC in lysates of sensitive and 

resistant COV362 cells pretreated with 100 nM paclitaxel. (Adapted with 

permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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polyclonal or the clonal resistant populations were significantly more resistant to 

carboplatin than the parental population, suggesting the resistant mechanism is 

specific to microtubule targeting agents and does not translate into cross-

resistance to a DNA-targeting agent (Figure 4.4B). Furthermore, we evaluated 

the intracellular levels of paclitaxel after taxol treatment by High Performance 

Liquid Chromatography and found all the resistant cell populations had equal or 

greater intracellular concentrations of paclitaxel than the sensitive parental cell 

line (Figure 4.4C). This means that the paclitaxel resistant cells are experiencing 

the same levels of intracellular drug but have developed a mechanism to 

overcome its toxicity. Together, these studies confirm the successful generation 

of matched pairs of sensitive and resistant cell lines that have developed a 

mechanism of resistance specific to the MT-targeting agent paclitaxel.   

 

Next, we were interested in whether our paclitaxel resistant cell lines exhibited 

the same phenotype as we observed in situ. Specifically, we wondered whether 

the polyclonal and clonal resistant cell lines expressed greater levels of UNC-45A 

as compared to the parental, sensitive cells. To answer this, we created lysates 

of sensitive, polyclonal, and clonal resistant cells and subjected them to SDS-

PAGE analysis. Western blots were probed for UNC-45A, and the amount of 

UNC-45A was measured as compared to an alpha tubulin loading control. 

Remarkably, the polyclonal and clonal resistant cell lines each expressed greater 

levels of UNC-45A than the control cells (Figure 4.5, top). Even more  



99 
 

 

 

Figure 4.5. Paclitaxel-resistant ovarian cancer cells overexpress UNC-45A 

and have a less stable microtubule network. Western blot analysis of UNC-

45A (top), acetylated alpha tubulin (middle), and alpha tubulin (bottom) 

expression levels in sensitive (sens.) polyclonal resistant (poly.) and clonal 

resistant (Cl #1 and Cl #7) COV362 cells. Numbers indicate the ratio between 

UNC-45A and alpha tubulin and between acetylated alpha tubulin and alpha 

tubulin. (Adapted with permission from Mooneyham et al., 2018, Molecular 

Cancer Res.) 
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astonishing, when lysates were probed for acetylated tubulin to assess basal 

microtubule network stability, microtubule stability in each resistant cell line 

decreased proportionally to the UNC-45A overexpression (Figure 4.5, middle). 

This decreased microtubule network stability was confirmed by subjecting 

sensitive and resistant cells to the microtubule-destabilizing agent nocodazole 

and evaluating microtubule mass with immunofluorescent microscopy. As 

expected, the paclitaxel-resistant cells were more sensitive to the microtubule-

destabilizing effects of nocodazole due to their less stable microtubule networks 

(Figure 4.6). Collectively, these data indicate UNC-45A expression increases in 

parallel with decreasing MT stability after acquisition of paclitaxel resistance. 

 

Paclitaxel resistant, UNC-45A overexpressing cell lines escape paclitaxel-

mediated accumulation of multipolar spindles 

 

It has recently been shown that breast cancer cells treated with intratumoral 

levels of paclitaxel develop multipolar spindles. This becomes toxic upon division, 

where chromosomes are missegregated and cells lose essential chromosomal 

material, resulting in cell death. Since this mechanism was demonstrated in 

breast cancer cells, we first wanted to observe the effect of paclitaxel treatment 

on our sensitive ovarian cancer cells to determine whether they responded 

comparably. Therefore, COV362 ovarian cancer cells were treated with a 

nanomolar range of paclitaxel for 16 hours then fixed and stained for DAPI, to  



101 
 

 

 

 

Figure 4.6. Paclitaxel-resistant, UNC-45A overexpressing cells have a less 

stable microtubule network. Left: Paclitaxel-sensitive and paclitaxel-resistant 

COV362 cells were treated with 10nM of nocodazole for 16 hours and then fixed 

and stained for alpha tubulin (green). Right: ImageJ quantification of alpha 

tubulin fluorescent intensity in scramble and UNC-45A knockdown populations 

after mock (dark grey) and nocodazole (light grey) treatment.  

 

 



102 
 

determine dividing cells, and alpha tubulin, to enumerate spindles. Spindle poles 

per cell increased in a concentration dependent manner, as seen in Figure 4.7. 

This suggests that ovarian cancer cells also respond to paclitaxel treatment by 

accumulating multipolar spindles, consistent with literature findings in breast 

cancer cells.  

 

As previously shown, paclitaxel resistant cells experience the same intracellular 

concentrations of drug as paclitaxel sensitive cell lines after treatment. We next 

wondered how resistant cells responded to paclitaxel. Specifically, we subjected 

sensitive and resistant cells to 5nM of paclitaxel treatment and evaluated each 

cell line’s accumulation of multipolar spindles over 24 hours. Whereas the 

sensitive population accumulated more and more multipolar cells over time, the 

polyclonal and clonal resistant populations remained predominately bipolar 

(Figure 4.8). Therefore, despite being subjected to the same concentration of 

paclitaxel treatment, resistant cells are capable of maintaining bipolar spindles.  

 

To examine the consequence of spindle pole irregularity, we next quantified DNA 

content in sensitive, polyclonal, and clonal resistant cell populations after 

treatment with paclitaxel over various timepoints over 36 hours. Specifically, we 

permeabilized and stained cells with propidium iodide and analyzed DNA content 

via flow cytometry. It was evident that, while the sensitive cells without drug  
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Figure 4.7. Ovarian cancer cells accumulate multipolar spindles in 

presence of increasing intratumoral concentrations of paclitaxel. A) 

Representative images of metaphase COV362 cells stained for alpha tubulin 

(green) and DAPI (blue) exhibiting from left to right: 1, 2, 3, 4, and 5+ spindle 

poles. B) Quantification of multipolar spindle accumulation after treatment with 

increasing concentrations of paclitaxel in the low-nanomolar range. (Adapted with 

permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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Figure 4.8. Resistant ovarian cancer cells maintain bipolar spindles in 

presence of intratumoral concentrations of paclitaxel. COV362 cells were 

incubated in presence of 5nM of paclitaxel for the indicated time points then fixed 

and stained for alpha tubulin. Cells were viewed via immunofluorescent 

microscopy and multipolar spindles were quantified as a proportion of the total 

dividing population for Sensitive, Polyclonal resistant, Clonal 1 and Clonal 7 

resistant populations. (Adapted with permission from Mooneyham et al., 2018, 

Molecular Cancer Res.) 
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treatment had a normal DNA distribution pattern for an asynchronous cell 

population, as cells were analyzed over time in presence of paclitaxel the DNA 

distribution becomes increasingly irregular. A large portion of the sensitive cells 

had sub-2N and >4N DNA content, also known as a mixoploid DNA profile129,130 

(Figure 4.9). This is suggestive of cell division on multipolar spindles and erratic 

separation of chromosomes into daughter cells. Dead cells were excluded from 

analysis based on cell size. Conversely, the polyclonal and clonal resistant cell 

populations maintained a mostly diploid DNA profile in presence of paclitaxel, 

which is consistent with their maintenance of bipolar spindles (Figure 4.9). 

Together, this suggests resistant cells survive paclitaxel treatment because they 

do not develop multipolar spindles and thus do not lose essential chromosomal 

material upon cell division like paclitaxel sensitive cells do. Because paclitaxel-

resistant cells overexpress UNC-45A, a newly identified microtubule destabilizing 

protein, and have an endogenously less stable microtubule network, we 

hypothesized they were able to withstand paclitaxel treatment because paclitaxel 

treatment was unable to reach a toxic threshold, and hyper-stabilization of 

microtubules did not occur. 

 

UNC-45A depletion exacerbates paclitaxel-mediated stabilizing effects and 

increases sensitivity to paclitaxel 
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Figure 4.9. Paclitaxel-sensitive ovarian cancer cells accumulate mixoploid 

DNA profile over time in 5nM paclitaxel treatment. A) Paclitaxel-sensitive 

COV362 cells treated with an intratumoral concentration of paclitaxel (5nM) 

accumulate a mixoploid DNA profile (<2n and >4n, blue) over time while 

paclitaxel-resistant cells (polyclonal and clone #7) remain nearly diploid. 

Percentage of cells with mixoploid profile during 36 hours of treatment with 5nM 

of paclitaxel indicated in margins of each flow plot. B) Mixoploid quantification of 

sensitive, polyclonal, and clonal 7 cells over time in 5 nM of paclitaxel treatment. 

(Adapted with permission from Mooneyham et al., 2018, Molecular Cancer Res.) 
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To directly assess the relationship between UNC-45A and paclitaxel sensitivity, 

we evaluated the effect of UNC-45A modulation on multipolar spindle formation. 

Specifically, we wondered if UNC-45A expression was inversely proportional to 

multipolar spindle formation and if we could alter paclitaxel-induced multipolarity 

by manipulating nothing except levels of UNC-45A. Therefore, we expressed 

either scramble control shRNA, UNC-45A shRNA, control empty vector, or an 

UNC-45A vector in COV362 ovarian cancer cells and enumerated multipolar 

spindles in absence or presence of increasing concentrations of paclitaxel. 

Importantly, in mock treated conditions, UNC-45A knockdown cells, with more 

stable microtubules, have increased instances of multipolar spindles, consistent 

with previous results. As paclitaxel is added to the system, UNC-45A knockdown 

cells consistently retain significantly more instances of multipolar cells than the 

control cells (Figure 4.10A and 4.10B). The opposite was true of UNC-45A 

overexpressing cells, which resisted multipolar spindle accumulation in the 

presence of paclitaxel (Figure 4.10C and 4.10D). This behavior was reminiscent 

of paclitaxel-resistant cells.   

 

Lastly, to definitively establish UNC-45A as a regulator of paclitaxel sensitivity, it 

was important to determine whether or not UNC-45A modulation impacted 

sensitivity to paclitaxel. Specifically, we wondered if targeting UNC-45A through 

shRNA could enhance ovarian cancer cell sensitivity to paclitaxel. We first  
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Figure 4.10. UNC-45A depletion exacerbates paclitaxel-mediated stabilizing 

effects on mitotic spindles. A and C) Mitotic figures containing multipolar 

spindles in either A) shRNA scramble or shRNA UNC-45A knockdown COV362 

ovarian cancer cells or C) empty vector or UNC-45A overexpressing (OE) 

COV362 ovarian cancer cells in presence of 5 nM of paclitaxel as evaluated by 

gamma-tubulin (green) and DAPI (blue) staining. Arrows indicate spindle poles. 

Asterisks indicate cells with multipolar spindles. B and D) Quantification of cells 

containing multipolar spindles per each condition. (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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assessed sensitivity in a 2D system, where control and UNC-45A knockdown 

cells were grown in well plates in the absence or presence of paclitaxel over the 

course of 6 days. Cell viability was measured on day 2, 4, and 6 via 

hemocytometer counting and a trypan blue assay. Knockdown cells were 

significantly more sensitive to paclitaxel treatment than control cells and died at a 

faster rate than control cells (Figure 4.11A). Finally, we wanted to evaluate cell 

death after UNC-45A modulation in a system that more closely resembles tumors 

in situ. Therefore, we performed a colony formation assay with scramble and 

knockdown ovarian cancer cells. We first grew scramble and knockdown cells in 

soft agar for 1 week to establish “tumor” colonies, then we treated the colonies 

continuously for 3 weeks with mock or paclitaxel treatment. Colonies were 

viewed under a light microscope and the viability of colonies was assessed via 

trypan blue staining of a colony biopsy. Because UNC-45A knockdown affects 

proliferation, UNC-45A knockdown colonies were on average smaller than 

scramble control colonies in the mock treated condition, as expected, and mostly 

viable. In the paclitaxel treatment condition, both scramble control and UNC-45A 

knockdown colonies were smaller than in their respective mock conditions, 

reflecting some sensitivity. However, the UNC-45A knockdown colonies exhibited 

dramatically different morphology: they were uniformly small, dense, and opaque 

with evidence of cellular blebbing, which was confirmed after biopsy to be 

extensive cell death (Figure 4.11B and 4.11C). Together, this demonstrates  
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Figure 4.11. UNC-45A depletion increases sensitivity to paclitaxel. A) 

Residual cell viability of shRNA scramble and shRNA-UNC45A knockdown 

COV362 cells exposed to 5nM paclitaxel over a period of 6 days. B) Equal 

numbers of shRNA scramble and shRNA-UNC- 45A SKOV-3 cells were seeded 

in soft agar for a period of 10 days prior paclitaxel treatment (5nM) over a period 

of three weeks. Per each condition, colonies were visualized using an inverted 

scope. Residual cell viability per each condition was evaluated in colonies’ 

biopsies via trypan-blue exclusion assay. All experiments were conducted in 

triplicates. G) Quantification of residual cell viability per each condition (mock: 

shRNA scramble n=83, shRNA UNC-45A n=75; 5 nM paclitaxel: shRNA 39 

scramble n=60, shRNA UNC-45A n=52). (Adapted with permission from 

Mooneyham et al., 2018, Molecular Cancer Res.) 
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UNC-45A is a direct regulator of paclitaxel sensitivity and suggests UNC-45A 

may be a promising molecular target for paclitaxel-resistant human cancers.  

 

Discussion  

 

Despite vast research on the topic, the 5-year survival rate of ovarian cancer 

remains consistently poor due to the often-incurable acquisition of 

chemoresistance33,34,116. Popular theories regarding chemoresistance have not 

translated clinically. For example, the theory that chemoresistant cells 

upregulated expression of multi-drug resistant pumps to overcome 

chemotherapeutic agents led to the testing of valspodar, a chemical modulator of 

multidrug resistance pumps, in a Phase III clinical trial in combination with 

primary chemotherapy117,131,132. If multidrug resistant pumps were responsible for 

chemoresistance, the addition of valspodar to the chemotherapeutic regimen 

should maintain chemosensitivity and improve progression free and overall 

survival as a result. Unfortunately, the addition of a multidrug resistant pump 

inhibitor to standard-of-care failed to provide a survival advantage and resulted in 

increased nervous system and GI toxicities132. Other theories of resistance 

arising from preclinical cell line studies, such as the mutation of beta tubulin 

subunits133, have not translated clinically because beta tubulin mutations are 

rarely found in patients134,135.   
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Cells can tolerate a limited amount of microtubule stability while maintaining 

fidelity of microtubule-associated functions. Once microtubule stability is 

increased beyond that threshold, the microtubule stability becomes cytotoxic. 

Therefore, manipulating microtubule stability prior to or in concert with paclitaxel 

treatment could influence patient sensitivity to paclitaxel. Microtubule-associated 

proteins have been recently linked to ovarian cancer chemoresistance. An siRNA 

screen aimed at assessing the response to paclitaxel after alteration of 

microtubule stability discovered less stable microtubule networks were resistant 

to paclitaxel-treatment120, and vice versa. Additionally, microtubule destabilizing 

proteins such as MCAK and SYK have been implicated in ovarian cancer 

chemoresistance, and reducing their expression in cell lines increases sensitivity 

to paclitaxel119,121,122. Although these findings have not yet been advanced 

through clinical trials, they suggest that chemoresistance due to alteration of 

microtubule stability via MAPs is a promising and potentially understudied 

avenue of paclitaxel-resistance research.  

 

Chapter 4 explored the specific association between UNC-45A and 

chemoresistance, given UNC-45A’s novel role as a microtubule destabilizing 

protein and its known association with poor prognosis in ovarian cancer. UNC-

45A overexpression was linked to chemoresistance in ovarian cancer clinical 

specimens and cell lines. The increased UNC-45A expression resulted in 

decreased basal microtubule network stability, allowing chemoresistant cells to 
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prevent cytotoxic paclitaxel-mediated microtubule stabilization phenotypes such 

as multipolar spindles and chromosome missegregation. Importantly, we 

demonstrated that UNC-45A knockdown increases sensitivity to paclitaxel in both 

a two-dimensional and three-dimensional assay of cancer cell viability. Together, 

this provides preclinical evidence that UNC-45A could serve as a promising 

molecular target in paclitaxel-resistant ovarian cancer. Because the expression of 

UNC-45A is greater in cancer tissue as compared to normal tissue, and 

expressed to an even greater extent in chemoresistant cancer compared to 

chemosensitive cancer, UNC-45A could serve as an exquisitely specific 

molecular target that may reduce off-target toxicity consequential of current 

nonspecific agents such as the DNA-targeting carboplatin and MT-targeting 

paclitaxel.  
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Chapter 5: Thesis Conclusions 

 

Summary  

 

The results of this study demonstrate that UNC-45A is a mitotic-spindle-

associated protein which acts as a regulator of mitotic progression by 

destabilizing MTs in vitro and in vivo. Our data also demonstrate that human 

cancer cells resistant to the microtubule-stabilizing agent paclitaxel upregulate 

UNC-45A, and that abnormally hypo-stable microtubule levels conferred by UNC-

45A allow cancer cells to escape the otherwise lethal effects of paclitaxel. Finally, 

we demonstrate the important finding that depletion of UNC-45A increases 

human cancer cell sensitivity to paclitaxel by exacerbating its mitotic spindle 

stabilizing effects (Figure 5.1)112. 

 

A number of studies, including those from our laboratory, have revealed that in 

human cancer cells, UNC-45A is a NMII binding and co-localizing protein that 

plays a role in regulation of NMII folding, activity, and binding to actin18,22-24,31. 

Furthermore, we recently proposed that in neurons, UNC-45A is required for 

neurite extension25. In this scenario, UNC-45A acts like an inhibitor of NMII 

activation and its loss increases NMII contractility and F-actin retrograde flow at 

the growth cone25,136-138. Independent of NMII regulation, UNC-45A has been 

shown to be a modulator of progesterone receptor/Hsp90 complex21 and a  
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Figure 5.1. Model of thesis conclusions. Our findings identify UNC-45A as a 

master regulator of MT stability and paclitaxel-chemoresistance. In situ, 

overexpression of microtubule destabilizing proteins like UNC-45A (pink) protects 

cancer cells from the stabilizing effects caused by paclitaxel. Cancer cells 

overexpressing UNC-45A escape paclitaxel-induced chromosomal 

missegregation on multipolar spindles and cell death. (Adapted with permission 

from Mooneyham et al., 2018, Molecular Cancer Res.) 
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centrosomal-associated protein in human cancer cells29.  Notably, cytoskeletal-

associated proteins can have interlinking roles with both microtubules and 

actin139. One of the most well-known cell cycle regulators, the cyclin-dependent 

kinase inhibitor 1B (p27) is both a MT- and NMII-associated protein and has 

been shown to regulate both NMII activity and MT stability in normal and cancer 

cells136-138,140-143.  Here we show that UNC-45A is a novel microtubule- and 

spindle-associated protein with MT-destabilizing effects in vivo112. 

Mechanistically, we show that UNC-45A binds directly to paclitaxel-stabilized 

MTs in absence of any other cellular component and that it depolymerizes 

paclitaxel-stabilized MTs in a concentration-dependent manner, thus identifying 

UNC-45A a novel MT destabilizing protein112.  

 

Unlike many of the MT depolymerizing or severing proteins identified thus far, 

UNC-45A does not have an identified ATP-ase domain and has activity in 

absence of ATP110,144,145. This suggests that UNC-45A-mediated MT 

destabilization is ATP-independent and thus puts UNC-45A in a unique class of 

MT destabilizing proteins. Here we also show that ovarian cancer patients that 

have developed chemoresistance to paclitaxel present with significantly higher 

levels of UNC-45A in their tumors as compared to patients that are sensitive to 

the drug. This holds true for matched-pairs of paclitaxel sensitive and paclitaxel 

resistant ovarian cancer cells that were originated in the laboratory via exposure 

to paclitaxel over a period of several weeks. In these cells, paclitaxel, but not 
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carboplatin resistance, is associated with higher UNC-45A levels. Importantly, 

the differential sensitivity to paclitaxel was not due to differences in intracellular 

levels of the drug. This suggests that UNC-45A confers a selective survival 

advantage to cancer cells following paclitaxel exposure and may serve as an 

urgently needed biomarker and molecular target for paclitaxel-resistant ovarian 

cancer.  

   

 

Future Directions  

 

This work identifies an exciting and important new function for UNC-45A as a 

microtubule destabilizing protein that regulates paclitaxel sensitivity. The 

multidisciplinary nature of this work has the potential to stimulate broad 

opportunities for future research, spanning from basic science to translational 

biology. Over the last 15 years, it has become apparent that the highly-conserved 

protein UNC-45A plays a role in multiple critical cellular functions and human 

disease, highlighting the fact that it is currently understudied. We are currently 

just scratching the surface of UNC-45A-related functions in mammalian cells, and 

there is much left to learn.  

 

In Chapter 2 and Chapter 3, we demonstrate that UNC-45A is a novel MAP with 

MT-destabilizing activity. Intriguingly, the MT-destabilizing activity of UNC-45A is 
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distinct from well-known microtubule-destabilizing proteins. The ability of UNC-

45A to bend and break microtubules both in vitro and in vivo independently of 

ATP hydrolysis is particularly unique. It would be of great interest to uncover 

exactly how UNC-45A is mechanistically exerting its microtubule-destabilizing 

activity. Preliminarily, we assessed the ability of UNC-45A to bind subtilisin-

treated microtubules using an in vitro cosedimentation assay. Subtilisin is an 

enzyme that digests the C-terminal tails from microtubules. For most well-known 

severing proteins, such as katanin, the removal of C-terminal tails reduces MT-

binding affinity and destabilizing activity, as severing proteins often oligomerize 

around and destabilize MTs from C-terminal tails. Paradoxically, although UNC-

45A exhibits common characteristics of a microtubule severing protein by 

bending and breaking microtubules, it appears that UNC-45A does not require C-

terminal tails to bind microtubules (Figure 5.2). Although unexpected, this is 

consistent with the fact that UNC-45A also does not have an ATPase domain, as 

destabilization from C-terminal tails typically requires ATP hydrolysis. Additional 

studies are needed to uncover UNC-45A’s unusual mechanism of action and 

could be approached with high resolution techniques such as X-ray 

crystallography, electron microscopy, and TIRF microscopy to examine different 

aspects of MT-destabilization by UNC-45A at a detailed level.  

 

Additionally, further study is needed to identify how UNC-45A is regulated in a 

cellular system. Endogenously, UNC-45A is very abundant in comparison to  
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Figure 5.2. UNC-45A binds to subtilisin-treated microtubules. Microtubule 

co-sedimentation assay performed with taxol-stabilized, subtilisin treated 

microtubules and purified UNC-45A. A) Western blot analysis of supernatant (S) 

and pellet (P) fractions of cosedimentation assay evaluated by amido black 

staining. B) Band intensities measured via Image J analysis were used to 

determine fraction protein bound, and plotted against microtubule concentration 

to calculate the dissociation constant. Kd = 1.47 μM. 
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other well-known microtubule associated proteins146. It’s abundance, along with 

the duality of UNC-45A functions within a cell as both an MT- and actomysoin- 

associated protein, suggest that the activity of UNC-45A must be tightly 

regulated. Two large phosphoproteomic screens identified a phosphothreonine 

residue at position 15 in UNC-45A147,148. This is noteworthy because 

phosphorylation is a well-documented mechanism to regulate the activity of 

microtubule-associated proteins149,150. In fact, the activity of the microtubule 

severing protein katanin is regulated by Aurora B-mediated phosphorylation at a 

single residue151-154. Therefore, future studies investigating the association 

between UNC-45A and regulatory kinases and phosphatases and their 

relationship with activity would be very interesting. Mutating the T15 residue of 

UNC-45A to examine its impact on MT-related functions could provide valuable 

regulatory information. Furthermore, examining the relationships between UNC-

45A and other MAPs could provide valuable information about potential 

cooperative or antagonistic interactions between microtubule regulating proteins.  

 

 

Another valuable avenue of future research arising from these studies is 

molecular targeting of UNC-45A for paclitaxel-resistant human cancers. We’ve 

demonstrated that UNC-45A expression is elevated in paclitaxel-resistant ovarian 

cancer cells and that targeting UNC-45A by shRNA increases paclitaxel 

sensitivity (Chapter 4). Notably, UNC-45A expression was elevated in primary 
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clinical specimens prior to chemotherapy and was predictive of chemoresistance. 

Furthermore, paclitaxel treatment in cell lines killed all but a few cells, which 

survived and lead to resistant colonies112. Together, these findings support a 

model in which cells expressing elevated levels of UNC-45A prior to 

chemotherapy survive paclitaxel treatment and lead to chemoresistant tumors. In 

this case, UNC-45a not only serves as a biomarker for chemoresistant ovarian 

cancer cells, but also a molecular target to sensitize otherwise chemoresistant 

cells to paclitaxel treatment. 

 

After structure-function analysis, we determined the 124aa N-terminal domain is 

required for its microtubule-destabilizing activity (Chapter 3). Therefore, 

designing a small molecule inhibitor of UNC-45A against the N-terminal domain 

may be an effective strategy to treat paclitaxel resistant human cancers and 

should be explored. To determine an even more specific target, scanning alanine 

mutations can be made throughout the N-terminal domain to determine the exact 

site required for MT-associated activity. Importantly, the N-terminus is not 

required for the myosin II-associated functions of UNC-45A, which suggests that 

the targeting of the N-terminus may specifically inhibit its microtubule-associated 

functions but not its other myosin-associated functions15. Moreover, because 

UNC-45A expression is elevated in cancer tissue versus normal tissue23,31, and 

even more elevated in chemoresistant versus chemosensitive cancer112, UNC-
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45A may be targeted with little to no toxicity to normal cells who rely less on its 

expression to survive.  

 

An alternative approach to therapeutically targeting UNC-45A is inhibition of self-

oligomerization. Ancestral forms of UNC-45 have been shown to form oligomeric 

structures to facilitate its function12,16. This is relevant to microtubule-destabilizing 

proteins because severing proteins in particular are known to oligomerize in 

large, hexameric structures to exert their function109,155,156. We performed 

preliminary crosslinking studies to determine whether the vertebrate UNC-45A 

isoform oligomerizes in vitro and in vivo as well. Consistent with ancestral forms 

of UNC-45, there was evidence of high-molecular weight oligomers of UNC-45A 

in both a purified and cellular system. Monomeric UNC-45A decreased and 

oligomeric UNC-45A increased proportionally with increasing crosslinker 

concentrations (Figure 5.3). This oligomerization is interesting in the context of 

both MT-destabilizing activity and therapeutic targeting. Future studies should 

aim to elucidate the oligomeric form of UNC-45A and whether it is required to 

exert microtubule-associated functions, similar to other known microtubule 

destabilizing proteins. Additionally, if oligomerization is required for function, 

inhibitors of protein-protein interaction could also serve as an alternative and 

effective strategy to target UNC-45A in human disease.  
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Figure 5.3. UNC-45A forms oligomers in vivo and in vitro. Crosslinking 

experiments were performed to evaluate UNC-45A oligomerization. A) Untreated 

(-) and 1mM DSS-treated (+) COV362 cells were lysed and analyzed for 

evidence of UNC-45A oligomers via western blotting. B) Western blot of purified 

recombinant UNC-45A before (-) and after (+) crosslinking with DSS (0.0625mM 

and 0.125mM). 

 



127 
 

 

Mechanism of action, regulation, and molecular targeting studies are just a few of 

many substantial branches of research stemming from this thesis work. More 

work can be done to identify how UNC-45A contributes to invasion and 

metastasis in melanoma, for example, since its mRNA was significantly amplified 

in melanoma cases with poor overall survival. It is clear we are just beginning to 

understand the vital functions of UNC-45A in mammalian cells, and I anticipate 

the study of UNC-45A will grow to be a valuable and diverse research field for 

years to come.  
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