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ABSTRACT 

UA62784 is a novel fluorenone identified in a biologic screen of 

compounds that are selectively cytotoxic in DPC4 (deleted in pancreatic cancer)-

deleted pancreatic cancer cells.  We sought to determine the mechanism of 

action of UA62784, and discovered it to be a potent mitotic inhibitor.  UA62784 

affects the ATPase activity of the mitotic kinesin centromere protein E (CENP-E), 

but does not affect other known mitotic kinesins.  This inhibition of ATPase 

activity is not caused by an inhibition of microtubule binding nor is it caused by a 

failure of the kinesin to translocate to the nucleus during mitosis.  Despite the 

anti-cancer properties of this drug, UA62784 is relatively insoluble and is not 

suitable as a lead compound for further development. 

Once we determined the mechanism of action of UA62784, we sought to 

determine if analogs would demonstrate the same potent mitotic inhibition while 

also offering properties such as increased solubility.  A small library of chemical 

analogs was generated wherein each compound was a slight variation of 

UA62784 (termed the DPC series).  Several potential leads were identified which 

exhibited increased solubility and/or increased cytotoxic activity.  When tested for 

CENP-E ATPase inhibition, some compounds were noted to inhibit other kinesins 

as well.  We therefore created a screen where each of the DPC compounds was 

tested for activity in Eg5, CENP-E, MKLP-1, MCAK, and KIF3C kinesins.  Within 

these data, there is a correlation between cellular IC50 and kinesin ATPase 

inhibition for CENP-E and MKLP-1.  A few compounds emerged from these 
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studies, including DPC046, which has a low cellular IC50 and inhibits all five 

kinesins to some degree.  DPC046 was used in a mouse xenograft study to 

determine in vivo efficacy, but no significant tumor shrinkage was seen, likely due 

to solubility limitations affecting the amount of bioavailable compound.   

From these studies we conclude that the cytotoxic effects seen in 

UA62784 and its analogs are due, at least in part, to their inhibition of kinesin 

proteins.  We demonstrate that compounds that inhibit CENP-E and other kinesin 

proteins hold promise in cytotoxically targeting pancreatic cancer cells.  Further 

development is needed to optimize DPC046 compound solubility in order to 

increase in vivo efficacy.         
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1. CHAPTER 

INTRODUCTION AND OVERVIEW 

1.1. Purpose 

 The purpose of this study was to utilize a synthetic lethal screen to identify 

novel compounds for the treatment of pancreatic cancer.  Compounds from 

several chemical libraries were identified based on selectivity toward DPC4-

deleted BxPC3 cells, a mutation that occurs in ~50% of pancreatic carcinomas.  

One of the compounds that emerged from this study, UA62784, was chosen for 

further development based on its 3.4-fold selectivity index (greater cytotoxic 

potency in the DPC4-deleted BxPC3 cell line).  Three different pancreatic cancer 

cell lines were used to characterize the mechanism of action of UA62784.  These 

three cell lines provided a range of different genotypes to determine the efficacy 

of UA62784 in pancreatic carcinomas of a similar genotype.  Additionally, 

xenograft-bearing mice were used to characterize the efficacy of UA62784 in 

vivo.  The insight gained from these studies has supported the discovery and 

characterization of UA62784 analogs with improved physiochemical properties 

and enhanced potency that could be developed further for possible clinical 

treatment of pancreatic cancer. 
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1.2. Pancreatic Cancer  

In 2007 the National Cancer Institute reported approximately 37,170 new 

cases of pancreatic cancer and approximately 33,370 deaths from pancreatic 

cancer.  Roughly 90 percent of patients diagnosed with pancreatic cancer will 

ultimately die form it, making pancreatic cancer the fourth-leading cause of death 

from cancer today (National Cancer Institute, 2008).  The disease is associated 

with a high mortality rate and a median survival of only 4 months in untreated 

patients (American Cancer Society, 2008).  The 5-year survival rate in the 5-10% 

of patients eligible for surgery is only 20 percent (Eckel et al., 2006).  The lifetime 

risk of developing pancreatic cancer is approximately 1 in 79 (1.27%) (American 

Cancer Society, 2008).  Risk factors associated with developing pancreatic 

cancer include age (over 60), smoking, diabetes, gender (males have a slightly 

higher incidence than females), race (African Americans), family history of 

pancreatic cancer, and chronic pancreatitis (National Cancer Institute, 2008).   

Despite the best efforts, little progress has been made in preventing, 

diagnosing, and treating pancreatic cancer.  Early pancreatic cancer often 

produces vague symptoms, making an early diagnosis difficult.  Symptoms can 

include pain in the abdomen or upper back; jaundice; weakness; loss of appetite; 

nausea and vomiting; and weight loss (National Cancer Institute, 2008).  Many 

patients do not complain of symptoms until the cancer has already metastasized, 

after which surgery is no longer an option.  Another reason pancreatic cancer 

often goes undetected has to do with the location of the pancreas.  Located 
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within the abdomen, the pancreas is almost entirely eclipsed by the stomach, 

liver, spleen, and colon, making it extremely difficult to image with standard 

techniques.  

Radiation and chemotherapy treatments are often the best option for 

patients with advance pancreatic cancer.  Gemcitabine (Gemzar®), a nucleoside 

analog, is a standard treatment (Schnall and Macdonald, 1996) and is often used 

as an adjuvant therapy in patients where surgery was performed (Regine and 

Abrams, 2006).  Despite the widespread use of gemcitabine in treating 

pancreatic carcinoma, the five-year survival period following treatment is 

increased only modestly (Carmichael et al., 1996; Vento et al., 2007).  The 

effects of Gemcitabine in pancreatic cancer are cytostatic as opposed to 

cytotoxic, so tumor growth is slowed but the tumor rarely undergoes shrinkage.  

Many attempts have been made at using gemcitabine in combination therapies, 

but few promising leads exist (for review, see (Saif, 2007).  

 

1.3. Selective Anticancer Therapies 

First generation chemotherapeutic agents often target rapidly-dividing 

cells because many tumor types are known to proliferate rapidly.  Though 

Gemcitabine is generally well-tolerated, the vast majority of chemotherapy 

agents will affect other rapidly dividing cells within the body, such as the bone 

marrow.  Because this causes many undesirable effects and limits the amount of 

drug that can be given, researchers are working to develop the next generation 
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of chemotherapeutics, where the agent will cytotxically target only cancer cells 

while exerting minimal damage to the body’s normal cells.  Specifically, 

researchers are attempting to target cells with a specific genetic signature that is 

known to be present within tumor cells but is often absent in normal cells. 

In many cases, genetic differences exist between cancer cells and normal 

cells, and pancreatic carcinoma is no exception.  In fact, it has been found that 

over 90 percent of pancreatic carcinomas carry a hyperinduced, or gain-of-

function (GOF), version of the Kras gene (Qian et al., 2005; Smit et al., 1988).  

Members of the ras family of proteins act as G proteins and are part of the 

mitogen-activated protein kinase (MAPK) cell growth pathway, which responds to 

extracellular growth signals (such as mitogens).  In a normal cell, ras proteins are 

bound intracellularly to the plasma membrane by a farnesyl group.  It cycles 

between the active form (ras-GTP) and inactive form (ras-GDP) and is typically 

active in the presence of extracellular growth signals, such as ERK1.  The GOF 

mutation found in over 90 percent of pancreatic carcinomas causes the Kras 

protein to be held in the active form (ras-GTP) constitutively, which would 

continuously transduce a positive growth signal.  Cells that possess even one 

copy of this GOF mutation would have a higher growth rate than normal cells.        

Other genetic differences between normal and pancreatic cancer cells 

involve tumor suppressor genes, which function to inhibit or control cell growth.  

To promote tumorigenesis, both copies of a tumor suppressor gene must be 

inactivated (Knudson’s two-hit hypothesis) (Knudson et al., 1973).  Over 90 
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percent of pancreatic carcinomas carry loss of function (LOF) mutations in the 

p16 tumor suppressor gene (Caldas et al., 1994; Schutte et al., 1997).  The p16 

gene generates several transcript variants, two of which inhibit the CDK4 kinase 

and another that stabilizes the p53 tumor suppressor (Robertson and Jones, 

1999).  The p53 protein is known as the “guardian of the genome” because of its 

multiple roles in DNA repair, cell cycle arrest, and/or induction of apoptosis in 

response to DNA damage (Efeyan and Serrano, 2007).  Up to 75 percent of 

pancreatic carcinomas have LOF mutations in p53 (Bardeesy and DePinho, 

2002; Scarpa et al., 1993).   

Another major genetic signature seen in pancreatic cancer is that up to 50 

percent of pancreatic carcinomas have LOF mutations in DPC4/SMAD4 (Hahn et 

al., 1996; Schutte et al., 1996) (discussed in detail later).  Because p16, p53, and 

DPC4 are all tumor suppressors, it can be difficult to cytotoxically target tumor 

cells with these mutations.  Many targeted therapies function by inhibiting 

oncogenic proteins, which ultimately affects the ability of a tumor cell to survive.  

In contrast, when tumor suppressor proteins are inhibited, tumor cells are often 

better able to survive.  Furthermore, many tumor suppressor proteins are already 

inactivated in cancer cells.  Therefore an alternative method of targeting must be 

employed when attempting to target cells with tumor suppressor mutations.  

Because the majority of pancreatic cancers carry one or more of the 

above listed mutations, researchers have sought to develop treatments based on 

this unique molecular signature.  As previously noted, a traditional strategy would 
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involve a high-throughput screen to isolate molecules that would selectively 

inhibit an oncogenic protein, such as a kinase.  Examples of such therapies 

include: Imatinib (Gleevec®), a Bcr-Abl kinase inhibitor used in treating chronic 

myelogenous leukemia (Deininger et al., 1997) and Sorafenib, a Raf/Mek/Erk, 

VEGF, and PDGF kinase inhibitor used to treat renal cell carcinoma (Hotte and 

Hirte, 2002; Wilhelm et al., 2004).  Though not directly involved in kinase 

inhibition, farnesyltransferase inhibitors once held promise due to the fact that 

many oncogenic kinases (including Kras) need to be farnesylated in order to 

localize properly within the cell.  Many researchers have tried to develop 

farnesyltransferase inhibitors that would target Kras, but none have yet been 

successful in inhibiting tumorigenesis (Caponigro et al., 2003; Cohen et al., 2003; 

Ryan et al., 2004).   

As previously mentioned, loss-of-function mutations occur often in 

numerous cancers.  Because these proteins are already deleted or inactivated, it 

would not be effective to directly inhibit these particular proteins the way we 

would an oncoprotein.  However, alternative methods, such as screening for 

synthetic lethality, can be employed.  Synthetic lethality is a term used to 

describe a combination of mutations wherein either mutation by itself results in a 

normal phenotype, but the combination of the two mutations results in death 

(Lucchesi, 1968).  For example, in the nematode c. elegans, mutations in the 

mdf-1 and hcp-1 genes alone produce no discernible phenotype in the F1 

generation.  However, the two mutations combined in a single organism results in 
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lethality due to the roles of the respective wild-type proteins in the spindle 

assembly checkpoint (Tarailo et al., 2007). 

  The synthetic lethality system is usually applied in terms of whole 

organisms (including mice, c. elegans, and yeast) where the combination of two 

mutations results in embryonic lethality.  However, recent studies have 

suggested that this system could be applied in screening for compounds that 

would be lethal to cancer cells only when they posses a certain LOF genotype 

(O'Connor et al., 2007a; Wang et al., 2006).  This type of screening uses 

isogenic cells lines (lines differing only in the expression of a single gene) with a 

mutation of interest to screen for synthetic lethal partners using RNAi or small 

molecule inhibitors. 

 

1.4. DPC4 in the TGFβ Pathway 

 The deleted in pancreatic carcinoma 4 (DPC4) gene (also called SMAD4) 

is mutated or deleted in almost 50% of pancreatic cancers (Hahn et al., 1996; 

Schutte et al., 1996).  The protein produced by this gene is a transcription factor 

that is part of the transforming growth factor β (TGFβ) pathway.  This particular 

pathway is responsible for transcribing genes such as the CDK inhibitors 

p21(Cip1/Waf1) and p15(Ink4b), both of which arrest or suppress cell growth.  

However, it can also activate TAB1, a MAPKKK (Shibuya et al., 1996).  TAB1 is 

capable of activating TAK1, which can directly affect MEK and ERK1, two proto-

oncogenic growth factors.  In this way, the TGFβ pathway is capable of acting as 
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both a tumor suppressor and an oncogene, depending on the status of the 

various components (reviewed in (Leivonen and Kahari, 2007) (Figure 1.1).   

 Under normal conditions, TGFβ will bind to its receptor (TGFβR2) which 

will permit it to dimerize with TGFβR1, thus allowing phosphorylation of TGFβR1.  

The receptor then phosphorylates and activates receptor-activated SMADs (R-

SMADs, such as SMAD2), which are then permitted to bind with SMAD4 (a Co-

SMAD).  The R-SMAD/SMAD4 complex then translocates into the nucleus where 

the complex can activate the transcription of growth suppressing genes and also 

suppress the transcription of c-myc (a proto-oncogene).  This pathway also 

exhibits negative feedback, designed to negatively regulate the growth-

suppressive signal.  The SMAD7 protein is capable of suppressing the 

phosphorylation/activation of R-SMADs (reviewed in (Shi and Massague, 2003).  

This inhibitor signal does not affect the activation of TAB1 (activated by 

TGFβR2), an upstream activator of ERK1, which can suppress the 

SMAD2/SMAD4 translocation to the nucleus (Kfir et al., 2005). 

 In a normal cell, the TGFβ pathway acts as a growth suppressor.  

However, if any of the tumor suppressor proteins within this pathway (i.e. 

SMAD2, SMAD4) are mutated, the oncogenic proteins (i.e. TAB1/TAK1) often 

remain active.  This inhibition of the tumor suppressive component allows the 

TGFβ pathway to then shift its role primarily to positively regulate cell growth by 

activating MEK and ERK1.  So rather than suppressing tumor growth, the TGFβ 

pathway would then be promoting it.  
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Figure 1.1: Schematic representation of components of the TGFβ pathway 
(details in text).  Activation of SMAD-mediated signaling results in growth 
suppression whereas activation of the MAPK pathway promotes cell growth and 
division.  TF= transcription factor, P= phosphorylated residue, R-SMAD= 
receptor-activated SMAD (i.e. SMAD2, SMAD3).  
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1.5. Mitotic Progression 

 The process of mitosis is a finely-tuned series of events that will ultimately 

lead to the equitable division of genetic material between two daughter cells.  

Like other portions of the cell cycle, there exists a mitotic checkpoint (better 

known as the spindle checkpoint) which prevents cells from completing division 

prior to conditions being optimal.  Mitosis is broken down into several distinct 

stages beginning with prophase, where chromosomes begin to condense (to 

facilitate chromosomal movement) and the nuclear envelope breaks down.  

Homologous chromosomes pair up and the kinetochore (a protein scaffold) forms 

around the paired centromeres.  The kinetochores are held together by cohesin, 

a protein that cannot be cleaved until the mitotic checkpoint is turned off.  Also 

during prophase, the centrosomes (composed of a pair of centrioles surrounded 

by pericentriolar material) undergo duplication.  The centrosomes, once 

duplicated and separated, establish the two poles of the mitotic spindle and 

become the microtubule organizing centers (MTOCs) from which the spindle 

microtubules will originate.  The pericentriolar material that surrounds the 

centrioles contains proteins responsible for microtubule nucleation and anchoring 

(i.e. gamma tubulin, pericentrin, and ninein) (Doxsey et al., 1994; Gould and 

Borisy, 1977; Mack et al., 1998).   

Following this is metaphase, where microtubules (originating from the 

MTOCs at each pole) attach to the kinetochores of the condensed 

chromosomes, which are then aligned in homologous pairs at the spindle 
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midzone.  The spindle microtubules undergo dynamic instability wherein the 

tubulin monomers vacillate between polymerization and depolymerization until 

each pair of homologs is attached to the bipolar spindle.  Attachment is signaled 

by both the presence of tubulin bound to and tension exerted on the kinetochore 

(Ault and Nicklas, 1989; Spencer and Hieter, 1992).  If a pair of homologs is 

attached only to one pole, the spindle checkpoint continues to signal due to the 

lack of tension at that kinetochore.     

Once all of the chromosomes are aligned, the spindle checkpoint is turned 

off and the cell proceeds into anaphase.  Early in anaphase (Anaphase A) 

cohesion is cleaved by separase and the homologous chromosomes separate.  

The spindle microtubules (attached to the kinetochores) depolymerize thereby 

dragging one of each chromosome toward opposite poles, ensuring each 

daughter cell has only one copy of each chromosome.  During anaphase B, polar 

microtubules (which attach the two poles together) elongate and slide relative to 

each other to allow further separation of the poles.  This is achieved by motor 

proteins such as kinesins and dyneins.   

During telophase the chromosomes begin to decondense (which facilitates 

gene transcription during interphase) and a nuclear envelope forms around each 

chromosome set.  The resulting daughter cells undergo cytokinesis, allowing for 

equitable division of cellular materials (i.e. mitochondria).  A cleavage furrow 

forms where the spindle midzone used to be and the two daughter cells become 

independent of one another. 
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 As mentioned earlier, a spindle checkpoint exists to insure mitosis does 

not proceed prior to the completion of the above-mentioned events (Rieder et al., 

1994).  The spindle checkpoint targets CDC20, a factor which is essential in 

activating the anaphase promoting complex/cyclosome (APC/C) (Fang et al., 

1998).  The APC/C is an ubiquitin ligase which, when activated, 

polyubuiquitinates mitotic factors such as cyclin B and securin.  Securin is 

responsible for holding the sister chromatids together (Zou et al., 1999) and the 

degradation of cyclin B signals an exit from mitosis and the start of G1 

(Sherwood et al., 1993).  If either of these events happens prematurely, a cell will 

re-enter the cell cycle in G1 without having its full genetic complement, often 

causing it to be aneuploid (Kops et al., 2005).  The long term results of 

aneuploidy are usually cell death or malignant transformation, so it is essential 

that the events of mitosis proceed intact.   

 During mitosis, several checkpoint-associated proteins are localized to the 

kinetochores.  In humans, these include MAD2, BUBR1, and BUB3.  During the 

time that a kinetochore remains unattached, these factors signal CDC20 to 

remain in an inactive state (Kops et al., 2005).  Two events must occur for the 

suppressive CDC20 signal to be turned off.  First, each kinetochore must be 

attached to a microtubule (Rieder et al., 1994).  Second, each pair of sister 

chromatids must be attached to opposite poles, as indicated by tension exerted 

on the kinetochores (Ault and Nicklas, 1989; Li and Nicklas, 1995; Pinsky and 

Biggins, 2005).  Once these events occur, the inactivating signal is turned off and 
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the APC/C is allowed to ubiquitinate securin and cyclin B (leading to their 

degradation by the proteasome), which will allow the cell to proceed into 

anaphase and complete mitosis (Kops et al., 2005).  If these events do not occur, 

the cell will either remain in metaphase until all kinetochores are attached to 

opposite poles or it will undergo mitotic catastrophe (Bayart et al., 2004; Castedo 

et al., 2004), a type of cell death resulting from a prolonged and unresolved 

activation of the spindle checkpoint.    

 

1.6. Mitotic Kinases 

During mitosis, several kinases and other proteins play an essential role in 

mitotic progression as well as the spindle checkpoint (reviewed in (Nigg, 2001) 

(Figure 1.2).  Cyclin-dependent kinase 1 (Cdk1) enters the G2/M transition with 

two inhibitory residues (Thr 15 and Tyr15) phosphorylated.  It is held in this state 

by the kinases Wee1 and Myt1 but can be dephosphorylated by the Cdc25C 

phosphotase (Price et al., 2002).  Polo-like kinase (PLK1) is responsible for 

phosphorylating the Ser 198 residue of cdc25C; this is one of the steps in 

activating cdc25C (Toyoshima-Morimoto et al., 2002).  Once activated, cdc25C 

dephosphorylates the Tyr 15 and Thr 14 residues of Cdk1 (Borgne and Meijer, 

1996), which then allows Cdk1 to bind to cyclin B and progress the cell through 

the next stage of mitosis (D'Angiolella et al., 2007).  The Cdk1/cyclin B 

combination phosphorylates numerous substrates that are essential in mitotic 

progression such as nuclear lamins (nuclear envelope breakdown), kinesin motor 
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proteins (centrosome separation and spindle assembly), and condensins 

(chromosome condensation) (Blangy et al., 1995; Blethrow et al., 2008; Kimura 

et al., 1998).    

 

Figure 1.2: Schematic representation of some mitotic processes (details in text).  
Arrows and bullets at bottom indicate mitotic phases and processes that are 
occurring, roughly corresponding to phosphorylation/activation status of CDK1. 
 

The kinetochores of paired homologous chromosome act as protein 

scaffolds for the assembly of a number of mitotic proteins.  Unattached 

kinetochores are thought to function as sites of continuous assembly and release 

of Mad2/Cdc20 and BubR1/Cdc20 complexes (Chan and Yen, 2003; Fang, 

2002).  As long as these complexes remain, Cdc20 cannot complex with the 

APC/C, which allows progression into anaphase.  Once a kinetochore is captured 
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by a microtubule, the inhibitory signal is turned off at that particular site.  This is 

thought to occur in part through the BubR1/CENP-E complex, which is localized 

to the kinetochore (Mao et al., 2003).  Centromere Protein E (CENP-E) is a 

kinesin like motor protein that possesses a protein-binding domain (allowing it to 

bind to the kinetochore) and a microtubule-binding domain.  It is also capable of 

complexing with the kinase BubR1, which is thought to be one of the primary 

signal transducers in the spindle checkpoint and is known to bind directly to 

Cdc20.  Exact details are not known, but it is thought that BubR1 binds to Cdc20 

to prevent its activation during the spindle assembly checkpoint (similar to 

MAD2).  When a microtubule attaches to the motor domain of CENP-E (which is 

localized to the kinetochore during metaphase), CENP-E mediates silencing of 

BubR1 signaling at that particular site.  Once the final kinetochore is attached, 

the production of inhibitory BubR1/Cdc20 complexes ceases, allowing Cdc20 to 

dissociate from BubR1 and activate APC/C.  The APC/C is an ubiquitin ligase 

complex composed of at least 12 subunits.  Once it is activated, it ubiquitinates 

several targets, including cyclin B and securin leading to proteasomal 

degradation.  Degradation of securin allows separation of the daughter 

chromosomes as the cell progresses into anaphase.  Degradation of cyclin B 

prevents further activation of mitotic proteins and signals an exit from mitosis.   

 

 

 



 

 

32 

1.7. Antimitotic Therapies in Cancer 

Tumor cells often divide at a higher rate than their normal counterparts 

and this rapid cell division is often associated with a higher mitotic index (percent 

of cells in mitosis).  Therefore, agents that cytotoxically target mitotic cells 

(known as antimitotic therapies) are a popular option for treating many different 

types of cancer.  Many of these agents affect microtubule polymerization, which 

blocks the formation of a functional mitotic spindle. 

 One major class of antimitotic drugs is the taxanes, which includes 

docetaxel (Taxotere®) and paclitaxel (Taxol®).  Paclitaxel was first identified as an 

anti-cancer treatment in the early 1960’s.  Samples of bark from a Pacific Yew 

tree were shown to have anticancer properties and studies to isolate the active 

compound produced Taxol®.  The taxane group is composed of large molecules 

(MW >800) that bind to tubulin and stabilize the polymerized microtubules (Schiff 

and Horwitz, 1980).  As long as the compound stays bound, the microtubules will 

be held in a hyperstabilized state, meaning the microtubules cannot 

depolymerize and the cell cannot proceed into anaphase.  Cells that are treated 

with paclitaxel long-term will undergo prolonged mitotic arrest and many will 

undergo apoptosis (Bhalla et al., 1993).   

 Another class of antimitotic therapy is the vinca alkaloids, which includes 

vincristine and vinblastine.  Much like the taxanes, these compounds are large 

molecules (MW >900) that bind to tubulin to affect tubulin polymerization.  

However, unlike the taxanes, the vinca alkaloids prevent polymerization of the 
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tubulin monomers (Palmer et al., 1960).  Cells treated with a vinca alkaloid will 

arrest in prophase/prometaphase and will eventually undergo cell death (Jordan, 

2002).  Even though the taxanes and vinca alkaloids remain useful treatments for 

numerous types of cancer, both classes are associated with peripheral 

neuropathy side effects due to effects on tubulin-mediated axonal transport in 

neurons (Gralla et al., 1979; Marupudi et al., 2007; Wiernik et al., 1987).  

Additionally, both taxanes and vinca alkaloids are subject to acquired drug 

resistance mediated by P-glycoprotein (Fojo and Menefee, 2007; Greenberger et 

al., 1988). 

 Another class of antimitotic therapies includes targeted therapies directed 

against other mitotic targets, such as Aurora A kinase and polo-like kinase.  This 

class is still undergoing extensive development and some compounds have been 

demonstrated to be effective anticancer agents in vitro and in vivo (Harrington et 

al., 2004; Santamaria et al., 2007).  Both of the above-mentioned kinases play an 

essential role in setting up the mitotic spindle (Aurora A is essential for 

centrosome duplication) and mitotic progression (PLK-1 phosphorylates and 

activates CDC25c) and both are highly overexpressed in many types of cancer 

(Gray et al., 2004; Hu et al., 2005; Li et al., 2003; Macmillan et al., 2001).  in vitro 

experimentation has shown that targeted inhibition (inhibitory monoclonal 

antibodies or siRNA) of Aurora A and polo-like kinases causes mitotic arrest and 

apoptosis (Ditchfield et al., 2003; Gumireddy et al., 2005; van Vugt et al., 2004). 
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 Mitotic inhibition holds promise in treating multiple types of cancer, but the 

side effects caused by traditional treatments (taxanes and vinca alkaloids) calls 

for researchers to find better ways of inducing targeted mitotic arrest.  Several 

other strategies have arisen, such as targeting the mitotic kinases listed above.  

One strategy that has only emerged recently is the idea of targeting mitotic 

kinesins in anti-cancer therapies (Sudakin and Yen, 2007).     

 

1.8. Kinesin Motor Proteins in Mitotic Progression 

Kinesins are large homodimeric motor proteins (most >250kDa) that play a 

role in transporting cargo (i.e. proteins, membrane-bound organelles) around the 

cell (for reviews, see (Dinu et al., 2007; Walczak, 2000).  Currently, there are 14 

known families of kinesin motor proteins.  Kinesins are generally comprised of 

three major domains, a protein-binding domain (which binds to cargo), a coiled-

coil linker domain, and a microtubule-binding motor domain (Figure 1.3).  The 

motor domain hydrolyzes ATP in order to create a hand-over-hand movement 

between the two dimers (Kuo et al., 1991).  The motor domains follow a certain 

directionality, with certain kinesins moving + to – and others moving – to + along 

microtubules.  Some kinesins (such as Kinesin-1 protein) are ubiquitously 

expressed during the cell cycle and function to move membrane-bound 

organelles (i.e. Golgi-derived transport vesicles) and other cargo throughout the 

cell.  Others, such as Eg5 and CENP-E, are expressed specifically during mitosis 

and play an essential role in setting up the mitotic spindle.   
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Figure 1.3: Schematic representation of a kinesin moving along a microtubule.  
This diagram illustrates the pervading theory on kinesin motor movement and 
ATP hydrolysis.  Binding properties of the two kinesin heads are directed by 
conformational changes induced by ligand exchange, microtubule binding, and 
ATP hydrolysis (for details, see (Gelles et al., 1995).  D= subunit bound to ADP, 
T= subunit bound to ATP.  

 

 The Eg5 kinesin is one such mitotic kinesin.  This protein plays a role in 

separating the duplicated centrosomes in order to establish a bipolar spindle 

(Sawin et al., 1992).  The duplicated centrosome (MTOC) is the cargo carried by 

Eg5, which travels along microtubules to separate the spindle poles.  Cells that 

are treated with Eg5-inhibiting antibodies or drugs (such as Monastrol, which 

prevent Eg5 from hydrolyzing ATP) arrest in mitosis with a characteristic 
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monopolar spindle (Mayer et al., 1999).  Furthermore, Eg5 has been validated as 

a target in several different types of cancer in that it is overexpressed in tumor 

cells (Hansen and Justice, 1999; Planas-Silva and Filatova, 2007), 

overexpression is associated with genomic instability and tumor formation in 

mice (Castillo et al., 2007), and specific inhibition of Eg5 causes tumor cell death 

(Liu et al., 2006b; Muller et al., 2007).  Additionally, it has been found that Eg5 

expression closely correlates with chemotherapeutic treatment response in non-

small cell lung cancer and blast-crisis CML (Carter et al., 2006; Saijo et al., 

2006). 

 Other mitotic kinesins include Centromere Protein E (CENP-E), Mitotic 

Kinesin-like Protein 1 (MKLP-1), and Mitotic Centromere-associated Protein 

(MCAK).  Each of these kinesins plays an essential role in establishing the 

mitotic spindle.  The CENP-E kinesin associates with mitotic kinetochores and 

assists in transporting mitotic chromosomes to the spindle midzone.  Similarly, 

the MCAK kinesin binds to kinetochores but is not used for locomotion.  Instead, 

MCAK depolymerizes microtubules (preferentially from the (+) end (Desai et al., 

1999), which also assists in bringing mitotic chromosomes to the spindle 

midzone.  The MKLP-1 kinesin is present at the spindle midzone during 

telophase and is hypothesized to mediate the sliding of spindle microtubules to 

permit elongation and separation (Matuliene and Kuriyama, 2002).     
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1.9. The CENP-E Kinesin-like Protein  

Centromere Proteins (CENP-A, B, and C) were first identified in concert 

with antibodies directed against centromeric proteins that were isolated from 

patients with CREST Syndrome, a type of scleroderma (Earnshaw and Rothfield, 

1985).  Centromere Protein E (CENP-E) was isolated from a screen that used 

monoclonal antibodies directed against a fraction of HeLa chromosome scaffold 

proteins enriched for centromere/kinetochore proteins (Yen et al., 1991).  It was 

later discovered that CENP-E is a kinesin-like motor protein that accumulates 

during G2 and is essential to mitotic progression (Yen et al., 1992).  Furthermore, 

CENP-E accumulates specifically at the onset of mitosis and is degraded in a 

manner similar to cyclins (Brown et al., 1994).  

 Centromere Protein E has been characterized as a minus-end directed 

motor (moves from (+) end to (-) end along microtubules) that binds to the 

kinetochores during mitosis and brings the chromosomes to the spindle midzone 

(Thrower et al., 1995).  CENP-E protein first begins to accumulate in late G2 and 

levels peak during mitosis (Yen et al., 1992).  The protein is distributed 

throughout the cytoplasm prior to metaphase.  During metaphase, CENP-E 

localizes to the kinetochores and is believed to play a role in “walking” the 

chromosomes along microtubules to the spindle midzone by the microtubule-

dependent hydrolysis of ATP.  During anaphase-B (spindle elongation) CENP-E 

relocates to the interzonal microtubules where it is believed to play a further 

separating the poles by sliding polar microtubule relative to each other (Brown et 
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al., 1996).  It is ubiquitinated by SCF and degraded following proteolysis of cyclin 

B in anaphase (Brown et al., 1994; Liu et al., 2006a).    

 Inhibition of CENP-E by immunodepletion or siRNA causes cells to arrest 

in mitosis (prior to metaphase), often with lagging chromosomes (McEwen et al., 

2001; Schaar et al., 1997; Tanudji et al., 2004).  This arrest is coupled with 

prolonged activation of the spindle checkpoint (Yao et al., 2000).  Additionally, it 

has been shown that CENP-E is essential for kinetochore-binding and activation 

of the BubR1 kinase, one of the components of the spindle checkpoint (Mao et 

al., 2003; Mao et al., 2005).  As previously mentioned, once a microtubule is 

captured at the kinetochore, the checkpoint activation signal is silenced at that 

particular site.  If the spindle checkpoint is never silenced, the cell may undergo 

cell death or it may complete mitosis without properly segregating the 

homologous chromosomes, resulting in aneuploidy (Weaver et al., 2003).  

Recent studies have suggested that aneuploidy can act both as an initiator and 

an inhibitor of tumorigenesis (Weaver et al., 2007).  This would suggest that an 

agent that can induce aneuploidy specifically within tumor cells might comprise a 

potential treatment for such a cancer.    
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1.10. Pancreatic Cancer Cell Lines 

 In this study, the cytotoxic effects of UA62784 were characterized in the 

Panc-1, BxPC3, and MiaPaCa-2 (Yunis et al., 1977) cell lines.  All three cell lines 

were isolated from various types of pancreatic carcinoma and all three are 

tumorigenic in SCID mice.  Some common similarities and differences between 

these three cell lines are listed in Table 1.1. 

Table 1.1: Common features of BxPC3, MiaPaCa-2, and Panc-1 cell lines.  
*Sipos et al. 2003, ‡Yasutome et al. 2005, §Meck et al. 1981. 
 

 

 

 

 

 

 BxPC3 MiaPaCa-2 Panc-1 

Disease (source) adenocarcinoma carcinoma 
epitheliod 
carcinoma 

Tumorigenic? Yes Yes Yes 

Doubling Time 25 hrs‡ 20 hrs§ 52 hrs 

DPC4 status* - + + 

p53 status* - - - 

Kras status* Wild-type Gain-of-function Gain-of-function 
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1.11. Objectives and Hypothesis 

Objective 

This study was designed to isolate and characterize compounds that 

specifically target pancreatic cancer cells with a mutated or deleted DPC4 gene.  

Compounds from a Nanosyn/NCI library were screened for cytotoxicity in 

isogenic cell lines and were characterized based on their IC50 and selectivity 

index.  The UA62784 compound was one of three identified out of the ~20,000 

screened in DPC4+ and DPC4- BxPC3 cells that was shown to be more cytotoxic 

in DPC4- cells.  This dissertation investigates the mechanism of action of 

UA62784 in pancreatic cell lines and provides preliminary evidence for the 

development of clinically active analogs. 

Hypothesis 

 The hypothesis of this work is that UA62784 is a mitotic inhibitor and acts, 

at least in part, by specifically inhibiting the CENP-E kinesin-like protein.  

 

1.12. Specific Aims  

1. To characterize the mechanism of action of UA62784 

Goal 1: The first goal of this specific aim was to characterize the cell 

cycle arrest and method of cell death induced by UA62784. 
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Goal 2: The second goal of this specific aim was to determine potential 

molecular targets of UA62784 and characterize the effect that this 

compound has on various proteins and cellular events. 

 

2. To determine the efficacy of UA62784 in vivo. 

The overall goal of this specific aim was to determine if UA62784 

exhibits in vivo antitumor activity in a xenograft mouse model. 

 

3. To develop analogs of UA62784 optimized for cell death, selectivity, 

and solubility. 

Goal 1: The first goal of this specific aim was to develop analogs to 

UA62784 and characterize the mechanisms of action based on earlier 

findings with UA62784.  The further characterization of these analogs 

would allow us to further refine lead compounds. 

 

Goal 2: The second goal of this specific aim was to characterize in vivo 

activity of the above lead compound(s) in a mouse xenograft model.  
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2.  CHAPTER 

MATERIALS AND METHODS 

2.1. Chemicals and reagents 

Purified UA62784 (M.W. 353.376) (Figure 2.1) and all DPC compounds 

were synthesized by Dr. Arthur Shaw and provided by Dr. Lawrence Hurley.  All 

compounds were solubilized in 100% dimethylsulfoxide (DMSO) at appropriate 

concentrations and diluted in Roswell Park Memorial Institute (RPMI) media 

(Mediatech, Inc.; Manassas, VA) for working concentrations.  Analogs of 

UA62784 (termed DPC compounds) were created by slightly modifying one of 

three regions of the molecule (1. the terminal methoxy group, 2. the imidazole 

linker, or 3. the fluorenone group).   
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Figure 2.1: Structures of UA62784 and the DPC analogs.  All DPC analogs were 
synthesized by Dr. Arthur Shaw and provided by Dr. Laurence Hurley.  Regions 
of UA62784 modified to produce DPC analogs are shown. 1= phenyl methoxy 
group, 2= imidazole linker, 3= fluorenone group. 
 

2.2. Cell culture   

Human pancreatic adenocarcinoma cell lines (BxPC3, MiaPaCa-2, and 

Panc-1) were purchased from the American Type Culture Collection (ATCC) 

(Manassas, VA) and grown in Roswell Park Memorial Institute (RPMI) media 

(Mediatech, Inc.; Manassas, VA) supplemented with 10% Bovine Calf Serum 

(BCS) (Hyclone; Logan, UT), 50 units/mL Penicillin and 50ug/mL Streptomycin 

(Invitrogen; Carlsbad, California), and 2 mM L-Glutamine (Invitrogen).  Wild-type 

HCT116 were purchased from ATCC and p53-null HCT116 cells were provided 

by Dr. Natalia Ignatenko; both cell lines were grown in Dulbecco’s Modified Eagle 

Medium (DMEM) (Gibco; Grand Island, NY) and were supplemented as above.  
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Wild-type CaCo2 cells were purchased from ATCC and CaCo2/Kras+ cells were 

provided by Dr. Natalia Ignatenko, The University of Arizona; both cell lines were 

grown in Minimum Essential medium (MEM) (Gibco) and supplemented as 

above.  To create isogenic BxPC3 cells, parental cells were transformed with a 

constitutively expressed wild-type DPC4 gene or a control vector.  Isogenic 

BxPC3 cells (BxPC3-DPC4+ and BxPC3-vector) were provided by Dr. Haiyong 

Han.  All cultures were incubated at 37°C in a humidified incubator with 5% CO2.  

All cell lines were periodically assayed for Mycoplasma using a MycoAlert® 

Mycoplasma Detection Kit (Cambrex; East Rutherford, NJ) and were found to be 

negative. 

 

2.3. Growth inhibition assay 

The MTT assay measures mitochondrial activity in living cells based on 

the ability to convert 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) to blue formazan (Mosmann, 1983).  Cultured cells were seeded onto a 

96-well microtiter plate and incubated overnight to allow cells to attach.  

UA62784 was serially diluted in RPMI medium and added to the cell culture 

plates.  Cells were incubated with increasing concentrations of UA62784 for 24, 

48, 72, or 96 hours.  At the end of the incubation, a MTT solution (Thiazolyl Blue 

Tetrazolium Bromide) (Sigma; St. Louis, MO) was added to each well at a final 

concentration of 0.2 mg/ml.  Plates were incubated for 4 hours at 37ºC in a 

humidified incubator, centrifuged for 5 min. at 700 x g and the supernatant 
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aspirated.  Dimethylsulfoxide (DMSO) (Sigma) was added to each well to 

dissolve formazan crystals.  The plates were shaken vigorously for 5 minutes to 

evenly distribute color.  Absorbance at 540 nm was measured by a µQuant™ 

Microplate Spectrophotometer (BioTek Instruments; Winooski, VT).  Data are 

expressed as percent of control viability as measured from absorbance corrected 

for background.  The IC50 values (defined as the drug concentration that inhibits 

cell growth by 50% of the control value) were determined by sigmoidal analysis 

using Origin 7.0 software (OriginLab; Northhampton, MA). 

 

2.4. DNA, RNA, and protein synthesis 

Cells were plated onto a 96-well plate and incubated at 37°C as above 

overnight to allow cells to attach.  UA62784 was added in increasing 

concentrations and plates were incubated for 3 hours.  Radiolabeled 3H-

thymidine, 3H-uridine, or 14C-valine (Amersham Biosciences; Piscataway, NJ) 

was added at a concentration of 20 µCi/mL (3H-thymidine and 3H-uridine) or 0.5 

µCi/mL (14C-valine) and plates were incubated with radioisotope for an additional 

4 hours.  Radiolabel incorporation was terminated and the cells lysed by freezing 

at -80°C for 12 hours.   

 In order to analyze radioactive inclusion into DNA, RNA, or protein, 

thawed cell lysis supernatant was transferred to a UniFilter® plate (Perkin Elmer; 

Waltham, MA) using a Packard Filtermate Harvester (Perkin Elmer).  These 

plates operate based on size-exclusion; anything smaller than 0.45 µm will pass 
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through the plate whereas anything larger will remain bound to it.  The plate was 

then washed with double-distilled water a total of 12 times and then allowed to 

dry completely.  Plate bottoms were sealed and 30 µL of EcoLite® scintillation 

fluid was added to each well.  The plates were then sealed with ImmunoWare™ 

Sealing Tape (Pierce, Rockford, IL).  Counts per minute (CPM) were measured 

using a Packard Top Count (Perkin Elmer).  Data are expressed as percent of 

control CPM as measured from Top Count and corrected for background.   

 

2.5. Flow cytometry analysis of cell cycle effects 

Cells were incubated with UA62784 for 6-48 hours.  Cells were incubated 

with a Trypsin-EDTA solution (Gibco) in order to loosen attached cells.  Cultures 

were then washed with phosphate-buffered saline (PBS) (Invitrogen) and 

pelleted by centrifugation at 700 x g for 5 min.  Pellets were resuspended in 1mL 

70% ethanol to fix and permeabilize cells.  All samples were incubated for at 

least 24 hours at -20ºC.  After incubation, pellets were rehydrated in PBS and 

incubated with primary antibody for 1 hour.  Samples were then centrifuged as 

above, aspirated, and resuspended in PBS with secondary antibody for 30 min.  

Samples were washed as above and resuspended in PBS with 0.5 mg/ml RNAse 

A (Sigma) and counterstained with 0.04 mg/ml propidium iodide (PI) (Sigma).  All 

samples were collected using a Becton Dickinson FACScan Flow Cytometer 

(Franklin Lakes, NJ) and analyzed using CellQuest software (Becton Dickinson). 
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 All primary and secondary antibodies were used at dilutions 

recommended by the manufacturer.  Phospho-Histone H3 (Ser10), phospho-

cdc25C (Ser198), and phospho-cdc2 (Tyr15) antibodies were purchased from 

Cell Signaling Technology (Danvers, MA).  The mitotic index measurement 

procedure was modified from (Muehlbauer, 2003).   

 

2.6. Apoptosis detection assay 

 When cells undergo apoptosis, an early event in the process is the 

translocation of phosphatidylserine residues from the inner face of the plasma 

membrane to the cell surface.  This can be detected by labeled Annexin V 

binding to phosphatidylserine residues.  Conversely, cells that undergo necrosis 

can be characterized by propidium iodide (PI) binding to DNA due to breaks in 

the plasma membrane.  If samples are treated with both reagents and only the 

Annexin V signal is detected, cells can be characterized as likely undergoing 

apoptosis.  If only the PI signal is detected, the cells can be characterized as 

likely undergoing necrosis.  If both signals are detected, the cells are 

characterized as “late-stage” cell death and it cannot be determined which 

pathway predominated.   

To determine whether UA62784-treated cells undergo apoptosis, an 

Annexin V-FITC Apoptosis Detection Kit (BioVision Inc.; Mountain View, CA) was 

used.  Briefly, cells were treated with UA62784 for 24 or 48 hours, harvested by 

trypsinization, and pelleted by centrifugation at 700 x g for 5 min.  All samples 
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were resuspended in 1X binding buffer (BioVision Inc.).  Propidium Iodide (PI) 

and Annexin V conjugated to Fluorescein Isothiocyanate (FITC) were added to 

each sample and samples were incubated for 5 minutes at room temperature.  

All samples were analyzed by flow cytometry using FITC signal detection and 

phycoerythrin emission signal detection (to detect PI).  Confirmation of apoptosis 

was performed by immunoblot analysis for Caspase-3 expression (described in 

“western immunoblot analysis” section).   

 

2.7. Immunofluorescence microscopy   

Cells were seeded onto chamber slides (Lab-Tek; Rochester, NY) or 

coverslips and allowed to attach overnight.  Samples were treated with varying 

amounts of UA62784 and fixed by adding either 100% Methanol (tubulin 

samples) or 3.7% formaldehyde (Polysciences Inc.; Warrington, PA) in PBS to 

each sample and incubating at -20°C (methanol) or room temperature 

(formaldehyde) for 15 minutes.  All samples were subsequently washed with PBS 

3 times for 5 minutes each.  This was followed by addition of 100% ethanol (to 

non-tubulin samples only) and incubation at -20°C for 10 minutes.  Samples were 

washed as above and blocked with PBS-0.3% Triton-1% BCS for at least one 

hour at room temperature.   

 Mouse anti-β-Tubulin was purchased from Sigma.  Mouse anti-CENP-E 

was purchased from AbCam (Cambridge, MA).  Goat anti-mouse and goat anti-

rabbit secondaries (Alexa-488 and Alexa-594) were purchased from Molecular 
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Probes- Invitrogen.  All antibody incubations and washes were performed as 

recommended by the manufacturer.  Primary antibodies were incubated 

overnight at 4ºC and secondary antibodies were incubated for 1-2 hours at room 

temperature.  Chamber slides/coverslips were mounted using Vectashield Hard 

Set Mounting Medium with DAPI (Vector Laboratories; Burlingame, CA).  Images 

were visualized using a Nikon PCM2000 confocal microscope (Nikon; Melville, 

NY) and analyzed using SimplePCI 6.0 software (Hamamatsu Corporation; 

Sewickley, PA).   

 

2.8. Protein isolation   

Cells were grown in T75 flasks and treated with UA62784 for 6-48 hours.   

Cells were isolated by trypsinization and resuspended in PBS.  All samples were 

pelleted by centrifugation at 700 x g for 5 minutes.  Samples were then 

resuspended in 1 mL PBS, transferred to a 1.5 mL Eppendorf Tube, and 

centrifuged as above.  To lyse cells, the pellets were resuspended in 3X pellet 

volume of PBS with 1% Nonidet P-40® (NP-40), 1% sodium dodecyl sulfate 

(SDS), and 0.5% Na-deoxycholate supplemented with 20µg/mL soybean trypsin 

inhibitor, 1 mM Na3VO4, 0.5 µg/mL leupeptin, 2 µg/mL aprotinin, and 2 mM 

phenylmethylsulfonyl fluoride (PMSF) (Sigma).  Samples were voretexed 

vigorously, and incubated on ice for 20 minutes.  The samples were then 

centrifuged at 12,000 x g for 20 minutes and the supernatant was transferred to a 
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fresh Eppendorf tube.  Cell lysate protein concentrations were measured using a 

bicinchoninic acid (BCA) assay (Pierce).   

 

2.9. Western immunoblot analysis   

A 10% running gel was prepared using 30% Bis-Acrylamide solution 

(Pierce), 1.5M Tris buffer (pH 8.8) (Roche; Nutley, NJ), 10% SDS (Sigma), 10% 

ammonium persulfate (APS) (Life Technologies, Inc.; Gathersburg, MD), and 

TEMED (Pierce).  A 5% stacking gel was made using the same reagents except 

a 1.0 M Tris buffer (pH 6.8) was used; the gel was allowed to polymerize for 30 

minutes. 

 All protein samples were prepared ahead of time, each sample contained 

between 20-50 µg of total protein and all samples were brought to the same 

volume using NP-40 buffer (Sigma).  All samples had SDS loading buffer added 

and samples were placed in a heating block and incubated at 100°C for 15 

minutes to denature proteins.  All samples were then loaded onto the gel along 

with 10 µL of Precision Plus Dual Color Protein Standard (Bio-Rad; Hercules, 

CA).  Protein bands were separated by running the gel at 150 V for ~2-4 hours.  

Separated proteins were transferred onto Immun-Blot™ PVDF Membrane (Bio-

Rad Laboratories). 

 The protein membrane was blocked in 5% milk protein (diluted in PBS 

with 0.0005% Tween-20) for at least one hour.  Anti-Caspase-3 primary antibody 

(Cell Signaling Tech.) was used at concentrations recommended by the 
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manufacturer and diluted in 5% milk-Tween.  Blots were incubated with primary 

antibody solution at 4°C overnight.  Blots were then washed 3 times for 5 min. 

each with PBS-Tween.  Goat-anti-rabbit secondary antibody (Jackson 

Immunoresearch Laboratories Inc.; West Grove, PA) was diluted at 

concentrations recommended by the manufacturer, prepared as above and 

incubated with blots for 1-2 hours.  Blots were developed by incubating in 

SuperSignal® West Dura Extended Duration Substrate (Pierce) for 5 minutes and 

visualized using BioMax film (Kodak; Rochester, NY).   

 

2.10. Topoisomerase II activity assay 

 Inhibition of Topoisomerase II (Topo II) was determined using a 

Topoisomerase II Assay Kit (TopoGEN; Columbus, OH) according to the 

manufacturer’s instructions.  Briefly, 10 x 106 Panc-1 and MiaPaCa-2 cells in the 

exponential growth phase were collected by centrifugation at 400 x g for 10 

minutes.  Cells were resuspended in cold TEMP buffer (10 mM Tris-HCl, pH 7.5, 

1 mM EDTA, 4 mM MgCl2, 0.5 mM PMSF) and centrifuged at 800 x g at 4°C for 5 

minutes.  Cells were resuspended in TEMP buffer and incubated on ice for 10 

minutes.  The cell suspensions were transferred to a homogenizer and dounced 

fro 8-10 strokes.  Nuclei were pelleted by centrifuging at 6000 x g for 10 minutes 

at 4°C.  The supernatant was removed and the pellets were resuspended in TEP 

buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM PMSF) and an equal 

volume of NaCl.  Samples were ultracentrifuged at 100,000 x g for 1 hour at 4°C.  
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The nuclear protein supernatant was collected and used as a source of Topo II 

protein for the kinetoplast DNA (kDNA) reaction.  Protein concentrations were 

measured using a bicinchoninic acid (BCA) assay (Pierce). 

 For the kDNA reaction, 1 µg of nuclear extract was combined with 137 ng 

kDNA, ddH2O, assay buffer (0.5 M Tris-HCl pH 8.0, 1.2 M NaCl, 100 mM MgCl2, 

5 mM dithiothreitol, 50 mM ATP), and compound of interest and incubated at 

37°C for 30 minutes.  Reactions were stopped by adding loading buffer and were 

incubated with 50 µg/mL proteinase K for an additional 15 minutes at 37°C.  The 

kDNA reactions were separated on a 1% agarose gel at 45 V for 2-3 hours.  The 

gel was stained using ethidium bromide and resulting DNA bands were 

visualized under UV light.  

 

2.11. Kinase activity assay   

Kinase activity assays were done using purified polo-like kinase (PLK-1) 

(2ng) (Cell Signaling Tech.) and cdc25C (2ng) (Millipore; Billerica, MA), which 

were combined with 200 µM final concentration of ATP (Sigma) in 10X Kinase 

Buffer (Cell Signaling Tech).  DMSO was added to negative control samples, 

500nM Wortmannin (Sigma) was used as a positive control, and various 

concentration of UA62784 (50nM, 300nM, and 500nM) were used in test 

samples.  All samples were incubated at 37°C for 1 hour.  To stop the reaction, 

12µL of SDS loading buffer was added to each sample.  Samples were then 

heated to 95°C for 10 minutes, loaded onto a gel, and analyzed by SDS PAGE 
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as above.  The activity of PLK-1 was characterized as phosphorylation of cdc25C 

following incubation as measured by immunoblotting with an anti-phospho-

Cdc25C antibody (Cell Signaling Tech). 

A kinase panel (approximately 50 kinases) was selected to screen for 

inhibitory activity by UA62784.  The activity assays were tested by Amphora 

Discovery Corporation (Research Triangle Park, NC).  Staurosporine, a general 

kinase inhibitor, was used in various concentrations as a positive control for each 

kinase.  Thirteen (13) compounds, including UA62784 and DPC046, were 

submitted for kinase activity screening.  Each compound was tested at a 

concentration of 10 µM.  Results were scored based on percent inhibition of 

control activity and could range from -100% (activation) to +100% (inhibition). 

     

2.12. Tubulin polymerization assay  

A cell-free fluorescence-based tubulin polymerization kit and microtubule-

associated protein (MAP) extract were purchased from Cytoskeleton, Inc. 

(Denver, CO).  The assay was performed as indicated by the manufacturer.  This 

assay involves allowing fluorescently-labeled tubulin monomers to spontaneously 

polymerize at 37°C in the presence or absence of an additional compound.  As 

the tubulin monomers polymerize and form microtubules, the fluorescent signal 

increases.  Polymerization curves can be analyzed based on the nucleation 

stage, growth stage, or steady state equilibrium (Figure 2.2).  All samples (wells) 

were prepared with 20% glycerol, 1 mM GTP, and 2 mg/ml tubulin monomers, 
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except for MAP extract samples which contained 5% glycerol.  Three (3) µM 

Paclitaxel (Cytoskeleton, Inc.), 3 µM Vincristine (Sigma), and various 

concentrations of UA62784 were added to a pre-warmed plate prior to the 

addition of Tubulin Reaction Mix.  The fluorescence signal was measured using a 

Gemini XPS Microplate Spectrofluorometer (Molecular Devices; Sunnyvale, CA).  

All time points were plotted and analyzed using SoftMax Pro® software 

(Molecular Devices). 

 

Figure 2.2: An example of a tubulin polymerization curve showing normal 
polymerization (control), enhanced polymerization (Paclitaxel), and inhibited 
polymerization (Vinblastine).  The three phase of polymerization are marked for 
the control curve: nucleation (I), growth (II), and steady state equilibrium (III). 
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2.13. Kinesin ATPase assay   

This colorimetric kinesin ATPase assay (Cytoskeleton) measures kinesin 

ATPase activity as a function of the amount of inorganic phosphate produced 

when kinesin motor protein is combined with paclitaxel-stabilized microtubules 

and adenosine-triphosphate (ATP) (Funk et al., 2004).  The hydrolysis of ATP by 

the kinesin causes the production of free inorganic phosphates, which can by 

quantitated by adding a malachite green-molybdate solution.  Purified kinesin 

motor protein (Cytoskeleton Inc.; Denver, CO) was added at a concentration of 

either 0.5 µg/well (CENP-E, Eg5, and MKLP-1) or 1.0 µg/well (MCAK and KIF3C) 

to Paclitaxel-stabilized microtubules (final concentration of 6 µg/mL) in a 96-well 

half-area plate.  Increasing amounts of UA62784 were added to the wells prior to 

addition of 100 mM adenosine-triphosphate (ATP) solution (Sigma).  ATP 

solution was added using a multichannel pipettor to ensure simultaneous addition 

to each well.  Control wells were also set up with no microtubules, no ATP, and 

no kinesin.  The plate was then incubated at room temperature for 5 minutes.  

CytoPhos reagent (Cytoskeleton Inc.) was added to halt the reaction and color 

was allowed to develop for 10 min at room temperature.  Absorbance was 

measured at 650 nm by a µQuant™ Microplate Spectrophotometer (BioTek).  

ATPase activity was measured as a percent of the control absorbance corrected 

for background.  The relevant IC50 values for applicable kinesin-drug 

combinations were measured as above. 
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2.14. Microtubule binding pull-down assay   

The microtubule spin-down (or pull-down) relies on the fact that Taxol-

stabilized microtubules will pellet when ultracentrifuged at 100,000 x g 

(differential density centrifugation) (Ziegelbauer et al., 2001).  The microtubule 

binding protein spin-down assay kit was purchased from Cytoskeleton, Inc. and 

completed as indicated by manufacturer.  Purified taxol-stabilized microtubules 

were incubated at 37°C for 30 min. with microtubule binding proteins.  

Microtubule-associated protein fraction (MAP) was used as a positive control for 

MT-binding and bovine serum albumin (BSA) was used for a negative control.  

Test samples contained 1 µg purified CENP-E motor protein (Cytoskeleton, Inc.) 

with varying concentrations of UA62784 (0-100µM).  All samples were 

ultracentrifuged at 100,000 x g for 1 hour at 4°C to pellet MTs and samples were 

taken from supernatant and pellet fractions.   

 SDS loading buffer (final concentration of 1X) was added to each sample 

and all samples were boiled for 10 minutes and separated on a 10% SDS 

polyacrylamide gel.  The resulting gel was either stained with Bio-Safe 

Coomassie (Bio-Rad) as indicated by manufacturer (in order to visualize all 

proteins present in each fraction) or transferred to an Immobilon transfer 

membrane (Millipore).  The membrane was blocked with Odyssey Blocking 

Buffer (Li-Cor Biosciences; Lincoln, NE) for one hour, washed once, and 

incubated with rabbit-anti-CENP-E (Cytoskeleton, Inc.) and mouse-anti-β-tubulin 

(Sigma) diluted in 5% milk (diluted in PBS-Tween).  Membranes were washed 3 
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times with PBS-Tween to remove unbound antibodies.  Secondary antibodies 

were purchased from Li-Cor Biosciences.  Membranes were incubated with 

secondary antibodies for 1 hour, washed three times, and analyzed using an 

Odyssey Infrared Imager and Odyssey 2.1 software (Li-Cor Biosciences). 

 

2.15. Mouse xenograft studies 

 All mouse xenograft studies were performed by the Experimental Mouse 

Shared Services (EMSS) at the Arizona Cancer Center.  Male SCID mice (5-6 

weeks old) were used for the tumor regression study and were purchased from 

the National Cancer Institute Animal Production Program (Frederick, MD).  All 

mice were housed according to guidelines of the American Association for 

Laboratory Animal Care and were maintained according to protocols approved by 

the University of Arizona Institutional Animal Care and Use Committee.  Mice 

were housed in standard microisolator caging on wood chip bedding.  Mice 

received standard rodent chow (Harlan/Teklad; Madison, WI) and sterile water ad 

libitum.  Mice were maintained on a 12 hour light/dark schedule.   

Tumorigenic cells were grown in culture and 5 x 106 cells were injected 

subcutaneously into mice at the right rear flank.  Tumors were allowed to grow 

until palpable (approximately 100-200 mm3).  Animals were stratified into 

treatment and control groups.  Intraperitoneal (IP) injections were given once 

daily for up to 5 days.  In the UA62784 studies, mice received injections of 50 µL 

of DMSO, 11 mg/kg UA62784, or 22 mg/kg UA62784.  These doses had 
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previously been shown to be tolerated in mice in a dose-finding study (Gillian 

Paine, personal communication) and 22 mg/kg is the upper limit of solubility for 

UA62784.  In the DPC046 study, mice were injected with 50 µL of DMSO, 22 

mg/kg DPC046, or 44 mg/kg DPC046.  These doses had previously been shown 

to be tolerated in mice in a dose-finding study (Gillian Paine, personal 

communication) and 44 mg/kg is the upper limit of solubility for DPC046.  Tumor 

volumes and mouse weights were measured 1-2 times a week.  Tumor volumes 

were determined based on the following equation:  (length x width2) / 2.  

 

2.16. Measuring structure-activity relationships 

 To determine the correlation between in vitro growth inhibition (IC50) and 

kinesin inhibition, a Pearson correlation analysis was done using Origin 7.0.  All 

compound-kinesin combinations with greater than 15% inhibition were plotted on 

a scatter plot.  The resultant plots were then fitted with a linear least-squares 

best-fit line.  Significance was defined as a p-value of 0.05 or less.  The 

structure-activity relationship (SAR) was analyzed by standard partial least 

squares regression using Sybyl 7.2/QSAR (Tripos Inc.; St. Louis, MO).  The SAR 

studies were performed by Dr. Vijay Gokhale; Bio5 Institute, University of 

Arizona.    
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3.  CHAPTER 

RESULTS 

3.1. Effects of UA62784 on cell growth and apoptosis   

Isogenic BxPC3 cells were created by Dr. Haiyong Han (TGen; Phoenix, 

AZ), these cell lines differ only in their expression of the DPC4 gene (Wang et al., 

2006).  Normal BxPC3 cells have a deleted DPC4 gene.  It had been found 

previously that UA62784 exhibits a 3.4-fold cytotoxic selectivity toward DPC4-

deleted BxPC3 cells. 

To evaluate the in vitro cytotoxic activity of UA62784 in additional 

pancreatic cell lines, we utilized the MTT assay to determine the IC50 for various 

exposure times.  MiaPaCa-2, BxPC3, and Panc-1 cells were treated with various 

concentrations of UA62784 and incubated for 24, 48, 72, or 96 hours.  The IC50 

value for each was calculated by sigmoidal analysis on a semi-logarithmic curve.  

Table 3.1 shows the results for these timepoints.  These results revealed varying 

sensitivities to UA62784 in the three cell lines, with MiaPaCa-2 being the most 

sensitive (IC50 ~43nM) and BxPC3 being the least sensitive (IC50 ~104nM).   
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IC50 (nM) 

PANC-1 MIAPACA BX-PC3 
85 (± 7.07) 43.3 (± 4.03) 103.8 (± 14) 

Table 3.1: IC50 of pancreatic cell lines as measured by MTT assay.  Cells were 
incubated with increasing concentrations of UA62784 for 96 hours.  Plates were 
incubated with MTT and absorbance was read to determine percent of control 
viability. The IC50 was determined by plotting values on a semi-logarithmic curve.  
Standard deviation is shown in parentheses (n=4).   
 
 
 The ability of UA62784 to induce apoptosis was determined by an Annexin 

V staining assay.  This assay relies on the apoptotic loss of membrane 

asymmetry wherein phosphotidylserine translocates from the inner to the outer 

surface of the plasma membrane.  All three cell lines were incubated with varying 

concentrations of UA62784 for 24 or 48 hours and analyzed by Flow Cytometry.  

In all cases, samples treated with 500 nM UA62784 and above showed evidence 

of apoptosis (as opposed to necrosis, indicated by staining for PI only) at both 24 

and 48 hours (Figure 3.1).  Induction of apoptosis was confirmed by Caspase 3 

cleavage (Figure 3.2).   
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a. 

 
b. 

 
 
 

No Drug 50 nM 100 nM 

500 nM 1 uM 5 uM 

0.02% 

97.88% 

1.14% 

0.63% 

0.85% 

98.35% 

0.50% 
0.05% 

1.03% 

98.26% 

0.44% 0.07% 

22.75% 

72.36% 

3.37% 0.16% 

31.31% 

61.52% 

4.92% 0.28% 

32.79% 

57.94% 

6.03% 0.43% 

No Drug 50 nM 

5 uM 1 uM 500 nM 

100 nM 

0.41% 

96.01% 

1.99% 

1.59% 

97.88% 

1.04% 

0.75% 0.33% 

1.97% 

96.28% 

1.02% 0.73% 

18.30% 

55.84% 

23.69% 2.17% 

31.12% 

42.86% 

25.51% 0.51% 

23.17% 

32.59% 

43.54% 

0.70% 
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Figure 3.1: Induction of apoptosis in BxPC3 cells.  Cells were incubated with the 
indicated concentration of UA62784 for 24 hours (a) or 48 hours (b).  Cells were 
then stained with Annexin-V-FITC and propidium Iodide (PI) and analyzed by 
flow cytometry.  Values indicate the percent of cells in the gated population.  
Annexin+/PI- cells are considered apoptotic, whereas Annexin-/PI+ cells are 
considered necrotic, and Annexin+/PI+ cells are considered late-stage.  Data 
shown is representative of 3 independent experiments. 

 
 

Figure 3.2: Immunoblot for detection of cleaved and full-length Caspase 3.  
Whole cell extracts from BxPC3 cells treated with various amounts of UA62784 
were used.  The protein concentrations in the extracts were standardized and 30 
µg of protein were loaded into each well.  Both forms of caspase-3 protein (whole 
and cleaved) were detected using an anti-Caspase-3 antibody.  Full-length 
Caspase 3 (35 kDa) and cleaved Caspase 3 (17 kDa) are shown.  Data is 
representative of 2 independent experiments.    

N
o

 D
ru

g
 

3
0

0
 n

M
 

5
0

0
 n

M
 

1
 µ

M
 

1
0

0
 n

M
 

←Full Caspase 3  

←Cleaved Caspase 3  



 

 

64 

3.2. Effect of UA62784 on DNA, RNA, and protein synthesis 

Because many chemotherapeutic agents affect DNA, RNA, and/or protein 

synthesis, we sought to determine if UA62784 does so as well.  DNA synthesis 

was measured by 3H-thymidine incorporation and Doxorubicin was used as a 

positive control (Figure 3.3).  Samples were incubated with drug for 3 hours prior 

to the addition of 3H-thymidine to insure that the decrease in incorporation was 

due inhibition of DNA synthesis and not cell death.  The samples that were 

incubated with Doxorubicin showed a dose-dependent decrease in DNA 

synthesis whereas the UA62784 samples exhibited little or no change in 3H-

thymidine incorporation.   

Synthesis of RNA was measured in a similar manner using incorporation 

of 3H-Uridine and Actinomycin-D was used as a positive control.  All samples 

were incubated with drug for 3 hours prior to the addition of 3H-uridine.  In both 

MiaPaCa-2 and Panc-1 cells, Actinomycin-D effectively inhibited RNA synthesis 

at an IC50 of approximately 50nM (Figure 3.4a).  Cells treated with UA62784 also 

appeared to have decreased RNA synthesis, but with an IC50 of approximately 

10µM (Figure 3.4b). 
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Figure 3.3: Measuring DNA synthesis in MiaPaCa and Panc-1 cells by 
radionuclide incorporation.  Cells were treated with indicated concentrations of 
UA62784 (a) or Doxorubicin (b) for a total of 6 hours.  Cells were incubated with 
3H-thymidine for 3 hours and cell lysate was transferred to a filter plate to read 
counts per minute (CPM).  3H-thymidine incorporation is expressed as percent of 
control CPM corrected for background.  A 17 µM Doxorubucin sample is shown 
with the UA62784 samples for comparison.  Bars shown indicate standard 
deviation (n=8).  
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Figure 3.4: Measuring RNA synthesis in MiaPaCa and Panc-1 cells by 
radionuclide incorporation.  Cells were treated with indicated concentrations of 
UA62784 (a) or Actinomycin-D (b) for a total of 6 hours.  Cells were incubated 
with 3H-uridine for 3 hours and cell lysate was transferred to a filter plate to read 
counts per minute (CPM).  3H-uridine incorporation is expressed as percent of 
control CPM corrected for background.  Bars shown indicate standard deviation 
(n=8). 
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Figure 3.5: Measuring protein synthesis in MiaPaCa and Panc-1 cells by 
radionuclide incorporation.  Cells were treated with indicated concentrations of 
UA62784 (a) or cycloheximide (b) for a total of 6 hours.  Cells were incubated 
with 14C-valine for 3 hours and cell lysate was transferred to a filter plate to read 
counts per minute (CPM).  14C-valine incorporation is expressed as percent of 
control CPM corrected for background.  Bars shown indicate standard deviation 
(n=8). 
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Because of the apparent decrease in RNA synthesis, we expected to see 

similar reductions in protein synthesis.  To test this, we used 14C-valine 

incorporation with Cycloheximide as the positive control.  Once again, samples 

were incubated with drug for 3 hours prior to the addition of 14C-valine.  Samples 

that were incubated with Cycloheximide showed a sharp decrease in 14C-valine 

incorporation with an IC50 of approximately 250nM.  However, the UA62784-

treated samples showed little or no decrease in 14C-valine incorporation, 

indicating that UA62784 does not directly affect protein synthesis (Figure 3.5).  

Despite an apparent decrease in RNA synthesis, a similar reduction in protein 

synthesis was not seen, indicating that inhibition of RNA synthesis is not likely 

the main mechanism of action of UA62784. 

 

3.3. UA62784 induces G2/M arrest   

Flow Cytometric analysis was used to determine the effects of UA62784 

on cell cycle progression in the three pancreatic cell lines.  Propidium iodide (PI) 

was used to measure total DNA content.  The MiaPaCa-2 cell line exhibited a 

strong G2/M arrest within 12 hours of incubation with 100nM UA62784 (Figure 

3.6a).  The BxPC3 and Panc-1 cell lines also exhibited a strong G2/M arrest, but 

required treatment with 300 nM UA62784 for 12 hours before this arrest was 

visible (Figure 3.6b,c).  Interestingly, treatment beyond 24 hours resulted in 

varying responses from the three cell lines.  The emergence of a high sub-G1 

peak suggests that MiaPaCa-2 cells undergo cell death upon extended 
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incubation with UA62784.  The BxPC3 cell line subverts the block and continues 

cycling; an 8n peak is visible after treating BxPC3 cells with 300nM UA62784 for 

36 hrs.  After 48 hours of continuous treatment, Panc-1 cells appeared to simply 

remain arrested, with no sub-G1 or 8n peaks appearing even at the highest drug 

concentration (Figure 3.6c).        
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b.  

 
c. 
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Figure 3.6: Flow cytometric cell cycle analysis of pancreatic cancer cell lines 
following UA62784 treatment.  MiaPaCa  (a), BxPC3 (b), and Panc-1 cells (c) 
were treated with the indicated concentrations of UA62784 for the indicated 
amount of time.  Cells were harvested and incubated with propidium iodide (PI) 
for 30 minutes and then analyzed by flow cytometry.  First peak indicates G1 
population, 2n DNA content and second peak indicates G2 population, 4n DNA 
content unless otherwise stated.  These data are representative of 3 independent 
experiments. 
 

 This G2/M arrest induced by UA62784 is readily reversible as evidenced 

in figure 3.7.  The MiaPaCa-2 cells were treated with 100 nM UA62784 for 8 

hours, which is sufficient exposure to cause a G2/M arrest but not likely to cause 

apoptosis.  Prior to any treatment only 14 percent of these cells were shown to 

be in G2/M phases.  Following UA62784 treatment for 8 hours, the G2/M fraction 

increased to 41 percent.  Similarly treated cells were then washed and allowed to 

recover in fresh medium for various amounts of time.  After 1 hour of recovery, 

the G2/M peak has dropped significantly (G2/M fraction = 22 percent) and it 

appears to completely return to control levels (G2/M fraction = 17 percent) after 

only 3 hours of recovery.   
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Figure 3.7: Recovery and redistribution in the cell cycle following treatment with 
UA62784.  MiaPaCa cells were treated with UA62784 for 8 hours and 
subsequently washed and incubated in fresh media for the indicated amount of 
time. The cells were harvested, incubated with propidium iodide (PI) for 30 
minutes and analyzed by flow cytometry.  A) Overlay of DNA content histograms 
with the G1 peak at ~200 and the G2 peak at ~400.  B) Quantitative analysis of 
DNA content.  These data are representative of 4 independent experiments. 
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3.3.1.  Effect of UA62784 on Topoisomerase II activity  

Because UA62784 inhibited cells specifically in G2/M, we sought to 

determine if it is inhibiting Topoisomerase II (Topo II), as Topo II inhibitors are 

known to arrest cells in G2 (Anderson and Roberge, 1996; Chen and Beck, 

1995).  Topo II is a nuclear enzyme that catalyzes the winding/unwinding of DNA 

by creating double-strand breaks, passing a second DNA duplex through the 

break, and then reannealing the original strand.  This function is essential to the 

condensing of chromosomes just prior to mitosis and the subsequent 

decondensing once mitosis is completed.  To assess the effect that UA62784 

has on Topo II, we utilized an assay that measures the ability of Topo II protein 

from cell nuclear extracts to decatenate kinetoplast DNA (kDNA) (Figure 3.8).  

Mitoxantrone, a known Topo II inhibitor (Crespi et al., 1986), was used as a 

positive control at both low-dose (0.1 µM) and high-dose (10 µM).  Low-dose 

Mitoxantrone did not inhibit kDNA decatenation by Topo II but high-dose 

Mitoxantrone was very effective at inhibiting activity.  Nuclear extracts from both 

Panc-1 and MiaPaCa-2 cells were used, both showed appropriate control 

activity.  Despite the addition of increasing amounts of UA62784 (0.1 µM-10 µM), 

Topo II activity remained unchanged, indicating that UA62784 does not affect 

Topoisomerase II activity.      
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Figure 3.8: in vitro Topoisomerase II (Topo II) activity assay in the presence of 
UA62784.  Nuclear extracts were isolated from MiaPaCa and Panc-1 cells to 
provide a source of Topo II.  Protein concentrations from extracts were 
standardized and 1 µg of nuclear extract was incubated with kinetoplast DNA 
(kDNA) in the presence or absence of the indicated concentrations of UA62784.  
Topo II activity is indicated by presence of lower molecular weight band, 
indicating linearity of the kDNA.  Low and high-concentration Mitoxantrone 
(Mitox) were used as a positive control.  These data are representative of 3 
independent experiments. 

 

3.4. Delineating the stage of cell cycle arrest 

We next sought to determine if UA62784 was causing cell cycle arrest in 

the G2 or mitotic phases.  Because total DNA content is the same for these two 

phases, this cannot be determined by Propidium Iodide incorporation alone.  

Phospho-Histone H3 (Ser 10) is a well-established mitotic marker (Juan, 1998); 
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this particular residue is specifically phosphorylated by Aurora A kinase at the 

start of prophase and is readily dephosphorylated at the end of telophase.  We 

chose to examine the phosphorylation status of this residue by flow cytometry 

and fluorescence microscopy to determine the mitotic index (MI) (the percent of 

mitotic cells) in treated versus untreated cells.  Mitotic cells were defined as 

those with a 4n DNA content and positive staining for phospho-Histone H3.      

 MiaPaCa-2, BxPC3, and Panc-1 cells were treated for 8-12 hours with 

increasing amounts of UA62784, Demecolcine (positive control), or Doxorubicin 

(negative control).  In UA62784-treated cells, the mitotic population began 

increasing at 50 nM and peaked at 1 µM (Figure 3.9a).  Demecolcine (a 

colchicine analog and known tubulin polymerization inhibitor) caused an increase 

in the mitotic population as expected (Figure 3.9b), whereas treatment with 

Doxorubucin (a topoisomerase-II inhibitor) caused a decrease in the mitotic 

population (Figure 3.9c).  This was expected since Doxorubicin is known to 

inhibit cells in G1/G2 (Krishan, 1976).   
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Figure 3.9: Mitotic index in pancreatic cancer cell lines following treatment with 
UA62784.  Cells were incubated with the indicated amounts of UA62784 for 8 
hours (a), Demecolcine for 24 hours (b), or Doxorubicin for 12 hours (c).  Cells 
were harvested and incubated with an anti-phospho-Histone H3 antibody 
followed by incubation with propidium iodide (PI).  Samples were analyzed by 
flow cytometry to measure the mitotic index, indicated by a 4n DNA content and 
positive staining for phospho-Histone-H3.  Error bars shown in (a) and (b) 
represent standard deviation (n=3).  The data shown in part (c) is representative 
of 2 independent experiments. 
 

 To confirm these results visually, fluorescence microscopy was done 

using the same phospho-Histone H3 marker (Figure 3.10).  In this case, mitotic 

cells were defined as those exhibiting positive staining for phospho-Histone H3.  

In many cases, we could also identify other features of mitosis, such as 

chromosomal condensation and congression at the metaphase plate.  Untreated 

cells showed only a small percentage of the total population in mitosis.  

Additionally, all stages of mitosis were seen in untreated samples (as evidenced 

by the presence of mitotic hallmarks).  Following treatment with UA62784, the 

mitotic population was significantly enriched.  Interestingly, it appeared that none 

of the treated cells had progressed completely to metaphase, as evidenced by a 

lack of chromosomal alignment at the metaphase plate.  All of the treated cells 

that were in mitosis appeared to be in either prophase or prometaphase, as 

evidenced by the presence of condensed chromatin or lack thereof, respectively.  

Additionally, treated cells lacked a bipolar spindle.  These data indicate that 

UA62784 causes mitotic arrest prior to metaphase.  
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Figure 3.10: Mitotic index in Panc-1 cells following UA62784 treatment visualized 
by immunofluorescence microscopy.  Cells were incubated in media with 0.25% 
DMSO (a) or 300nM UA62784 for 12 hours (b).  Samples were incubated with 
anti-phospho-Histone H3 (green) and anti-β-tubulin (red).  The phospho-Histone-
H3 stain correlates to a nuclear DAPI stain (not shown).  Note the control cells 
shown in metaphase (a, arrowhead) and anaphase (a, arrow). 

 

There was a notable difference between the mitotic indexes seen in our 

BxPC3 isogenic cell lines (BxPC3-DPC4+ and BxPC3-vector).  Both cell lines 

were treated with various concentrations of UA62784 for 12 hours prior to flow 

cytometric analysis to determine mitotic index.  Both cell lines exhibited an 

increase in the mitotic index, with BxPC3-vector cells starting with approximately 

2% MI and increasing to a MI of approximately 9% over the 12 hours.  Isogenic 

BxPC3 cells expressing DPC4 had a similar starting MI and increased to an MI of 

approximately 16%.   
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3.4.1. UA62784 influence on tubulin polymerization   

Because treated cells did not form a functional mitotic spindle, we sought 

to determine if UA62784 affects tubulin polymerization.  This is a common 

inhibitory mechanism for many known mitotic inhibitors, including taxanes and 

vinca alkaloids.  To determine how UA62784 affects tubulin polymerization, we 

utilized a cell-free tubulin polymerization assay that relies on a fluorescence-

based reporter system.  This assay involves allowing fluorescently-labeled 

tubulin monomers to spontaneously polymerize at 37°C in the presence or 

absence of an additional compound.  As the tubulin monomers polymerize and 

form microtubules, the fluorescent signal increases.  Paclitaxel and Vincristine 

were used as positive and negative controls, respectively.  As shown in figure 

3.11a, UA62784 does not significantly affect tubulin polymerization.  Over the 

course of several experiments the polymerization curve for the UA62784 sample 

most closely matched that of the control sample. 

 Microtubule associated proteins (MAPs) are proteins that bind to tubulin to 

assist in polymerization and stabilization (Maccioni, 1995).  Because inhibition of 

MAPs might have the same overall affect as inhibition of tubulin, we repeated the 

tubulin polymerization assays with purified MAP fraction (which includes MAP1, 

MAP2, and tau proteins).  Again, tubulin polymerization assisted by MAPs was 

not significantly affected by the addition of UA62784 (Figure 3.11b). 
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Figure 3.11: Cell-free tubulin polymerization assay in the presence of UA62784 
and mitotic inhibitors.  UA62784-mediated inhibition of tubulin assembly (a) and 
inhibition of microtubule-associated proteins (MAPs) (b) were tested.  Purified 
tubulin monomers were incubated in the presence of indicated concentrations of 
Taxol (positive control for enhancement), DMSO (negative control), Vincristine 
(positive control for inhibition), or UA62784.  Tubulin polymerization is indicated 
by an increase in the fluorescence signal.  The data shown in (b) indicates 
samples with a lower buffer glycerol concentration (5%) and purified MAP 
extract.  RFU= Relative Fluorescence Units.  In all studies, the UA62784 curves 
most closely matched the control curves (n=10). 
 

3.4.2. Effect of UA62784 on known mitotic kinases   

Due to the specific mitotic inhibition seen with UA62784, we sought to 

determine if UA62784 affects the phosphorylation and/or activity of known mitotic 

kinases.  One of the most well-known mitotic kinases is the Aurora A kinase, 

which plays an essential role in setting up the bipolar mitotic spindle.  A kinase 

activity assay was performed by Dr. Haiyong Han (TGen) using recombinant 

Aurora A protein and we conclude that UA62784 does not affect this kinase 

(Haiyong Han, personal communication). 

 Another well-known mitotic kinase is the Polo-like Kinase (PLK1), which is 

responsible for phosphorylating several essential mitotic factors, thereby 

permitting mitotic progression.  To determine if UA62784 affects PLK1 activity, 

we performed a cell free assay to screen for the ability of purified PLK1 to 

phosphorylate purified cdc25C protein, a well-characterized substrate.  The two 

proteins were incubated together in the presence of UA62784, DMSO (negative 

control), or Wortmannin (positive control) (Liu et al., 2005)  and the products 

were analyzed by PAGE.  Initial blots showed a decrease in the amount of 
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phospho-cdc25C (Ser198) while total cdc25C remained constant, suggesting a 

possible role for UA62784 in PLK1 inhibition (data not shown). 

 We attempted to confirm the lack of cdc25C phosphorylation in treated 

cells by flow cytometry.  Using the same anti-phospho-cdc25C (Ser198) antibody 

used in the immunoblots, we noticed an increase in the percent of cells staining 

positive for p-cdc25C (Figure 3.12).  An increase in p-cdc25C is expected in 

mitotic cells, but if UA62784 were inhibiting PLK1 we would not see this increase.  

Therefore we can conclude that UA62784 does not affect PLK1 activity as its 

primary mechanism of action.     
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Figure 3.12: Flow cytometric analysis of cdc25C (Ser 198) phosphorylation in 
BxPC3 cells.  Samples were treated with the indicated amounts of UA62784 for 
24 hours.  Cells were harvested and incubated with an anti-phospho-cdc25C 
antibody for 1 hour followed by incubation with propidium iodide (PI) for 30 
minutes.  Cells with a 4n DNA content and positive staining for p-cdc25C were 
characterized as being mitotic cells with a functional polo-like kinase protein.  
These data are representative of 2 independent experiments. 
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 Further examination of the effect of UA62784 on cellular kinase activity 

was performed by Dr. Gary Flynn and Amphora Research (Research Triangle 

Park, NC).  A panel of 48 cellular kinases was used to investigate in vitro 

inhibitory activity of UA62784 and several analogs.  The results indicated 

UA62784 exhibits 57% inhibition of CDK2/cyclinA at 10 µM.  No other kinases 

within the panel showed significant inhibition at this concentration of UA62784, 

including mitotic kinases such as Aurora-A, Aurora-B, and PLK1.  The 

combination of CDK2/cyclinA is known to play a role in S-phase progression.  

However, we do not see any S-phase delay in UA62784-treated cells, indicating 

CDK2/cyclinA inhibition is not the main mechanism of action. 

 

3.4.3. Effect of UA62784 on mitotic activities   

There are several characteristic hallmarks of mitotic progression, such as 

chromosomal condensation, centrosome duplication and separation, microtubule 

polymerization, and microtubule attachment to kinetochores.  These events can 

often be seen using immunofluorescence microscopy staining for DNA. 

 Chromosome condensation was visualized using DAPI stain.  This 

particular stain intercalates between DNA bases and allows for visualization of 

total DNA.  Interphase and prophase nuclei will show a diffuse stain in the shape 

of an oval whereas late mitotic nuclei will exhibit a more punctuate staining 

pattern.  Cells treated with UA62784 did indeed show chromosomal 

condensation, indicating UA62784 is not affecting this process (data not shown).   
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 To view centrosome duplication and separation, cells were treated with 

UA62784 and visualized using IF microscopy with a combination of anti-pH3 and 

anti-gamma-tubulin antibodies.  In a normal mitotic cell, centrosomes remain 

paired at the beginning of prophase and separate during prometaphase.  We 

identified duplicated and separated centrosomes in both our negative control and 

treated samples (Figure 3.13), indicating that UA62784 does not affect 

centrosome duplication or separation. 

 
Figure 3.13: Visualization of centrosome duplication and separation in Panc-1 
cells by immunofluorescence microscopy (40X).  Cells were stained with anti-
phospho-histone-H3 (green) and anti-gamma-tubulin (red). Panels show 
untreated cells in prophase (a) and metaphase (b). Panc-1 cells were treated 
with 300nM UA62784 for 12 hrs. and duplicated centrosomes are clearly visible 
(c).  Arrows in (c) indicate examples of cells with duplicated centrosomes, 
arrowhead indicates a cell with duplicated and separated centrosomes.  These 
data are representative of 3 independent experiments. 
 

 To characterize microtubule attachment to kinetochores, we once again 

utilized IF microscopy this time using anti-pH3 and anti-BubR1 antibodies.  

BubR1 localizes to unattached kinetochores during metaphase, thereby signaling 

the spindle checkpoint.  To visualize BubR1 localization, Panc-1 cells were 

a c b 
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stained with anti-BubR1 antibody and analyzed by immunofluorescence 

microscopy.  The resulting images show that in untreated cells, BubR1 is 

localized within the DNA up until metaphase.  Although UA62784-treated cells do 

not progress fully to metaphase, we are able to see BubR1 localized within the 

DNA.  This suggests that UA62784 does not affect the ability of BubR1 to bind to 

the kinetochore (data not shown).    

 

3.5. Inhibition of cell-free CENP-E ATPase activity by UA62784  

Knowing that inhibition of mitotic kinesins can cause mitotic arrest, we 

next tested UA62784 for kinesin motor protein inhibition using a cell-free assay 

that measures the formation of free inorganic phosphate following ATPase 

activity (Funk, 2004).  Several purified kinesins were tested in this cell-free 

biochemical assay for UA62784-mediated inhibition, including Eg5, CENP-E, 

MKLP-1, KIF3C, and MCAK.  For each of these, recombinant kinesin motor 

protein was used along with increasing concentrations of UA62784.  Of these 

kinesins, UA62784 exhibited significant activity against only CENP-E, showing 

approximately 80% inhibition at the highest concentration tested (Figure 3.14).  

UA62784 did show some inhibitory against MCAK (~20%) (Figure 3.19), but did 

not affect any other kinesins tested.  The inhibition against CENP-E does appear 

to be dose-dependent, based on the range of concentrations tested.  These data 

suggest that UA62784 acts, at least in part, by inhibiting CENP-E kinesin motor 

protein.   
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Figure 3.14: Cell-free CENP-E kinesin ATPase assay in the presence of 
UA62784.  Purified CENP-E kinesin motor protein was incubated with taxol-
stabilized microtubules in the presence of the indicated amounts of UA62784.  
Free inorganic phosphate (Pi) production indicates positive ATPase activity and 
was measured colorimetrically.  These data represent the percent of control 
ATPase activity (DMSO) corrected for background.  Bkg= no kinesin protein and 
no microtubules in sample.  Error bars are shown to indicate standard deviation 
(n=4). 
 

3.5.1. Intracellular localization of CENP-E following treatment with UA62784   

The CENP-E kinesin motor protein follows a characteristic localization 

pattern throughout the stages of mitosis.  To determine whether UA62784 affects 

intracellular CENP-E localization as well as ATPase activity, we used 

immunofluorescence microscopy to visualize CENP-E localization in treated 

versus untreated cells (Figure 3.15).  Untreated Panc-1 cells demonstrate a 

characteristic staining pattern (Yen, 1991) wherein CENP-E staining is absent in 

interphase cells but localizes to the cytoplasm during prophase, the kinetochores 
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during prometa/metaphase, and the spindle midzone during anaphase.  Cells 

treated with UA62784 demonstrate both prophase and prometaphase-type 

staining with CENP-E localizing to the cytoplasm and kinetochores (respectively).  

However, all cells appeared to have kinetochores that were scattered throughout 

the nucleus as opposed to lining up at the metaphase plate, confirming the prior 

results that UA62784 arrests cells before metaphase.  Furthermore, based on the 

localization pattern of CENP-E, we postulate that UA62784 does not affect the 

ability of CENP-E to bind to kinetochores. 

 

 
Figure 3.15: Visualization of CENP-E localization within mitotic Panc-1 cells by 
immunofluorescence microscopy.  Panc-1 cells were untreated (a-c) or were 
treated with 500nM UA62784 for 12 hrs. (d) and stained for phospho-Histone H3 
(red) and CENP-E (green).  Progression through mitosis is shown in a-c with 
CENP-E localizing diffusely in the cytoplasm during prophase (a), localizing to 
the DNA/kinetochores during prometaphase/metaphase (b), and localizing to the 
spindle midzone during anaphase (c).  All cells in (a-c) are representative of one 
untreated sample.  These data are representative of 3 independent trials.   
 

3.5.2. in vitro CENP-E-microtubule binding in the presence of UA62784  

Because the kinesin inhibitor Adociasulfate-2 acts by preventing kinesin 

motor binding to MTs (Brier, 2006; Sakowicz, 1998), we sought to determine if 

UA62784 acts by a similar mechanism.  A microtubule pull-down assay was 
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performed to visualize CENP-E binding in the presence and absence of 

UA62784 (Figure 3.16).  Proteins that bind to microtubules should be apparent in 

the pellet portion of each sample (due to differential density centrifugation) when 

subjected to PAGE analysis.  Microtubule-associated protein fraction (MAPF) 

and bovine serum albumin (BSA) were used as positive and negative controls 

(respectively) for MT binding.  When separated on a PAGE gel and stained with 

Coomassie, MAPF proteins are localized to the pellet fraction whereas BSA 

appears in the supernatant fraction (Figure 3.16b).  Adding increasing amounts 

of UA62784 does not affect the amount of CENP-E within the pellet fraction, 

demonstrating that UA62784 does not affect CENP-E binding to MTs.       
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Figure 3.16: CENP-E microtubule-binding assay in the presence of UA62784.  
Purified taxol-stabilized microtubules were incubated with microtubule-associated 
protein extract (lanes 2-3), bovine serum albumin (4-5), CENP-E (6-7), or CENP-
E and indicated concentrations of UA62784 (8-13) and ultracentrifuged to pellet 
microtubules.  Any proteins that bind microtubules would be found primarily in the 
pellet (P) fraction whereas proteins that do not bind microtubules would be found 
primarily in the supernatant (S) fraction.  Blots were visualized using IR 
secondaries (a) to indicate CENP-E and tubulin proteins only and Coomassie 
Blue staining (b) to indicate total protein.  These data are representative of 4 
independent experiments.   
 

←MAPs 

 

 

 

←BSA and CENP-E 

←Tubulin  

a. 

b. 
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3.6. UA62784 in mouse xenografts 

 To test the in vivo efficacy of UA62784, we first injected severe 

compromised immunodeficiency (SCID) mice subcutaneously with BxPC3 cells 

and allowed xenografts to establish.  All mice were then given once daily IP 

injections of either DMSO, low-dose UA62784 (11 mg/kg), or high-dose UA62784 

(22 mg/kg).  Mean tumor burden was measured twice per week until 90 days or 

until tumor burden reached over 2000 mm3 (Figure 3.17).  No significant 

reduction in tumor burden was demonstrated in UA62784-treated animals.  Upon 

necropsy, several mice were found to have intraperitoneal deposits of a 

fluorescent yellow compound.  This suggested to us that UA62784 was falling out 

of solution following injection, which would mean that little or no drug was 

systemically bioavailable.   
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Figure 3.17: UA62784 tumor regression study using BxPC3 xenografts in SCID 
mice.  Mice were injected with BxPC3 cells in the right rear flank.  Mice were 
pair-matched on day 34, once tumors had become palpable, and received 
injections of either DMSO (control), low-dose UA62784 (11 mg/kg), or high-dose 
UA62784 (22 mg/kg).  Injections were given once daily for 5 consecutive days for 
a duration of 2 weeks, followed by one week where no injections were given, 
followed by another course of daily x 5 for 2 weeks.  Tumor size in each mouse 
was measured 1-2 times weekly.  Each group n=10. 
 

3.7. Development of UA62784 analogs   

The solubility limitations imposed by UA62784 make it unsuitable for 

further development.  Therefore, a panel of analogs with slight variations on the 

parent structure was synthesized by Arthur Shaw, PhD in the laboratory of 

Laurence Hurley, PhD.  The UA62784 molecule was divided into three regions: 
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1) the terminal methoxy group, 2) the oxazole linker region, and 3) the fluorenone 

group (Figure 2.1).  Modifications in region 1 proved to be counterproductive in 

terms of increasing potency (Figure 3.18).  Even slight modifications (such as 

CH3 → OH) to the terminal methoxy group increased IC50 several-fold.  

Therefore, we conclude that the structure of the terminal methoxy group is 

essential to the cytotoxic function of UA62784. 
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Figure 3.18: Cell viability data from BxPC3 cells for each of the DPC analogs.  
Cells were incubated with increasing concentrations of UA62784 for 96 hours.  
Plates were incubated with MTT and absorbance was read to determine percent 
of control viability. The IC50 was determined by plotting values on a semi-
logarithmic curve.  These data are courtesy of Dr. Haiyong Han. 
 

 Modifications were next made to region 3, which contains the fluorenone 

group.  Nucleophilic side chains were added to increase solubility.  Modifications 

were also made to the tri-ring structure to determine if rigidity is required to 

maintain activity or if flexibility might impart a better fit into the target molecule.  

Several molecules showed maintained or improved cytotoxicity, including 
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DPC026, DPC043, DPC046, and DPC057.  The compound DPC046 was chosen 

for further development due to its lower IC50 in BxPC3 cells and its lower cLogP, 

an indicator of solubility.  However, it should be noted that while UA62784 

exhibited ~3.4-fold selectivity toward DPC4-deleted isogenic cells, the same 

measurement for DPC046 showed only ~1.2 fold selectivity. 

 
3.7.1. Structure-activity relationship between DPC analogs and recombinant 

kinesin motor proteins   

Many of the mechanism of action experiments done using UA62784 were 

repeated using DPC046 to determine if the mechanism of action of this 

compound is similar to that of UA62784.  We found that, like UA62784, DPC046 

is cytotoxic in the low nanomolar range.  It arrests cells in mitosis, does not affect 

tubulin polymerization, and has inhibitory activity against kinesin motor proteins 

(Figure 3.19).  However, DPC046 is less selective for CENP-E inhibition than 

UA62784.  DPC046 was found to inhibit a broad range of kinesins, including 

CENP-E (~40%), Eg5 (~15%), MKLP-1 (~30%), MCAK (~40%), and KIF3C 

(~25%).   

Because DPC046 and other UA62784 analogs broadly inhibit kinesins, we 

used these compounds to investigate a structure-activity relationship between 

our analogs and kinesin motor protein inhibition.  Several DPC analogs were 

examined for ATPase activity in a panel of purified kinesin motor proteins 

(CENP-E, Eg5, MKLP-1, MCAK, and KIF3C) (Figure 3.19).  Compounds 
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exhibiting ≥ 10% inhibition of any kinesin were further examined to quantitate in 

vitro kinesin IC50 (the concentration of compound required to decrease kinesin 

ATPase levels to 50% of control).  Of the compounds tested, DPC042 and 

DPC053 were of interest because they showed appreciable inhibition in both 

CENP-E and MKLP-1 kinesin motor proteins (Table 3.2).  
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Figure 3.19: Screen for kinesin motor protein inhibition using each of the DPC 
analogs.  Purified kinesin motor proteins were used in a cell-free kinesin ATPase 
activity assay to measure Pi production.  All DPC analogs were screened against 
the 5 different motor proteins.  Kinesins included in the screen were CENP-E (a), 
Eg5 (b), MKLP-1 (c), MCAK (d), and KIF3C (e).  Monastrol is shown as a positive 
control for Eg5 inhibition (b).  Error bars shown represent standard deviation 
(n=3). 
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 Cell-free kinesin ATPase inhibition IC50 (µM) 

 CENP-E Eg5 MKLP-1 MCAK 

UA62784 7.3 (± 3.5)    

DPC004   11.1 (± 1.65)  

DPC024    38.5 (± 27.5) 

DPC042 55.01 (± 35.35)  51.67 (± 40.1)  

DPC053 10.55 (± 0.21)  14.2 (± 4.24)  

DPC057   71.25 (± 40.07)  

DPC058   53.67 (± 34.64)  

Monastrol  11.1 (± 1.65)   

Table 3.2: IC50 values for DPC analogs and Monastrol screened for kinesin 
ATPase inhibition.  Compounds showing greater than 50% inhibition of kinesin 
motor proteins were plotted on a semi-logarithmic curve to determine in vitro IC50 
for each combination.  Standard deviations are shown (n=3). 
 

To determine the correlation between in vitro IC50 and kinesin inhibition, all 

data showing kinesin inhibition values above 15% were correlated with the 

BxPC3 growth inhibitory IC50.  The resultant scatter plots were then fitted with a 

linear least-squares best-fit line to determine significance (Figure 3.20).  We 

determined that compounds that inhibit CENP-E and MKLP-1 kinesins showed 

an inverse correlation between their IC50 values and the percent of kinesin 

ATPase inhibition (higher IC50 values correlate with lower percent inhibition).  Our 

findings were significant for both CENP-E and MKLP-1 but not MCAK.  To 

determine if this correlation extends to structural features of the DPC analogs, 

Dr. Vijay Gokhale (University of Arizona) determined structure-activity 

relationship (SAR) by analyzing standard partial least squares regression.  

However, no statistically significant correlation was found between DPC analog 

structures and kinesin ATPase inhibition (data not shown).    
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Figure 3.20: Correlation of BxPC3 IC50 and inhibition of ATPase activity in 
recombinant kinesin motor proteins.  Cellular IC50 and inhibition of CENP-E (a), 
MKLP-1 (b), and MCAK (c) were plotted for all combinations with over 15% 
kinesin inhibition.  Data was plotted using Origin 7.0 and analyzed by plotting a 
linear line of best fit.  P-value (<0.05 considered significant), R-squared, and 
standard deviation (SD) values are shown for each graph.   
 

3.7.2. DPC046 in mouse xenografts 

 Because of the improved solubility of DPC046, we examined the in vivo 

efficacy of DPC046.  SCID mice were injected with BxPC3 cells and xenografts 

were allowed to establish.  The mice were then pair-matched and injected once 

daily with DMSO, low-dose DPC046 (22 mg/kg), or high-dose DPC046 (44 

mg/kg).  Due to solubility limitations, the highest dose possible in pure DMSO 

diluent was 44mg/kg.  Mean tumor burden was measured once weekly for 70 

c. 
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days (Figure 3.21).  Similar to UA62784, DPC046 had no significant effect on 

mean tumor burden in xenograft-bearing mice at the limited doses tested. 

 To determine the pharmacokinetic characteristics of DPC046 in vivo, 

plasma samples were drawn one hour post-injection on days 1 and 3.  The HPLC 

assay for DPC046 was developed and run by the Analytical Core Service of the 

Arizona Cancer Center.  These data (Table 3.3) allowed us to determine that the 

in vivo peak levels of DPC046 are relatively short-lived (half-life = ~8 hrs).  These 

data suggest that future xenograft studies with DPC046 would either need a 

different diluent that allows for higher concentrations to be delivered or a more 

frequent dosing schedule. 
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Figure 3.21: DPC046 tumor regression study using BxPC3 xenografts in SCID 
mice.  Mice were injected with BxPC3 cells in the right rear flank.  Mice were 
pair-matched on day 41, once tumors had become palpable, and received 
injections of either DMSO (control), low-dose DPC046 (22 mg/kg), or high-dose 
DPC046 (44 mg/kg).  Injections were given once daily for 3 consecutive days for 
a duration of 2 weeks, followed by one week where no injections were given, 
followed by another course of daily x 3 for 2 weeks.  Tumor size in each mouse 
was measured 1-2 times weekly.  Each group n=4.  
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Table 3.3: Pharmacokinetics of DPC046 in xenograft-bearing mice.  Plasma 
samples were drawn one hour post-injection on days 1 and 3.  Results courtesy 
of Dr. Steve Stratton. 
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4.  CHAPTER 

DISCUSSION 

4.1. Cytotoxic activity and mechanism of action of UA62784 and DPC analogs 

 The data presented here show that UA62784 induces mitotic arrest and 

apoptosis in pancreatic carcinoma cell lines.  Although this compound was 

originally isolated from a screen designed to identify compounds that would 

selectively target DPC4- cells, it should be noted that of the cell lines used in our 

experiments, only BxPC3 cells have a deleted DPC4 gene.  Both MiaPaCa-2 and 

Panc-1 cells have a wild-type DPC4 gene and DPC4 status alone does not seem 

to directly correlate with sensitivity to UA62784.  However, we did notice an 

increase in the percentage of apoptotic cells in BxPC3 (DPC4-) vs. BxPC3 

(DPC4+) cells treated with UA62784 (Haiyong Han, personal communication).   

 Even though some inhibition of RNA synthesis was seen in our 

experiments, we do not believe that UA62784 is directly affecting this process.  A 

correlative study on protein synthesis was performed using cycloheximide as a 

positive control for protein synthesis inhibition.  With an apparent decrease in 

RNA synthesis, we expected to see a related decrease in protein synthesis.  We 

did see a slight inhibition in protein synthesis (~30% inhibition) but this was much 

lower than the inhibition in RNA synthesis (~75% inhibition).  Because the RNA 

pool would be depleted if RNA synthesis was inhibited, we expected to see lower 

protein levels in UA62784-treated samples.  Positive controls for both RNA and 

protein synthesis inhibition showed an almost complete inhibition of their 
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respective processes.  Therefore, we believe that the RNA synthesis inhibition 

seen here is not a direct result of UA62784, but is rather a byproduct of the cell 

cycle arrest and/or apoptosis produced by the compound.          

 When pancreatic cancer cell lines are treated with UA62784, there is a 

significant increase in the percent of cells in G2/M as opposed to other phases of 

the cell cycle.  Specifically, these cells are arresting in mitosis as evidenced by 

the increased presence of phospho-Histone H3 (Ser10) fluorescence in these 

samples.  Furthermore, the arrest in cell cycle progression is reversible, as 

shown in figure 3.7 where cells that were treated with UA62784 were allowed to 

recover in fresh media.  These samples exhibited redistribution into the cell cycle 

within 3 hours following removal of UA62784. 

 A number of other mitotic targets and processes were evaluated as 

possible targets for inhibition by UA62784 (i.e. tubulin polymerization, PLK1 

activity, cdc25C phosphorylation, centrosome duplication).  However, none of 

these processes appeared to be effected by the compound.  Rather, the mitotic 

arrest seen in these cell lines is at least partially explained by the inhibition of an 

essential mitotic protein, CENP-E.  Specifically, UA62784 acts on the CENP-E 

kinesin-like protein by inhibiting the microtubule-associated ATPase activity, but 

does not affect the ability of CENP-E to bind to microtubules nor its localization 

within the mitotic cell.  Inhibition of CENP-E is known to cause mitotic arrest prior 

to metaphase due to lack of chromosomal congression at the metaphase plate 

(Yen et al., 1991).  Cells treated with UA62784 and viewed using 
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immunofluorescent confocal microscopy were arrested in either prophase or 

prometaphase, but almost never in metaphase or anaphase.  Furthermore, 

depletion of CENP-E is know to cause aneuploidy in some models (Weaver et 

al., 2007).  Indeed, we saw evidence of 8n populations in both MiaPaCa-2 and 

BxPC3 cells when screening for total DNA content using flow cytometry (Figure 

3.6).  

 When screened against a panel of five different kinesin motor proteins, 

UA62784 showed significant inhibition of ATPase activity only in the CENP-E 

motor protein.  Although there appears to be some disparity between the in vitro 

IC50 for UA62784 and the concentration required for inhibition of the purified 

protein, we note that previous trials with this cell-free kinesin ATPase assay 

required similar increases in concentration to elicit appreciable inhibition (Funk et 

al., 2004), likely due to the fact that protein concentration in the cell is 

significantly lower than that used for the assay (Brown et al., 1994). 

Though UA62784 may hold promise in treating certain types of pancreatic 

cancers, further development is needed due to lack of solubility.  Also, a more 

broad-spectrum mitotic kinesin inhibitor may impart better tumor inhibition due to 

the redundancy of mitotic tasks performed by different mitotic kinesins.  Thus, 

activity of the DPC analogs was characterized in a panel of 5 recombinant 

kinesin motor proteins. 

 The analogs showed a range of IC50 values (measured in BxPC3 cells) as 

well as a range of potency at inhibiting different kinesins, as measured by 
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ATPase activity.  Several analogs were capable of significant inhibition in more 

than one kinesin motor protein.  There is a correlation between the cellular IC50 

and kinesin inhibition only for the CENP-E and MKLP-1 kinesins.  A significant 

correlation between analog structure and percent kinesin inhibition was not seen.  

It is possible that the cytotoxicity seen in the IC50 measurements (Figure 3.18) is 

a combination of the effects on kinesins as well as another yet unknown factor.  

However, knowing that UA62784 and DPC046 induce a strong mitotic arrest and 

UA62784 does not affect many known mitotic factors (i.e. tubulin polymerization, 

PLK-1, Aurora-A kinase), it is likely that inhibition of mitotic kinesins plays a major 

role in the mechanisms of action of these compounds. 

 The analog DPC046 was studied in detail due to its low in vitro IC50 (<3.1 

nM) and its range of kinesin motor protein ATPase inhibition.  Specifically, 

DPC046 is capable of inhibiting CENP-E, MKLP-1, Eg5, MCAK, all of which are 

mitotic kinesins.  It does affect KIF3C (a neuronal kinesin), but to a lesser 

degree.  This suggests that it would be an effective mitotic inhibitor that would not 

cause significant neuronal side effects.  DPC046 was also tested in a mouse 

xenograft-bearing model but it did not show significant tumor shrinkage, likely 

due to the inability to dose-escalate due to limited aqueous solubility.  Studies 

are ongoing to synthesize a more optimal diluent in order to achieve higher 

concentrations of UA62784 in vivo (courtesy of Dr. Samuel Yalkowsky).   
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4.2. Future studies 

Inhibitors of kinesins such as Eg5 and CENP-E hold promise in treating 

numerous types of cancers due to their resultant mitotic arrest without the 

peripheral neuropathy side effect.  In order to develop DPC046 as a possible 

clinical agent, further optimization of both the diluent used (to increase the 

amount delivered in vivo) and the dosing schedule are necessary in order to 

prepare a successful in vivo mouse trial.  Additionally, further molecular 

experimentation is needed to determine if increasing expression of CENP-E or 

other kinesins (through stable transfection) will result in decreased efficacy of 

UA62784 or DPC046.  In that vein, it would also be useful to develop a UA62784 

or DPC046-resistant cell line to allow determination of cellular factors that might 

confer resistance against these agents. 

Based on the experimentation performed here, it still remains to be 

answered if the kinesin-inhibition effects of UA62784 and the DPC analogs are 

the sole mechanism of action in producing the cytotoxic effects seen here or if 

other mechanisms contribute as well.  Though many known mitotic effectors 

have been ruled out, numerous other pathways and targets throughout the 

remainder of the cell cycle have not yet been examined.  Therefore, it would be 

useful to create a labeled compound that would allow for detection of proteins 

and other cellular factors that might bind these compounds. 
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4.3. Summary 

 Of late, kinesin inhibitors have begun to show promise in treating a variety 

of cancers.  Several kinesin inhibitors are either entering or in clinical 

development, including ispinesib, a KSP/Eg5 inhibitor (Lee et al., 2007) (Blagden 

et al., 2008).  Another KSP/Eg5 inhibitor, SB-743921, recently completed a 

Phase I trial in patients with lymphoma and showed some evidence of partial 

response and stable disease (O'Connor et al., 2007b).  Thus far only KSP/Eg5 

inhibitors have progressed to clinical trials but the CENP-E inhibitor 

GSK923295A has recently entered Phase I trials in advanced solid tumors 

(Sutton et al., 2007).    

 The research presented here details the mechanism of action of 

UA62784, a novel fluorenone with the capability to inhibit CENP-E kinesin 

ATPase activity.  Furthermore, analogs have been developed to optimize 

compound solubility and potency while maintaining the ability to inhibit CENP-E, 

and in some cases a number of other kinesin motor proteins.  Knowing that 

inhibition of CENP-E causes aneuploidy and cell death in numerous models, we 

postulate that optimization of the DPC analogs will result in the emergence of a 

compound that will be useful in treating pancreatic and potentially other cancers.   
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