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Abstract 
 
Diffuse large B-cell lymphoma (DLBCL) accounts for thirty-one percent of B-cell           

Non-Hodgkin lymphomas (NHL) diagnosed in the United States (16). The current treatment is a              

regimen of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP)         

(24). However, relapses do still occur (39). As previously shown, this may be due to therapy                

induced polyploidy (39). Treatment with alisertib, an aurora A kinase (AURKA) inhibitor, has             

been shown to result in polyploid cells that are able to re-enter the cell cycle (39). The formation                  

of polyploid cells that are resistant to the current standard of care and that are able to reform                  

tumors has been proposed as one of the mechanisms behind the relapses seen in patients with                

DLBCL. Previous genomic and proteomic analysis of these polyploid cells showed an increase             

in the levels of TPX2 (39), a protein that interacts with AURKA during mitosis (31). AurkinA is                 

a small molecule that has been shown to inhibit the interaction between AURKA and TPX2 (42).                

We propose that inhibition of the interaction between AURKA and TPX2 in conjunction with              

AURKA inhibition will abrogate treatment induced polyploidy in DLBCL. 
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1 Introduction 

 
1.1 Blood and Blood Cancers 

1.1.1 Blood Overview 

Blood is a major component of the hematopoietic system (1). The main functions of              

blood are to transport oxygen and nutrients to cells, aid in the immune response, transport               

waste products for clean up, and regulation of body temperature (1). Blood has four              

major components: plasma, red blood cells, white blood cells and platelets (1). Figure 1.1              

shows some of the components of a typical sample of blood. 

 
 

Figure 1.1: Photomicrograpgh of a Typical Blood Smear. A sample of blood was taken              
and smeared on a glass microscope slide. The blood was allowed to dry and was fixed in                 
absolute methanol before being stained with Giemsa Stain. Components of blood are            
marked as follows: a) red blood cell; b) monocyte; c) platelets; d) neutrophil; e)              
lymphocyte 

 
1.1.2 Plasma 

Plasma is the majority liquid component of blood (1). It is comprised of water, as wells as                 

various salts, proteins, sugars and lipids (1). The main function of plasma is to aid in the                 

transportation of the other main components of blood (1). 
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Figure 1.2: Chart of Types of Blood Cells and Development  

1.1.3 Red Blood Cells 

Red blood cells are involved in oxygen transport (1). They are derived from myeloid              

stem cells (2). In mammals, mature red blood cells do not contain any genetic material               

(1). Thus, in mammals, mature red blood cells are unable to become cancerous as they               

cannot replicate. 

1.1.4 Platelets 
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Platelets are involved in clot formation (1). Platelets themselves are not cells (1). Platelets              

are cell fragments (1). They are able to bind together at a sight of injury and aid in the                   

formation of a clot, which helps to stop any bleeding (1).  

1.1.5 White Blood Cells 

White blood cells consist of many different subtypes, but all are involved in the immune               

response (2). The two main lineages of white blood cells are those that develop from               

myeloid stem cells and those that develop from lymphoid stem cells (2). Myeloid stem              

cells can differentiate into either neutrophils, eosinophils, basophils, and monocytes (2).           

Lymphoid stem cells differentiate into lymphocytes (2). Lymphocytes can be further           

classified into T-cells, B-cells and NK cells (2). Figure 1.2 shows the different lineages of               

white blood cells. 

1.1.6 T-Cells 

T cells originate in the thymus (3). There are three major types of T-cells (3,4). One                

major type of T-cells are helper T-cells (3). Helper T-cells activate B-cells and potentiate              

cytotoxic T-cell responses (3). Cytotoxic T-cells, another major type of T-cells, are able to              

directly kill both cells that are infected by intracellular pathogens, such as viruses, as well               

as cancer cells (3). The third major type of T-cells are regulatory T-cells (4). Regulatory               

T-cells, also known as Tregs, are involved in regulation of the immune system (4). 

1.1.7 B-Cells 

B-cells originate in the bone marrow in adults and in the liver during fetal development               

(5). B-cells are responsible for antibody production (5). B-cells are activated by binding             

of antigen to the antigen receptor as well as by signals from helper T-cells (3,5). 

11 



1.1.8 Blood Cancers 

Blood cancers arise from a variety of blood cell types (6). The main categories of blood                

cancers are lymphomas, leukemias, myelomas, myelodysplastic syndromes, and        

myeloproliferative neoplasms (7). Blood cancers are also categorized by the          

developmental stage of the progenitor cells (6). Cancers from immature progenitor cells            

are classified as acute, while cancers from mature progenitor cells are considered chronic             

(7). 

1.2 Lymphoma 

1.2.1 Overview 

Lymphomas are differentiated from other types of blood cancer by place of origin (7,8).              

Lymphomas develop in the lymphatic system (8). The two main classes of lymphoma are              

Hodgkin lymphoma (HL) and Non-Hodgkin lymphoma (NHL) (8). Hodgkin lymphoma          

is characterized by the presence of Reed-Sternberg cells (9). Reed-Sternberg cells are also             

called “owl-eye cells”, due to their distinct appearance, and are malignant B-cells (10).             

Non-Hodgkin lymphomas may be of either T-cell, B-cell, or NK-cell origin (11). The vast              

majority (85-90%) of Non-Hodgkin lymphomas are from B-cells (11). 

1.2.2 Risk Factors 

For Hodgkin lymphoma, there are several risk factors that have been identified (9). One              

risk factor is infection with the Epstein-Barr virus (EBV) (9). The Epstein-Barr virus has              

also been associated with some types of Non-Hodgkin lymphomas, such as Burkitt            

lymphoma (12). Infection with the human immunodeficiency virus (HIV) is also           

associated with an increased risk of Hodgkin lymphoma (9). There may also be a              
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hereditary aspect to Hodgkin lymphoma in certain rare cases (9). Non-Hodgkin           

lymphomas risk factors include infection with human herpesvirus 8 (HH8) as well as             

chronic inflammation (12). 

1.2.3 Signs and Symptoms 

There are a variety of signs and symptoms for lymphoma (13,14). The most common sign               

is a painless enlarged lymph node (13,14). Other signs and symptoms include            

unexplained fever, night sweats, enlargement of the spleen, chest pains, abdominal pains,            

cough, fatigue, unexplained weight loss, a sensation of bloating or fullness, itchy skin,             

and rashes or bumps (13,14). A distinctive symptom of Hodgkin lymphoma is occasional             

pain in the lymph nodes after consumption of alcohol (14). 

1.3 Diffuse Large B-Cell Lymphoma 

1.3.1 Overview 

Diffuse large B-cell lymphoma (DLBCL) is defined as a type of aggressive lymphoma             

(15). DLBCL is the most common type of B-cell NHL, and in the United States accounts                

for approximately thirty one percent of B-cell NHL cases (16). There are several subtypes              

of diffuse large B-cell lymphoma (15,17). These include primary cutaneous DLBCL,           

primary DLBCL of the central nervous system, and double hit and double expressor             

DLBCL (15,19). Double hit diffuse large B-cell lymphomas (DH DLBCL) have           

translocations of both  MYC and  BCL2 , whereas double expressor diffuse large B-cell            

lymphomas (DE DLBCL) over express  MYC and  BCL2 (19,20). (See sections 1.3.2 and             

1.3.3 below). DLBCL can also be characterized based upon cell-of-origin (17). The            

cell-of-origin subtypes of DLBCL are germinal center B-cell-like (GCB), activated          
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B-cell-like (ABC), and primary mediastinal B-cell lymphoma (PMBL) (17). GCB          

DLBCL originates from normal germinal center B-cells (17). ABC DLBCL originates           

from activated, post-germinal center B-cells that have become arrested during          

plasmacytic differentiation (17). PMBL originates from B cells from the thymus,           

specifically thymic medullary B-cells (17,18). ABC and GCB DLBCL express differing           

molecular profiles (17). For example, in ABC DLBCL, the tumor suppressor locus            

INK4a/Arf was deleted, while in GCB DLBCL, the tumor suppressor gene  PTEN was             

deleted (17). Additionally, DH DLBCL are typically of GCB cell-of-origin, while DE            

DLBCL are typically of ABC cell-of-origin (20). 

1.3.2  MYC 

MYC is a family of proto-oncogenes, with the most common family member being             

c-MYC (21). The expressed protein MYC binds to promoter regions of various genes and              

regulates their expression (21). MYC plays a role in the regulation of various cell              

processes, with cell metabolism and the cell cycle being two major processes in regards              

to cancer (21,22). Dysregulation of  c-MYC results in tumorigenesis by altering the normal             

regulation of these processes, thereby causing increased cell growth, proliferation, and           

survival (21,22). In DH DLBCL, the most common translocation of the  MYC/ 8q24 locus             

involves  BCL2 (19). In DE DLBCL, expression levels of the MYC protein are elevated,              

but this is not due to a translocation, but is due to other mechanisms, such as activation of                  

NF-kappa B or amplification of the  c-MYC  gene (19,20). 

1.3.3  BCL2 
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The  BCL2 gene encodes for the Bcl-2 protein (23). The Bcl-2 protein is involved in               

inhibiting apoptosis (23). Bcl-2 inhibits apoptosis by preventing the release of           

cytochrome c from the mitochondria (24). Release of cytochrome c signals that the             

mitochondria is damaged, and activates the intrinsic apoptosis pathway (24).          

Dysregulation of Bcl-2 leads to cells being resistant to apoptosis (23). In DH DLBCL,              

dysregulation is due to translocation of  BCL2  at the t(14;18) locus, while in DE DLBCL               

dysregulation is due to gene amplification of  BCL2 (19,20). Additionally, MYC positive            

DE DLBCL or DH DLBCL patients who undergo R-CHOP treatment exhibit worse            

prognostic outcomes when BCL2 is co-expressed (19). 

1.4 Current Therapies 

1.4.1 CHOP and R-CHOP 

The currently accepted treatment for DLBCL is a regimen of four drugs (25). This is               

known as CHOP therapy (25). The four drugs used are cyclophosphamide, doxorubicin,            

vincristine, and prednisolone (25). Cyclophosphamide is a DNA alkylating that targets           

cell division (26). Doxorubicin is an anthracycline, and it inhibits cell growth by targeting              

topoisomerase II, an enzyme required for cell growth and division (27). Vincristine is a              

vinca alkaloid that inhibits cell division by inhibiting microtubule polymerization (28,29).           

Prednisolone is a corticosteroid that is used to reduce inflammation and causes apoptosis             

of malignant B-cells (30). Cyclophosphamide, doxorubicin, and vincristine are all          

administered intravenously, while prednisolone is administered orally as a tablet (25).           

CHOP treatment is given in rounds, and patients may undergo six to eight rounds of               

treatment every twenty-one days (25). Each round lasts for twenty-one days, with all four              
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drugs being administered on the first day, only prednisolone administered on days two             

through five, and no drugs administered on days six through twenty-one (25). In some              

instances, the addition of the monoclonal antibody rituximab may be added as a part of               

the treatment (31). This is known as R-CHOP (31). Rituximab is a monoclonal antibody              

against the CD20 molecule, which is expressed on the surface of B-cells, and is used               

against DLBCL that express CD20 (31). Rituximab can be given either intravenously or             

as a subcutaneous injection (31). 

1.5 Targeted Therapies 

1.5.1 Role of Aurora A Kinase 

Aurora A kinase (AURKA) is a serine/threonine kinase that is closely involved in the              

regulation of the cell cycle (33). It is involved in spindle formation as well as centrosome                

maturation and separation (33). Aurora A kinase activity is highly regulated in normal             

human cells (33). Aurora A kinase has the greatest amount of activity during the G2/M               

phase transition, during which it is located at the centrosomes and spindle apparatus (33).              

During the transition from M phase to G1 phase, Aurora A kinase is degraded (33).  

1.5.2 Aurora A Kinase as a Therapeutic Target in Cancer 

In tumor cells, regulation of Aurora A kinase can be dysregulated (33). In cancer cells,               

Aurora A kinase may be active throughout the cell cycle (33-35). Due to this, Aurora A                

kinase has been studied as a therapeutic target (34,35). There have been several Aurora A               

kinase inhibitors developed (35). One inhibitor, alisertib, works by competitively binding           

to the ATP binding site of Aurora A kinase, thus preventing the activation of Aurora A                

kinase by phosphorylation (35). There have been numerous clinical trials of alisertib,            
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including in DLBCL (36,37). One Phase I clinical trial of alisertib in combination with              

rituximab or rituximab and vincristine showed positive results (37). In some patients that             

had non-GCB DLBCL, treatment with alisertib in combination with rituximab or           

rituximab and vincristine had activity against the disease (37). 

1.5.3 Role of TPX2 

TPX2 is a protein that is required for proper localization of Aurora A kinase to the                

mitotic spindle (38). TPX2 residues 1-43 bind to Aurora A kinase (39). The binding of               

TPX2 to Aurora A kinase both activates Aurora A kinase in an ATP-independent manner              

as well as protects phosphorylated Aurora A kinase from dephosphorylation (39-41). 

1.5.4 TPX2 as a Therapeutic Target in Cancer 

TPX2 has been implicated in a number of cancers, including bladder, gastric,            

hepatocellular carcinoma, lung adenocarcinoma, and DLBCL (42-46). Increased TPX2         

expression has been linked to increased tumor progression and less favorable patient            

outcomes (42-46). There is an interest in targeting TPX2 via inhibiting its binding with              

Aurora A kinase (47-49). AurkinA is a small molecule inhibitor of the TPX2:Aurora A              

kinase complex (49). AurkinA works by binding at the N-terminal domain of Aurora A              

kinase in the TPX2-binding domain (49). 

1.6 Polyploidy and Aneuploidy 

1.6.1 Overview 

Polyploidy is defined as a duplication of the entire genome (50). Aneuploidy, in contrast,              

is the duplication of part of the genome (51). There are multiple types of aneuploidy (51).                

Structural aneuploidy involves unequal rearrangements of parts of a chromosome, such as            
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a gain or loss of part of a chromosome (51). Whole chromosome aneuploidy involves              

either the gain or loss of a whole chromosome, such as in trisomy 21 (51). In addition,                 

aneuploidy can be characterized by what cells it affects (51). Constitutional aneuploidy            

affects all of the cells in an organism, including germline cells, whereas somatic             

aneuploidy only affects some of the cells in an organism (51). 

1.6.2 Role in Cancer 

The vast majority of cancers are aneuploid (51). Over ninety percent of solid tumors and               

over fifty percent of hematological cancers exhibit aneuploidy (52). 

1.6.3 Treatment Induced Polyploidy/Aneuploidy 

In certain cases, tumor cells undergoing treatment may develop polyploidy (46,53-55).           

This is typically an unfavorable response, as these polyploid cells may become resistant             

to treatment by undergoing subsequent aneuploidy via reductive division (46,53-55).          

This is due in part to certain advantages conferred by aneuploidy (56,57). One advantage              

of polyploidy and aneuploidy is that gene amplification can result in increased protein             

expression (56). In the instance where the therapeutic target protein is overexpressed, the             

increased amount of protein may only be affected by a dose that is above the maximum                

safety level. The disruption of normal protein level expression can also cause disruptions             

in downstream pathways (56). These disruptions may also result in changes in drug             

efficacy, especially in treatment regimens that target multiple proteins. Another advantage           

is that aneuploidy typically coincides with chromosomal instability (56,57).         

Chromosomal instability has been shown be a marker for reduced prognostic response            

(57). This may be due to chromosomal instability resulting in a higher heterogeneity in              
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the tumors, which may result in greater ability for the tumor to undergo selection for drug                

resistance (57). 

1.7 Objective 

DLBCL accounts for thirty-one percent of B-cell NHL diagnosed in the United States             

(16). The current standards of care are CHOP and R-CHOP (25,31). However, the use of               

Aurora A kinase inhibitors, either alone or in combination with other drugs, has been              

studied (37,61). It has been shown that cells treated with alisertib will develop             

treatment-induced polyploidy and undergo reductive division as a mechanism of          

treatment resistance (46). As such, preventing treatment-induced polyploidy is crucial to           

preventing disease relapse. TPX2, a mitotic spindle protein that interacts with Aurora A             

kinase by forming a complex, was shown to be upregulated in alisertib treatment-induced             

polyploid cells (46). As such, it is hypothesized that inhibition of the TPX2:AURKA             

complex will prevent treatment-induced polyploidy in DH/DE DLBCL cells that are           

treated with alisertib. 
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2. Materials and Methods: 
 

2.1 Cell Culture 
 

U2932 DE-DLBCL and VAL DH-DLBCL cell lines acquired from previously frozen lab            

stock originally obtained from Deutsche Sammlung von Mikroorganismen und         

Zellkulturen GmbH (DSMZ)  were grown in RPMI 1640 media (Corning, Cat. Number            

10-040-CV) supplemented with 10% fetal bovine serum (Peak Serum, Cat. Number           

PS-FB1) and maintained in a 5% CO2 atmosphere at 37℃. 

Cell lines were authenticated and verified mycoplasma-free by the Experimental Mouse           

Shared Resource (EMSR) at the University of Arizona. 

2.2 Flow Cytometry 
 

Cells were plated at sub-confluent levels and treated with alisertib (Selleckem), aurkinA            

(kindly provided by Dr. Ashok Venkitaraman, University of Cambridge, and Dr. Josef            

Vagner, University of Arizona), or combinations thereof as follows: 50 nM alisertib, 85             

µM aurkinA, or 50 nM alisertib and 85 µM aurkinA. Equivalent volume of DMSO              

(VWR) was used as a vehicle control. Cells were treated for  four days before being               

harvested. For some treatments, 10x magnification images of the cells were taken before             

being harvested. For cell cycle analysis, cells were collected and fixed in 70% ethanol for               

at least overnight, then resuspended in phosphate buffered saline (PBS) and treated with             

RNAse A at a final concentration of 0.5 mg/mL and stained with propidium iodide (PI) at                

a final concentration of 0.04 mg/mL. After staining, the samples were incubated at 37℃              

for at least 30 minutes and then run on the flow cytometer (BD FACSCanto II). The 488                 

nm laser was used to excite the propidium iodide while the 585/42 nm filter was used to                 
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detect the emission. Forward scatter (FSC-A) versus side scatter (SSC-A) was plotted and             

cells were gated as appropriate. Cell counts and intensity of propidium iodide staining             

were plotted to determine cell cycle. A minimum of 10,000 gated events were recorded.              

Experiments were performed in duplicate. 

2.3 MTS Assays 

Cells were plated in a flat-bottom 96-well plate at a concentration of 10,000 cells/well.              

Cells were grown for four days in decreasing serial dilutions of aurkinA, from 100 µM               

down to 0.78125 µM, vs DMSO control. MTS/PMS reagent (Promega) was added to the              

cells and reading of absorbance at 490 nm was taken after 3-4 hours using the Synergy                

Gen2 plate reader. Metabolic activity was calculated as a proxy for viable cell number              

and compared to control cells. IC50 values were calculated using Graph Pad PRISM v.              

8.1.0 software. Experiment was performed in duplicate. 

2.4 Cell Morphology Imaging 
 

U2932 cells were plated in 6-well plates at a concentration of 1.25E6 cells per well. VAL                

cells were plated in 6-well plates at a concentration of 1.0E6 cells per well. Cells were                

treated with either 50 nM alisertib, 85 uM aurkinA, combination of both 50 nM alisertib               

and 85 µM aurkinA, or v/v DMSO as vehicle control. Cells were cultured for 4 days.                

Images of cells were taken on days 0 and 4. Each treatment was done in triplicate. 

2.5 Statistics 

Statistics were performed using GraphPad PRISM v. 8.1.0. For determining if the            

difference in the sensitivity to aurkinA between the VAL and U2932 cell lines is              

statistically significant, an unpaired two-tailed t-test was performed. To determine if the            
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differences in amounts of polyploidy between treatments is statistically significant, an           

unpaired two-tailed t test was performed. 
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3. Results and Discussion 
 

3.1 Cytotoxicity of Aurkin A is Dose-Dependent in U2932 and VAL Cells 
 

 
 

Figure 3.1: Cytotoxicity of AurkinA in U2932 and VAL Cell Lines. Cells were grown in               
increasing dosages of aurkinA for four days. Cell viability was determined by MTS assay.              
IC50 values are 50.3 µM, and 20.6 µM, for U2932 and VAL cells, respectively. 

 
To determine if aurkinA had any cytotoxic effect, U2932 (DE DLBCL) and VAL (DH              

DLBCL) cells were grown for four days in decreasing serial dilutions of drug, from 100               

µM down to 0.78125 µM, vs DMSO control. Cell viability was determined by MTS              

assay. In both U2932 and VAL cells, cell viability is affected in a dose-dependent manner               
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(Figure 3.1). The IC50 values of each cell line were calculated. The IC50 value for               

U2932 cells is 50.3 µM, while the IC50 value for VAL cells is 20.6 µM. Thus, VAL cells                  

are more sensitive to aurkinA than U2932 cells. The sensitivity differences between both             

cell lines for each treatment is shown in Figure 3.2. This may be due to the fact that VAL                   

cells are p53 wild-type, whereas U2932 cells are p53-mutant. Wild-type p53 may            

sensitize cells to the inhibition of the TPX2:Aurora A complex. It has been shown that               

inhibition of the TPX2:Aurora A complex in HeLa cells results in the loss of Aurora A                

kinase from the bipolar spindle during mitosis (48). This loss of localization may trigger              

p53 activation of the apoptotic pathway in p53 wild-type cells but not in p53-mutant              

cells. 

 

Figure 3.2: U2932 and VAL Cell Lines Differ in Sensitivity to AurkinA. The data set from                
Figure 3.1 is shown as a bar graph to show the differences in sensitivity between the two                 
cell lines. *: 0.0111 ≤ p ≤ 0.0407, **: 0.0035 ≤ p ≤ 0.0097, ***: p=0.0004 
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3.2 Inhibition of TPX2:Aurora A Binding Prevents Treatment-Induced Polyploidy in          

Alisertib-Treated p53 Mutant, Double-Expressor DLBCL Cells 

 

Figure 3.3: Polyploidy in Treated U2932 Cells. U2932 cells were treated as indicated for              
four days, then fixed and stained with propidium iodide before being analyzed for cell              
cycle by flow cytometry. The percentage of polyploid cells is shown for each treatment.              
Polyploidy was reduced by 77.43 percent in the combination treatment. The reduction in             
polyploidy in the combination treatment is statistically significant (p = 0.0321). 

 
To determine whether inhibition of the TPX2:AURKA complex would prevent the           

development of treatment-induced polyploidy, U2932 cells were concurrently treated         

with 50 nM alisertib and 85 µM aurkinA for four days. After four days, the cells were                 

harvested, fixed overnight in 70 percent ethanol and stained with propidium iodide. Cell             

cycle analysis was performed on the BD FACSCanto. As was hypothesized, inhibition of             
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the TPX2:AURKA complex prevents the formation of treatment-induced polyploidy. As          

shown in Figure 3.3, U2932 cells concurrently treated with 50 nM alisertib and 85 µM               

aurkinA for four days had a 77.43 percent reduction in the average amount of polyploidy               

formation. This reduction is statistically significant ( p = 0.0321). Interestingly, treatment           

with aurkinA alone resulted a reduced G2/M phase (Figure 3.4). This reduction is not              

seen in the combination treatment, however (Figure 3.4). There was also an increase in              

apoptosis in the aurkinA treatment as compared to the DMSO control (Figure 3.4). This              

could be a result of some cells that are able to become polyploid while some cells are not                  

and instead undergo apoptosis. However, it could also be that the polyploid cells that              

result from the inhibition of the TPX2:Aurora A complex, in contrast to those polyploid              

cells that form as a result of Aurora A inhibition with alisertib, are not able to survive                 

with inhibition of the TPX2:Aurora A complex and undergo apoptosis themselves.           

Further kinetic studies would be needed to clarify the underlying mechanism.  
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Figure 3.4: Cell Cycle Profiles of Treated U2932 and VAL Cells. Cells were treated as               
indicated for four days, then fixed and stained with propidium iodide before being             
analyzed by flow cytometry. Intensity of propidium iodide is on the x-axis, whereas cell              
count is on the y-axis. Representative data shown of duplicate replicates of VAL and              
triplicate replicates of U2932. TIP = Treatment Induced Polyploidy, A = Apoptosis,            
G0/G1 = G0/G1 Phase, S = S Phase, G2/M = G2/M Phase, S’ = Polyploid S Phase 
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3.3 Inhibition of TPX2:Aurora A Binding Prevents and Significantly Reduces the           
Formation of Polyploidy in Alisertib-Treated p53 Wild-Type, Double-Hit DLBCL Cells 

 
Figure 3.5: Polyploidy in Treated VAL Cells. VAL cells were treated as indicated for four               
days, then fixed and stained with propidium iodide before being analyzed for cell cycle by               
flow cytometry. The percentage of polyploid cells is shown for each treatment. Polyploidy             
is reduced by 92.68 percent in the combination treatment. The reduction in polyploidy in              
the combination treatment is statistically significant (p = 0.0164). 

 
As shown in Figure 3.4, in VAL cells treated and analyzed the same way as U2932 cells,                 

treatment with aurkinA alone results in an increased amount of apoptosis. This may be              

due to the mislocalization of Aurora A from the bipolar spindle during mitosis (42). This               

may trigger p53-mediated apoptosis during G2/M-phase, thus accounting for the increase           

in apoptosis. Interestingly, treatment with a combination of aurkinA and alisertib in VAL             

cells results in an almost complete loss of polyploidy, with a 92.40% reduction in              
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polyploidy (Figure 3.5). This reduction is statistically significant ( p =  0.0164 ) .           

Additionally, there is an increased amount of G2/M and S phase as well as an increase in                 

apoptosis (Figure 3.4). The small amount of polyploid cells in the combination treatment             

(Figure 3.5) may be due to mitotic slippage and evasion of p53-mediated apoptosis,             

although further studies are needed to elucidate upon the mechanism.  

3.4 Treated Cells Undergo Morphological Changes 

Since polyploid cells have been shown to be visibly larger in size than regular cells (46),                

the cell cycle data can be verified by looking at the cellular morphology of treated versus  

non-treated cells. Cells were plated and treated with the same treatments as those for flow               

cytometry. After four days, the cells were imaged. Figure 3.6 shows that alisertib             

treatment results in large polyploid cells, while concurrent treatment with aurkinA           

resulted in reduced polyploid cells (Figure 3.6). In addition, apoptotic debris can be seen              

in cells that were treated with alisertib (Figure 3.6 E-F), aurkinA (Figure 3.6 I-L), and               

both aurkinA and alisertib in combination with each other (Figure 3.6 M-P).  
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Figure 3.6: Treatment of U2932 and VAL Cells with AurkinA and Alisertib Results in              
Visible Morphological Changes. Cells were treated for four days with either 50 nM             
alisertib, 85 µM aurkinA, 50 nM alisertib and 85 µM aurkinA, or v/v DMSO . Images at                 
10x magnification were taken at d=0 and d=4. Representative images shown of triplicate             
experiments. A-B) VAL cells treated with DMSO at d=0 and d=4, respectively. Cells do              
not exhibit any morphological changes. C-D) U2932 cells treated with DMSO at d=0 and              
d=4, respectively. Cells do not exhibit any morphological changes. E-F) VAL cells treated             
with 50 nM alisertib at d=0 and d=4, respectively. After four days, large polyploid cells               
growing in groups are visible, along with some cell debris. G-H) U2932 cells treated with               
50 nM alisertib at d=0 and d=4, respectively. After four days, large polyploid cells are               
visible, along with some cell debris. I-J) VAL cells treated with 85 µM aurkinA at d=0                
and d=4, respectively. After four days, no large polyploid cells are visible, but cell debris               
is present. K-L) U2932 cells treated with 85 µM aurkinA at d=0 and d=4, respectively.               
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After four days, no large polyploid cells are visible, but cell debris is present. M-N) VAL                
cells treated with 50 nM alisertib and 85 µM aurkinA at d=0 and d=4, respectively. After                
four days, no large polyploid cells are visible, but cell debris is present. O-P) U2932 cells                
treated with 50 nM alisertib and 85 µM aurkinA at d=0 and d=4, respectively. After four                
days, no large polyploid cells are visible, but cell debris is present. 
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4. Summary and Future Directions 

4.1 Summary 

Inhibition of the TPX2:AURKA complex using aurkinA reduces treatment induced          

polyploidy in alisertib treated DE/DH DLBCL cells. The amount of polyploidy is            

reduced by 77.43 percent in the U2932 cell line. In the VAL cell line, polyploidy               

formation is almost completely abrogated, with a reduction in polyploidy of 92.68            

percent. 

Additionally, the cell cycle profiles of the treated cells differ between the two cell lines.               

Treatment with aurkinA, either alone or in combination with alisertib, results in a greater              

amount of apoptosis in the VAL cells than in the U2932 cells. This may be due to the fact                   

that the VAL cell line is p53 wild-type, while the U2932 cell line is p53-mutant. The                

presence of wild-type p53 may result in the apoptotic response being triggered more             

easily in the VAL cells. The presence of the mutant p53 in the U2932 cells may delay the                  

apoptotic response. It is possible that longer treatment may result in equal amounts of              

apoptosis between the two cell lines. 

Cell cycle is not an optimal assay for measuring apoptosis. An ideal assay is              

Annexin-V-FITC/PI staining. This assay allows for discrimination between early and late           

stage apoptosis. Live cells that are not undergoing apoptosis will not stain, as PI is               

membrane impermeable and the target protein of annexin-V-FITC, phosphatidylserine, is          

not expressed on the outside of the cell membrane under normal conditions. However,             

early stage apoptotic cells will stain with annexin-V-FITC, as during early apoptosis            

phosphatidylserine is expressed on the outer surface of the cell membrane. However,            
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during early apoptosis, the cell membrane is still impermeable to PI. In late stage              

apoptosis, the cell membrane is permeable to PI, and thus the cells stain with both               

annexin-V-FITC and PI. In necrotic cells, phosphatidylserine is not expressed on the            

outer cell membrane, but the cell membrane is permeable to PI. Thus, necrotic cells stain               

with PI but not with annexin-V-FITC. Further verification of apoptosis by using by             

annexin-V/PI staining is warrented. 

The two cell lines also differ in that the U2932 cell line is a true double-expressor                

DLBCL cell line, whereas the VAL cell line is a double-hit DLBCL cell line. This means                

that the VAL cell line has a dual  MYC  and  BCL-2 translocation, while the U2932 cell line                 

over-expresses  MYC and  BCL-2 . The structural differences in the chromosomes between           

the two cell lines may play a role in the differing responses. It may be that the U2932 cell                   

line has a greater number of copies of  BCL2 as compared with the VAL cell line. As                 

BCL2 provides an anti-apoptotic function, more BCL2 could explain why U2932 cells            

showed less apoptosis as compared to the VAL cells. 

Inhibiting treatment-induced polyploidy in DE/DH DLBCL that are treated with alisertib           

may allow for a greater use of alisertib in the clinic. By preventing treatment-induced              

polyploidy, the potential for relapse due to drug resistance is decreased. 

Targeting the TPX2:AURKA complex has been shown to be one method of inhibiting             

treatment-induced polyploidy in DH/DE DLBCL treated with alisertib. However, as          

polyploid cells exhibit increased metabolism (58), targeting regulators of metabolism          

may also be one method of inhibiting treatment-induced polyploidy. One potential target            

is mTOR. mTOR is involved in regulating multiple cellular pathways, including cell            
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metabolism (59). Everolimus is an mTOR inhibitor that may also be able to inhibit              

treatment-induced polyploidy in DH/DE DLBCL treated with alisertib.  

Additionally, c-MYC in conjunction with mTOR is able to upregulate ribosome           

biogenesis (60). As DE/DH DLBCL overexpress c-MYC, this may make development of            

polyploidy easier, as polyploid cells may require an increased amount of ribosomes for             

production of an increased amount of proteins required for an increased cell size,             

although this requires study. 

It is also possible that targeting mTOR or ribosome biogenesis and function may result in               

other downstream processes besides metabolism and ribosome biogenesis being affected.          

This may or may not be beneficial, depending upon the response. If the response results               

in increased cell death, then it would be beneficial; if the response results in increased               

tumor heterogeneity and chromosomal instability, it may lead to drug resistance. 

4.2 Future Directions 

There are still several unresolved aspects. One is whether or not inhibition of the              

TPX2:AURKA complex will prevent polyploidy formation in cells that is a result of             

other factors besides Aurora A kinase inhibition. Preliminary data (Supplemental Figure           

1), seems to suggest that this may indeed be the case. Treatment with vincristine results in                

polyploidy in both U2932 and VAL cell lines, and combination treatment of vincristine             

and aurkinA reduces the polyploidy formation. However, more replicates need to be            

performed. Additionally, the high concentrations of aurkinA, along with its insolubility in            

water, make it an unattractive candidate for use in the clinic. An  in silico screen of                

drug-like molecules came up with several candidates that may bind to Aurora A in the               
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TPX2 binding site (data not shown). While at least one of these compounds has activity               

in vitro (Supplementary Figures 2 and 3), it still needs to be determined if the candidate                

compound does indeed bind to Aurora A at the TPX2 binding site. Along these lines, the                

inhibition of the TPX2:AURKA complex needs to be tested for efficacy in an animal              

model. A mouse model study using either aurkinA or the candidate compound is in              

development. Eventually, optimization of an inhibitor of the TPX2:AURKA complex for           

use in human clinical trials may be warranted. Additionally, while the current            

experiments were done in DLBCL cells, TPX2 upregulation is involved in other types of              

cancers (36-39). It may be beneficial to study the effects of inhibition of the              

TPX2:AURKA complex in other cancer types. 
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A Abbreviations 

HL: Hodgkin Lymphoma 

NHL: Non-Hodgkin Lymphoma 

EBV: Epstein Barr Virus 

HIV: Human Immunodeficiency Virus 

HH8: Human Herpesvirus 8 

DLBCL: Diffuse Large B-cell Lymphoma 

GCB DLBCL: Germinal Center B-cell-like Diffuse Large B-cell Lymphoma 

ABC DLBCL: Activated B-cell-like Diffuse Large B-cell Lymphoma 

PMBL: Primary Mediastinal B-cell Lymphoma 

DH DLBCL: Double Hit Diffuse Large B-cell Lymphoma 

DE DLBCL: Double Expressor Diffuse Large B-cell Lymphoma 

CHOP: Treatment with cyclophosphamide, doxorubicin, vincristine, and prednisolone 

R-CHOP: Treatment with cyclophosphamide, doxorubicin, vincristine, prednisolone and 

rituximab 

AURKA: Aurora A kinase 

DMSO: Dimethyl sulfoxide 

PBS: Phosphate Buffered Saline 

PI: Propidium Iodide 

FSC-A: Forward Scatter 

SSC-A: Side Scatter 
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MTS:  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 

tetrazolium salt 

PMS: 1-methoxy phenazine methosulfate 

TIP: Treatment Induced Polyploidy 

Annexin-V-FITC: Annexin V labelled with the fluorophore fluorescein isothiocyanate 
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A Appendix 1: Supplementary Material 

Supplemental Methods 

Flow Cytometry: U2932 cells were treated with 2.5 nM vincristine, 2.5 nM vincristine and 85 

µM aurkinA, 50 nM alisertib, 50 µM compound 8, 50 µM compound 8 and 50 nM alisertib, and 

v/v DMSO. VAL cells were treated with 2.5 nM vincristine, 2.5 nM vincristine and 85 µM 

aurkinA. Flow cytometry was performed as described in the Materials and Methods section. The 

experiment was performed once. 

MTS Assay: U2932 cells were treated with serial dilutions of compound 8 starting at 50 µM and 

ending at 0.001525878906 µM for 4 days. MTS assay was performed as described in the 

Materials and Methods section. The experiment was performed in triplicate. 

Supplementary Figure 1: Cell Cycle Profiles of U2932 and VAL Cells Treated with 

Vincristine and Vincristine plus AurkinA 

 

Cell cycle profiles of U2932 and VAL cells treated with vincristine or vincristine and aurkinA. 
Vincristine induced polyploidy is reduced with combination treatment. The one experiment 
performed is shown. 
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Supplemental Figure 2: Cell Cycle Profiles of U2932 Cells Treated with DMSO, Alisertib, 

Compound 8, and Compound 8 plus Alisertib 

 

Cell cycle profiles of U2932 cells treated with DMSO, alisertib, compound 8 or compound 8 and 
aurkinA. Treatment with compound 8 alone did not cause polyploidy, and treatment with 
compound 8 reduced polyploidy formation when  treated with alisertib. 
 
Supplemental Figure 3: Cell Viability of U2932 Cells Treated with Compound 8 

 
U2932 cells were treated with serial dilutions of compound 8 starting at 50 µM and ending at 
0.001525878906 µM for 4 days. IC50 = 42.42 µM. 
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