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Abstract 

Diffuse large B-cell lymphoma (DLBCL) is the most common form of non-

Hodgkin lymphoma (NHL). The current standard of care is the combination of 

rituximab with cyclophosphamide, doxorubicin, vincristine and prednisone (R-

CHOP), but this only results in a 60% over-all 5-year survival rate, thus highlighting a 

need for new therapeutic approaches. Histone deacetylase inhibitors (HDACi) are 

novel therapeutics that is being clinically evaluated for combination therapy.  Rational 

selection of companion therapeutics for HDACi is difficult due to their poorly 

understood, cell-type specific mechanisms of action. To understand these 

mechanisms better, we developed a pre-clinical model system of response to the 

HDACi belinostat. Using this model system, we identified two major responses. 

Resistance, consisting of a reversible G1 cell cycle arrest with little induction of 

apoptosis; or sensitivity, consisting of mitotic arrest and high levels of apoptosis. In 

this dissertation, we determine that the induction of G1 cell cycle arrest is due to the 

increased expression of cyclin dependent kinase inhibitors (CDKi) that bind to and 

inhibit the cyclin E/CDK2 complex thereby blocking the final repressive 

phosphorylation steps of Rb protein. Repression of transcriptional elongation blocked 

CDKi upregulation and prevented G1 cell cycle arrest in belinostat-resistant cells. 
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Additionally, we identified that belinostat arrests sensitive cells prior to metaphase 

and belinostat-resistant cells slow-down in mitosis but complete the process prior to 

arresting in G1. The combination of belinostat with the microtubule-targeting agent, 

vincristine resulted in strong synergistic induction of apoptosis by targeting mitotic 

progression. Furthermore, this combination prevents polyploidy, a key mechanism of 

resistance to microtubule targeting agents. Finally, we utilized selective class one 

HDAC inhibitors to identify the individual contributions of HDACs in the eliciting the 

responses observed with belinostat treatment. HDAC1 & 2 inhibition recapitulated 

the belinostat-resistant phenotype of G1 cell cycle arrest with little apoptosis, in both 

belinostat-resistant and sensitive cell lines. HDAC3 inhibition resulted in the induction 

of DNA damage, increased S phase and the induction of apoptosis in belinostat-

resistant cells. Belinostat-resistant cells did not have observable effects to HDAC3 

inhibitor alone but when combined with vincristine had significantly increased G2/M 

population at early time points. This suggests that HDAC3 maintains roles in DNA 

replication and also in mitotic progression. HDAC3 inhibition combined with 

vincristine resulted in a significant increase in polyploidy, suggesting that HDAC3 

might not regulate the expression of apoptotic regulating factors as belinostat does. 
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CHAPTER 1 - INTRODUCTION 

1.1 Diffuse Large B-Cell lymphoma 

The group of blood lymphadenopathies, termed non-Hodgkin lymphoma 

(NHL), accounts for approximately 5% (or nearly 72,580) of newly diagnosed 

cancers and about 20,150 deaths in 2016 within the United States. The risk of 

developing NHL within the average American’s lifespan is 1/50 according to the 

American Cancer Society. B-cell lymphomas comprise about 85% of diagnosed NHL 

and the most common NHL is diffuse large B-cell lymphoma (DLBCL), which 

accounts for about 30% of all cases. See figure 1.1 for a distribution chart of the 

major types of NHL. 

DLBCL can occur at any age but is most commonly diagnosed for patients in 

their 6th decade of life. Common risk factors that may contribute to the likelihood of 

developing DLBCL include: 1) increased age, 2) sex- males are more common than 

females(40,170 and 32,330 respectively)1, 3) ethnicity- Caucasians are more 

common that African American or Asian American, 4) environmental exposure- 

increased exposure to some pesticides and fertilizers, medications and other 

carcinogens or radiation, and immune-deficiency disorders. Table 1.1 depicts 5-year 

survival trends from 1975 to 2011 and shows a racial disparity in 5-year survival for 
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African Americans as compared to Caucasians for non-Hodgkin lymphoma. The 

general population 5-year survival rate in the 2005-2011 group is 72%, for the white 

population it is 73% while for the African American population it is 64%. Increased 

survival has been noted for all categories since the 1975-1977 cohort. Studies have 

identified a significantly higher proportion of the African American population with 

DLBCL to have the more aggressive molecular subtype, activated B-cell (ABC) 2 3. 

The differences between molecular subtypes of DLBCL will be discussed in section 

1.2 of this dissertation but the overall 5-year survival rate of ABC is approximately 

35% as compared to the other molecular subtype germinal center B-cell (GCB), 

which has a 65% over-all 5 year survival rate4. 

 

Figure 1.1 Non-Hodgkin Lymphoma Subtype Distribution.  
Obtained from Cancer Facts and Figures. American Cancer Society, 20165  
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Table 1.1 5-Year Survival Rates Divided By Race And Ethnicity Within The US 
From 1975-2011. Adopted from Cancer Facts and Figures, American cancer society 

2016 5 

 

1.1.2 Clinical Presentation And Diagnosis Of DLBCL 

DLBCL is characterized as a rapidly growing cancer that typically begins in 

the lymph nodes, but can appear in areas such as the bone, brain or intestines. 

Patients are often asymptomatic but can present with swollen lymph nodes, 

abdominal pain, night sweats, weight loss, fatigue, and anemia6.  Surgical excision 

biopsy of lymph tissue is optimal to obtain sufficient tissue for assessment but needle 

core and endoscopic biopsies can also be conducted when surgery is not permitted. 

A suggested Immunohistochemical panel (consisting of CD20, CD79a, BCL6, CD10, 
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MYC, BCL2, Ki67, IRF4, CyclinD1, CD5, and CD23) is used to identify positive 

DLBCL by a pathologist7. Gene expression profiling can be conducted to identify cell 

of origin8 and analysis of MYC and BCL2 rearrangements using florescence in situ 

hybridization (FISH) can also be conducted for developing a prognosis and treatment 

plan9,10. Patient staging is identified using the Ann Arbor staging classification criteria 

(table 1.2), which examines if the disease is local or to what extent the disease has 

metastasized.   

Prognosis is identified by using the international prognostic index (IPI) (table 

1.3) after assessing physical status, symptoms, blood count, and blood chemistry 

(including lactate dehydrogenase (LDH) and uric acid), in combination with a 

fluorodeoxyglucose positron emission tomography (FDG-PET) and/or computed 

tomography (CT) scan. This information is used to predict patient response 

therapeutic intervention. An example of how this information can be used to 

prognosticate response to treatment can be seen in Figure 1.2 which is a Kaplan–

Meier estimate of progression free survival (PFS) and overall survival (OS) according 

to baseline total metabolic tumor volume (TMTV) combined with National 

Comprehensive Cancer Network- International Prognostic index (NCCN-IPI) 
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information that can be obtained using patient examination and diagnostics.  

 

Table 1.2 Ann Arbor Staging Classifications Used To Stage DLBCL Patients. 
Obtained from Tilly et al. 20157 

 

 

 

 

 

 

Table 1.3 International Prognostic Index (IPI) Used To Develop Prognosis For 
DLBCL Patients. Adopted from Tilly et al. 20157 
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Figure 1.2 Survival Probability Using NCCN-IPI And TMTV Of DLBCL Patients.     
Obtained from Cottereau et al. 201611 

1.1.3 Current Standard Therapeutic Approach To Treat DLBCL 

DLBCL is largely a curable cancer. The overall 5-year survival rate is 60% 

when treated with the standard-of-care chemotherapeutic combination R-CHOP 

(rituximab, cyclophosphamide, doxorubicin (Hydroxydaunomycin), vincristine 

(Oncovin) and prednisone)12.  The standard R-CHOP regiment is six cycles given 

every 21 days. Radiotherapy is not generally given, but it has proven to be beneficial 

in young patients with bulky disease and low IPI risk7,13. Late stage (stage III and IV) 

and relapsed or refractory patients to R-CHOP are often placed in clinical trials in the 

hopes of better outcomes. Figure 1.3 is a flow chart from the National 

Comprehensive Cancer Network for use of staging information and tumor size to 

determine appropriate therapeutic intervention for DLBCL patients.  Treatment 
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decisions are also stratified according to IPI indicators, such as age and feasibility of 

dose intensified approaches. Response is monitored using FDG-PET or CT scan 

after the final cycle of R-CHOP. Physical examinations are conducted every 3 

months for the first year followed by every 6 months in the second year and annual 

checkups from the 3rd year and beyond. 

 

Figure 1.3 NCCN Guidelines For DLBCL Treatment According To Ann Arbor 
Staging. Obtained from the National Comprehensive cancer network 2015 

guidelines 13 

1.1.4 Resistance in the Rituximab era 

The addition of rituximab, to the CHOP combination has greatly impacted 

patient outcome since its FDA approval in 1997. Rituximab is a monoclonal antibody 

that targets CD20, a membrane bound orphan receptor with no known function and 

is commonly expressed in B-cells and B-cell malignancies but not on mature plasma 
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cells14. Multiple mechanisms of action have been proposed to identify the anti-cancer 

effects of rituximab, including compliment dependent cytotoxicity, antibody 

dependent cell-mediated cytotoxicity, and antibody dependent phagocytosis15. 

However, the contribution of these proposed mechanisms has not been fully 

understood which has prompted research to further understand how rituximab works.  

Despite the inability to fully understand how rituximab works, the impact of its 

addition to CHOP has been tremendous. Coiffier et al. 2010 examined the long-term 

outcome of patients treated with R-CHOP as compared to CHOP alone and found 

that the overall 10 year survival rate increased from 27.6% with CHOP to 43.5% with 

the addition of rituximab. Figure 1.4 is a Kaplan–Meier plot examining the overall 

survival benefits of adding rituximab to CHOP regiment12.   

Figure 1.4 Over-All Survival Rate Comparing CHOP (Bottom) To R-CHOP (Top) 
in DLBCL patients. Adopted from Coiffier et al. 201012. 
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The addition of rituximab to the standard of care for DLBCL has positively 

affected a significant portion of patients and has added a precision medicine twist to 

the old combination. However, relapse is still a major problem due to a number of 

different factors that involve both inter and intra-tumor mediated forms of therapeutic 

escape. Upon binding of rituximab to CD20, the complex is localized to lipid rafts and 

internalized. These lipid rafts act as signaling platforms within the cell driving cellular 

influx of calcium and activating apoptotic signaling16,17. Tumors can alter the 

expression and localization of CD20 resulting in a reduction of rituximab efficacy18. A 

number of studies have been conducted examining mechanism of loss of CD20 after 

rituximab treatment in previous positive patients and have proposed both epigenetic 

and genetic mutations19,20. Beyond reducing availability of CD20, tumors can affect 

rituximab efficacy by targeting differential signaling at lipid rafts.  

A number of mechanisms independent of CD20 regulation have been 

proposed for how tumors can overcome rituximab treatment. As mentioned 

previously, rituximab relies on immune effector activation for some of its anti-cancer 

effects, of which antibody dependent cell-mediated cytotoxicity (ADCC) is a major 

contributor. The variable region on rituximab targets CD20 expressed on the plasma 
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membrane of tumor cells while the FC region acts as ligand to FC receptors on 

leukocytes, including NK cells, macrophages, and T-cells. Upon binding the FC 

region, these effector cells activate their respective cell killing mechanisms to target 

the CD20+ tumor cells. Tumor cells are capable of disrupting this process by down-

regulating the expression of surface targets of these effector cells, for instance FAS 

receptor, and also by developing an immunosuppressive environment that is 

permissive for tumor growth. Compliment dependent cytotoxicity (CDC) and antibody 

dependent phagocytosis are major mechanisms by which rituximab has been 

proposed to elicit its anti-tumor effects. However, Lim et al. 2011 describe the 

increased expression of FC gamma receptor IIb promoting complex internalization of 

rituximab and CD20 limiting effector cell recognition, promoting lysosomal 

degradation of the complex and abrogates clinical efficacy21. For a more in-depth 

review on these mechanisms of resistance to rituximab, please refer to Rezvani et al. 

201120 and Redman et al. 201514. Ultimately, these mechanisms of resistance to 

rituximab results in decreased efficacy of this critical part of the standard of care and 

highlights a true need for exploring novel therapeutic combinations.   

1.2 Aggressive DLBCL Categorization 

Response to R-CHOP is often very good, typically resulting in a 5-year 
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survival rate of 60%. The remaining 40% are classified as R-CHOP refractory or 

relapse. Coiffier et al. 2010 found that 80% of regressions occurred within the first 3 

years of treatment12 demonstrating  a striking need to understand which patients will 

not respond well to R-CHOP and to develop new therapeutic strategies to treat 

aggressive DLBCL. A major obstacle is determining what fundamental biological 

differences there are between patients who respond to therapy as compared to those 

who don’t. 

1.2.1 Cell Of Origin 

Diffuse large B-cell lymphoma is a broad term that is used to define a 

morphologically similar set of hematologic malignancies used in initial diagnosis. 

However, this descriptor is becoming less informative for identification and prognosis 

due to the distinct differences in biology between these subgroups. Alizadeh et al. 

2000 examined DLBCL gene expression profiles and identified two major molecular 

subgroups indicative of different stages of differentiation8. A germinal center B-cell 

(GCB) and an activated B-cell (ABC) expression profile were identified as a 

descriptor of cell of origin (COO) from which the disease likely developed. These two 

molecular subgroups have distinctly different survival rates of 60% and 30% 

respectively22. Figure 1.5 is a Kaplan–Meier plot examining progression free survival 
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for the first 5 years after R-CHOP segregating GCB and ABC molecular subtypes4. 

This data suggests that the different biology of these two molecular subtypes play a 

major role in determining responses in clinic.  

 

Figure 1.5 Kaplan–Meier Plot Examining Progression Free Survival Comparing 
Molecular Subtypes. Graph was obtained from Lenz et al. 20104 

1.2.2 Germinal Center B-cell Subtype 

Immature B-cells develop in the bone marrow and travel to secondary 

lymphoid organs to complete the final steps in their maturation, resulting in the 
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selection of B-cells that produce high affinity antibodies. B-cells undergo the critical 

steps necessary for the development of high affinity immunoglobulin receptors and 

the production of different isotype antibodies within the germinal center. The 

processes used by B-cells for these final steps involve genetic recombination of V, D, 

and J segments of the light chain (LgL) and heavy chain (LgH) by the recombinase 

activating genes (RAG1 and RAG2). This process is known as “somatic 

hypermutation” and is potentially the genesis of malignant transformation, which, in 

turn, results in the development of many non-Hodgkin lymphomas. 

B-cells encounter antigen presented on antigen presenting cells (APCs) such 

as follicular dendritic cells and CD4+ T helper cells within secondary lymphoid 

organs. This results in their activation in which these cells aggregate with CD4+ T 

helper cells and follicular dendritic cells, therefore forming a germinal center. These 

germinal centers are comprised of a dark zone in which B-cells undergo proliferation 

and somatic hypermutation to produce B-cell receptors with higher affinity. After 

which, the B-cells travel to the light zone where they undergo the process of class 

switch recombination and are selected due to their antigen binding affinity. Cells with 

low antigen binding affinity are targeted for apoptosis. Transit between the two zones 

 27 



 

is dictated by different regulation of transcriptional pathways that are often hijacked 

in lymphomagenesis to result in the different types of NHL. Figure 1.6 depicts this 

crucial process in the development of the humoral immunology and is described in 

greater detail in the review by De Silva et al. 201523. 

 

Figure 1.6 Normal B Cell Activation And Selection Processed Within The 
Germinal Center. Adopted from De Silva et al. 201523   

As shown by the presence of somatic mutation of their immunoglobulin 

genes, 80% of B-cell-derived lymphomas arise from this germinal center reaction 
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accounting for lymphomas for instance follicular lymphoma, Burkitt lymphoma, and 

GCB DLBCL24. This is accomplished due to hijacking of major regulatory pathways 

that normally control the germinal center reaction. Under normal conditions, MYC is 

upregulated upon antigen formation and is necessary for the initial steps in forming a 

germinal center. Once B-cells enter into the dark zone to undergo somatic 

hypermutation and proliferation, they up-regulate expression of BCL6, the master 

regulator of the germinal center reaction. This in turn represses MYC transcriptional 

activity25,26. This process is depicted in figure 1.7 from Basso et al. 201526. Along with 

repressing MYC, BCL6 also acts as a master repressor of genes related to B-cell 

differentiation, such as Blimp-1, and also represses danger signals caused by DNA 

damage and induction of apoptosis27,28.  Somatic hypermutation is carried out by 

activation-induced cytidine deaminase (AID). AID is an enzyme that induces genetic 

mutations in immunoglobulin genes but can be less discriminatory in its processing 

resulting in a number of genetic lesions. AID is also necessary for the development 

of DLBCL along with many other lymphomas29.  

A major genetic lesion caused by AID activity is the formation of the t (8; 14) 

MYC translocation to the immunoglobulin heavy chain (IgH) or t (14; 18) BCL2-IgH 
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fusion protein. These key mechanisms act to prevent B-cell differentiation and 

normal regulation and are the necessary steps in developing GCB DLBCL. 

Figure 1.7 Genetic Alterations Resulting In Altering BCL6 Expression In GCB. 
Modified from Basso et al. 201526  

1.2.3 Activated B-cell Like DLBCL 

  In contrast to GCB, activated B-cell like DLBCL express a genetic signature 

of a plasma cell and express the master immunoglobulin secretion gene XBP130. 

These cells have undergone the germinal center reaction resulting in somatic 

hypermutation and class switch of their immunoglobulin. They are in the process of 

differentiation but have lost full Blimp-1/PRDM1 activity, resulting in an incomplete 
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differentiation program. Aspects of the Blimp-1/PRDM1 pathway is mutated is about 

53% of ABC DLBCL commonly due to genetic lesions on Blimp-1 and a constitutive 

activation of the NF-κB31,32. The genetic lesions common with GCB, such as the t (8; 

14) or the t (14; 18) translocations, are not commonly observed in ABC DLBCL. 

Rather, the amplification of the BCL2 gene locus is more common along with the loss 

of CDKN2A (INK4A-ARF), which plays an important role in cell cycle regulation 

controlled by p538.  

NF-κB is critical for ABC development by promoting a pro-survival and 

increased proliferation status and can be linked to the block in differentiation due to 

constitutive expression of the transcription factor IRF4. When this pathway is 

inhibited, this results in ABC killing but not GCB cell death, as reviewed in Tarlinton 

et al. 200833. This highlights a need for NF-κB signaling and acts as a promising 

target for therapeutic intervention. Under normal circumstances, the induction of NF-

κB signaling pathway for a short period upon activation of BCR signaling. Mutations 

within the NF-κB pathway are commonly found in ABC patients8. The common sites 

of mutation involve key regulators of the B-cell receptor signaling including activating 

mutations in CD79A or CD79B, which are found in approximately 20% of ABC 
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patients. Downstream of this, CARD 11 is mutated in nearly 10% of cases. Mutations 

are also commonly found in the A20, a negative regulator of NF-κB26. Figure 1.7 is a 

schematic of NF-κB signaling where the stars signify these important sites of 

mutation. For a more comprehensive review delineating the differences between 

GCB and ABC DLBCL, please read Lenz et al. 20104. Furthermore, figure 1.9, which 

is derived from this review, highlights some of the major differences between the two 

and where in B-cell development that these lymphomas arise.  

 

Figure 1.8 Constitutive NF-κB Signaling In ABC Lymphoma. Adopted from Lenz 
et al. 20104 
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Figure 1.9 Overview Of Major Biological Differences And Signaling Pathways In 
DLBCL. Modified from Lenz et al. 20104 

1.2.4 Concurrent Expression Of BCL2 And MYC 

Cell of origin is a powerful tool in understanding the biology of DLBCL but it 

has yet to result in an impactful means of treating DLBCL in the clinic. Furthermore, 

gene expression profiling of patient’s tumors is expensive and not available to all 

diagnostic laboratories. However, gene expression profiling is becoming increasingly 

more cost-effective and new therapeutics are being explored in drug trials to target 

distinct pathways in both GCB and ABC DLBLC. Developing another means of 
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stratifying patients is paramount for treatment and this is currently being 

accomplished by examining the expression status and translocation status of two 

oncogenes: MYC and BCL2. As previously discussed in the GCB section, MYC is a 

transcription factor associated with many genes that regulate functions including 

proliferation and survival. BCL2 is an anti-apoptotic factor that regulates the release 

of cytochrome C from mitochondria. In the October 2012 edition of The Journal of 

Clinical Oncology, two groundbreaking publications were released from Green et al. 

and Johnson et al. examining the responsiveness of patients who expressed these 

two key molecular regulators. They found that a significant population of patients 

who were not responsive to R-CHOP expressed both of these oncogenes 9,10. 

Furthermore, both research groups discovered that patients who express high levels 

of MYC and BCL2 were at a higher risk for having less response to R-CHOP and 

thus have a worse prognosis.  This research was conducted using 

immunohistochemistry, a diagnostic tool readily available in many diagnostic 

laboratories/centers and is a cheaper alternative to help stratify and prognosticate 

patients in combination with IPI. Figure 1.10 overall survival distribution for DLBCL 

patients examining dual MYC and BCL2 expression as a biomarker. 
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Figure 1.10 Kaplan-Meier Curve Comparing Dual Expression MYC/BCL2 Vs. 
Other DLBCL. Modified from Johnson et al. 201210 

Johnson et al. 2012 concluded that in spite of this information, no data is 

available to identify a more effective treatment regiment. These aggressive DLBCL 

patients are more readily placed into clinical trials to identify more effective 

therapeutic combinations but no standard exists to supplant R-CHOP in these 

patients. This highlights a major need for novel therapeutic combinations that can 

more effectively treat relapse and refractory DLBCL patients.  
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1.3 Epigenetic Dysregulation In Cancer 

The establishment of a normal cellular identity is necessary for the 

development of tissue structure and this is accomplished through the regulation of 

gene expression. This tissue specific gene expression identity must remain stable 

over many cellular generations; otherwise, aberrant cells can become harmful to the 

larger tissue architecture, resulting in the development of tumors and cancer.  

Epigenetics is the heritable process that allows for the regulation of gene 

expression in order to respond to environmental signals and stressors. Epigenetic 

regulation is maintained by a number of processes including modifications made 

directly to the DNA or onto histones, the packaging proteins responsible for 

organizing and compacting DNA into chromatin. DNA methylation on the cysteine 

residue within CpG islands found within gene promoters and early exons reduces 

promoter activity and is a potent means of developing tissue specific gene 

expression profiles34. Globally in cancer, DNA is maintained in a hypomethylated 

state with promoter specific hypermethylation. This allows for increased oncogenic 

expression while blocking tumor suppressor gene expression. Figure 1.11 depicts 

the regulation of normal vs. cancer DNA methylation35. DNA methylation alone is 

insufficient to maintain tissue identity and works in conjunction with histone 
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modifications that regulate availability of DNA for transcriptional machinery. Many 

post-translational modifications, including methylation, acetylation, phosphorylation, 

ubiquitylation and sumoylation, can be added or removed from amino acids on 

histone tails to regulate chromatin confirmation resulting in regulating access of DNA 

to transcriptional machinery36. This epigenetic machinery is often dysregulated in all 

types of cancers35. 

 

Figure 1.11 Comparison Of The Regulation Of DNA Methylation In Normal Vs. 
Cancer. Figure adopted from Manuel Rodriguez-Paredes et al. 2011 
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Aberrant regulation of epigenetic modulation is a critical and early step in 

carcinogenesis and plays a significant role in cancer progression37. For example, 

nowhere is this more prevalent than in the development of childhood cancers. Many 

pediatric cancers display very few genetic abnormalities; instead, these cancers are 

reliant on deregulating epigenetic programs. Parsons et al. 2011 examined genetic 

mutations in medulloblastoma, the most common brain cancer found in children, and 

discovered that on average, these tumors exhibited five to ten-fold less genetic 

mutations than in average adult solid tumors. Furthermore, they identified 

inactivating mutations in the histone lysine methyltransferase genes MLL2 or MLL3 

as major targets38. DNA methylation sequencing of medulloblastoma identified 

increased amounts of hypomethylated gene regions, a marker of gene expression39. 

Lee et al. 2012 conducted whole-exome sequencing of 35 rhabdoid malignancies 

and observed that these tumors were remarkably mutation-free and that the mutation 

of SMARCB1 is essentially the sole recurrent event in this childhood cancer40. 

SMARCB1 is a gene that is important in regulating chromatin remodeling.  This 

reliance of childhood cancers on disrupting epigenetic regulation signifies that cancer 
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is an epigenetic and genetic disease and that some of the initial steps in 

tumorigenesis involve disrupting these crucial cell identity pathways. 

Our understanding of how epigenetic dysregulation acts in carcinogenesis 

and cancer progression has advanced greatly over the past few decades. It is 

becoming increasingly clear how central this is to the development and progression 

of cancer. As described by Hanahan and Weinberg, 201141, the hallmarks of cancer 

are characterized  by examining a number of attributes, such as its ability to undergo 

uncontrolled cellular growth, evade apoptosis, and the development of metastatic 

potential. All these attributes can be accomplished in some part by the attenuation of 

epigenetic regulating machinery.  

Under normal circumstances, DNA is often maintained globally in a 

hypomethylated state with local hypermethylation at specific genes. In cancer, 

expression of tumor suppressor genes are commonly blocked by promoter 

hypermethylation as a means of preventing their key regulatory functions. These 

genes play important roles, including regulating cell cycle progression, for instance 

PTEN and retinoblastoma protein, or ensuring genetic stability, for instance p53. 

These tumor suppressor genes are often targeted in cancer by either genetic 
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mutations or by disrupting the epigenetic machinery necessary for their expression. 

This is accomplished by aberrant DNA promoter methylation and/or the addition of 

suppressive histone methylation resulting in blocking gene expression42-45. 

Furthermore, a number of mitogenic signaling pathways have been found to alter 

epigenetic regulatory machinery resulting in increased changes to cellular identity. A 

prime example of this is the down stream activation of the transcription factor 

ZNF304 by KRAS signaling resulted in repressing the CDKN2A locus (INK4A-

ARF)46. This is just one example of oncogenic regulation of epigenetic machinery. 

Esteller et al. 2007 examined this more in-depth relating the aberrant DNA 

hypermethylation of tumor suppressor genes found in cancer and the ultimate 

consequences34. 

 A recent review by Feinberg et al. 2016 examined the relationship between 

epigenetic modulators, modifiers and mediators in cancer development and 

progression37. They discussed the widespread identification of mutations in 

epigenetic regulators found in all cancers. Table 1.4 lists some of these mutations 

broken down by type of epigenetic modulator and tumor type. This table is expansive 

and we can see that there are a lot of epigenetic modulators that are mutated in 
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almost all types of cancer. This highlights a dependence of cancers on deregulating 

normal cellular epigenetics and lays the critical foundation for the rationale of 

therapeutically targeting this dysregulation in cancer treatment.  
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Table 1.4 Epigenetic Modifier Mutations In Cancer. Adopted from Feinberg et al. 

201637. 
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1.3.1 Dysregulation Of The Acetylation Cycle In Cancers 

Histones are comprised of an octamer consisting of two units each of H2A, 

H2B, H3 and H4 subunits. These histone subunits have tails that can be post-

translationally modified by methylation, acetylation, phosphorylation, ubiquitylation or 

sumoylation, thereby altering histone confirmation. For the remainder of this 

introduction, I will focus on the cycle of addition and subtraction of acetyl groups onto 

lysine (K) residues. The addition of an acetyl group by histone acetyltransferases 

(HAT) induces a conformational change resulting an opening of the region for 

transcription. The inverse of this is achieved by the removal of acetyl groups by 

histone deacetylases (HDAC) resulting in a closed confirmation, which represses 

transcription. Figure 1.12 depicts this cycle of addition and subtraction of acetyl 

groups. This process is reviewed more in-depth in Tony Kouzarides, 200747. 

Importantly, this process of modulating the acetylation status is not limited to histone 

proteins. It has been found that thousands of proteins can be post-translationally 

regulated by acetylation, resulting in a change of longevity, localization, and 

functionality and has an important role in cellular signaling48. 
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Figure 1.12 Cycle Of Histone Acetylation And Deacetylation. Adopted from 

chuang et al. 200949 

Histone acetyltransferases (HAT) mutations are commonly found in many 

cancers including both hematologic cancers, for instance DLBCL, and also solid 

cancers, such as lung and pancreatic cancers37. E1A-binding protein p300 (EP300) 

and cAMP response element-binding binding protein (CREBBP) are two KAT3 family 

of HATs that are mutated in roughly 39% of DLBCL and 41% of follicular lymphoma 

(FL)50. Both of these two genes are very closely related sharing 90% homology and 

are believed to be functionally similar.51 Deep sequencing conducted by Pasqualucci 

et al. 2011 identified that 50% of the mutations found within CREBBP consisted of 

inactivating mutations resulting from nonsense, frame shift mutations that would 
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cause the truncation and loss of the HAT domain50. Figure 1.13 depicts mutation 

sites found on CREBBP in DLBCL50. EP300 mutations are less common at roughly 

10% of DLBCL and 8.7% FL. Mutations in both these HATs are exceedingly rare and 

only found in 6 of 72 cases.  The mutations in both of these HATs were found in the 

HAT domain result in the loss of acetyltransferase activity. Anderson et al. 2013 

identified that tumors with concomitant mutations of CREBBP and EP300 may be 

particularly sensitive to histone deacetylase inhibitor vorinostat induced apoptosis.  

 

 

 

Figure 1.13 Mutation Types And Sites Found In CREBBP Gene. Adopted from 

Pasqualucci et al. 201150. 

1.3.2 Histone deacetylases 

Based on genetic homology, 18 Histone deacetylases (HDACs) have been 
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identified in humans and can be sub-divided into 11 zinc-dependent or 7 

nicotinamide adenine dinucleotide+ (NAD+)-dependent Sirtuins. The zinc-dependent 

HDACs are further broken down into class I (HDACs 1, 2, 3, and 8), class IIa 

(HDACs 4, 5, 7, and 9), class IIb (HDACs 6 and 10), and class IV (HDAC11) based 

on sequence homology and phylogenetic relation. Class I HDACs are ubiquitously 

expressed and are mostly localized to the nucleus, class II HDACs are primarily 

localized in the cytoplasm and are tissue specific in their expression (reviewed in 

Haberland et al. 200952). Class IIa HDACs display little to no HDAC activity due to a 

histidine, rather than a tyrosine, residue within the active site but are still classified as 

HDACs due to their genetic similarities to other HDACs. Class I and IIb HDACs have 

robust activity and are commonly targeted by histone deacetylase inhibitors53-55. Little 

is known about the role played by the sole member of class IV, HDAC 11. Table 1.5 

depicts the structure, class, localization, and effect of genetic loss in mice for each of 

the seven Zn+ dependent HDACs. There is a range of effects in genetic loss of 

individual HDACs and many often result in lethality during development, thereby 

underlining their necessity for normal cellular function. 
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Figure 1.14 HDAC Class, Localization And Effect Of Genetic Loss In Mice. 
Adopted from Haberland et al. 200952 

Histone deacetylases (HDACS) play many roles in the regulation of cellular 

processes. The class I HDACs is generally considered to be repressors of gene 

transcription due to their induction of a local chromatin condensation by the removal 

of acetyl groups from histone tails at target genes. HDACs do not directly bind to 

DNA; rather, they form repressive complexes to be recruited to DNA and function by 

deacetylating histone protein tails, transcription complex regulatory proteins, and 

transcription factors. HDACs 1, 2 and 3 are the primary HDACs associated with 

transcriptional regulation and have been studied extensively in this role. HDAC 1 and 

2 act as heterodimers in three key multi-protein repressive complexes: Sin3, NuRD 

and CoREST52,56.  In contrast, HDAC 3 binds exclusively to the SMRT complex.  
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HDAC-complexes are recruited to DNA by different transcription factors and 

their binding at specific genes is dependent on the DNA binding domains located 

within individual members of the multi-protein complex, as reviewed by Kelly et al. 

201357. Due to the high diversity of genes to which HDAC complexes may be 

recruited to, they are considered to be global regulators of gene expression. 

Evidence suggests that they may function not just as transcriptional repressors but 

also as positive gene regulators 57,58 59.  

HDAC6 differs greatly in their role as compared to the class I HDACs 

because they do not directly impact transcription. Rather, HDAC6 functions through 

the deacetylation of non-histone proteins. HDAC6 is primarily localized in the 

cytoplasm where it alters the acetylation status of a number of proteins including, but 

not limited to, alpha tubulin and chaperone proteins such as HSP90. This altered 

acetylation status has profound effects on the regulation of cytoskeletal dynamics, 

protein folding and misfolded protein responses acting as a necessary part of the 

formation of aggresomes within the cell60,61. 

1.3.3 Therapeutically Targeting Histone Deacetylases In Cancer 

The diverse regulatory activities that are played by the acetylation cycle 
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makes upsetting this process an effective means for cancers to alter not only 

epigenetic regulation but also many signaling pathways maintained by the 

acetylation status of many non-histone proteins. To this end, cancers often target not 

only the HAT activity and expression, such as CREBBP or EP300, but also the 

expression of a number of HDACs. Generally, cancers are found to maintain a 

hypoacetylated status. This is often accomplished by either increasing expression of 

individual HDACs or by blocking HAT activity. Figure 1.14 charts the mutation 

(green), deletion (blue) or amplification (red) status of HDAC1, HDAC2, HDAC3, and 

HDAC6 in the top cancers in found in the CBioPortal bioinformatic tool available 

through Memorial Sloan Kettering. These HDACs are often amplified in almost all 

cancers exemplified in breast, non-small cell lung carcinoma, and prostate cancers 

35,62,63. Amplification of HDAC activity or inhibiting HAT activity results in a 

fundamental change to the epigenetic makeup, gene regulation, and signaling 

pathways resulting in a cellular bias towards increased cellular proliferation and 

survival. This observation is the underlining rationale for targeting HDAC activity 

using histone deacetylase inhibitors (HDACi).   
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Figure 1.15 Genetic Status of HDACs1, 2, 3 And 6 Found In Patient Samples. 
Modified from the CBioportal.org not excluding any cancer or study types63. 

There are four main classes of HDACi: the hydroxamic acids, benzamides, cyclic 

peptides, and the short chain fatty acids. Of these, only two classes have 

representative drugs that are currently FDA-approved for treatment in cancer: the 

hydroxamic acids, (vorinostat, belinostat and panobinostat) and the cyclic peptides 

(romidepsin). These compounds are most effective in hematologic cancers and are 

FDA-approved in cutaneous T-cell lymphoma, peripheral T-cell lymphoma, and 

multiple myeloma64. Inhibitors from these two groups can be generalized as having a 

cap group, linker section, and a Zn+ chelating moiety which function primarily by 
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binding Zn+ and eliminating the availability of this necessary cofactor for HDAC 

activity65. Figure 1.15 depicts this generalization across the four major classes of 

HDACi (Fig.1.5, C) and depicts the crystal structure of hydroxamate TSA binding to 

and inhibiting a HDAC-like protein (Fig. 1.5, A and B) 65. 

 

Figure 1.16 Crystal Structure Of HDACi And HDAC Binding And General 
Chemical Structure Of The Four Major Classes Of HDACi. Adopted from Wagner 

et al. 201365 

A major obstacle for utilizing HDACi efficiently is that they exhibit pleotropic 

effects to elicit the anti-cancer responses observed in their use. HDACi have been 
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observed to have tumor selective killing abilities, which may be associated with 

targeting the imbalance of mutated HATs and increased expression of HDACs, but 

this is not very well understood. Furthermore, a number of mechanisms have been 

proposed to explain the anti-cancer effects of HDACi treatment, including: altering 

cell cycle progression, inducing apoptosis, inducing differentiation, blocking 

angiogenesis, changing gene expression, altering metabolic activities, cellular 

motility and immune modulation. 66-68. What further clouds our understanding of how 

to use these inhibitors is the lack of specificity in targeting individual HDACs. For 

instance, romidepsin selectively inhibits class I HDACs while the hydroxamic acids 

target all functional HDACs in both class I and IIb (HDAC 1-3 and 6). Target 

specificity is also influenced by the complex in which the HDAC is maintained, thus 

further complicating our ability to mechanistically map how these drugs work69.  

Focused research is necessary to identify how HDACi induce tumor-specific 

cell death and how some tumors evade death due to naïve drug resistance. To this 

end, we have developed a pre-clinical model of sensitivity and response to HDACi 

treatment in order to identify these mechanisms of response and resistance. This 

model allows us to rationally test selected therapeutic combinations designed to 
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increased drug response. To date, we have identified two major responses to the 

pan-HDACi belinostat. The first is a mitotic cell cycle arrest that progresses to the 

induction of cell death. We term these cell lines as “HDACi-sensitive”. The second 

response is a reversible G1 cell cycle arrest that yields little to no induction of cell 

death. We term this response to be “HDACi-resistant”. Our overall goal is to utilize 

our understanding of these responses to identify chemotherapeutic combinations 

that induce tumor cell death in a synergistic manner with HDACi.  

Our central hypothesis is that we can identify the molecular mechanisms of 

response to HDACi and then use this knowledge to develop rationale combinatorial 

strategies to increase HDACi efficacy. To accomplish this, we have developed three 

specific aims: 1) determine the role of cyclin dependent kinase inhibitors in inducing 

G1 cell cycle arrest as a response to HDACi treatment, 2) determine mechanistically 

the role of mitotic arrest in the cytotoxic response to HDACi. 3) determine which 

class I histone deacetylases need to be inhibited to induce drug response to HDACi. 

Accomplishing specific aims has lead to the development of a better understanding 

of the role that HDACs play in regulating cell cycle progression and has informed in 

the development of novel combinatorial strategies. 
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CHAPTER 2 - MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Cell Lines 
Cell line Media FBS (%) Additives 
DB RPMI1630 10% 1mM Sodium 

Pyruvate 
OCILY19 RPMI1630  1mM Sodium 

Pyruvate 
SUDHL4 RPMI1630 10%  
SUDHL6 RPMI1630 10%  
SUDHL8 RPMI1630 10% 1mM Glutamine 
U2932 RPMI1630 10%  
All cell lines were maintained at 37 °C with 5% CO2 in a humidified atmosphere. 

Cells were maintained between 2x105 and 1.2x106 cells per ml and seeded for 

experiments between 2-4x105 cells per ml. 

2.1.2 Drugs And Inhibitors 

Belinostat was first obtained from the Cancer Therapy Evaluation Program (National 

Cancer Institute). Following, the drug was provided by Spectrum Pharmaceuticals. 

Paclitaxel (S1150) and RGFP966 (S7229) were purchased from Selleck Chemicals. 

Vincristine (1714007) was purchased from Sigma. DRB (CAS 53-85-0) was 

purchased from Santa Cruz Biotech. BRD3308, BRD2492, BRD6688, CI994 were 

provided from Florence Wagner lab at the Broad Institute. Z-VAD-FMK (A1902) was 

purchased from APExBio. 
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2.1.3 Antibodies 

Antibodies against BubR1 (#4116s), PARP (#9542s), Caspase 3 (#9665s), 

and alpha-Tubulin (#2144s), Bcl-2 (50E3), MYC (D84C12), cyclin D3 (DCS22), cyclin 

D1 (92G2), p21, p27, p57, Rb (4H1), phospho-Rb (Ser 780), phospho-Rb (Ser 795), 

cyclin E (HE12), phospho-p53 (Thr18), and α-tubulin were purchased from Cell 

Signaling Technologies.  Antibodies against phosphorylated Ser10 Histone H3 (#06-

570) were purchased from Millipore and antibodies against GAPDH (fl-335), cdk2, 

cyclin E (C-19), p53 (DO-1), RNA polymerase II (N-20) and acetylated p53 (Lys382) 

from Santa Cruz Biotechnology. Underphosphorylated Rb antibody was purchased 

from BD Biosciences. PUMA antibody was purchased from Abcam. Phosphorylated 

Ser 2 RNA polymerase II was purchased from Bethyl laboratories.  

2.2 Methods 

2.2.1 Cell Growth 

 Cell growth was measured by MTS assay according to manufacturer’s 

specifications (Cell titer 96® Aqueous One Solution, Promega). Cells were seeded in 

96-well plates and treated in triplicate with a wide range of belinostat doses. IC50s 

for growth inhibition were calculated using curve fitting software (GraphPad Prism). 

The IC50 concentrations determined at 24 h belinostat treatment for each cell line 
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were used in all subsequent experiments.  

2.2.2 AnnexinV/PI And Cell Cycle Analysis 

 AnnexinV/PI and cell cycle analysis and mitotic quantitation were evaluated 

using FACSanto II flow cytometer (Becton-Dickinson). All statistical analysis was 

conducted using Graphpad Prism Version 5.0 software.  Cells were treated either 

with DMSO or the drug of choice (belinostat, vincristine, BRD2492, BRD6688, 

BRD3308, CI994). After treatment, cells were collected, centrifuged, washed once 

with cold 1X Dulbecco’s modified PBS (D-PBS); 1 × 106 cells were used to measure 

Annexin V positive cells according to manufacturer’s specifications (Annexin V-FITC 

kit, ENZO Life Sciences) or using binding buffer (1mM CaCl2, 140 mM NaCl, 4 mM 

KCl, 0.75 mM MgCl2 and 10 mM HEPES in DD H2O) and using FITC Annexin V 

Cat: 640906 (BioLegend). For analysis of cell cycle distribution, cells were fixed with 

70% ethanol overnight at 4°C, centrifuged at 4000RPM (898xg) for 2 min. Ethanol 

was removed and 0.3 ml of cold PBS, 14 µl of propidium iodide and 17 µl of RNase 

A (10 mg/ml) were added. Samples were incubated at 37 °C for 30 min prior to flow 

cytometry.  

Mitotic quantitation was conducted with approximately 1.5x106 cells, pelleted 
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at 66xg and washed then fixed in 0.5ml 1% formaldehyde in PBS for 10 min at 37°C 

and then 4.5ml cold methanol was added while vortexing for storage overnight at -

20°C. Cells were then pelleted and resuspended in 90ul of 0.5% BSA/PBS to block 

for 10 min. Cells were incubated with 10ul Alexa 488-conjugated anti-phos Ser 10 

Histone H3 (cell signaling #9708) for 1 hour at room temperature in the dark then 

resuspended in 0.33ml cold PBS to which propidium iodide and RNase A were 

added to final concentrations of 40 mg/ml and 50 mg/ml, respectively. After 

incubation for 30 minutes at 37 °C samples were analyzed by flow cytometry using 

BD LSRFORTESSA X-20 (BD Biosciences). Data was analyzed using FlowJo 

Version 9.9. 

2.2.3 Western Blotting 

After treatment, cells were washed once with cold D-PBS. Cell pellets were 

flash-frozen in liquid nitrogen and kept at −80 °C until use. Whole cell extracts were 

generated by resuspending cell pellets in RIPA buffer (150 mM sodium chloride, 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 

8.0, protease inhibitor cocktail (Roche) and phosphatase inhibitors [10 mM NaF, 25 

mM β-glycerophosphate]). Resuspended pellets were transferred into Qiashredder 

columns (Qiagen) and centrifuged at 12000× g for 5 min. Supernatants were 
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collected and protein concentration was determined by Bradford method. For 

immunoblotting 100 µg of protein from each sample were separated by SDS-PAGE 

gel electrophoresis. Whole cell lysates were generated by resuspending cell pellets 

in 2X SDS loading dye [0.08 M Tris pH 6.8, 4% SDS, 20% glycerol, 0.1 M DTT, 

0.004% Bromophenol Blue] at a ratio of 1x106 cells per 100ul. Resolved proteins 

were transferred to 0.45 µm nitrocellulose membranes and subjected to 

immunoblotting.  

2.2.4 RNA Analysis  

Total RNA was isolated from DLBCL cells treated with Belinostat or vehicle 

(DMSO) by the following method. Cells were washed once with D-PBS, pelleted, and 

mixed with Trizol (Invitrogen). Chloroform was added and the mixtures were vortexed 

for 15 s. Separation of aqueous and organic phases was achieved by pre-incubation 

at room temperature for 3 min followed by centrifugation at 12000 × g. The aqueous 

phase was transferred to a clean tube and slowly mixed with an equal volume of 

70% ethanol. Samples were then applied to spin-columns and RNA was isolated 

according to manufacturer’s instructions (Nucleospin II, Clontech).  

Synthesis of cDNA was performed using the iScript kit (BioRad). Measurement of 
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gene expression was performed using quantitative PCR with 2× SyBr green buffer 

(Bioline) and gene-specific primers as per manufacturer’s instructions in a 

StepOnePlus instrument (ABI/Life Technologies). Gene-specific primer pairs were 

derived from PrimerBank (Harvard, http://pga.mgh.harvard.edu/primerbank/) and 

purchased from Sigma-Aldrich. Primer sequences are as follows: BCL2 forward, 5'-

GAACTGGGGG AGGATTGTGG-3', reverse, 5'-CCGGTTCAGG TACTCAGTCA; 

MYC for- ward, 5'-CCACAGCAAA CCTCCTCACA G-3', reverse, 5'-GCAGGATAGT 

CCTTCCGAGT G-3'; Rb forward, 5'-TTGGATCACA GCGATACA A A CTT-3', 

reverse, 5'-AGCGCACGCC AATAAAGACA T-3'; p21 forward, 5'-GTCACTGTCT 

TGTACCCTTG TG-3', reverse, 5'-CGGCGTTTGG AGTGGTAGAA A-3'; GAPDH for- 

ward, 5'-CATGAGAAGT ATGACAACAG CCT-3', reverse, 5'-AGTCCTTCCA 

CGATACCAAA GT-3'. For drug treatment studies the relative concentrations of 

mRNAs were calculated by the ΔΔCt method using GAPDH and HPRT1 as 

reference housekeeping genes. Relative expression of a particular gene between 

cell lines was also calculated using the ΔΔCt method except that one replicate from 

one cell line was used for normalization purposes (ΔCt).  

2.2.5 Immunoprecipitation And Kinase Assay  

DLBCL cells were treated with belinostat or vehicle (DMSO). After treatment, 
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cells were washed once with cold D-PBS. Washed cell pellets were flash-frozen in 

liquid nitrogen and kept at −80 °C until use. Whole cell extracts were generated by 

resuspending cell pellets in lysis buffer (50 mM HEPES pH 7.3, 250 mM NaCl, 1 mM 

EDTA, 2.5 mM EGTA, 0.1% Tween-20, 10% glycerol, 1 mM DTT, protease inhibitors 

[1× Complete, Roche] and phosphatase inhibitors [5 M NaF, 25 mM β-

glycerophosphate, and 0.1 mM sodium orthovanadate]). After 30 min incubation on 

ice, cell debris was removed by centrifugation and protein concentration was 

determined by Bradford assay. For immunoprecipitations, 300 µg (kinase assays) or 

700 µg (co- immunoprecipitations) extract protein was diluted to 0.5 ml in wash 

buffer C (50 mM Hepes pH 7.3, 1 mM DTT, protease and phosphatase inhibitors). 

Samples were pre-cleared for 1 h at 4 °C with Gammabind G sepharose (GE 

Healthcare Life Sciences) and exposed to either 2 µg anti-cyclin E (C-19, Santa Cruz 

Biotechnology) or 2 µg anti-GFP (3E6, Invitrogen) along with Gammabind G 

sepharose for 3 h at 4 °C with rotation. Beads were pelleted by gentle centrifugation 

and washed as follows: 1× with wash buffer A (50 mM Hepes pH 7.3, 150 mM NaCl, 

1.5 mM MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% glycerol, 1 mM DTT, protease 

and phosphatase inhibitors), 2× with wash buffer B (50 mM Hepes pH 7.3, 1 M NaCl, 

1.5 mM MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% glycerol, 1 mM DTT, protease 
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and phosphatase inhibitors), and 3× with wash buffer C.  

For kinase assays washed immunoprecipitates were suspended in kinase 

buffer (50 mM Hepes pH 7.3, 1 mM DTT, 10 mM MgCl2, 10 µM ATP, phosphatase 

inhibitors) containing 5 µg purified Histone H1 (SignalChem) and 10 µCi 32P-γ-ATP 

(Amersham). Roscovitine at a final concentration of 5 µM was added to an 

immunoprecipitate derived from untreated cells to ensure that the activity measured 

was derived from a cyclin- dependent kinase. Samples were then incubated at 30 °C 

for 30 min with vortexing every 5 min. Reactions were terminated by adding 5× SDS-

PAGE buffer (0.2 M Tris, pH 6.8, 10% SDS, 50% glycerol, 0.25 M DTT, 0.01% 

Bromophenol Blue). After SDS-PAGE, gels were dried for 1 h at 80 °C under 

vacuum. Radioactive labeling was visualized using a Pharos Fx Plus Molecular 

Imager (BioRad) and quantitated using ImageLab software (BioRad).  

For co-immunoprecipitations, washed immunoprecipitates were resuspended 

in 2× SDS-PAGE buffer (80 mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.1 M DTT, 

0.004% Bromophenol Blue) and heated to 95 °C for 5 min. Supernatants were 

resolved with SDS-PAGE. Following western transfer, membranes were incubated 

with antibodies.  
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2.2.6 Immunocytochemistry   

2.0x107 cells were treated per treatment condition and collected, centrifuged 

at 100xg for 5 minutes. After washing with D-PBS, cells were fixed overnight at 4°C 

in 10% neutral buffered formalin (NBF) which was then replaced with 70% ethanol.  

Fixed cells were then paraffin embedded, sectioned into 3 micron slices, and 

mounted on slides. The slices were deparaffinized using xylene and bathed in 

decreasing percentages of ethanol (95%, 80% and 70%). Cells were then stained 

manually according to the LSAB 2 HRP system (Dako).  Briefly, samples were 

decloaked for antigen retrieval at 95°C for 25 minutes and incubated overnight with 

either 1% bovine serum albumin in PBS or antibody against phosphorylated Ser10 

histone H3. Slides were counter stained with Hematoxylin for 3 minutes and cover 

slips were mounted using non-aqueous mounting media.  Stained slides were then 

imaged using a Leica DMI6000B inverted microscope with a Leica DCF450 color 

camera at 40X and 100X magnification. Acquisition was completed using the Leica 

LAS-AF 4.0 software (Leica Microsystems, Buffalo Grove, IL).  

2.2.7 Electroporation  

Cells were plated 72 hours prior to electroporation in a T25 flask at 2x105 

cells/ ml at 20 ml. Half the media was removed and replenished 2x daily until the day 
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of transfection. Transfections were carried out using Nucelofector 2b device from 

Lonza. Transfection buffer is: 5mM KCl, 15mM MgCl2, 120mM Na2HPO4/NaH2PO4, 

pH7.2 (use equimolar amounts of acid and conjugate base) 50mM D-mannitol sterile 

filtered and stored at 4°C.  2x106 cells transfection were used. Cells were pelleted 

using 600RPM (66xg) for 5 min at room temperature in 15ml conical tubes. Once the 

supernatant is removed the cells are resuspended in 100ul transfection buffer and 

plasmid volumes of up to 10ul may be used. Once resuspended, cells are added to 

transfection cuvette and placed inside the nucleofector 2b device. Program D-023 

may be used. Once the electroporation is complete, cells are transferred to a 12 well 

plate in a total of 1.5ml RPMI1640 with 5%FBS and no gentamicin. Incubate cells for 

24 hours at 37°C in tissue incubator after which add 0.5ml RPMI1640 with 5%FBS. 

After this period cells can be incubated longer for selection via hygromycin or may be 

imaged for GFP expression (using the pMaxGFP vector obtained from Lonza) to 

determine transfection efficiency using flow cytometry.  
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CHAPTER 3: MODEL OF SENSITIVITY AND RESISTANCE TO HDACI IN DLBCL 
 

Chapter 3 consists of the published manuscript titled: A model of sensitivity and 

resistance to histone deacetylase inhibitors in diffuse large B cell lymphoma: Role of 

cyclin-dependent kinase inhibitors. 

Authored: Ana A Tula-Sanchez, Aaron P Havas, Peter J Alonge, Mary E Klein, 

Samantha R Doctor, William Pinkston, Betty J Glinsmann-Gibson, Lisa M Rimsza & 

Catharine L Smith 

Abstract: Diffuse large B cell lymphoma (DLBCL) is an aggressive form of non-

Hodgkin lymphoma. While the initial treatment strategy is highly effective, relapse 

occurs in 40% of cases. Histone deacetylase inhibitors (HDACi) are a promising 

class of anti-cancer drugs but their single agent efficacy against relapsed DLBCL has 

been variable, ranging from few complete/ partial responses to some stable disease. 

However, most patients showed no response to HDACi monotherapy for unknown 

reasons. Here we show that sensitivity and resistance to the hydroxamate HDACi, 

PXD101, can be modeled in DLBCL cell lines. Sensitivity is characterized by G2/M 

arrest and apoptosis and resistance by reversible G1 growth arrest. These 

responses to PXD101 are independent of several negative prognostic indicators 

 64 



 

such as DLBCL subtype, BcL2 and MYC co-expression, and p53 mutation, 

suggesting that HDACi might be used effectively against highly aggressive DLBCL 

tumors if they are combined with other therapeutics that overcome HDACi 

resistance. Our investigation of mechanisms underlying HDACi resistance showed 

that cyclin-dependent kinase inhibitors (CKIs), p21 and p27, are upregulated by 

PXD101 in a sustained fashion in resistant cell lines concomitant with decreased 

activity of the cyclin e/cdk2 complex and decreased Rb phosphorylation. PXD101 

treatment results in increased association of CKI with the cyclin e/cdk2 complex in 

resistant cell lines but not in a sensitive line, indicating that the CKIs play a key role 

in G1 arrest. The results suggest several treatment strategies that might increase the 

efficacy of HDACi against aggressive DLBCL.  

This manuscript is housed as appendix A within this dissertation. Figures 1-3 

are comprised completely of work by Ana Tula-Sanchez, figure 4 is comprised of 

work by Ana Tula-Sanchez and Mary Klein, figure 5 is comprised of work by Aaron 

Havas, Peter Alonge and William Pinkston, figure 6 and 8 are comprised completely 

of work by Aaron Havas, figure 7 is comprised of work by Aaron Havas and 

Samantha Doctor.  
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CHAPTER 4: CDKI UPREGULATION RESULTS IN G1 CELL CYCLE ARREST 
 

4.1 Introduction 

Our lab previously showed that belinostat resistant DLBCL cell lines arrest in 

G1 within 48 hours of belinostat treatment. This is associated with the upregulation of 

cyclin dependent kinase inhibitors (CDKi) p21 and or p27 in a sustained manner. 

Furthermore, these CDKi were found to directly interact with the cyclin E/ cyclin 

dependent kinase 2 (CDK2) complex as determined by co-Immunoprecipitation (co-

IP) assays. Binding of these CDKi results in a loss of kinase activity of the cyclin E/ 

CDK2, which is necessary to fully phosphorylate retinoblastoma protein (RB) thereby 

inactivating its proliferation block. Belinostat sensitive cell lines upregulate these 

CDKi in a transient fashion and co-IPs of belinostat sensitive DB cells do not show 

an increased association of p21. This data has lead to the hypothesis that the G1 cell 

cycle arrest is a result of the upregulation of CDKis and that targeting their 

upregulation would result in the elimination of G1 cell cycle arrest associated with 

drug resistance and may be used as a novel means of targeting HDACi resistance.  

The objective of this project is to eliminate the upregulation of the CDKis p21 and 

p27, in order to more fully understand the contribution of these CDKi in developing 
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the G1 cell cycle arrest. Furthermore we will be able to determine whether targeting 

the G1 cell cycle arrest will result in the induction of cell death in the belinostat 

resistant cell lines. In order to accomplish this, we will block transcriptional elongation 

thereby preventing the upregulation of p21 and p27. We hypothesize that this will 

result in the elimination the G1 cell cycle arrest induced by belinostat in HDACi 

resistant cell lines.  

Due to the difficulty of genetically modifying these cell lines and insensitivity 

to siRNA we decided to target the CDKi upregulation by blocking transcriptional 

elongation using the CDK9 inhibitor DRB . RNA pol II has a C-terminal domain (CTD) 

region that contains a characteristic heptad repeat consisting of the amino acid 

sequence YSPTSPS. The serine residues within this sequence are dynamically 

phosphorylated at sites Ser2, Ser5, and Ser7 within this sequence to regulate RNA 

pol II activity70 71. Upon transcriptional initiation, RNA pol II progresses for about 200 

base pairs then pauses until it is signaled for elongation to take place in which the P-

TEFb complex phosphorylates the Ser2 residues and inactivates the negative 

regulators of transcription NELF and DSIF through phosphorylation72. DRB blocks 

the kinase activity of the P-TEFb complex by inhibiting the kinase activity of CDK9 

figure 4.1 depicts the role of the P-TEFb complex in phosphorylating the CTD of RNA 
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pol II to induce elongation of a mRNA transcript73.  

 

 

Figure 4.1 RNA Pol II Elongation Induced By CDK9/ Cyclin T Complex Activity. 
Figure is modified from Cho et al. 201073.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 DRB 
CDKi  
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4.2 Results 

  Tula-Sanchez et al, 2013 shows in figure 7A that the belinostat-resistant cell 

lines SUDHL4, SUDHL8 and U2932 exhibit increased protein expression of the 

cyclin dependent kinase inhibitors p21 and/or p27 in a sustained fashion when 

treated with belinostat. Of note, SUDHL8 does not express p21. The belinostat-

sensitive cell lines OCILY19 and DB have only a transient increase in CDKi protein 

level as seen in figure 7B. Increased association of these CDKi with the cyclin 

E/CDK2 complex is observed only in belinostat resistant cell lines (figure 8) this 

occurs in conjunction with the decrease in CDK2 activity (figure 6). This data led to 

the hypothesis that increased CDKi association with the cyclin E/CDK2 complex is 

the cause of the decreased kinase activity resulting in a reduction of Rb 

phosphorylation and the induction of G1 cell cycle arrest 74 75. Working off of this 

hypothesis we aim to understand the role of the upregulated CDKis in inducing the 

G1 cell cycle arrest and further ask if this cell cycle arrest can be targeted as a 

means to induce these belinostat cell lines to undergo apoptosis. 

In order to understand the mechanism by which CDKi levels increase with 

belinostat, we conducted a 72-hour time course examining p21 and p27 mRNA 

expression as a response to belinostat in resistant cell lines SUDHL4, SUDHL8 and 
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U2932 at the doses published in Tula-Sanchez et al, 2013 450nM, 400nM and 

360nM respectively. Figure 4.2, depicts the increase in mRNA of both p21 and p27 

when treated at these doses of belinostat in all three cell lines. SUDHL4 displays the 

greatest increase in expression reaching a maximum p21 expression by 8 hours and 

p27 at 24 hours. The levels continue to decrease after these maximums but remain 

elevated throughout the time course as compared to basal levels. Expressions of 

these two CDKi remain more consistent in the other two cell lines. The ultimate result 

is an increase in both mRNA production and protein of the CDKi due to belinostat 

treatment. This observation suggests that disrupting the increased mRNA expression 

would be an effective means of blocking CDKi protein increases.  
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Figure 4.2 Belinostat Induction of CDKi mRNA Expression. Belinostat resistant 

cell lines SUDHL4, SUDHL8 and U2932 treated with belinostat assessed over a 72-

hour time-course using quantative PCR examining changes in mRNA levels of p21 

(A and B) and p27 (C and D). Data collected by Mary Klein. 
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5,6-dichloro-1-β-d-ribofuranosylbenzimidazole (DRB) is an ATP analogue 

that selectively inhibits CDK9 activity within the P-TEFb complex, resulting in a block 

to transcriptional elongation76,77. RNA pol II Phos-Ser 2 was examined at 6 hours of 

treatment of belinostat (bel), DRB and their combination in all three belinostat 

resistant cell lines. Representative western blots in figure 4.3 show decreased P-S2 

RNA pol II levels for all three cell lines when treated with DRB alone or in 

combination with belinostat. This data was used as a surrogate for CDK9 inhibition 

and was used to identify a dose of DRB 15uM in all cell lines to combine with 

belinostat.  

 
Figure 4.3 DRB Blocks CDK9 Kinase Activity In All Three Cell Lines At 15um. 
Three belinostat resistant cell lines with reduced P-S10 RNA pol II levels as 

compared to total RNA pol II with 6 hours of treatment. 
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CDKi expression was next assessed in these cell lines to determine if the 

levels of p21 and p27 protein were reduced by CDK9 inhibition with DRB 

combination. Figure 3 is the representative western blots examining 24, 48 and 72 

hours of treatment in SUDHL4 (A) SUDHL8 (B) and U2932 (C). SUDHL4 was only 

assessed out to 48 hours due to high induction of cell death in the combination 

samples. In all three cell lines, the induction of CDKi was blocked in the combination 

as compared to belinostat treatment alone with the resulting levels of p21 and p27 

reduced nearly down to basal levels.  This is most notable at 48 hours of 

combination treatment. The combination of these two inhibitors also results in an 

increase in PARP cleavage in all cell lines as well. This is indicative of an increase in 

cellular death78. 

Cell cycle analysis was conducted to determine if the belinostat-induced G1 

cell cycle arrest is affected when the CDKi upregulation is blocked with the 

belinostat/DRB. Figure 4.4 A-C compares the cell cycle analysis of all 3 belinostat 

resistant cell lines and shows that the combination of DRB with belinostat reduces 

the G1 cell cycle arrest. The SUDHL4 cell cycle distribution of DRB and belinostat 

remains similar to the DMSO control where as the SUDHL8 and U2932 cell cycles 
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still show some enrichment of the G1 populations but it is reduced as compared to 

belinostat alone.  

Annexin V/ PI uptake assays were conducted using flow cytometry to 

determine the percent of dead and dying cells for belinostat and or DRB treatments 

over a 48 or 72-hour period. The DRB combination induced increased cell death in 

all three cell lines and relative risk ratio (RRR) calculations were conducted to 

determine drug synergy. The RRR compares the ratio of actual viable (Av) cells to 

expected viable (Ev) cells (RRR = Av/Ev), the Ev is calculated by multiplying the 

number of viable cells from each treatment Ev= (NA X NB)/100. An RRR value less 

than 1 is synergistic and a value around 1 is additive. The belinostat + DRB 

combination was synergistic in the SUDHL4 cells with an RRR at 24 and 48 hours 

being 0.895 and 0.854 respectively. The combination was additive in the other two 

cell lines with RRR at 48 and 72 hours in the SUDHL8 cells at 1.12 and 1.13 

respectively and in the U2932 at 1.09 and 1.00 respectively. It is noteworthy that 

once the G1 arrest is alleviated, these cells do not arrest in mitosis as the belinostat-

sensitive cells do in response to belinostat treatment. This indicates that the 

mechanism by which these cells die once the CDKi are eliminated is not the same as 
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observed in belinostat sensitive cells. Altogether, the results indicate that targeting 

transcriptional elongation to block the induction of a G1 arrest and can act 

synergistically or additive with belinostat to induce cell death in belinostat resistant 

cell lines.  
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Figure 4.4 DRB Blocks Induction Of CDKi Protein Levels In Belinostat 
Resistant Cell Lines. CDKi p21 and p27 levels and PARP cleavage assessed in 

SUDHL4 (A), SUDHL8 (B) and U2932 (C) cell lines treated with 15uM DRB and or 

belinostat. 
 
 
 

A. B. 
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Figure 4.5 Belinostat And DRB Combination Block G1 Cell Cycle Arrest 
Induced By Belinostat Alone And Induced Cell Death. Cell cycle analysis (A-C) 

and Annexin V/PI uptake assays (D-F) were conducted in three belinostat resistant 

cell lines to assess alleviation of G1 arrest and increased cell death when belinostat 

is combined with DRB. 

DMSO 24

DMSO 48
Bel 

24
Bel 

48

DRB 15
uM

 24

DRB 15
uM

 48

Bel 
+ D

RB 24

Bel 
+ D

RB 48
0

25

50

75

100 G1
S
G2/M

SUDHL4 cell cycle analysis

%
 c

el
ls

DMSO 24

DMSO 48

DMSO 72
hr

Bel 
24
Bel 

48
Bel 

72

DRB 15
uM

 24

DRB 15
uM

 48

DRB 15
uM

 72
hr

Bel 
+ D

RB 15
 24

Bel 
+ D

RB 15
 48

Bel 
+ D

RB 15
 72

hr
0

25

50

75

100 G1
S
G2/M

U2932 Cell cycle analysis

DMSO 24

DMSO 48

DMSO 72
hr

Bel 
24
Bel 

48
Bel 

72

DRB 15
uM

 24

DRB 15
uM

 48

DRB 15
uM

 72
hr

Bel 
+ D

RB 15
 24

Bel 
+ D

RB 15
 48

Bel 
+ D

RB 15
 72

hr
0

25

50

75

100 G1
S
G2/M

SUDHL8 Cell cycle analysis

DMSO 24

DMSO 48

PXD 24

PXD 48

DRB 15
uM

 24

DRB 15
uM

 48

PXD + 
DRB 24

PXD + 
DRB 48

0

10

20

30

40

50
AV
AV/PI
PI

%
 c

el
ls

SUDHL4 Annexin V/PI

DMSO 48
hr

DMSO 72
hr

PXD 48
hr

PXD 72
hr

DRB 48
hr

DRB 72
hr

PXD + 
DRB 48

hr

PXD + 
DRB 72

hr
0

10

20

30

40

50

60
Annexin V
Annexin V/PI
PI

SUDHL8 Annexin V/PI
%

 c
el

l d
ea

th

DMSO 48
hr

DMSO 72
hr

PXD 48
hr

PXD 72
hr

DRB 48
hr

DRB 72
hr

PXD + 
DRB 48

hr

PXD + 
DRB 72

hr
0

10

20

30

40

50

60

70
AnnV
A/PI
PI

U2932 AnnexinV/PI

A. 

B. 

C. F. 

E. 

D. 

 77 



 

 
 

4.3 Discussion 
 

Belinostat gained FDA approval for the treatment of relapse or refractory 

peripheral T cell lymphoma, joining three other HDACi to be approved for cancer 

treatment. Clinical studies with HDACi as a mono-therapy in diffuse large B-cell 

lymphoma have not been very promising resulting in few responses to treatment due 

to patients displaying high levels of naïve drug resistance79,80. In order to understand 

how DLBCL is resistant to HDACi, we have established a preclinical model of 

response to HDACi using an array of DLBCL cell lines outlined in Tula-Sanchez et al. 

2013. Using this model we have identified two major responses to belinostat: 1) 

mitotic arrest followed by apoptosis, 2) reversible G1 arrest with little apoptosis. This 

G1 arrest is due to a decrease in cyclin E/CDK2 kinase activity, which is caused by 

increased expression and interaction of cyclin dependent kinase inhibitors (CDKi) 

p21 and or p2781.  

The aims of this study were to define the role of these CDKi in establishing 

the G1 arrest. Furthermore we wanted to determine if targeting the G1 cell cycle 

arrest therapeutically would overcome HDACi resistance. To this end, we identified 
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p21 and p27 mRNA levels increase as a response to belinostat treatment in three 

resistant cell lines. We were able to target this upregulation using the CDK9 inhibitor 

DRB resulting in reduced CDKi protein, elimination or reduction of G1 cell cycle 

arrest and increased cell death.  

The combination of belinostat with DRB proved to be synergistic in only one 

cell line, SUDHL4, out of the three belinostat resistant lines tests. It is telling that 

SUDHL4 displayed the greatest increase in p21 and p27 mRNA expression and was 

the only cell line where the combination of belinostat and DRB fully eliminated the G1 

cell cycle arrest induced by belinostat. SUDHL8 and U2932 did not display much 

more than a 2.4 fold increase in p21 levels at 48hours as compared to a 7.8 fold 

increase in the SUDHL4 cells. At the same time point, p27 mRNA levels were barely 

elevated in SUDHL8 and U2932 with 2.4 and 1.4 fold increase as compared to 5.9 

fold increase in the SUDHL4 cells. This suggests that SUDHL4 is more reliant on the 

upregulation of mRNA expression for both these CDKi as compared to the other two 

cell lines. It is possible that mRNA half-life and translational activity is different in all 

three cell lines thus targeting translation might be a more broadly effective means of 

blocking p21 and p27 protein level increases in all three cell lines. Of note, DRB 

seems to induce an accumulation of cells in G1, which might be due to either a drug 
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dependent effect or possibly due to these cells being over-grown. If DRB is inducing 

this accumulation as direct effect of the drug then this would most likely adversely 

affect the potency of the combination. 

The pleotropic effects of inhibiting transcriptional elongation as a means of 

blocking CDKi upregulation does not allow for the direct assessment of role that p21 

and p27 play in establishing cell cycle arrest within G1. In order to more 

mechanistically assess this role, we stably knocked down p21 and p27 individually 

using shRNA in SUDHL4 cells. Unfortunately, knockdown efficiencies were less than 

optimal and the selection process took greater than 3 weeks. Thereby introducing an 

increased potential of genetic drift. Due to this we did not feel that these cells could 

be used to properly address this question. Utilizing DRB allows us to draw a 

correlation between blocking p21 and p27 expression with an inability to establish a 

G1 cell cycle arrest but we must remember that there are also many other potential 

reasons why G1 cell cycle arrest was abrogated outside p21 and p27 expression.  

We have observed that belinostat-sensitive cells arrest in mitosis prior to 

undergoing apoptosis, as will be discussed in chapter 5. Interestingly, once the G1 

cell cycle arrest was inhibited with the DRB and belinostat combination, these cells 

did not arrest in mitosis. Rather they died in a cell cycle independent manner. This 
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suggests that the cytotoxicity induced by the DRB/belinostat combination results 

from a different mechanism as compared to that induced by belinostat treatment 

alone in belinostat-sensitive cells. We believe that targeting G1 cell cycle arrest is not 

the most potent means of developing a therapeutically relevant combination and 

suggest examining other biological targets to overcome belinostat resistance. Since 

belinostat-resistant cells fail to arrest in mitosis, one possibility involves using a 

second therapeutic to induce mitotic arrest, which is the focus of the next chapter. 
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CHAPTER 5: BELINOSTAT AND MTA SYNERGIZE TO KILL RESISTANT CELLS 

Chapter 5 consists of the accepted manuscript titled: Belinostat and 

Vincristine demonstrate mutually synergistic cytotoxicity associated with mitotic 

arrest and inhibition of polyploidy in a preclinical model of aggressive diffuse large B 

cell lymphoma. 

Authored: Aaron Havas, Kameron Rodrigues, Anvi Bhakta, Joseph Demirjian, 

Seongmin Hahn, Jack Tran, Margarethakay Scavello, Ana Tula-Sanchez, Yi Zeng, 

Monika Schmelz, and Catharine Smith 

Abstract:  

Diffuse large B-cell lymphoma (DLBCL) is an aggressive malignancy that has 

a 60 percent five-year survival rate, highlighting a need for new therapeutic 

approaches. Histone deacetylase inhibitors (HDACi) are novel therapeutics being 

clinically-evaluated in combination with a variety of other drugs.  However, rational 

selection of companion therapeutics for HDACi is difficult due to their poorly-

understood, cell-type specific mechanisms of action. To address this, we developed 

a pre-clinical model system of sensitivity and resistance to the HDACi belinostat 

using DLBCL cell lines.  In the current study, we demonstrate that cell lines sensitive 

to the cytotoxic effects of HDACi undergo early mitotic arrest prior to apoptosis. In 
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contrast, HDACi-resistant cell lines complete mitosis after a short delay and arrest in 

G1. To force mitotic arrest in HDACi-resistant cell lines, we used low dose vincristine 

or paclitaxel in combination with belinostat and observed synergistic cytotoxicity.  

Belinostat curtails vincristine-induced mitotic arrest and triggers a strong apoptotic 

response associated with down regulated MCL-1 expression and upregulated BIM 

expression.  Resistance to microtubule targeting agents (MTAs) has been associated 

with their propensity to induce polyploidy and thereby increase the probability of 

genomic instability that enables cancer progression. Co-treatment with belinostat 

effectively eliminated a vincristine-induced, actively cycling polyploid cell population.  

Our study demonstrates that vincristine sensitizes DLBCL cells to the cytotoxic 

effects of belinostat and that belinostat prevents polyploidy that could cause 

vincristine resistance.  Our findings provide a rationale for using low dose MTAs in 

conjunction with HDACi as a potential therapeutic strategy for treatment of 

aggressive DLBCL.  

This manuscript is housed as appendix B within this dissertation. Figure 1 

consists of data by Aaron Havas quantitation by Dr. Monkia Schmelz, figure 2-3 

consists of data by Aaron Havas and Kameron Rodrigues, figure 4 consists of data 

by Kameron Rodrigues, figure 5 consists of data by Aaron Havas and Anvi Bhakta, 
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figure 6 consists of data by Aaron Havas and Kameron Rodrigues, figure 7 consists 

of data by Aaron Havas and Anvi Bhakta, figure 8 consists of data by Aaron Havas. 
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CHAPTER 6: MAPPING RESPONSES USING SELECTIVE HDACI 
 

6.1 Introduction 

Histone deacetylase inhibitors are increasingly being used in clinic for cancer 

treatment. There are currently four HDACi approved by the FDA to treat the 

hematologic cancers such as cutaneous T-cell lymphoma, peripheral T-cell 

lymphoma and Multiple Myeloma82-85. This has generated great interest to develop 

new strategies to use these inhibitors in a wider variety of cancers with new clinical 

studies being initiated around the United States86. The potentially expanded clinical 

use of these inhibitors underlies the necessity to understand how to use them 

effectively to increase their usefulness while limiting toxicities. A major obstacle that 

is limiting our understanding of these inhibitors is that they have many pleotropic 

effects resulting in a wide variety of mechanisms of action including the induction of 

cellular differentiation, apoptosis, immune modulation, blocking angiogenesis and 

blocking cell cycle progression87. The wide spectrum of anti-cancer mechanisms 

attributed to HDACi treatment due to the large number of different histone 

deacetylases that are targeted by these inhibitors.  
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Histone deacetylases comprise a family of 18 different proteins and can be 

divided between those that are zinc-dependent or NAD+ dependent (sirtuins). The 

zinc-dependent histone deacetylases are the targets of the FDA approved HDACi 

and are comprised of 11 individual HDACs that span 3 different classes. Only class I 

and IIb have robust in vivo deacetylase activity while class IIa HDACs display very 

weak deacetylase activity due to an amino acid change within their catalytic 

domain.55 Little is known about the sole member of class IV, HDAC 1162.  

The Class IIb HDACs are generally localized within the cytoplasm where they 

remove acetyl groups from non-histone proteins such as alpha tubulin, HSP90 and 

p5364. Class I HDACs are localized primarily within the nucleus and are important 

transcriptional regulators. Microarray analysis has identified that HDACi treatment 

can have a large impact on the transcriptome resulting in a 10-40% change 

depending on type of HDACi and cell line examined88-91. Thus the inhibition of class 

one HDACs is the likely cause of the transcriptional changes observed with HDACi 

treatment. 

Class 1 HDACs also have critical regulatory roles dictating cell cycle 

progression. Yamaguchi et al. 2010 found that conditional genetic deletion of both 

HDAC1 & 2 resulted in G1 cell cycle arrest of pro-B cells, thereby blocking mouse B 
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cell development92. Furthermore, HDAC1 and 2 play critical roles in suppressing 

transcription of cyclin dependent kinase inhibitors (CDKi) p21, p27 and p57. These 

CDKi maintain important roles in establishing the G1 cell cycle arrest observed with 

HDAC inhibition93-95. HDACs also contribute to regulating mitotic progression. Class 

1 selective inhibitors such as romidepsin display similar mitotic effects observed with 

pan-HDACi treatment96,97. It has been proposed that the inhibition of HDAC3 is 

mainly responsible for mitotic defects associated with HDACi treatment due to 

HDAC3 depletion studies that have resulted in similar mitotic defects observed by 

HDACi treatment98.  Ishii et al. 2008 showed that HDAC3 knockdown resulted in the 

collapse of the mitotic spindle and concluded that HDAC3 is necessary for 

microtubule-kinetochore attachment99.  

Our lab has developed a preclinical model of response to HDACi in diffuse 

large B cell lymphoma and has identified two major responses to the pan-HDAC 

inhibitor belinostat. The first, a reversible G1 cell cycle arrest with little apoptosis, 

which we have characterized as a mechanism of resistance. The second response is 

a mitotic arrest with high levels of apoptosis indicative of drug sensitivity81. The goal 

of our current study is to identify which class 1 HDACs are required for the transition 

through G1 and mitosis. In order to accomplish this, we utilized selective class one 
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HDAC inhibitors targeting HDAC1 & 2 or HDAC3. We identified that HDAC1 & 2 

inhibition is responsible for the belinostat-resistant phenotypic response of a G1 cell 

cycle arrest with little apoptosis. Furthermore, we observed that HDAC3 inhibition 

results in the induction of DNA damage, delay in S phase progression and 

subsequent cell death in some but not all belinostat sensitive cell lines. When 

HDAC3 inhibitor RGFP966 is combined with the microtubule targeting agents, 

vincristine, a synergistic cytotoxicity was observed proceeded by increased mitotic 

population but this combination resulted in increased polyploid populations that are 

eliminated by belinostat combined with vincristine. 
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6.2 Results 
 

We reported previously that the pan-HDACi elicited mitotic disruption in both 

belinostat-resistant and sensitive cell lines in Havas et al. in press. We found that 

sensitive cells arrest prior to metaphase while resistant cells take longer to go 

through mitosis but are ultimately able to complete it prior to arresting in G1. These 

observations show that HDACs play many roles in regulating cell cycle progression 

and has prompted us to identify which specific HDACs are inhibited to elicit these 

diverse responses.  

To this end, we began by examining the immediate cell cycle impact of 

belinostat on two belinostat-sensitive cell lines, OCILY19 and SUDHL6 and one 

belinostat-resistant cell line SUDHL8. Figure 6.1 is a graphical representation of cell 

cycle distributions identified by Propidium iodide uptake and measured using flow 

cytometry. These three cell lines have a doubling time of approximately 24 hours and 

we found that belinostat elicits an immediate effect on cell cycle progression. 

SUDHL8 begins to accumulate in G1 by 18 hours of belinostat treatment and by 24 

hours this level has reached statistical significance, using a paired two-tailed t-test, 

with 76.55% cells in G1 on average. The 2 belinostat-sensitive cell lines OCILY19 

and SUDHL6 show significant accumulation in G2/M by 24 hours with belinostat 
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treatment. In figure 6.1, a dose response curve was developed in SUDHL6 cells 

examining the effect of belinostat treatment at 24 hours for cell cycle and at 48 hours 

to determine effect on apoptosis and cell death. By 200nM belinostat, there is a 

statistically significant increase of the G2/M population relative to DMSO-treated 

condition, as identified by the # symbol. The percentage of the G2/M population 

increases as belinostat dose escalates.  

When cells begin to undergo apoptosis, they express phosphatidylserine on 

their plasma membrane. This can be detected as the AnnV only population within an 

Annexin V/PI uptake assay. As cells progress beyond the initial phases of apoptosis 

they lose their membrane integrity allowing Propidium iodide to enter the cell and can 

be visualized by the dual AnnV/PI population within this assay. Statistical analysis of 

the AnnV only population provides strong evidence that belinostat is inducing 

apoptosis within the SUDHL6 cell line as a response to belinostat. We used the total 

number of dead cells to calculate an IC50 for belinostat within these cells to be 

422nM. At this dose range, these cells arrest in G2/M prior to the induction of 

apoptosis suggesting that mitotic arrest is important for the induction of apoptosis in 

these sensitive cells.  
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Figure 6.1 Pan-HDAC Inhibitor, Belinostat Induces Cell Cycle Effects Within 
The First Complete Cellular Division. A-B examines cell cycle changes to 300nM 

belinostat over a 24-hour time course in belinostat resistant cell line SUDHL8 and 

sensitive cell line OCILY19. * Denotes statistical significant change in G1 population 

for SUDHL8 and # denotes statistical significance in G2/M population in OCILY19 as 

compared to DMSO. C-D examines a 100-800nM belinostat dose response curve at 

24 hours for cell cycle (C) and at 48 hours for Annexin V/PI (D) in belinostat sensitive 

cell line SUDHL6. *,# - p<0.05; **,## - p<0.01, ***,### - p<0.0001. 
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Class 1 histone deacetylases have been proposed as the key HDACs that 

regulate cell cycle progression. Romidepsin and other class one selective HDAC 

inhibitors have been reported to elicit cell cycle effects including mitotic arrest100 and 

G1 cell cycle arrest in a wide variety of different cell types101,102. Due to our 

observations and the role observed by class 1 HDACs in regulating cell cycle, we 

hypothesize that the G1 cell cycle arrest phenotypic of belinostat-resistance in 

DLBCL cells is due to the inhibition of HDAC1 & 2 while the mitotic defects 

phenotypic of belinostat sensitivity is due to HDAC3 inhibition. To test this 

hypothesis, we obtained a panel of class 1 selective inhibitors from Florence 

Wagner’s group at the Broad institute103,104. These inhibitors are derived from the 

benzamide CI994, which inhibits HDACs1, 2 and 3. Table 6.1 describes the 5 

inhibitors obtained from the Wagner group detailing biochemical IC50 for HDACs 1-

9, a selectivity profile and references.   
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Table 6.1 Class One Selective HDAC Inhibitors Obtained From Florence 
Wagner’s Group. Table is courtesy of Florence Wagner. 
 

HDACs 1 and 2 share a high degree of homology and can be found in 

complexes as either homodimers or heterodimers105. Due to this, it is difficult to 

uncouple the two when targeting their activity and thus they must both be inhibited to 

assess their impact on cell cycle regulation. Included within the panel of selective 

class 1 inhibitors are two HDAC1 & 2 inhibitors. By in vitro assay BRD6688 and 

BRD2492 demonstrate greater than 60-fold and 100-fold more selectivity for HDACs 

1 & 2 over HDAC3, respectively. A dose response for BRD6688 at 48-hours was 

performed in OCILY19 to measure changes in cell cycle distribution and p27 

expression. Figure 6.2 shows a G1 cell cycle arrest that is statistically significant 
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using a paired two-tailed t-test at all doses beginning at 0.25uM out until 10uM and 

plateaus by 7.5uM. The CDKi p27 was elevated by 5uM and is believed to be a 

major inducer or G1 cell cycle arrest in belinostat-resistant cells. The cleavage of 

PARP is a downstream target of caspase and is an indicator of apoptosis78. PARP 

cleavage levels do not change greatly over the dose escalation as compared to 

DMSO indicating little effect on cell death.  

A second HDAC1 & 2 inhibitor, BRD2492, was examined in another 

belinostat-sensitive cell line, SUDHL6 in a 72-hour time course at a concentration of 

5uM. Figure 6.2 C demonstrates a significant increase in the G1 population by 72 

hours. Western blot analysis of p27 levels show a strong increase by 48 hours with 

elevated levels maintained at 72 hours compared to basal p27 expression. PARP 

cleavage was increased but trypan blue exclusion microscopy did not show high 

levels of cell death (data not shown). This PARP cleavage is most likely indicative of 

high levels of cellular stress. The same responses were observed in belinostat 

resistant cell line SUDHL8 when treated by BRD6688 or BRD2492 as represented in 

figure 6.3. This data taken together indicates that the inhibition of HDAC1 & 2 is 

responsible for the belinostat-resistant phenotypic G1 cell cycle arrest.  
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Figure 6.2 HDAC1 & 2 Inhibition Is Responsible For The G1 Cell Cycle Arrest 
And Little Apoptosis Identified With Belinostat Resistance. A-B 48hr dose 

escalation examining BRD6688 affects on OCILY19 cell cycle progression (A) and 

western blot analysis for PARP cleavage and p27 expression (B). C-D 72-hour time 

course examining BRD2492 at 5uM in SUDHL6 cells examining cell cycle analysis 

(C) and western blot analysis for PARP cleavage and p27 expression. *,# - p<0.05; 

**,## - p<0.01, ***,### - p<0.0001. 
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Figure 6.3 HDAC1 & 2 Selective Inhibition Of Belinostat Resistant Cell Line 
Results In The Same Phenotypic Responses Observed With Belinostat 
Treatment. Two HDAC 1 & 2 selective inhibitors were assessed in belinostat 

resistant cell line, SUDHL8. A-B 48hr dose response curve examining BRD6688 

examining cell cycle analysis (A) and western blot analysis for PARP cleavage and 

p27 expression. C-D 72-hour time course examining BRD2492 at 5uM examining 

cell cycle analysis (C) and western blot analysis for PARP cleavage and p27 

expression. *,# - p<0.05; **,## - p<0.01, ***,### - p<0.0001. 
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HDAC3 functions within the within the N-COR/SMRT complex and maintains 

transcriptional regulation in a distinct manner as compared to HDAC1 & 2 containing 

complexes106,107. HDAC3 also has many cell cycle regulatory functions and can be 

selectively inhibited to assess its contributions to the responses observed in 

response to belinostat treatment. In order to accomplish this, we used the inhibitor 

BRD3308, which has a greater that 20-fold selectivity for HDAC3 as compared to 

HDAC1 or 2 108. A dose dependent increase in cell death was observed, using 

Annexin V/PI in OCILY19 cells at 48 hours when treated with BRD3308 as shown in 

figure 6.4A. The Annexin V only population is also significantly increased at all three 

doses suggesting that these cells undergo apoptosis. A structurally-distinct HDAC3 

selective inhibitor, RGFP966 was tested in order to determine if the response to 

BRD3308 is due to HDAC3 inhibition or off-target effects.  

      RGFP966 is a member of the N-(o-aminophenyl) carboxamide class of HDAC 

inhibitor and has been shown to selective for HDAC3 up to 15uM in cutaneous T-cell 

lymphoma109,110. Florence Wagner’s group found in vitro IC50s of RGFP966 for 

HDAC1, HDAC2, and HDAC3 to be 1.20uM, 0.97uM and 0.03uM respectively (data 

not published).  RGFP966 was assessed at 48 hours in two belinostat-sensitive cell 
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lines OCILY19 (B) and SUDHL6 (C) and found that both cell lines exhibit similar 

responses relative to the BRD3308 inhibitor but at lower doses. We calculated an 

IC50 for RGFP966 using Annexin V/PI data in OCILY19 to be 4.3uM and SUDHL6 to 

be 2.6uM. Importantly, belinostat-sensitive cell line DB and the belinostat-resistant 

SUDHL8 did not respond to RGFP966 at doses under 15uM (data not shown) 

suggesting that not all belinostat cell lines are responsive to HDAC3 inhibition.  
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Figure 6.4 Belinostat Sensitive Cell Lines Undergo Apoptosis When HDAC3 Is 
Inhibited. Two structurally different inhibitors BRD3308 and RGFP966 induce dose 

dependent cell death in two belinostat sensitive cell lines OCILY19 and SUDHL6 at 

48 hours of treatment. *,# - p<0.05; **,## - p<0.01, ***,### - p<0.0001. (Data 

contributed by Joseph Demirjian and Aaron Havas) 
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To assess the cell cycle effects of HDAC3 inhibition, a 48-hour time course 

using 2.6uM RGFP966 was conducted in belinostat-sensitive SUDHL6 and 10.0uM 

RGFP966 in belinostat-resistant SUDHL8 cells. Figure 6.5 a statistically significant 

increase in the S phase population in the SUDHL6 cells at 32 and 48 hours of 

treatment. SUDHL8 cells showed a significant increase in G1 population at these 

same time points. Western blot analysis examining the mitotic marker, 

phosphorylation of serine 10 on Histone H3 was slightly elevated but not to the 

extent observed in Havas et al. in press in either cell line. This indicates that 

RGFP966 does not induce mitotic arrest but rather may have effects on DNA 

replication, as was reported by Wells et al. 2013. Phosphorylation of gamma-H2AX 

was increased in both cell lines by 16 hours. In SUDHL6 cells however, levels 

continue to rise dramatically throughout the rest of the time course indicating 

significant DNA damage111. This was quantitated in figure 6.5E. PARP cleavage in 

SUDHL6 begins by 16 hours and accumulates over the rest of the time course 

indicating that these cells are dying via apoptosis. p27 levels did not increase for 

SUDHL6 but they do increase for SUDHL8 cells indicating the induction of a G1 cell 

cycle arrest. OCILY19 cells treated with RGFP966 showed increased gamma H2AX 

levels by 8 hours of treatment with RGFP966 and doxorubicin but not with belinostat 
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treatments, figure 6.5C. This data taken together shows that RGFP966 does not 

elicit cellular death by the same mechanism as belinostat in sensitive cells. Rather, 

RGFP966 elicits DNA damage in belinostat sensitive cells and potentially slow S 

phase progression by disrupting DNA replication. Resistant cells show only minor 

DNA damage along with G1 arrest and little apoptosis.  
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Figure 6.5 HDAC 3 Inhibition Slows S Phase Progression And Induces DNA 
Damage In Belinostat-Sensitive Cells. 48-hour time courses of RGFP966 in 

SUDHL6 at 2.6uM (A and D) and SUDHL8 at 10uM (B and E) cell lines. Cell cycle 

analysis of SUDHL6 cells shows a significant increase in S phase population (A) 

while RGFP966 increases G1 population in SUDHL8 cells (B). 48-hour time-course 

in OCILY19, SUDHL6 and SUDHL8 cells show increased gamma H2AX levels for 

RGFP966 treatment and doxorubicin but not for belinostat treatment (C-E). Gamma 

H2AX quantification for SUDHL6 and SUDHL8 cells (F)*,# - p<0.05; **,## - p<0.01, 

***,### - p<0.0001. 
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HDAC3 inhibition alone did not result in mitotic arrest as we hypothesized. To 

determine if HDACs 1-3 must be inhibited together to induce mitotic arrest, 

combination experiments were conducted examining the HDAC1 & 2 selective 

inhibitor BRD2492 at 5uM and RGFP966 at 2.6uM in SUDHL6 cells. The HDAC1-3 

inhibitor CI994 (15uM) and belinostat (422nM) were used as controls.  BRD4097 is 

chemically related to CI994 but lacks activity against HDACs.  It was used as a 

negative control (NC). Figure 6.6A depicts Annexin V/PI uptake at 48 hours. 

RGFP966, RGFP966 + BRD2492, CI994 and belinostat all induced apoptosis in the 

SUDHL6 cells. The cell death observed in the BRD2492 + RGFP966 combination 

was similar to that observed with RGFP966 alone, suggesting that RGFP966 is 

completely responsible for the observed death. Cell cycle analysis conducted at 24 

hours showed an increase in S phase population for both RGFP966 alone and the 

RGFP966 + BRD2492 combination. Unexpectedly, no mitotic arrest was observed to 

CI994 treatment. Cell cycle analysis examining a 48-hour time course with CI994 

(15uM) showed that CI994 induces cell death in a cell cycle independent manner. 

After 24 hours, the cell cycle distribution became increasingly enriched for G1. This 

is most likely because the cells outside of G1 were dying. Taken together, we 
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conclude that combining HDAC1 & 2 selective inhibitor BRD2492 with HDAC3 

selective inhibitor RGFP966 does not induce the mitotic arrest associated with 

belinostat sensitivity. This suggests that other HDACs need to be inhibited to induce 

mitotic arrest and that RGFP966 and CI994 induce cell death in a different manner 

than belinostat. 
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Figure 6.6 Combining Selective Inhibitors For HDAC 1 & 2 With HDAC3 Do Not 
Induce Mitotic Arrest. 48 hours of HDAC 1 & 2 selective inhibitor BRD2492 were 

examined individually and in combination with HDAC 3 selective inhibitor RGFP966 

and assessed for increased induction of cell death (A) and changes in cell cycle (B) 

in SUDHL6 cells. HDAC 1, 2 and 3 selective inhibitor 15uM CI994 48 hour dose time 

course results in cell killing without a mitotic arrest in SUDHL6 cells (C). *,# - p<0.05; 

**,## - p<0.01, ***,### - p<0.0001. 
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Defects in mitotic progression have been commonly reported with pan-HDACi 

treatment. This is indicated by extended delay in prometaphase having failed to 

properly form mid-spindle structure and an improperly formed metaphase plate112,113. 

The prolonged mitotic arrest reported is likely due to spindle assembly checkpoint 

activation. Additionally, selective HDAC 3 depletion has been found to recapitulate 

many of these responses observed in HDACi treatment114. In Havas et al. in press, 

belinostat was examined in combination with low dose microtubule targeting agent 

vincristine (VCR). This combination synergistically induced cell death in a mitotic 

dependent manner in belinostat resistant cell lines SUDHL4 and SUDHL8. HDAC3 

inhibition was not found to be sufficient to induce mitotic arrest in SUDHL6 cells but 

might be important for the synergistic combination of belinostat and vincristine in 

SUDHL8 cells. To assess this relationship, Annexin V/PI was assessed for vincristine 

combined with BRD2492, RGFP966, CI994 or belinostat in SUDHL8. Figure 6.7A, no 

significant increase in cell death was identified with any inhibitor alone, other than 

vincristine. When combined with vincristine however, all inhibitors increased cell 

death beyond vincristine alone in a synergistic manner as determined a Relative Risk 

Ratio (RRR) less than 1. The values for BRD2492, RGFP966 and CI994 were all 

similar ranging between 0.888-0.809 where as belinostat had a greater effect with an 
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RRR value of 0.350. This indicates that the belinostat-vincristine combination is more 

potent than class I HDAC selective inhibitors. 

 
Figure 6.7 All Class One Selective Inhibitors Synergistically Combine With 
Vincristine To Induce Cell Death In Belinostat Resistant Cell Line. SUDHL8 cells 

were treated with HDACi selective inhibitors BRD2492, RGFP966, CI994 or 

belinostat and examined alone or in combination with vincristine. A. Shows the three 

populations assessed in Annexin V/PI uptake assays, B. depicts the total viable cells 

from the same experiment. # Signifies statistical significance of total dead cells as 

compared to DMSO using paired two-tail t-test. C. Depicts the Relative Risk Ratios 

of the individual HDACi when combined with vincristine. *,# - p<0.05; **,## - p<0.01, 

***,### - p<0.0001. 
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Analysis of cell cycle at 24 hours shows that vincristine induces an increase 

in mitotic population alone as compared to DMSO. This induction is not significantly 

altered for the BRD2492 or the CI994 combinations when compared to vincristine 

alone. It is however significantly altered for the RGFP966 and belinostat 

combinations as compared to vincristine alone figure 8A. Paired two-tailed t-tests 

conducted comparing RGFP + VCR to belinostat + VCR show that there is no 

significant difference. This indicates that both belinostat and RGFP966 affect SAC 

activation or maintenance resulting in a prolonged mitosis.  

Drugs that target mitosis are known to induce polyploidy due to mitotic slippage.  

Increased polyploidy is associated with chromosomal instability, aneuploidy, cellular 

mutations and drug resistance. In Havas et al. in press, vincristine treatment alone 

was found to induce the formation of a polyploid cell population that was eliminated 

in the presence of belinostat. To determine whether class I selective inhibitors would 

elicit the same anti-polyploid effects seen with belinostat treatment, cell cycle 

analysis was conducted at 48 hours after treatment. Figure 6.8B depicts 

representative cell cycle data for these combinations. The arrows denote a polyploid 

cell population with 8N DNA content, the quantitation of which is shown in figure 

6.8C. Vincristine induced an increase in the polyploid population to an average of 
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4.7% as compared to 1.3% of the cells with DMSO.  While the VCR/belinostat 

combination reduced the polyploid population to basal levels, the percentages of 

these cells with the VCR/BRD2492 and VCR/CI994 combinations were not 

statistically different than vincristine alone. In contrast, RGFP966 combined with 

vincristine resulted in a significant increase in polyploid cells with an average of 9.2% 

cells as polyploid. This data suggests that while RGFP966 is capable of increasing 

the mitotic population most likely through the activation of the SAC, it does not 

directly result in the induction of apoptosis observed when belinostat is added. 
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Figure 6.8 HDAC 3 Selective Inhibitor RGFP966 Delays Mitotic Progression But 
Results In The Induction Of Polyploid Cells When Combined With Vincristine In 
SUDHL8 Cells. HDAC selective inhibitors examined in alone or in combination at 24 

and 48 hours in SUDHL8 cells. A) Cell cycle analysis at 24 hours. * Denotes 

statistical significant increase in G2/M population as compared to vincristine. B) Cell 

cycle analysis conducted at 48 hours examining effect on polyploid population, 

indicated by the arrow. C) Quantitation of polyploid population from B. *,# - p<0.05; 

**,## - p<0.01, ***,### - p<0.0001. 
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6.3 Discussion 

Belinostat is currently used in clinic for the treatment of cutaneous T-cell 

lymphoma with 1000mg/m2 via intravenous infusion on days 1-5 of a 21-day cycle84. 

Using this established regiment, a recently published phase II drug trial examined the 

use of belinostat in relapse/refractory diffuse large B cell lymphoma by the 

Southwest Oncology Group (SWOG). Of the 19 evaluated cases, only 2 partial 

responses were observed to have stable disease lasting up to 40.7 months. 

Additionally, 21% of the patients who were deemed as non-responsive did not have 

disease progression in greater than 2 years since termination of treatment. This 

indicates that belinostat did bestow some therapeutic advantage outside of the 

response criteria115. Although this study was discontinued due to a lack of 

traditionally-defined responses (complete or partial tumor regression), belinostat did 

elicit stable disease (no further tumor growth) in some of these extremely difficult to 

treat patients and this may warrant further examination. A major obstacle to using 

HDACi such as belinostat effectively in clinical settings similar to the SWOG trial is 

an incomplete understanding of how these inhibitors affect cell cycle progression in 

the DLBCL context. 
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  Belinostat and other pan-HDAC inhibitors block the activity of all zinc 

dependent HDACs by chelating the Zn ion, a necessary co-factor for HDAC 

activity116. This lack of selectivity could have a number of untold effects that can limit 

the responsiveness to treatment. In order to better understand how to use HDACi 

more effectively, we evaluated the use of class I selective inhibitors in our DLBCL 

model. Within the current study, we determined that the selective inhibition of 

HDAC1 & 2 is responsible for the induction of G1 cell cycle arrest with little apoptosis 

that is characteristic of the belinostat-resistant phenotypic response. Selective 

inhibition of HDAC3 by RGFP966 and BRD3308 resulted in the induction of 

apoptosis in two belinostat sensitive cell lines preceded by the induction of DNA 

damage and an increased S phase population. No change in the induction of cell 

death was observed when the HDAC1 & 2 inhibitor BRD2492 was combined with 

HDAC3 inhibitor RGFP966. When RGFP966 was combined with the microtubule 

depolymerizing agent vincristine in the belinostat-resistant cell line SUDHL8, 

synergistic cytotoxicity was observed proceeded by increased G2/M population 

similar to the belinostat/vincristine combination.  However, the RGFP966/VCR 

combination resulted in the increased polyploidy. This indicates that HDAC3 is not 
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responsible for the induction of apoptosis within the polyploid cell population, which 

was observed in the belinostat combination.  

  Two HDAC1 & 2 selective inhibitors BRD6688 and BRD2492 caused G1 cell 

cycle arrest in all cell lines tested. Thus, we conclude that the inhibition of these two 

HDACs results in the resistant phenotype identified with belinostat treatment. HDAC1 

& 2 form either homodimers or heterodimers within regulatory complexes to exert 

their HDAC activity and are generally considered to be functionally redundant. Only 

dual in vivo knockout of these two HDACs results in observable effects117-119, 

suggesting that they must both be inhibited to induce G1 cell cycle arrest. It is 

however important to point out that these inhibitors might not be targeting all HDAC1 

& 2 containing complexes completely. BRD6688 and BRD2492 are both derived 

from the class one selective inhibitor CI994. Bantscheff et al. 2011 evaluated the 

ability of CI994 and many other HDACi to inhibit HDACs in their native complexes 

and found that CI994 does not inhibit HDACs 1 and 2 within the Sin3 complex69. This 

might account for the inability of CI994 to induce mitotic arrest, suggesting that 

HDACs 1 and 2 in the Sin3 complex might be a critical target for disrupting mitosis in 

addition to HDAC3. Jamaladdin et al. 2014 evaluated the effect of dual knockout of 

both HDAC1 and 2 on the self-renewal and proliferative abilities of stem cells and 
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found that when both were knocked out, high levels of mitotic defects, chromatin 

bridges and micro-nuclei were observed120. This inability of CI994, and potentially its 

derivatives, to induce mitotic arrest might be due to an incomplete inhibition of the 

HDACs in the Sin3 complex. To evaluate this further, another HDAC 1-3 inhibitor 

known to inhibit all three HDAC1 & 2 complexes should be evaluated. A likely 

candidate is apicidin, which is a member of the cyclic-peptide class of HDAC 

inhibitors and can efficiently inhibit all HDAC 1 and 2-containing complexes. 

We hypothesized that the selective inhibition of HDAC3 would result in mitotic 

arrest in belinostat sensitive cell lines. This was based primarily on the work 

conducted by the Gabrielli group, which has been instrumental in characterizing the 

HDAC-sensitive processes in spindle assembly checkpoint activation and 

maintenance, including disrupted kinetochore/microtubule attachment and mis-

localization of the chromosomal passenger complex, that have been observed after 

HDACi treatment in a number of different cell lines113,114,121,122. It is important to note 

that this work was conducted primarily in cell lines derived from solid tumors (Hela 

and U2OS) and the regulation of these processes might be different in cells derived 

from hematologic tumors such as DLBCL. Accordingly, within our model system, 

HDAC3 is not completely responsible for the mitotic effects observed with belinostat 
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treatment. Rather, HDAC3 appears to be involved in genome maintenance and DNA 

replication in S phase.  RGFP966 treatment resulted in the induction of DNA damage 

and a significant increase in S phase population within belinostat-sensitive cells. 

Wells et al. 2013 made similar observations when using both RGFP966 and HDAC3 

knockdown in cutaneous T-cell lymphoma cell lines and concluded that HDAC3 

inhibition results in DNA replication stress due to a decrease in DNA replication fork 

velocity110. Bhaskara et al. 2010 found that HDAC3 knockdown affected H4K5ac and 

H4K12ac resulting in a change in H3K9me3 levels123. H3K9me3 is necessary to 

permit DNA damage repair mechanisms, such as homologous recombination and 

non-homologous end joining, that are commonly needed during DNA replication 124 

125 126. While RGFP966 caused high levels of gamma H2AX in SUDHL6, SUDHL8 

only showed moderate increases and did not show any enrichment for S phase. This 

indicates that these cells are either insensitive to HDAC3 inhibition or they are not as 

reliant on HDAC3 during DNA replication as SUDHL6. The relative lack of RGFP966-

induced DNA damage in SUDHL8 cells suggests that RGFP966 might be more 

effective if combined with therapeutics that impair DNA replication for instance the 

topoisomerase inhibitor etoposide. This combination could be clinically relevant 
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because etoposide is already approved for treatment of DLBCL and is currently used 

in combination with R-CHOP, as part of a therapeutic strategy termed EPOCH7,13. 

We did identify a mitotic effect when we combined RGFP966 with a microtubule 

depolymerizing agent, vincristine. At 24 hours a significant increase in the G2/M 

population was observed in the SUDHL8 cells as compared to vincristine or 

RGFP966 alone. This was not observed with either the vincristine combination with 

HDAC1 & 2 inhibitor BRD2492 or with the HDAC1-3 inhibitor CI994 but we did 

observe these same phenomenon with the belinostat combination. This indicates 

that while HDAC3 inhibition is not sufficient for the activation of the spindle assembly 

checkpoint to induce mitotic arrest, HDAC3 does play an important role in SAC 

maintenance. 

  Vincristine is known to induce polyploidy, which has been linked to the 

development of chromosomal instability and drug resistance127-130.  We showed that 

this polyploid population is eliminated when belinostat is added (Havas et al. in 

press). In the current study, we observed that, unlike belinostat, RGFP966 did not 

eliminate this population but rather resulted in its promotion with double the amount 

of polyploid cells relative to vincristine alone. The combination of belinostat with 

vincristine resulted in an increase in pro-apoptotic protein BIM while simultaneously 
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reducing the expression of the anti-apoptotic factor MCL1, indicative of a shift from 

anti-apoptotic to pro-apoptotic factors.  We believe this plays an important role in 

causing cytotoxicity and preventing the generation of polyploid cells. The increased 

polyploidy observed with RGFP966-vincristine combination suggests that HDAC3 

inhibition is not responsible for the shift in these apoptotic regulatory proteins 

observed with the belinostat combination. Our future studies include assessing the 

expression of these apoptotic-regulating factors for RGFP966 and vincristine 

combination. Additionally, we plan to assess the efficacy of combining RGFP966 with 

topoisomerase inhibitor etoposide to evaluate synergistic responses and we will also 

evaluate the impact of inhibiting the HDAC1 & 2 containing Sin3 complex using 

apicidin to disrupt mitotic progression. 
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CHAPTER 7: SUMMARY OF RESULTS, DISCUSSION AND FUTURE 
DIRECTIONS 

7.1 Summary Of Results 
 

Clinical use of histone deacetylase inhibitors for the treatment of cancer is 

increasing. Little is known about the biological impact of inhibiting histone 

deacetylases making it difficult to rationally design effective therapeutic combinations 

that include these drugs. In order to better understand these biological effects, we 

have developed an in vitro model of response and resistance to histone deacetylase 

inhibitors in diffuse large B cell lymphoma. Using this model we have identified two 

major responses to the pan-HDACi belinostat consisting of a reversible G1 cell cycle 

arrest with little apoptosis indicating drug resistance, or a mitotic arrest resulting in 

high levels of cell death and indicating drug sensitivity. The goal of my thesis work is 

to use our model system to understand the mechanisms by which HDACi illicit 

responses in DLBCL in order to develop more effective therapies.  

Using HDAC-selective inhibitors we have determined that the G1 cell cycle 

arrest associated with belinostat resistance is established by the inhibition of HDAC1 

& 2.  This results in the upregulation of cyclin dependent kinase inhibitors (CDKi) p21 

and p27, which bind to and inhibit the Cyclin E/CDK2 complex from phosphorylating 
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retinoblastoma protein. Normally, the hyper-phosphorylation of Rb results in its 

inactivation, allowing for the transcription of S phase mediator genes, and marks the 

passage beyond the cell cycle restriction point. 74,131,132 This is depicted in figure 7.1. 

Upregulation of p27 and p21 prevents this from occurring and brings about G1 

arrest. Transcriptional repression of these CDKi using the CDK9 selective inhibitor 

DRB prevents the pan-HDACi-mediated upregulation of p21 or p27 and abolishes 

the induction of G1 cell cycle arrest in belinostat resistant cell lines. Increased cell 

death was observed for the combination of DRB and belinostat in the three 

belinostat-resistant cell lines tested. Once G1 cellular arrest was eliminated, these 

cells did not arrest in mitosis and undergo apoptosis as the belinostat-sensitive cells 

did, suggesting a distinct mechanism of cytotoxicity. 
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Figure 7.1 Model For How HDACi Induce G1 Cell Cycle Arrest By Blocking 
Transcriptional Upregulation Of CDKi p21 And p27. Once CDKi are expressed, 

they bind to and inhibit cyclin E/CDK2 from phosphorylating and inactivating 

transcriptional repression by RB. 

 

Belinostat-sensitive cell lines arrest in mitosis prior to undergoing apoptosis. 

Increased phosphorylation of serine 10 on histone H3, a marker of mitosis, was 

observed in both belinostat-sensitive and belinostat-resistant cell lines. 

Immunohistochemical analysis of expression of this mitotic marker showed that 
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belinostat-sensitive cell lines arrest prior to metaphase, suggesting that HDACi 

treatment in these cells results in the activation of the spindle assembly checkpoint 

that occurs upon failed microtubule attachment to the kinetochore.  Belinostat-

resistant cells exhibit delayed mitotic progression but are capable of progressing 

beyond metaphase and eventually complete mitosis before arresting in G1. 

Microtubule targeting agents that activate the SAC, such as vincristine and 

paclitaxel, were found to synergize with belinostat in resistant cell lines resulting in a 

shorter mitotic arrest, increased expression of pro-apoptotic factor BIM, decreased 

expression of the anti-apoptotic factor MCL1 and the efficient induction of apoptosis. 

Furthermore, the addition of belinostat eliminated the induction of polyploidy that is 

commonly associated with resistance to microtubule targeting agents such as 

vincristine.  
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Figure 7.2 Belinostat Affects Mitotic Progression In Both Belinostat-Sensitive 
And Resistant Cells. Belinostat-sensitive cells arrest prior to metaphase while 

belinostat-resistant cells slow down but eventually complete mitosis. The 

combination of vincristine with belinostat results in a strong spindle assembly 

checkpoint activation and shifting the balance from anti to pro-apoptosis regulating 

factors. 

 

HDAC3-selective inhibitors, RGFP966 and BRD3308, were used to assess 

the relationship between HDAC3 inhibition and the observed responses to belinostat. 

In contrast to previous reports by both Brian Gabrielli’s 98 113 114 group and Mitchell 

Lazar’s group 133, HDAC3 inhibition alone did not result in the induction of mitosis 

that is associated with belinostat-sensitivity. Rather, HDAC3 inhibition resulted in the 
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induction of DNA damage, increased S phase populations and apoptosis. We 

combined the HDAC1 & 2 inhibitor BRD2492 with RGFP966 to determine if the 

simultaneous inhibition of HDACs 1-3 was necessary to induce mitotic arrest. This 

combination did not result in mitotic arrest or increased cell death in belinostat-

sensitive cell line SUDHL6, suggesting that other HDAC-containing complexes must 

be inhibited to induce mitotic arrest.  

RGFP966 by itself did not have any apparent effects on the belinostat-

resistant cell line, SUDHL8. When RGFP966 was combined with the microtubule-

targeting agent vincristine, increased mitotic arrest was observed at 24 hours, as 

compared to vincristine alone.  In addition, a synergistic cell death was observed at 

48 hours. This indicates that HDAC3 does maintain important roles in regulating 

mitotic progression but it is unclear as to what these specific roles are. The 

percentage of cells arrested in G2/M for the RGFP966/vincristine combination was 

not significantly different from that observed with the belinostat/vincristine 

combination. However, belinostat/vincristine had significantly higher levels of cell 

death as compared to RGFP966/vincristine. Furthermore, the assessment of 

polyploidy at 48 hours showed significantly higher levels of polyploidy for the 

RGFP966 combination, at the same time, the belinostat combination eliminated this 
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population. This indicates that the inhibition of other HDACs is important to promote 

apoptosis when mitosis is disrupted. 

 

 
Figure 7.3 HDAC3 Regulates DNA Replication And Spindle Assembly 
Checkpoint Maintenance. Inhibition of HDAC3 impairs DNA replication and induces 

DNA damage in HDACi-sensitive cells. HDAC3 inhibition is not sufficient alone to 

induce mitotic arrest but combinatorial studies with microtubule targeting agent 

shows that it plays an important role in SAC maintenance but not in regulating 

expression of pro-apoptotic factors. 
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7.2 Discussion 

Aggressive diffuse large B cell lymphoma is clinically very difficult to treat, 

needing new therapeutic approaches to increase survivability. histone deacetylase 

inhibitors offer great potential for combinatorial strategies but there are some major 

obstacles to overcome to use them effectively. HDACi have only been used to treat 

cancer for 10 years, necessitating directed research to learn how these inhibitors 

elicit their antitumor effects. A major mechanisms by which these inhibitors activate 

apoptosis is by affecting cell cycle progression. 

7.2.1 HDACi induce G1 cell cycle arrest 

We determined that HDACi-resistant DLBCL cell lines undergo a reversible 

arrest in G1. This has been observed as a response to HDACi in numerous tissue 

types including cervical cancer, breast cancer and prostate cancer 134 135 136. We 

found that this G1 arrest is due to the inhibition of HDAC1 & 2 resulting in the 

upregulation of cyclin dependent kinase inhibitors (CDKi). These CDKi bind and 

inhibit the cyclin E/CDK2 complex to prevent the final inhibitory phosphorylation of 

Rb. We were able to induce G1 cell cycle arrest in both belinostat-resistant and 

sensitive cell lines when we used selective HDAC1 & 2 inhibitors BRD6688 and 

BRD2492. Both of these inhibitors are derived from CI994, a class I-selective HDAC 
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inhibitor known to inhibit HDACs1-3 in the context of the complexes with which they 

are known to associate with the exception of the HDAC1 & 2-containing Sin3 

complex69. This suggests that upregulation of the CDKi by HDACi is independent of 

Sin3 complex activity and that HDACs 1 and 2 repress p21 and p27 expression in 

the context of other complexes.    

The induction of G1 cell cycle arrest can be eliminated in belinostat-resistant 

cell lines by targeting CDKi upregulation. This was accomplished by blocking 

transcriptional elongation using CDK9 selective inhibitor DRB, resulting in increased 

cell death  in all three belinostat-resistant cell lines. Once G1 arrest was eliminated, 

these cells did not undergo mitotic arrest prior to apoptosis, as we had hypothesized. 

This suggests that G1 arrest allows DLBCL cells to escape cytotoxicity providing 

further rationale that HDACi would be most effective when used in combination with 

other therapeutics to prevent this arrest.  

7.2.2 HDACs Regulate Progression Through Mitosis 

Cell cycle arrest during S phase or mitosis is very dangerous to the survival 

of cells often leading to the induction of apoptosis. These phases are common 

targets for cancer chemotheraputics137 138 139. Histone deacetylase inhibitors elicit 

strong cell cycle effects that we have shown to be critical for their induction of 
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apoptosis within our DLBCL model system. Belinostat-sensitive cells arrest in mitosis 

prior to undergoing apoptosis. When mitotic progression is blocked with microtubule 

targeting inhibitors, belinostat-resistant cells undergo strong synergistic cell death. 

This suggests that targeting mitotic progression is a key mechanism by which HDACi 

elicit their anti-tumor effects. A key mechanism by which HDACs regulate mitotic 

progression is through deacetylating the EB1-TIP150 complex which is a plus end 

tracking protein necessary for the stability of microtubule/kinetochore attachment 140. 

It is likely that HDAC3 is a critical component of this interaction and has been found 

to be localized to the mitotic spindle and is required for proper 

microtubule/kinetochore attachment 99. Our data suggests that HDAC3 inhibition is 

likely responsible for the mitotic arrest observed with pan-HDAC inhibition. 

To gain a better understanding as to which HDACs need to be inhibited to 

induce mitotic arrest in DLBCL cell lines, we used selective inhibitors for HDACs 1 & 

2 or HDAC3 and found that neither of these inhibitors induce mitotic arrest alone in 

belinostat-sensitive cells. In the belinoatat-resistant cell line SUDHL8, we did 

observe an increase in mitotic populations when we combined HDAC3 inhibitor 

RGFP966 with vincristine, suggesting that HDAC3 does play important roles in 

regulating mitotic progression but is not sufficient to induce mitotic arrest. The 
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HDAC1-3 inhibitor CI994, did not impact mitotic progression prior to the induction of 

apoptosis but preliminary data using another HDAC1-3 inhibitor, apicidin indicates 

that it induces mitotic arrest prior to apoptosis. The major difference between the 

targets of these two inhibitors is that apicidin can inhibit HDAC3 and all three known 

HDAC1 & 2-containing complexes including Sin3, which CI994 cannot inhibit. This 

suggests that both HDAC3 and the Sin3/HDAC 1 & 2 complex must be inhibited to 

induce mitotic arrest.  

7.2.3 HDAC Regulation Of DNA Replication And DNA Damage 

We observed that HDAC3 inhibition by RGFP966 resulted in a significant 

increase in the S phase population of SUDHL6 cells. This observation coupled with 

increased gamma H2AX, indicative of DNA damage, suggests that HDAC3 inhibition 

results in DNA replication difficulties. Wells et al. 2013 made similar observations 

when they treated cutaneous T-cell lymphoma cells with RGFP966. They conducted 

DNA fiber labeling assays and found reduced DNA replication fork velocity. This 

reduction in fork velocity preceded changes in global histone acetylation but they 

were unable to determine if the reduction in replication was due to a direct impact on 

DNA replication machinery or local histone acetylation. In Bhaskara et al. 2008, the 

same group knocked-down HDAC3 which resulted in delayed S phase progression 
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and cell cycle-dependent DNA damage, which appeared to be related to defective 

DNA damage repair 141. They further examined this effect in Bhaskara et al. 2010 

and found that HDAC3 knockdown resulted in increased H4K5ac and H4K12ac and 

in loss of H3K9me3 123. Specifically, the loss of H3K9me3 resulted in impaired DNA 

damage repair mechanisms, namely non-homologous end joining and homologous 

recombination125,126. This data suggests that inhibition of HDAC3 reduces DNA 

replication fork velocity resulting in increased chance for DNA damage to occur while 

at the same time, DNA damage repair mechanisms are dysfunctional allowing for the 

accumulation of double and single stranded breaks. Belinostat-resistant cell line 

SUDHL8 showed a mild increase in gamma H2AX with RGFP966 treatment, 

suggesting that these cell lines are much less sensitive to the S phase effects of 

HDAC3 inhibition.  However, based on these results, we postulate that combining 

RGFP966 with a topoisomerase inhibitor may result in strong synergistic effects and 

might be used to increase the DNA damage observed in the HDACi-resistant cell 

lines and can also help in determining how HDAC3 inhibition affects DNA damage 

and its repair. 

Treatment with the pan-HDAC inhibitor belinostat does not induce high levels 

of DNA damage in any DLBCL cell lines tested. Belinostat is capable of inhibiting 
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HDAC3 effectively69, thus the lack of belinostat-induced damage is puzzling. One 

possibility is that belinostat does impact DNA repair machinery in the same manner 

as the more selective inhibitors, but gamma H2AX levels do not increase because  

cells are arresting early in mitosis and dying (sensitive) or they are able to repair the 

damage while arrested in G1 (resistant cells). One flaw to this rationale is that the 

induction of DNA damage is an early event that begins to accumulate by 8 hours of 

treatment in both belinostat-sensitive and resistant cell lines. A possible alternative is 

that the inhibition of other HDACs by belinostat overcomes this DNA damage 

observed when just HDAC3 is inhibited. In this instance, the activities of HDACs 1 & 

2 are necessary to mediate the effects of HDAC3 inhibition to regulate DNA damage 

repair. When HDAC3 is inhibited but HDAC1 & 2 are not, this disrupts this balance 

resulting in increased DNA damage. This is analogous to suppressor mutations 

observed in yeast, in which a mutation in a second gene negates the phenotypic 

effects observed in response to a preexisting mutation in another gene 142 143. It is 

possible that this can account for the smaller increase in gamma H2AX observed in 

SUDHL6 cells when treated with CI994, because CI994 does not inhibit all of the 

HDAC1 & 2 complexes. Examination of gamma H2AX upon treatment with apicidin 

might illuminate this phenomena further.  
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7.2.4 Cell Cycle Disruption And Beyond 

Understanding the direct impact that HDAC inhibition has on cell cycle 

regulation and the activation of apoptosis is important in elucidating novel therapeutic 

combinations. The observation that belinostat causes reduced mitotic progression in 

both belinostat-resistant and -sensitive cell lines provided rationale to target this 

effect by blocking mitotic progression using microtubule targeting agents. Similar 

observations can lead to novel rationally-developed drug combinations that are 

necessary to better treat cancer. To this end, HDACi induce multiple mechanisms to 

cause cell death beyond disrupting cell cycle progression. The combination of 

belinostat and vincristine caused an increase in pro-apoptotic factor expression while 

at the same time decreasing anti-apoptotic factor expression effectively shifting this 

balance towards apoptosis.  

The addition of a pan-caspase inhibitor blocked apoptosis caused by this 

combination resulting in a reduction of cell death but not a complete elimination. This 

suggests that both caspase dependent and non-caspase dependent cell death 

pathways could be activated with the belinostat/vincristine combination. HDACi have 

been found to activate caspase independent cell death in a number of different cell 

types 144 145. Hrzenjak et al. 2008 observed that SAHA treatment induced stromal 
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sarcoma cells to undergo cell death in a caspase independent autophagic manner. 

146.  Additionally, HDACi are capable of activating apoptosis via the extrinsic pathway 

by activating death receptors such as FAS, DR4 and DR5, increasing expression of 

death ligands for instance FASL and TRAIL and also down regulating expression of 

negative regulators of this pathway such as CFLIP 147 148 149 150. Understanding these 

cell cycle independent mechanisms within our system could provide rationale for 

numerous drug combinations to increase HDACi efficacy within DLBCL.  

7.3 Future Studies 

Determining the selectivity of the HDACi tested within our studies is a major 

obstacle that needs to be overcome in order to determine if the cell cycle effects 

observed are due to HDAC inhibition or off target effects. Scott Heibert’s group 

published one potential method that examines the acetylation status of histone 

H3K56. According to their findings, HDAC3 inhibition or depletion does not result in 

increased acetylation of this particular lysine but increases acetylation at other lysine 

residues such as H3K9 and H3K14. Wells et al. 2013 used this observation in 

conjunction with HDAC3 knockdown to test the selectivity of RGFP966 for HDAC3 

and concluded that this inhibitor is selective within their cutaneous T-cell lymphoma 

cell lines up to 15uM151. This assay is not ideal because it is based on the absence 
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of a marker, making it easy to misinterpret. Padige et al. 2015 developed a system in 

which they use an ELISA-based screening method to test HDAC inhibitor efficacy on 

individual HDAC complexes making this a potentially viable means of testing inhibitor 

specificity within our system 152. We examined gene expression as a means to 

determine HDAC3 specificity in our DLBCL cell lines.  Our results suggest that the  

genes encoding CD1d and p21 were valid reporters for HDAC3 inhibition but we 

have yet to identify any genes specific to HDAC1 & 2 transcriptional regulation.    

The difficulty in genetically modifying DLBCL cell lines has remained a major 

barrier for us in pursuing more mechanistic studies. These lines are notoriously 

difficult to transfect, but we have determined how to maximize transfection efficiency 

using electroporation as a means to accomplish this. siRNA does not work in these 

cell lines but we have successfully knocked down expression of p21 and to a lesser 

extent p27 in SUDHL4 cell lines using shRNA-expressing constructs. The amount of 

knockdown was not high enough to adequately answer our question about the 

necessity of these CDKi for the induction of G1 cell cycle arrest. These stable 

knockdowns were maintained using Hygromycin B resistance but selection took 

greater than three weeks introducing potential genetic drift. Another challenge in  

attempting to knockdown HDACs, is that this must be accomplished transiently to 
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avoid altering cellular identity too much via changes in the epigenome. To 

accomplish this, I have been developing a cloning scheme, which directs shRNA 

expression in the context of a miR-30 backbone using the RNA polymerase II 

promoter, CMV. Generally shRNAs are expressed using RNA polymerase III but if 

the shRNA is expressed within the context of a micro-RNA, it can be fully transcribed 

by RNA pol II, which has higher transcription rates. Additionally, a miR-30 backbone 

has the added benefit of increased processivity by dicer and drosha 153 154. We plan 

to use this shRNA expressing vector to conduct mechanistic studies to support our 

RGFP966 observations. 

While our studies have been conducted within an in vitro model system, it is 

important to remember that HDACi have strong effects on stromal cells that likely 

play a critical role in dictating drug response beyond the direct effects of treatment on 

tumor cells. HDACi are known to block angiogenesis by targeting both the 

expression of pro-angiogenic genes 155 156 and blocking endothelial cell migration 

and differentiation 157 158 159. Modeling these effects on angiogenesis is not possible 

within our in vitro system but we are planning on examining these effects in vivo 

models in the near future. HDACi are also well known to affect differentiation of both 

the innate and adaptive immune system by promoting dendritic cell differentiation 
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and activity 160, NK cell activity 161 162, affecting T cell differentiation 163 164, 

suppressing pro-inflammatory cytokine expression 165 Based on these observations, 

a number of HDACi are being assessed in conjunction with immunotherapies 

including PD-1 and PD-L1 blockage and adaptive T-cell therapies 166 167 168. Both 

immunotherapies and epigenetic therapies are new but offer many promising 

avenues for better patient outcomes.  

One of the major questions that arose from the HDAC selective inhibitor 

project in chapter 6 is: why didn’t the class I-selective inhibitor CI994 induce mitotic 

arrest? As noted by Bantscheff et al. 2011, CI994 does not inhibit the HDAC1 & 2 

containing complex Sin3. In order to analyze the contribution of Sin3 to mitotic 

maintenance, we will test SUDHL6 cells using another HDAC1-3 inhibitor, apicidin. 

Apicidin is a cyclic-tetrapeptide similar to the FDA approved HDACi, romidepsin. 

According to Bantscheff et al. 2011 this inhibitor is capable of inhibiting all three 

HDAC1 & 2 containing complexes including Sin3, along with inhibiting HDAC369. We 

hypothesize that apicidin will induce mitotic arrest in HDACi sensitive cell lines. 

Furthermore, we will test if apicidin will synergize with vincristine in HDACi-resistant 

cell line SUDHL8 and if this combination will eliminate polyploidy similar to how 

belinostat does or if it will promote polyploidy similar to RGFP966. Additionally, if we 
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are able to knockdown HDAC3 or the Sin3 complex, we will be able to more directly 

determine their role in regulating DNA damage and mitotic progression. 

We observed that the HDAC3 selective inhibitor RGFP966 induced DNA 

damage in belinostat-resistant and sensitive cell lines and affected S phase 

progression in belinostat-sensitive cell lines. We believe this to be a direct effect of 

HDAC3 inhibition and not due to off target effects because Bhaskara et al. 2008 

observed similar DNA damage and S phase progression disruption in HDAC3 

knockdown experiments in mouse embryo fibroblasts141. We hypothesize that 

HDAC3 inhibition affects DNA synthesis providing rationale to combine this inhibitor 

with a topoisomerase inhibitor, which we expect will synergistically kill HDACi 

resistant cell lines. The combination of pan-HDACi with etoposide has yielded strong 

results in a number of cell types including lung, leukemia and glioblastoma 169 170 171. 

It will be novel to determine the efficacy of HDAC3 selective inhibition with etoposide, 

which has yet to be published by other groups. Finally, by understanding the impact 

of inhibiting individual HDACs, we will be able to inform the development of future 

HDACi there by increasing efficacy while potentially limiting patient toxicities. 
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Introduction

The most commonly diagnosed non-Hodgkin lymphoma 
(NHL) is diffuse large B cell lymphoma (DLBCL). Molecular 
profiling studies have shown that DLBCL is a heterogeneous dis-
ease consisting of two predominant subtypes: germinal center B 
cell-like (GCB) and activated B cell-like (ABC).1 Overall, the 
current standard treatment, rituximab plus cyclophosphamide, 
doxorubicin, vincristine, and prednisone (R-CHOP), has pro-
longed survival in DLBCL patients.2,3 In general the GCB sub-
type is associated with a more favorable prognosis than the ABC 
subtype, yet significant fractions of patients with either subtype 
(30% GCB and 60% ABC) experience relapse within 3–5 years, 
which is associated with a high mortality rate.4 Much research 

Diffuse large B cell lymphoma (DLBCL) is an aggressive form of non-Hodgkin lymphoma. While the initial treatment 
strategy is highly effective, relapse occurs in 40% of cases. Histone deacetylase inhibitors (HDACi) are a promising class of 
anti-cancer drugs but their single agent efficacy against relapsed DLBCL has been variable, ranging from few complete/
partial responses to some stable disease. However, most patients showed no response to HDACi monotherapy for 
unknown reasons. Here we show that sensitivity and resistance to the hydroxamate HDACi, PXD101, can be modeled in 
DLBCL cell lines. Sensitivity is characterized by G2/M arrest and apoptosis and resistance by reversible G1 growth arrest. 
These responses to PXD101 are independent of several negative prognostic indicators such as DLBCL subtype, BCL2 and 
MYC co-expression, and p53 mutation, suggesting that HDACi might be used effectively against highly aggressive DLBCL 
tumors if they are combined with other therapeutics that overcome HDACi resistance. Our investigation of mechanisms 
underlying HDACi resistance showed that cyclin-dependent kinase inhibitors (CKIs), p21 and p27, are upregulated by 
PXD101 in a sustained fashion in resistant cell lines concomitant with decreased activity of the cyclin E/cdk2 complex and 
decreased Rb phosphorylation. PXD101 treatment results in increased association of CKI with the cyclin E/cdk2 complex 
in resistant cell lines but not in a sensitive line, indicating that the CKIs play a key role in G1 arrest. The results suggest 
several treatment strategies that might increase the efficacy of HDACi against aggressive DLBCL.
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effort has been directed toward characterization of tumor fea-
tures that correlate with poor prognosis after R-CHOP therapy. 
Recent studies identified several indicators of inferior overall and 
progression-free survival after R-CHOP therapy including con-
current expression of MYC and BCL-25,6 or expression of mutant 
p53.7,8 This has initiated efforts to identify novel therapies that 
are targeted to patients with tumors such negative prognostic 
indicators.

Histone deacetylase inhibitors (HDACi) comprise a variety 
of chemicals that have shown promise in treatment of blood 
cancers. They are well-tolerated in clinical trials and show selec-
tivity toward cancer cells relative to normal cells. These drugs 
target class I and II histone deacetylases (HDACs) with some-
what differing potencies and specificities.9 HDACs 1 and 2 are 
critical for B cell development and are required for proliferation 
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HDACi are known to downregulate both c-Myc (MYC)19,20 
and BCL2 expression,21 suggesting that they could be effective 
against DLBCL positive for both proteins (double-positive). 
However, rational selection of synergistic therapeutics is chal-
lenging because the mechanistic bases of sensitivity and resis-
tance to HDACi in DLBCL are unknown.

In the current study we documented the response of a variety 
of DLBCL cell lines to PXD101 (belinostat), a representative of 
the hydroxamate class of pan-HDACi. We observed growth inhi-
bition in all cell lines which was due to either cytotoxicity or cell 
cycle arrest. The cytotoxic response was characterized by com-
mitment to apoptosis that did not require prolonged exposure to 
the drug. The cytostatic response was characterized uniformly 
by reversible G1 arrest. We contend that these distinct responses 
model sensitivity and resistance to HDACi in DLBCL. We also 
establish that all of the DLBCL cell lines tested are double- posi-
tive, expressing both MYC and BCL2, indicating that they share 
characteristics of DLBCL tumors that are associated with poor 
prognosis after R-CHOP treatment. Our comparative analysis of 
the sensitive and resistant cell lines has revealed a key difference 
in regulation of cyclin E/cdk2 and the cyclin-dependent kinase 
inhibitors (CKI), p21 and p27 that is independent of p53 sta-
tus and contributes to its effects on cell cycle progression. These 
findings suggest that HDACi may be used effectively against 
double-positive DLBCL in combination with other therapeutics 
that target cell cycle progression or arrest.

Results

Response to PXD101 in DLBCL cell lines. To characterize 
HDACi response in DLBCL, we performed a systematic exami-
nation of a variety of DLBCL cell lines representing both GCB 
and ABC subtypes exposed to PXD101, also known as belino-
stat. This drug has been evaluated in clinical trials16 and, like 
suberoylanilide hydroxamic acid (SAHA), is a member of the 
hydroxamic acid class of pan-HDACi. To document the growth 
effects of this drug we performed a dose response assessment 
using the MTS assay. We observed growth inhibition at 24 or 48 
h treatment over a wide range of PXD101 doses and calculated 
IC50s for the 24 h treatment period. All cell lines were growth 
inhibited with IC50s in the submicromolar range (Table 1) with 
a 5-fold difference between the IC50s of the most and least sensi-
tive lines, similar to observations made by Kalac et al.18 using a 
distinct set of DLBCL cell lines.

To examine the nature of the growth inhibition, we performed 
cell cycle analysis and apoptosis assays on a subset of these cell 
lines. Cells were treated with PXD101 for 0, 24, 48, or 72 h at 
the IC50 determined at 24 h treatment in the MTS assays. The 
Annexin V/propidium iodide (PI) assay was used to detect apop-
tosis and cell death. PXD101 induced significant levels of apop-
tosis in three GCB-type lines (DB, OCI-Ly19, and SUDHL6), 
as shown in Figure 1A, C, and E, as well as in the ABC-type 
OCI-Ly3 cells (not shown). Cell cycle analysis revealed that the 
cytotoxic response to PXD101 in DB, OCI-Ly19, and SUDHL6 
is associated with accumulation of cells in the G2/M phase of the 
cell cycle by 24 h treatment (Fig. 1B, D, and F). In all three cell 

induced by mitogens in mature B cells.10 Their expression in pri-
mary DLBCL samples of both ABC and GCB subtypes has been 
found to be elevated relative to normal lymphoid tissue.11,12 In 
preclinical experiments HDACi showed strong anti-proliferative 
and pro-apoptotic effects in a wide variety of cell types.9 Based 
on clinical trials, two HDACi, vorinostat and romidepsin, were 
approved to treat advanced cutaneous T cell lymphoma, a rela-
tively rare form of NHL. Their efficacy as single agents against 
the much more commonly-occurring DLBCL has been highly 
variable, ranging from a few complete/partial responses to some 
instances of stable disease. However, the majority of DLBCL 
patients did not respond to HDACi alone.13-16

The clinical results suggest that many relapsed DLBCL 
tumors are resistant to the apoptotic effects of HDACi and have 
spurred research aimed at identifying other therapeutics that act 
synergistically with HDACi to bring about tumor regression.17,18 

Table 1. IC50 concentrations for growth inhibition at 24 h PXD101 treat-
ment as determined by MTS assay

Cell line DLBCL subtype t(14;18) status IC50 (μM)

SUDHL6 GCB Positive 0.15

OCI-Ly19 GCB Positive 0.30

SUDHL4 GCB Positive 0.45

DB GCB Positive 0.77

SUDHL8 GCB Negative 0.40

OCI-Ly3 ABC Negative 0.63

U2932 ABC Negative 0.36

Figure 1. The cytotoxic response to PXD101. DB (A and B), OCI-Ly19  
(C and D), and SUDHL6 (E and F) cells were treated with PXD101 at the 
IC50 concentrations determined for each as shown in Table 1. At 0, 24, 
48, and 72 h treatment cells were harvested and subjected to Annexin 
V/PI assay (A, C, and E) or cell cycle analysis (B, D, and F). The graphs 
shown represent the results of 3–4 independent experiments. Error 
bars represent SEM.
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to hypophosphorylated Rb. This shift was confirmed with the 
use of antibodies against the latter. Figure 5C and D show 
the accumulation of hypophosphorylated Rb in SUDHL4 and 
SUDHL8 cells. Surprisingly, PXD101 significantly downregu-
lated total Rb levels in all Rb-expressing cell lines (Fig. 5A). In 
contrast, Rb mRNA is not significantly downregulated in any of 
the cell lines with the exception of OCI-Ly19, where it decreases 
by about 40%. In DB and SUDHL4 cells Rb mRNA levels are 
upregulated by PXD101. This contrasts with an 80% decrease 
in total Rb protein, as shown for SUDHL4 and SUDHL8 cells 
(Fig. 5E and F). These results indicate that Rb levels are regu-
lated by post-transcriptional mechanisms in response to PXD101 
treatment. It is noteworthy that U2932 cells have Rb mRNA but 
little to no Rb protein, suggesting that the cells have at least one 
intact and actively-transcribed copy of the Rb gene. In fact Rb 
mRNA levels in U2932 cells are not significantly different from 
those measured in SUDHL8 (Fig. S1B). Altogether these obser-
vations imply that DLBCL cells have robust post-transcriptional 
mechanisms to regulate expression of Rb protein.

Phosphorylation of Rb is performed by the G1-specific cyclin-
dependent kinase complexes, cyclin D/cdk4/6 and cyclin E/cdk2. 

by 24–48 h treatment. This is not reflected by an increase in 
MYC protein levels indicating that PXD101 also represses MYC 
expression by post-transcriptional mechanisms. MYC protein 
can be acetylated at multiple sites26,27 but its functional impact 
is not clear. Acetylation of MYC has been reported to both pro-
long26,27 and decrease its half-life.28

Differential regulation of cell cycle regulatory proteins in 
PXD101-sensitive and -resistant DLBCL cell lines. Progression 
through G1 is unhindered in the PXD101-sensitive cell lines but 
blocked in the resistant lines. Therefore, we examined the expres-
sion and phosphorylation of proteins that regulate G1 progression. 
Inactivation of the retinoblastoma protein (Rb) through phos-
phorylation is a key event that allows G1 progression through the 
restriction point, and HDACi have been shown to cause decreased 
Rb phosphorylation in some cell types.29-32 Since phosphoryla-
tion of Rb slows its migration through SDS-PAGE gels, we first 
used an antibody against total Rb to determine whether PXD101 
changes Rb mobility. While we found that U2932 cells do not 
express detectable levels of Rb protein, Figure 5A shows that Rb 
mobility increases with the length of PXD101 treatment in all 
the other cell lines, indicating a shift from hyperphosphorylated 

Figure 3. Reversibility of PXD101 responses. (A and B) DB (A) or OCI-Ly19 (B) cells were treated at their respective IC50 concentrations for 0, 2, 4, 8, or 
24 h after which the cells were washed and resuspended in fresh medium without drug. After 24 h further incubation, the cells were harvested and 
subjected to Annexin V/PI assay. (C–F) SUDHL4 (C), U2932 (D), and SUDHL8 (E) were treated with either DMSO or PXD101 (at IC50 concentrations) for 
48 h. Cells were then washed and incubated in drug-free medium for a further 0, 24, 48, or 72 h. The cells were harvested and subjected to cell cycle 
analysis. The graphs shown represent the results of 3–4 independent experiments. Error bars represent SEM.
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The activity of the cyclin E/cdk2 complex is inhibited by 
association with the CIP/KIP family of cyclin-dependent kinase 
inhibitors (CKI), including p21, p27, and p57.36 HDACi have 
been shown to upregulate the expression of p21 in a wide variety 
of cell types, and there are several reports of increased p57 expres-
sion.35,37 Therefore, we treated cells for up to 72 h and monitored 
levels of the CKI by western blot. Levels of p57 were unchanged 
in all of the cell lines (not shown), but p21 and p27 levels were 
increased by PXD101 (Fig. 7A and B). Interestingly, in the cell 
lines sensitive to PXD101 p21 was only transiently upregulated 
(Fig. 7B), peaking at 6–8 h treatment in OCI-Ly19 and at 24 h 
in DB before returning to baseline levels. Levels of p27 were 

Rb serine 780 (S780) is specifically 
targeted by the cyclin D-containing 
complexes.33,34 Figure 5C and D show 
that phosphorylation of serine 780 
decreases dramatically in SUDHL4 
and SUDHL8 cells over the course of 
PXD101 treatment. This could be due 
to the loss of Rb protein but quanti-
tative analysis shows that S780 phos-
phorylation falls off more quickly than 
total Rb (Fig. 5E and F) suggesting a 
decrease in cyclin D complex activity. 
This could be due to decreased expres-
sion of cyclin D; HDACi have been 
shown to significantly downregulate 
levels of cyclin D1 and D2 in other 
cell types.31,35 Through PCR, we deter-
mined that DB, OCI-Ly19, SUDHL4, 
SUDHL8, and U2932 cells express 
cyclin D3 mRNA only; U2932 also has 
cyclin D1 but not cyclin D2 mRNA 
(not shown). We measured D cyclin 
levels in these cell lines by immunoblot 
(Fig. S2) and did not observe uniform 
downregulation of cyclin D3 across the 
five cell lines. In fact, there was no cor-
relation with its pattern of regulation 
by PXD101 and cellular response to 
the drug. In U2932 cells we found that 
cyclin D1 was expressed at very low 
levels which were moderately decreased 
in response to PXD101. Altogether the 
results suggest that downregulation of 
D cyclin levels is not a key mechanism 
by which PXD101 controls G1 progres-
sion in DLBCL cells.

Serine 795 in Rb (S795) can be 
phosphorylated by either cyclin D- or 
cyclin E-containing complexes.33,34 
S795 phosphorylation in SUDHL4 
and SUHDL8 cells was also dramati-
cally decreased by PXD101 treatment 
at a rate faster than the loss of total 
Rb (Fig. 5E and F), suggesting that 
activity of the cyclin E/cdk2 complex may decline. This complex 
is a major regulator of G1 progression; its activation allows cells 
to pass the restriction point in G1 and commit to DNA repli-
cation and mitosis. Therefore, we performed immunoprecipita-
tion (IP)-kinase assays with cyclin E antibody and histone H1 as 
substrate. The results show significant decreases in roscovitine-
sensitive kinase activity by 24 h of PXD101 treatment in all three 
resistant cell lines (Fig. 6A and B). By 48 h, when G1 arrest 
is achieved, kinase activity declined by at least 75% relative to 
untreated cells (Fig. 6B). In contrast, cyclin E/cdk2 activity 
increases significantly in DB cells by 24 h treatment. We did not 
measure activity at 48 h due to high levels of apoptosis.

Figure 4. Sensitivity or resistance to PXD101 is not correlated with expression of MYC or BCL2. 
(A–C) Whole cell extracts were generated from the cell lines shown in 2–3 independent experiments. 
Equal amounts of protein were separated by SDS-PAGE and subjected to western transfer and im-
munoblotting with c-myc, BCL2, or GAPDH antibodies. All of the samples shown were run on the same 
SDS-PAGE gel and blotted simultaneously to accurately measure relative levels of each protein. The re-
sults of analysis are shown graphically for c-myc (B) and BCL2 (C). Levels of each protein are expressed 
relative to those in Exp. One of OCI-Ly19 cells. (D) Cells were treated with PXD101 for the times shown. 
Whole cell extracts were generated and equal amounts of protein were separated by SDS-PAGE, 
and subjected to Western transfer and immunoblotting with MYC, BCL2, or GAPDH antibodies. BCL2 
shown for SUDHL8 correspond to the species with altered mobility as shown in (A). The results shown 
are representative of three independent experiments.
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damage response.43 However, as 
shown in Figure 7C and D, PXD101 
does not increase Thr18 phosphory-
lation in any of the DLBCL cell lines 
tested. As expected, doxorubicin 
causes a robust increase in Thr18 
phosphorylation while Nutlin-3A 
has little to no effect. PXD101 
also does not increase p53 acetyla-
tion with the exception of DB cells 
where we observed a small, but sig-
nificant increase in p53 acetylation. 
This does not strictly correlate with 
PXD101 sensitivity because p53 acet-
ylation did not change in OCI-Ly19 
cells (Fig. 7D). In contrast, doxo-
rubicin treatment resulted in clear 
increases in p53 acetylation in all cell 
lines, while Nutlin3A upregulated 
it in SUDHL4, DB, and OCI-ly19 
cells. Total p53 levels either did not 
change (SUDHL8, DB) or declined 
(SUDHL4, U2932, and OCI-ly19) 
in response to PXD101 treatment, 
but generally increased in response to 
doxorubicin treatment. We assayed 
p53 function by measuring expression 
of its downstream target, PUMA. 
Figure S4 shows that PUMA levels 
increase in response to doxorubicin, 
as expected, but decrease in response 
to PXD101 treatment in SUDHL4 
and OCI-Ly19 cells, both of which 

express wt p53 (Table S1). Altogether the data indicate that p53 is 
not activated by PXD101 in these DLBCL cell lines and thus, p21 
upregulation is p53-independent.

To determine whether the sustained upregulation of p21 and 
p27 observed in PXD101-resistant cell lines resulted in increased 
association with the cyclin E/cdk2 complex, we performed co-IPs 
in parallel with the IP-kinase assays shown in Figure 6 to mea-
sure the presence of the CKI in the complex. In the SUDHL4 
and U2932 cell lines, we observed increased levels of p21 in 
the cyclin E/cdk2 complex at 24 and 48 h PXD101 treatment 
(Fig. 8). Accordingly, in SUDHL8 cells, p27 association with the 
complex increased by 24 h and was highest at 48 h treatment. In 
contrast, the association of p21 with cyclin E/cdk2 in DB cells 
did not change over 24 h of treatment in spite of the fact that 
p21 levels are significantly elevated 24 h after PXD101 exposure. 
It is noteworthy that the amounts of cyclin E and cdk2 immu-
noprecipitated do not decrease over the course of the treatment 
period in any of the cell lines. Altogether the results strongly indi-
cate that sustained upregulation of the CKIs plays a role in the 
PXD101-induced G1 arrest through association with cyclin E/
cdk2 and subsequent inhibition of its kinase activity.

unaffected by PXD101 in OCI-Ly19 cells while in DB cells p27 
levels increased at 72 h treatment, after the onset of apoptosis 
(Fig. 1A). In contrast, p21 was upregulated in a sustained fash-
ion in the PXD101-resistant cell lines (Fig. 7A). p21 levels were 
increased by 6 h in SUDHL4 and U2932 cells and elevated lev-
els were maintained out to 72 h. SUDHL8 cells do not express 
detectable levels of p21. Levels of p27 increased significantly in 
all the PXD101-resistant cell lines by 24 h treatment.

Upregulation of p21 by HDACi has been found in other cell 
types to be either p53-independent31,38,39 or p53-dependent.40 
While HDACi are not directly genotoxic, they can induce a DNA 
damage response in some cell types by multiple mechanisms 
(reviewed in ref. 41). To determine whether PXD101 activates p53 
in any of the DLBCL cell lines, we evaluated changes in p53 levels 
and modification status and assayed p53 function. To examine 
p53 modifications we treated cells with PXD101, doxorubicin, or 
Nutlin-3A. Doxorubicin is a known genotoxic agent that induces 
p53 signaling while Nutlin-3A, which disrupts the p53-MDM2 
interaction,42 is a non-genotoxic inducer of p53. A recent report 
showed that the HDACi, romidepsin, induced p53 phosphory-
lation at Thr18,40 which is an indicator of an activated DNA 

Figure 5. PXD101 treatment induces loss of Rb protein and Rb phosphorylation. (A and B) The cell 
lines shown were treated with PXD101 for up to 72 h. (A) Whole cell extracts were subjected to western 
blotting with antibodies against total Rb protein or α-tubulin. (B) Total RNA was extracted from cells 
and used to measure levels of Rb mRNA by RT-qPCR. (C and D) Whole cell extracts from PXD101-treated 
SUDHL4 (C) or SUDHL8 (D) cells were subjected to western blotting with antibodies against Rb phos-
phorylated at either Ser780 or Ser795, hypophosphorylated Rb, or α-tubulin. (E and F) Levels of total 
Rb, pRb Ser780, and pRb Ser795 were quantitated from non-saturated images and normalized to levels 
of α-tubulin for SUDHL4 (E) and SUDHL8 (F) cells. Normalized values from each timepoint of PXD101 
treatment are expressed as fractions or multiples of the normalized value from untreated cells for each 
individual experiment. All of the results shown are representative of 2–4 independent experiments.
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have been shown to mediate HDACi-induced G1 arrest while 
in others the arrest is p21- and p53-independent.53 HDACi 
have also been shown to induce senescence.53,54 In the DLBCL 
cell lines tested, analysis of proteins that are key regulators 
of G1 progression showed that PXD101 had dramatic effects 
on Rb protein. Levels of total Rb were greatly decreased in 
response to PXD101 treatment in both sensitive and resistant 
cell lines by post-transcriptional mechanisms. To our knowl-
edge this has not been documented in other cell types. Rb can 
be acetylated55,56 but its functions may be context-specific. Rb 
acetylation is required for differentiation in muscle- and kera-
tinocyte-derived cell lines but has no impact on its cell cycle 
functions.56,57 Rb acetylation has also been shown to inhibit its 
phosphorylation55,58 and interaction with E2F1 in response to 
DNA damage signaling.58 Its role in regulating Rb turnover, if 
any, is unknown.

In agreement with reports of HDACi effects in other cell 
types,29-32 PXD101 induced dramatic loss of Rb phosphoryla-
tion in the Rb-expressing DLBCL cell lines tested. However, 
decreased Rb phosphorylation may have distinct causes and 
functions in the sensitive and resistant cell lines. Caspase-
induced Rb degradation has been found to make an important 

Discussion

In clinical trials evaluating HDACi as single agents, their action 
against relapsed DLBCL was found to be variable and mostly 
ineffective. However, since HDACi are generally well-tolerated 
and show selectivity toward tumor cells, there is interest in com-
bining them with other therapeutics to increase effectiveness 
against DLBCL.17,18,44 Rational selection of companion drugs 
is challenging because the mechanistic bases of resistance to 
HDACi exhibited by DLBCL tumors are unknown and no mod-
els have been developed to study them. With the current study we 
have progressed toward defining the determinants of resistance 
by establishing that resistance and sensitivity to a prototypi-
cal hydroxamate HDACi can be modeled in DLBCL cell lines 
which express genes significantly associated with poor prognosis 
in DLBCL patients. We then used this model system to reveal 
key differences in the response of sensitive and resistant cell lines 
to HDACi that impact cell cycle progression and may modulate 
cellular sensitivity to the pro-apoptotic effects of these drugs in 
DLBCL.

A variety of DLBCL cell lines have been found to be growth-
inhibited by HDACi,17,18,45-47 but it is not always clear whether 
this is due to cytotoxicity or to cell cycle arrest. We found that 
DLBCL cell lines did not respond uniformly to treatment with 
PXD101, having either a cytotoxic or cytostatic response. These 
responses did not correlate with DLBCL subtype (GCB vs. ABC) 
or the presence of the chromosomal translocation which deregu-
lates BCL2 expression. In addition, no correlation was observed 
with co-expression of MYC and BCL2 proteins, relative basal 
levels of these proteins, or their regulation by PXD101.

The cytostatic response to PXD101 was characterized uni-
formly by G1 arrest with little apoptosis. Because we found that 
it was fully reversible if PXD101 was removed, we contend that it 
is a form of resistance. In the clinic HDACi are generally admin-
istered in cycles with patients being exposed to a single dose for 
several days at a time followed by a period of recovery prior to the 
next cycle.15,16 Thus, during the time of treatment, resistant tumor 
cells may cease proliferating through G1 arrest and then re-enter 
the cell cycle once treatment has stopped. This idea is supported 
by a recent study using the Eμ-myc model of B cell lymphoma 
which concluded that the pan-HDACi vorinostat was most effec-
tive at prolonging survival in mice with Eμ-myc tumors when 
it induced tumor cells to undergo apoptosis.22 Overexpression 
of Bcl-2 or Bcl-XL in these tumors caused G1 cell cycle arrest in 
response to vorinostat treatment rather than apoptosis. In mice 
with such tumors vorinostat did not prolong survival. Although 
we did not find a correlation between PXD101 resistance and 
BCL2 expression in the DLBCL cell lines, these results strongly 
indicate that G1 cell cycle arrest can be a form of resistance to 
HDACi in B cell lymphomas.

HDACi-induced G1 arrest has been observed in other cell 
types and is generally thought to be protective against the apop-
totic effects of these drugs.48 Interestingly, the mechanisms by 
which HDACi have been reported to induce G1 arrest appear 
to be cell type-specific. In some cell types upregulation of CKI 
(p21, p57, and p16)10,30,49,50 or downregulation of cyclin D131,51,52 

Figure 6. Differential effects of PXD101 on activity of cyclin E/cdk2. 
Whole cell extracts from cells treated with PXD101 for 0, 8, 24, and 48 h 
were used to perform immunoprecipitation with cyclin E antibody.  
(A) Bound fractions were subjected to kinase assay with purified his-
tone H1 as substrate. Roscovitine was added to one sample to ensure 
that the labeling detected was due to the activity of cyclin-dependent 
kinases. Following SDS-PAGE, gels were dried and exposed to phos-
phorimaging screens to visualize radiolabeled protein. Representative 
results from 3 independent experiments in each cell line. (B) Graphical 
summary of results from 3–4 independent replicates of IP-kinase assays 
(*P < 0.05, **P < 0.01).
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increases (Figs. 5A and 6B). Thus, in the 
cell lines which have a cytotoxic response 
to PXD101, loss of Rb phosphorylation 
may be due to dephosphorylation in 
preparation for programmed cell death.

In the cell lines which undergo a cyto-
static response to PXD101, we observe 
rapid and dramatic loss of Rb phosphory-
lation at both S780 and S795 (Fig. 5E 
and F). Since levels of the D cyclins are 
not strongly affected by PXD101 treat-
ment (Fig. S2), the rapid decline in 
S780 phosphorylation is likely due to 
impaired activity of cyclin D complexes 
in resistant cells. Rb phosphorylation 
decreased by 80% over 48 h of PXD101 
treatment in SUDHL4 and SUDHL8 
cells (Fig. 5E and F), consistent with a 
decrease in cyclin E/cdk2 activity of a 
similar magnitude in all of the PXD101-
resistant cell lines (Fig. 6B). Since this 
is the same time period over which G1 
arrest is established (Fig. 2), we conclude 
that impaired activity of both cyclin D- 
and cyclin E-containing cdk complexes 
plays a key role in causing G1 arrest. In 
SUDHL4 and SUDHL8 cells this dual 
impairment results in the accumulation 
of hypophosphorylated, active Rb. In 
U2932 cells, which lack Rb expression, 
other substrates of these cdk complexes 
may contribute to the establishment of 
G1 arrest. It is noteworthy that PXD101 
induces a higher amount of apoptosis 
in U2932 cells than in the SUDHL4 
or SUDHL8 cells. One potential expla-
nation is that the lack of Rb expression 
makes for a less efficient G1 arrest, thereby 
allowing a small fraction of cells to escape 
G1 and proceed to G2/M, where HDACi 
are known to induce mitotic aberrations 
that cause apoptosis.62

The CKIs p21 and p27 can directly 
interact with cyclin D and cyclin 
E-containing cdk complexes to regu-
late their activity. The functional effect 
of p21 or p27 association with cyclin 

D-containing complexes is complicated; their interaction 
can be inhibitory or stimulatory to complex activity depend-
ing on variables such as stoichiometry or phosphorylation.63-65 
However, their association with the cyclin E/cdk2 complex is 
only inhibitory. Consistent with other reports,35,37 we found that 
PXD101 treatment strongly induced p21 expression within 24 
h in all the cell lines except SUDHL8, which have no detect-
able expression of the protein. In addition, the p21 upregula-
tion was p53-independent because we found little evidence of 

contribution to the induction of apoptosis under certain cir-
cumstances including exposure of cells to cytotoxic drugs.59 Rb 
dephosphorylation by protein phosphatase 1 (PP1) in response to 
pro-apoptotic stimuli precedes the onset of apoptosis and has the 
effect of making Rb a more efficient substrate of caspase-3.60,61 
Importantly, this loss of Rb phosphorylation occurred with no 
decrease in the activity of cyclin E- or A-cdk complexes. This is 
consistent with our analysis of DB cells, in which Rb phosphory-
lation decreases over a time frame in which cyclin E/cdk2 activity 

Figure 7. PXD101 effects on expression of cyclin-dependent kinase inhibitors (CKI) p21 and p27 
and modification of p53. (A and B) The cell lines shown were treated with PXD101 for 0, 2, 4, 8, 24, 
48, and 72 h. Whole cell extracts were generated and subjected to western blotting with antibod-
ies against p21, p27, hsp90, α-tubulin, or GAPDH. PXD101-resistant cell lines are shown in (A) while 
PXD101-sensitive cell lines are shown in (B). (C and D) Cells were treated with PXD101 (P), doxoru-
bicin (2 μM) (D), or Nutlin-3A (10 or 20 μM) (N) for 8 or 24 h. Whole cell extracts from treated and 
untreated cells were generated and subjected to western blotting with the antibodies indicated. 
PXD101-resistant cell lines are shown in (C) while PXD101-sensitive cell lines are shown in (D). The 
blots shown are representative of 3 independent experiments.
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strongly suggests that HDACi have excellent potential to be used 
effectively against relapsed DLBCL in combination with other 
therapeutics that circumvent mechanisms of HDACi resistance.

Since our study strongly indicates that sustained upregulation 
of p21 or p27 leads to G1 arrest and PXD101 resistance, HDACi 
might be combined effectively with therapeutics that target p21 
or p27 expression in DLBCL. In fact, the cdk inhibitor, flavo-
piridol, has been found to prevent HDACi-induced p21 expres-
sion and promote cell death in leukemia cell lines.72 In addition, 
HDACi might also be combined successfully with chemicals that 
induce the spindle assembly checkpoint, such as vincristine or 
paclitaxel.73 Because they do not arrest in G2/M it appears that 
PXD101 does not induce this checkpoint in the resistant cells.74,75 
However, in combination with drugs that can, PXD101 may 
cause the failure of the checkpoint and induce apoptosis.76 The 
model system we have developed will be used to test these drug 
combinations as well as to further define mechanisms of sensitiv-
ity and resistance that may reveal additional therapeutics which 
could be used effectively with HDACi against aggressive DLBCL 
tumors.

p53 activation by PXD101 in any of the cell lines. One major 
difference between the sensitive and resistant cell lines was in 
the kinetics of PXD101-induced p21 expression. In the sensitive 
lines, expression of p21 protein was transient but in the PXD101-
resistant lines it was sustained. Studies of the mechanism of p21 
upregulation by HDACi have focused exclusively on the initial 
activation of transcription (reviewed in ref. 66) so it is unclear 
why p21 mRNA levels decline in the PXD101-sensitive cell 
lines. Surprisingly, p27 expression was induced in all the resis-
tant lines by 24 h PXD101 treatment. In concordance with the 
PXD101-induced loss of cyclin E/cdk2 activity in resistant cell 
lines, increased association of p21 (SUDHL4 and U2932) or p27 
(SUDHL8) with this complex was detectable by 24 h treatment. 
Importantly, p21 association with the cyclin E/cdk2 complex 
in the PXD101-sensitive line, DB, was unaffected by PXD101 
treatment over a 24 h period, consistent with both the lack of 
cyclin E/cdk2 inhibition and G1 arrest in DB cells. Altogether 
we contend that the sustained upregulation of p21 and/or p27 
leads to increased association with the cyclin E/cdk2 complex 
to inhibit it from promoting G1 progression in PXD101-resistant 
DLBCL cell lines.

The cytotoxic response to PXD101 was characterized by G2/M 
arrest followed by apoptosis and did not require continuous expo-
sure to drug. Other cancer cell lines have been shown to undergo 
G2/M arrest in response to HDACi.62 It has been shown that 
HDACi can induce the spindle assembly checkpoint to cause an 
M phase arrest. However, in the continued presence of the drugs, 
the checkpoint fails to be maintained and the cells exit mitosis 
without properly partitioning their genomes (see ref. 67 and refer-
ences therein). This is thought to be a major mechanism by which 
HDACi cause cytotoxicity. It is noteworthy that the PXD101-
resistant cell lines do not arrest in G2/M. Expression of wild-type 
(wt) p53 has been shown to sensitize cells to paclitaxel, a drug 
which, like HDACi, can induce arrest in G2/M through activation 
of the spindle assembly checkpoint and cause subsequent apopto-
sis.68 Thus, the mutational status of p53 could distinguish between 
cell lines that are sensitive or resistant to PXD101. However, this 
does not appear to be the case because PXD101-sensitive cell lines 
differ in their p53 status (Table S1). OCI-Ly19 cells have wt p53 
while DB cells express mutant p53.69 The PXD101-resistant cells 
are also distributed between wt and mutant p53. Expression pro-
filing studies are underway to identify gene expression patterns 
linked to G2/M arrest and apoptosis in an effort to understand 
the underlying mechanisms. In addition, genes uniquely expressed 
in the sensitive cell lines may serve as predictive biomarkers of 
HDACi sensitivity in DLBCL. Currently only one such marker 
has been identified in CTCL70; more are needed.

There are several markers that predict poor prognosis in 
DLBCL patients after treatment with R-CHOP, including 
tumors of the ABC subtype, the presence of the t(14;18) BCL2 
translocation (specifically in tumors of GCB origin),71 co-
expression of MYC and BCL2,5,6 and the expression of mutant 
p53.7,8 It is significant that PXD101 is effective against cell lines 
with translocated BCL2 and co-expression of MYC and BCL2 
proteins (double-positive), regardless of their p53 status. This 

Figure 8. PXD101 induces association of CKI with cyclin E/cdk2 in resis-
tant DLBCL cell lines. Whole cell extracts from cells treated with PXD101 
for 0, 8, 24, and 48 h were used to perform immunoprecipitation with 
cyclin E antibody. Bound fractions were subjected to western blotting 
with antibodies against cyclin E and cdk2, and either p21 or p27. The 
results shown are representative of 3–4 independent experiments.
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transferred to 0.45 μm nitrocellulose membranes and subjected 
to immunoblotting.

RNA analysis. Total RNA was isolated from DLBCL cells 
treated with PXD101 or vehicle (DMSO) by the following 
method. Cells were washed once with D-PBS, pelleted, and 
mixed with Trizol (Invitrogen). Chloroform was added and 
the mixtures were vortexed for 15 s. Separation of aqueous and 
organic phases was achieved by pre-incubation at room temper-
ature for 3 min followed by centrifugation at 12 000 × g. The 
aqueous phase was transferred to a clean tube and slowly mixed 
with an equal volume of 70% ethanol. Samples were then applied 
to spin-columns and RNA was isolated according to manufac-
turer’s instructions (Nucleospin II, Clontech).

Synthesis of cDNA was performed using the iScript kit 
(BioRad). Measurement of gene expression was performed 
using quantitative PCR with 2× SyBr green buffer (Bioline) 
and gene-specific primers as per manufacturer’s instruc-
tions in a StepOnePlus instrument (ABI/Life Technologies). 
Gene-specific primer pairs were derived from PrimerBank 
(Harvard, http://pga.mgh.harvard.edu/primerbank/) and pur-
chased from Sigma-Aldrich. Primer sequences are as follows: 
BCL2 forward, 5'-GAACTGGGGG AGGATTGTGG-3', 
reverse, 5'-CCGGTTCAGG TACTCAGTCA; MYC for-
ward, 5'-CCACAGCAAA CCTCCTCACA G-3', reverse, 
5'-GCAGGATAGT CCTTCCGAGT G-3'; Rb forward, 
5'-TTGGATCACA GCGATACAAA CTT-3', reverse, 
5'-AGCGCACGCC AATAAAGACA T-3'; p21 forward, 
5'-GTCACTGTCT TGTACCCTTG TG-3', reverse, 
5'-CGGCGTTTGG AGTGGTAGAA A-3'; GAPDH for-
ward, 5'-CATGAGAAGT ATGACAACAG CCT-3', reverse, 
5'-AGTCCTTCCA CGATACCAAA GT-3'. For drug treatment 
studies the relative concentrations of mRNAs were calculated 
by the ΔΔCt method using GAPDH and HPRT1 as reference 
housekeeping genes. Relative expression of a particular gene 
between cell lines was also calculated using the ΔΔCt method 
except that one replicate from one cell line was used for normal-
ization purposes (ΔCt).

Immunoprecipitation and kinase assay. DLBCL cells were 
treated with PXD101 or vehicle (DMSO). After treatment, cells 
were washed once with cold D-PBS. Washed cell pellets were 
flash-frozen in liquid nitrogen and kept at −80 °C until use. 
Whole cell extracts were generated by resuspending cell pel-
lets in lysis buffer (50 mM HEPES pH 7.3, 250 mM NaCl, 
1 mM EDTA, 2.5 mM EGTA, 0.1% Tween-20, 10% glycerol, 
1 mM DTT, protease inhibitors [1× Complete, Roche] and 
phosphatase inhibitors [5 M NaF, 25 mM β-glycerophosphate, 
and 0.1 mM sodium orthovanadate]). After 30 min incuba-
tion on ice, cell debris was removed by centrifugation and 
protein concentration was determined by Bradford assay. For 
immunoprecipitations, 300 μg (kinase assays) or 700 μg (co-
immunoprecipitations) extract protein was diluted to 0.5 ml in 
wash buffer C (50 mM Hepes pH 7.3, 1 mM DTT, protease 
and phosphatase inhibitors). Samples were pre-cleared for 1 h 
at 4 °C with Gammabind G sepharose (GE Healthcare Life 
Sciences) and exposed to either 2 μg anti-cyclin E (C-19, Santa 
Cruz Biotechnology) or 2 μg anti-GFP (3E6, Invitrogen) along 

Materials and Methods

Cell lines and reagents. Seven DLBCL-derived cell lines were 
cultured in RPMI medium supplemented with1 10% FBS and 
gentamicin (SUDHL4, SUDHL6, and U2932),2 15% FBS, 
1mM sodium pyruvate, and gentamicin (DB and OCILY3),3 
10% FBS, 1 mM sodium pyruvate and gentamicin (OCILY19),4 
or 10% FBS, 1 mM glutamine, and gentamicin (SUDHL8). All 
cell lines were maintained at 37 °C in a humidified atmosphere 
containing 5% CO2. Prior to every experiment cells were seeded 
at 2 × 105 to 4 × 105cells/ml with a 50/50 mixture of conditioned 
and fresh medium.

PXD101 was obtained from the Cancer Therapy Evaluation 
Program (National Cancer Institute). Antibodies against 
Bcl-2 (50E3), MYC (D84C12), cyclin D3 (DCS22), cyclin 
D1 (92G2), p21, p27, p57, Rb (4H1), phospho-Rb (Ser 780), 
phospho-Rb (Ser 795), cyclin E (HE12), phospho-p53 (Thr18), 
and α-tubulin were obtained from Cell Signaling Technology, 
Inc. Underphosphorylated Rb antibody was purchased from 
BD Biosciences. GAPDH (FL-335), cdk2, cyclin E (C-19), p53 
(DO-1), and acetylated p53 (Lys382) antibodies were acquired 
from Santa Cruz Biotechnology, Inc. PUMA antibody was pur-
chased from Abcam.

Cell growth, cell cycle, and cell death assays. Cell growth 
was measured by MTS assay according to manufacturer’s speci-
fications (Cell titer 96® Aqueous One Solution, Promega). Cells 
were seeded in 96-well plates and treated in triplicate with a wide 
range of PXD101 doses. IC50s for growth inhibition were calcu-
lated using curve-fitting software (GraphPad Prism). The IC50 
concentrations determined at 24 h PXD101 treatment for each 
cell line were used in all subsequent experiments.

Apoptosis and cell cycle phase distribution were estimated 
from flow cytometric data using ModFit LT 3.0 (Verity Software 
House). Cells were treated either with DMSO or PXD101. After 
treatment, cells were washed once with cold 1X Dulbecco’s mod-
ified PBS (D-PBS); 1 × 106 cells were used to measure Annexin V 
positive cells according to manufacturer’s specifications (Annexin 
V-FITC kit, ENZO Life Sciences). For analysis of cell cycle 
distribution, cells were fixed with 70% ethanol, centrifuged at 
500× g for 15 min. Ethanol was removed and 0.5 ml of cold PBS, 
20 μl of propidium iodide and 12.5 μl of RNase A (20 mg/ml) 
were added. Samples were incubated at 37 °C for 30 min prior to 
flow cytometry.

Western blotting. After treatment, cells were washed once 
with cold D-PBS. Cell pellets were flash-frozen in liquid nitro-
gen and kept at −80 °C until use. Whole cell extracts were gen-
erated by resuspending cell pellets in RIPA buffer (150 mM 
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate, 50 mM Tris, pH 8.0, protease inhibi-
tor cocktail (Roche) and phosphatase inhibitors [10 mM NaF, 
25 mM β-glycerophosphate]). Resuspended pellets were trans-
ferred into Qiashredder columns (Qiagen) and centrifuged at 
12 000× g for 5 min. Supernatants were collected and protein 
concentration was determined by Bradford method. For immu-
noblotting 100 μg of protein from each sample were separated 
by SDS-PAGE gel electrophoresis. Resolved proteins were 
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were incubated with antibodies against the following: cyclin E 
(HE12), cdk2, and p21 or p27.
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with Gammabind G sepharose for 3 h at 4 °C with rotation. 
Beads were pelleted by gentle centrifugation and washed as fol-
lows: 1× with wash buffer A (50 mM Hepes pH 7.3, 150 mM 
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% 
glycerol, 1 mM DTT, protease and phosphatase inhibitors), 2× 
with wash buffer B (50 mM Hepes pH 7.3, 1 M NaCl, 1.5 mM 
MgCl2, 1 mM EGTA, 1.0% Triton X-100, 10% glycerol, 
1 mM DTT, protease and phosphatase inhibitors), and 3× with 
wash buffer C.

For kinase assays washed immunoprecipitates were suspended 
in kinase buffer (50 mM Hepes pH 7.3, 1 mM DTT, 10 mM 
MgCl2, 10 μM ATP, phosphatase inhibitors) containing 5 μg 
purified Histone H1 (SignalChem) and 10 μCi 32P-γ-ATP 
(Amersham). Roscovitine at a final concentration of 5 μM was 
added to an immunoprecipitate derived from untreated cells to 
ensure that the activity measured was derived from a cyclin-
dependent kinase. Samples were then incubated at 30 °C for 
30 min with vortexing every 5 min. Reactions were terminated 
by adding 5× SDS-PAGE buffer (0.2 M Tris, pH 6.8, 10% 
SDS, 50% glycerol, 0.25 M DTT, 0.01% Bromophenol Blue). 
After SDS-PAGE, gels were dried for 1 h at 80 °C under vac-
uum. Radioactive labeling was visualized using a Pharos Fx Plus 
Molecular Imager (BioRad) and quantitated using ImageLab 
software (BioRad).

For co-immunoprecipitations, washed immunoprecipitates 
were resuspended in 2× SDS-PAGE buffer (80 mM Tris pH 
6.8, 4% SDS, 20% glycerol, 0.1 M DTT, 0.004% Bromophenol 
Blue) and heated to 95 °C for 5 min. Supernatants were resolved 
with SDS-PAGE. Following western transfer, membranes 
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ABSTRACT
Diffuse Large B-cell lymphoma (DLBCL) is an aggressive malignancy that has a 60 percent 5-year survival
rate, highlighting a need for new therapeutic approaches. Histone deacetylase inhibitors (HDACi) are
novel therapeutics being clinically-evaluated in combination with a variety of other drugs. However,
rational selection of companion therapeutics for HDACi is difficult due to their poorly-understood, cell-
type specific mechanisms of action. To address this, we developed a pre-clinical model system of
sensitivity and resistance to the HDACi belinostat using DLBCL cell lines. In the current study, we
demonstrate that cell lines sensitive to the cytotoxic effects of HDACi undergo early mitotic arrest prior to
apoptosis. In contrast, HDACi-resistant cell lines complete mitosis after a short delay and arrest in G1. To
force mitotic arrest in HDACi-resistant cell lines, we used low dose vincristine or paclitaxel in combination
with belinostat and observed synergistic cytotoxicity. Belinostat curtails vincristine-induced mitotic arrest
and triggers a strong apoptotic response associated with downregulated MCL-1 expression and
upregulated BIM expression. Resistance to microtubule targeting agents (MTAs) has been associated with
their propensity to induce polyploidy and thereby increase the probability of genomic instability that
enables cancer progression. Co-treatment with belinostat effectively eliminated a vincristine-induced,
actively cycling polyploid cell population. Our study demonstrates that vincristine sensitizes DLBCL cells to
the cytotoxic effects of belinostat and that belinostat prevents polyploidy that could cause vincristine
resistance. Our findings provide a rationale for using low dose MTAs in conjunction with HDACi as a
potential therapeutic strategy for treatment of aggressive DLBCL.

Abbreviations: DLBCL, diffuse large B cell lymphoma; HDAC, histone deacetylase; HDACi, histone deacetylase inhibi-
tor; GCB, germinal center B cell-like; ABC, activated B cell-like; NHL, non-Hodgkin lymphoma; MTA, microtubule tar-
geting agent; DMSO, dimethyl sulfoxide; ICC, immunocytochemistry; H3S10Ph, histone H3 phosphorylated at serine
10; SAC, spindle assembly checkpoint; BCL2, B cell CLL/lymphoma 2; MYC, c-myc; Mt, microtubule; PARP, poly ADP
ribose polymerase; PI, propidium iodide; RRR, relative risk ratio; PTX, paclitaxel

KEYWORDS
Cell cycle; drug resistance;
histone deacetylase inhibitor;
lymphoma; mitosis;
microtubule; polyploidy

Introduction

Diffuse Large B-cell Lymphoma is the most commonly-diag-
nosed form of Non-Hodgkin Lymphoma (NHL), affecting
approximately 30,000 people each year in the United States.1

The current standard therapeutic regimen is the anti-CD20
monoclonal antibody Rituximab in conjunction with cyclo-
phosphamide, vincristine, doxorubicin and prednisone, known
as R-CHOP. Among all DLBCL cases R-CHOP treatment
yields a 60% 5 y survival rate,2-4 thus new therapeutic strategies
are clearly necessary to treat aggressive forms of DLBCL. To
this end, histone deacetylase inhibitors (HDACi) are being
evaluated in clinical trials for use in treatment of multiple types

of NHL and 4 have gained FDA approval for the treatment of
advanced peripheral T-cell lymphomas and multiple myeloma.

HDACi are promising cancer chemotherapeutics because
they selectively target tumor cells and exhibit tolerable levels of
toxicity in humans.5-7 HDACi are largely ineffective as mono-
therapy against DLBCL as well as solid tumors, therefore,
research focus has shifted to combining HDACi with other
therapeutics for treatment of a variety of cancers.8-10 A con-
founding issue in identifying effective HDACi-containing drug
combinations is that a multitude of mechanisms have been
attributed to the anti-cancer effects of HDACi including: alter-
ation of gene expression, activation of pro-apoptotic pathways,
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induction of tumor cell differentiation, inhibition of angiogene-
sis, and modulation of cell cycle progression.5,7,11-14 Taking a
mechanistic approach to understand the molecular effects
of HDACi specifically in the DLBCL context, we developed
a cell-based model of sensitivity and resistance to HDACi.
The mechanistic knowledge gained from this system can be
used to rationally select therapeutics which can be effec-
tively combined with HDACi. Previously, we identified 2
major responses to the hydroxamate HDACi, belinostat in
our model system, including 1) a reversible, cytostatic arrest
in G1 and 2) arrest in G2/M that is followed by apoptosis.15

We showed that the reversible G1 arrest, which we desig-
nated as a form of HDACi resistance, is associated with
sustained HDACi-induced expression of the cyclin-depen-
dent kinase inhibitors, p21 and p27, as well as their inhibi-
tion of the Cyclin E/cdk2 complex through increased
association.15

A major cause of HDACi-induced tumor cell death has
been attributed to perturbed mitotic progression.16 These
drugs have been reported to activate the spindle assembly
checkpoint (SAC) resulting in an accumulation of cells in
pro-metaphase. However, continued exposure to HDACi
can cause SAC failure, mitotic catastrophe or slippage, and
the induction of pro-apoptotic signaling.17-19 SAC activation
is also a major mechanism attributed to the anti-tumor
effectiveness of microtubule targeting therapies such as tax-
anes and vinca alkaloids.20,21 These drugs are common in
many first line therapeutic regimens including the R-CHOP
combination used for most non-Hodgkin’s lymphomas. The
induction of the SAC by microtubule targeting agents
(MTAs) results in an extended mitotic arrest and the onset
of senescence or cell death. However, therapeutically target-
ing mitotic progression can also cause failure of cytokinesis,
resulting in a polyploid cell population. Polyploidy is linked
to increased genomic instability and the induction of tumor
heterogeneity and ultimately drug resistance.22-25

In this study we have determined that the G2/M arrest
we previously reported in HDACi-sensitive DLBCL cell
lines is due to accumulation of cells in early mitosis, consis-
tent with SAC activation. In contrast, the HDACi belinostat
delays mitotic progression but does not prevent mitotic
completion in HDACi-resistant DLBCL cell lines. Based on
these findings we hypothesized that combining HDACi with
therapeutics that strongly induce mitotic arrest might effec-
tively sensitize resistant cells to the cytotoxic effects of
HDACi. We show that combining the HDACi, belinostat,
with low doses of the MTAs, vincristine or paclitaxel, syner-
gistically induces apoptosis in resistant DLBCL cell lines,
but has little to no effect on a non-transformed B cell-
derived cell line. In addition, we find that the mitotic arrest
is essential for the cytotoxic synergy between the drugs.
Finally, we show that belinostat enhances vincristine-
induced cytotoxicity by curtailing vincristine-induced SAC
activation and triggering a strong apoptotic response that
prevents the generation of polyploid cells. These findings
show that HDACi and MTAs are mutually synergistic in
inducing cell death in DLBCL cell lines that share molecular
characteristics with aggressive forms of DLBCL in a way
that reduces the probability of genomic instability.

Results

HDACi-sensitive DLBCL cell lines arrest early in mitosis
while HDACi-resistant DLBCL cell lines are able to
complete mitosis prior to G1 arrest

In a previous study we documented 2 major responses to the
hydroxamate HDACi, belinostat, in DLBCL cell lines.15 One is
characterized by a reversible arrest in the G1 phase of the cell
cycle within 24–48 h of treatment without accompanying apo-
ptosis. In contrast, the second response is characterized by G2/
M arrest within 24 h and subsequent onset of apoptosis by
48 hours. HDACi have been reported to induce both G2 and M
phase arrest.26-28 To distinguish the 2 phases of the cell cycle
we measured global histone H3 serine 10 phosphorylation
(H3S10Ph), which occurs once cells enter prophase and begins
to decrease in anaphase.29 If belinostat induces early mitotic
arrest, cellular levels of H3S10Ph are expected to increase. We
show in Fig. 1A that levels of H3S10Ph are markedly increased
within 8–12 h after belinostat treatment in the sensitive cell
lines, DB and OCI-Ly19. After the initial increase, H3S10Ph
levels decrease in both cell lines, consistent with reports that
mitotic slippage can occur after HDACi-induced mitotic
arrest.17,19,30,31 Surprisingly, we also observed an increase in
H3S10Ph levels in the HDACi-resistant cell lines (SUDHL4
and SUDHL8) with kinetics similar to the HDACi-sensitive
lines. To confirm the western blotting results, we examined
H3S10Ph levels using immunocytochemistry (ICC) on
SUDHL4 and DB cells treated for 16 h with belinostat or
DMSO. Fig. 1B,C show that both cell lines are significantly
enriched for positively-stained cells after 16 h of belinostat
treatment as compared to vehicle (DMSO) treatment.

Although mitotic cells appear to accumulate in SUDHL4
and SUDHL8 cells in response to belinostat, these cell lines
eventually arrest in G1.15 It is possible that the increase in
mitotic cells is due to a mitotic delay that is eventually resolved.
We therefore examined high magnification images of the
H3S10Ph-stained cells for evidence of anaphase mitotic figures,
which would indicate that cells are progressing beyond prome-
taphase, when the spindle assembly checkpoint (SAC) is acti-
vated. In the resistant SUDHL4 cell line, anaphase figures are
readily apparent at 16 h of belinostat treatment (Fig. 1D). In
contrast, we were unable to find any anaphase figures in the
belinostat-treated DB cells; all positively-stained cells appear to
be arrested prior to metaphase. Altogether our results are con-
sistent with a belinostat-induced transient mitotic delay in the
SUDHL4 cells and a pre-metaphase arrest in the DB cells that
eventually leads to apoptosis.

Combining belinostat with vincristine results in synergistic
cell death in HDACi-resistant DLBCL cell lines

As shown above, belinostat-induced cytotoxicity is associated
with early mitotic arrest in DLBCL cell lines. However, at simi-
lar submicromolar concentrations belinostat is unable to
induce a strong mitotic arrest in the resistant DLBCL cell lines.
Studies of the mitotic effects of HDACi in other cell types have
established that, in addition to activating the SAC, they cause it
to fail prematurely and induce apoptotic signaling17,19,30,31).
We therefore hypothesized that forced mitotic arrest in the
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resistant cells might sensitize them to belinostat-induced cyto-
toxicity. To address this, we used the MTA, vincristine, at con-
centrations low enough to cause near-maximal mitotic arrest
and sustained increase in H3S10Ph by 24 h (Fig. 2) but !30 %
cell death by 48 h (Fig. 3C). Cleavage of poly ADP ribose poly-
merase (PARP) and pro-Caspase 3 were evaluated in 2 belino-
stat-resistant cell lines using a 48 h time course of belinostat
and vincristine, alone or in combination (Fig. 3A,B). Individu-
ally each drug caused low to moderate levels of PARP cleavage
and little to no cleavage of caspase 3. The combination of beli-
nostat and vincristine however, resulted in nearly complete
PARP cleavage and high levels of Caspase 3 cleavage in both
cell lines, indicating efficient onset of apoptosis.

As an additional measure of apoptosis, Annexin V/propi-
dium iodide (PI) uptake assays were conducted (Fig. 3C). As
expected, belinostat alone caused little cell death by 72 h in
both HDACi-resistant cell lines. Low dose vincristine alone
caused low to moderate amounts of cytotoxicity. The combina-
tion treatment however, caused much more cell death than

either drug alone. By 72 h the belinostat/vincristine combina-
tion induced apoptosis in greater than 75% of SUDHL4 and
SUDHL8 cells as compared to ! 10% of dead cells with belino-
stat alone or ! 50% with vincristine alone. Fig. 3D shows the
percentage of viable cells (derived from the AnnexinV/PtdIns
assays) with each treatment at 24, 48, and 72 h. The relative
risk ratio (RRR) calculation using cell viability data can be used
to indicate whether a drug combination is synergistic, additive,
or antagonistic 32; RRR values <1.0 are predictive of drug syn-
ergy. As described in Materials and Methods, the RRR values
for the belinostat/vincristine combination at 72 hours in
SUDHL4 and SUDHL8 cells were found to be 0.25 and 0.51,
respectively, consistent with synergy between the 2 drugs.

HDACi selectively induce cytotoxicity in transformed cells
versus non-transformed cells, but vincristine can be toxic to both.
Thus, when combining these drugs it is important to assess
potential cytotoxicity in non-transformed cells. GM18564, a non-
transformed, Epstein Barr Virus-immortalized human B lympho-
blastoid cell line with a 30 h doubling time (not shown), was used

Figure 1. Belinostat treatment causes accumulation of DLBCL cells in mitosis. (A) Belinostat sensitive (DB, OCI-Ly19) and resistant (SUDHL4, SUDHL8) cells were treated
with belinostat for up to 36 h. Belinostat was used at previously-determined IC50 concentrations for each cell line. Equal volumes of cell lysates were subjected to Western
blotting with antibodies to either H3S10Ph (mitotic marker) or GAPDH (loading control). (B) Immunohistochemistry using antibody against H3S10Ph for SUDHL4 and DB
cells treated with belinostat or DMSO for 16 h. (C) The total number of cells and the number of positive-staining cells were counted in multiple, random fields from 40X
and 100X ICC images of cells treated for 16 h with belinostat or DMSO. The results are represented graphically. The unpaired student’s t-test was used to calculate signifi-
cance. !!!, p ! 0.001. (D) Images (100X magnification) of belinostat-treated, mitotic SUDHL4 or DB cells positively-stained for H3S10Ph.
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to address this issue. Treatment of GM18564 cells with doses of
vincristine and belinostat that induced strong cell cycle effects in
the experiments with DLBCL cell lines caused no significant
change in the percentage of cells in G2/M while exposure to beli-
nostat led to a small increase in the G1 population (Fig. 4A). In
addition, the drugs induced little, if any, change in the extent of
PARP cleavage (Fig. 4B). These results show that non-trans-
formed B cells are much less sensitive to the effects of these drugs
on cell growth and survival. In particular, GM18564 cells are not
sensitive at all to the low concentrations of vincristine that elicit
strong cell cycle effects in DLBCL cell lines.

Mitotic arrest is essential for HDACi-induced cytotoxicity in
DLBCL cell lines

Vincristine inhibits microtubule (Mt) polymerization while
taxanes, such as paclitaxel, stabilize the polymerized state and
inhibit depolymerization of Mts. However, both drugs induce

mitotic arrest. To determine whether the synergy between beli-
nostat and vincristine is specific to the Mt targeting mechanism
of the latter or is dependent on mitotic arrest, we assessed the
level of cytotoxicity induced by belinostat in combination with
paclitaxel. Using doses of paclitaxel in the low nanomolar range
that cause near maximal G2/M arrest (not shown), we exam-
ined cytotoxicity by Annexin V/PI assay after 48 h treatment.
Paclitaxel alone induced low levels of cytotoxicity (approxi-
mately 30%) in SUDHL4 cells (Fig. 5A). However, the combi-
nation of belinostat and paclitaxel induced high levels of
cytotoxicity (65–75%), similar to what was observed with the
vincristine/belinostat combination (Fig. 3C). Analysis of the
cell viability data (Fig. 5B) shows that RRR values of < 1.0: 0.52
and 0.50 for 6 and 8 nM paclitaxel plus belinostat, respectively.
These results show that the synergy is independent of the
mechanism of Mt targeting and suggests that the key event that
sensitizes belinostat-resistant DLBCL cells to belinostat-
associated cytotoxicity is sustained mitotic arrest.

To further test the relationship between mitotic arrest and
belinostat-induced cytotoxicity, we varied the order of cellular
exposure to vincristine and belinostat. In the experiments
described above, both vincristine and belinostat were added
simultaneously and mitotic arrest was apparent by 24 h (not
shown and see Fig. 6B). Since belinostat induces G1 arrest in
belinostat-resistant DLBCL cells by 48 h treatment we hypothe-
sized that prior treatment with belinostat would prevent syn-
ergy with vincristine. Thus, as described by the timeline shown
in Fig. 5C, SUDHL4 cells were either treated with the drugs
simultaneously for 48 h (below the line) or pretreated with beli-
nostat for 48 h followed by either water (vehicle) or vincristine
for an additional 48 h (above the line). Fig. 5D shows that beli-
nostat treatment for 48 h induced G1 arrest as indicated by
increased expression of the cyclin-dependent kinase inhibitor,
p27.15 To measure cell death, we carried out Annexin V/PtdIns
assays. As expected, treatment with either drug alone has little
effect on PARP cleavage (Fig. 5D) or cell death (Fig. 5E), while
simultaneous treatment with both belinostat and vincristine for
48 h strongly triggered both. However, when cells are pre-
exposed to belinostat for 48 h prior to vincristine (denoted as
Bel then VCR), there was no additional cell death beyond that
observed when belinostat was present for 96 h (denoted as Bel
then H2O), and there is no synergy between the drugs (com-
pare bars 4 and 5, Fig. 5D). Altogether these results establish
the importance of mitotic arrest in belinostat-induced cytotox-
icity in the DLBCL context and indicate that the enhanced
cytotoxic effect of the combination is sensitive to the order of
drug addition.

Belinostat curtails vincristine-induced SAC activation and
causes efficient induction of apoptosis

Previous studies have shown that HDAC activity is required
for stable microtubule-kinetochore interactions that are
essential for progression beyond prometaphase.17,19,31 In
addition, HDACs appear to be necessary to maintain the
SAC once it has been activated.17,19,30,31 Based on these
studies and our results we predict that vincristine induces
prolonged activation of the SAC in the HDACi-resistant
cell lines and belinostat causes it to fail. To address this

Figure 2. Low dose vincristine treatment results in accumulation of cells in mitosis.
(A) SUDHL4 and SUDHL8 cells were treated with vincristine at various doses
between 1 and 10 nM for 24 h followed by cell cycle analysis. The percentage of
cells in G2/M from 2–3 independent experiments is shown. Curve-fitting was per-
formed using GraphPad Prism software. (B,C) SUDHL4 (B) and SUDHL8 (C) cells
were treated with vincristine at concentrations of 5 nM and 3 nM, respectively for
up to 24 h. Cell lysates were subjected to immunoblotting with antibodies against
H3S10Ph or GAPDH. A representative experiment is shown.
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hypothesis we examined the phosphorylation of BubR1, an
event that indicates SAC activation.33,34 The mobility of
BubR1 in SDS-PAGE gels is slowed by phosphorylation rel-
ative to unmodified BubR1. As expected, belinostat alone
was not sufficient to induce the accumulation of phosphory-
lated BubR1 (pBubR1) (Fig. 6A). In contrast, 8 h
of exposure to vincristine caused detectable accumulation of

pBubR1 in both SUDHL4 and SUDHL8 cells (denoted by
the arrows in Fig. 6A). This phosphorylation persisted for
another 16–24 hours and then disappears. The combination
of the 2 drugs caused an early accumulation of low levels of
pBubR1 that was short-lived, suggesting that the strong and
persistent SAC activation by vincristine is curtailed in the
presence of belinostat.

Figure 3. Belinostat combined with low dose microtubule targeting agents act synergistically to induce apoptosis in HDACi-resistant DLBCL cell lines. A,B) SUDHL4 (A) or
SUDHL8 (B) cells were treated with belinostat, vincristine, or the combination for up to 48 h. Vincristine concentrations were 5 nM for SUDHL4 and 3 nM for SUDHL8. Cell
lysates were subjected to Western blotting with antibodies against PARP (cleaved and uncleaved), Caspase 3 (cleaved and uncleaved), and b-actin. C,D) SUDHL4 or
SUDHL8 cells were treated with DMSO, belinostat (Bel), vincristine (VCR), or the combination for 24, 48, and 72 h and subjected to the Annexin V/PI uptake assay. (C) The
number of cells staining positive for PtdIns, Annexin V, or both is shown graphically for 3–4 independent replicates. (D) The number of viable cells (negative staining for
PI and/or Annexin V) from 3–4 independent replicates is shown graphically. Error bars represent SEM.
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Mitotic phosphorylation of histone H3 persists through
metaphase but begins to decrease in anaphase and is barely
detectable by cytokinesis/mitotic exit.29 To further document
SAC failure, we measured levels of H3S10Ph in the presence of
vincristine alone and the drug combination by Western blot-
ting in SUDHL4 and SUDHL8 cells (Fig. 6B). Vincristine alone
caused a prolonged elevation of H3S10Ph consistent with an
extended mitotic arrest. Co-treatment with vincristine and beli-
nostat, resulted in a shorter period of H3S10Ph accumulation
relative to vincristine alone (Fig. 6B), which could be due to
death of cells still in mitosis or mitotic slippage.20,35-38 In addi-
tion, accumulation of pBubR1 was much lower and did not
persist (Fig. 6A). These findings indicate that belinostat is capa-
ble of attenuating the mitotic arrest induced by vincristine.
Total levels of BubR1 became almost undetectable after 40–
48 h in the presence of belinostat and VCR. Several reports
have shown that BubR1 degradation occurs prior to mitotic
exit.39-41 The decline in total BubR1 occurs in the similar time
frame as the decrease in levels of H3S10Ph.

Studies have shown that prolonged mitotic arrest can result
in death in mitosis or mitotic slippage. After the latter, cells can
undergo multiple fates including cell death by apoptosis, long-
term growth arrest or senescence, or continued cycling with a
polyploid genome.20 Our findings suggest that belinostat expo-
sure during mitotic arrest triggers a strong apoptotic signal.
This contention is further supported by experiments done with
the pan-caspase inhibitor, Z-VAD-FMK, which strongly

reduced SUDHL4 cell death in the presence of both belinostat
and vincristine as determined by Annexin V/PI assays
(Fig. 7A). Analysis of the expression of pro- and anti-apoptotic
Bcl-2 family members in the presence of belinostat and/or vin-
cristine in SUDHL4 cells showed that neither drug had an
impact on BCL2 expression, and that BCL-XL expression was
undetectable (not shown). However, belinostat treatment alone
down-regulated expression of the pro-apoptotic short from of
MCL-1 (lower band, Mcl-1 blot, Fig. 7B) but had little effect on
the anti-apoptotic long form (upper band, Mcl-1 blot,
Fig. 7B).42,43 In addition, belinostat up-regulated expression of
the BH3-only apoptotic activator, BIM about 2–3-fold. Vincris-
tine treatment had little effect on expression of either MCL-1
or BIM. However, upon treatment with both belinostat and
vincristine, both long and short forms of MCL-1 were reduced
by at least 50% over 48 h treatment. Importantly, in the period
over which MCL-1 expression declined, BIM expression
increased and Caspase 3 cleavage commenced (see Figs. 3A and
7B). Thus, in the presence of vincristine, belinostat shifts the
balance of pro- and anti-apoptotic Bcl-2 family members
toward expression of the former.

Belinostat prevents vincristine-induced formation of
polyploid cells

In the course of cell cycle analyses, we noticed that vincristine treat-
ment caused the generation of a polyploid population of cells in
SUDHL8 cells (denoted by the arrow in Fig. 8A). Mitotic slippage
without genome division has been documented to occur with other
drugs that target mitosis and may be associated with drug resis-
tance and the development of aneuploidy [reviewed in 23,44-46].
Interestingly, the presence of belinostat largely prevents the vincris-
tine-induced accumulation of polyploid SUDHL8 cells (Fig. 8A).
The number of cells in the peak shown in Fig. 8A was quantitated
as shown in Fig. 8B. In the presence of vincristine alone, approxi-
mately 6% of cells are in this population (light gray bars, minus
Z-VAD-FMK). With the belinostat-vincristine combination
treatment this population is reduced to less than 1%, similar to the
amount observed with DMSO alone. Because we demonstrated
that belinostat induces a strong apoptotic signal, we hypothesized
that inhibition of apoptosis with the pan-caspase inhibitor,
Z-VAD-FMK, would impair the ability of belinostat to reduce the
polyploid population, which it did (as seen in Fig. 8B).

Once cells treated with drugs that disrupt mitotic progres-
sion have undergone mitotic slippage, several cell fates have
been documented, including cell death in interphase, continued
cell cycle progression and division, or senescence.20,35-38 The
relative DNA content of the polyploid cell population suggests
that some tetraploid cells continued cycling after slippage, rep-
licated their DNA, and may have entered mitosis. To test this
we carried out FACs analysis on cells that had been permeabi-
lized and stained with antibodies to H3S10Ph and propidium
iodide. In Fig. 8C, the ovals indicate the mitotic populations
that show elevated H3S10Ph staining in a representative experi-
ment. The ovals on the left in each plot represent the 4N cell
population undergoing mitosis while the ovals on the right rep-
resent the portion of the polyploid cell population indicated in
Fig. 8A that is mitotic. In the presence of DMSO or belinostat
there are few polyploid cells in mitosis (quantitated in Fig. 8D).

Figure 4. Cotreatment with belinostat and vincristine does not cause cytotoxicity
in a non-transformed B lymphoblastoid cell line. GM18564 cells were treated with
DMSO, belinostat, vincristine, or the combination for 48 h. (A) Cells were collected
for cell cycle analysis. The graph shown is a summary of 3 independent replicates.
(B) Cell lysates were subjected to Western blotting with antibodies against PARP
(cleaved and uncleaved) or GAPDH. A representative blot is shown.
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In the presence of vincristine alone, the number of 4N cells in
mitosis is much increased, as expected. In addition, there are
cells with elevated H3S10Ph staining in the polyploid popula-
tion (Fig. 8C,D), indicating that these cells continued cycling
after mitotic slippage and entered mitosis. The belinostat-
vincristine combination treatment reduces the number of both
4N and polyploid cells with elevated H3S10Ph staining, consis-
tent with belinostat-induced SAC failure and apoptotic signal-
ing. These results show that belinostat enhances vincristine-
induced cell death by preventing the survival of tetraploid cells
generated by mitotic slippage.

Discussion

Relapsed or refractory DLBCL is associated with a high mortal-
ity rate 4 and highlights a need for new therapies that can
lengthen survival of patients with aggressive forms of DLBCL.
In the current study we show that sensitivity to the cytotoxic
effects of HDACi in cell lines modeling aggressive DLBCL is
associated with mitotic arrest prior to metaphase. In contrast,

DLBCL cell lines resistant to the cytotoxic effects of HDACi are
able to complete mitosis and arrest reversibly in G1. However,
if mitotic arrest is induced with the MTAs vincristine or pacli-
taxel, the resistant cells become sensitive to the cytotoxic effects
of belinostat through failure of mitotic arrest and efficient induc-
tion of apoptosis. In addition, we show that vincristine-induced
generation of cycling polyploid cells is prevented by co-treatment
with belinostat. Thus, the belinostat-vincristine drug combination
exhibits mutual cytotoxic synergy in DLBCL cells.

Our previous study described the development of a DLBCL
cell line-based model of sensitivity and resistance to the
HDACi, belinostat.15 In the current study we determined that
cell lines sensitive to belinostat-induced cytotoxicity undergo
mitotic arrest prior to initiation of apoptosis, consistent with
reports showing that HDACi can activate the SAC.17,19 HDAC
inhibition causes destabilized interactions between microtu-
bules (Mt) and kinetochores assembled at centromeres.17,31

A recent study showed that aberrant acetylation of the Mt end-
binding protein, EB1, prevents stable chromosome alignment
at the metaphase plate.47 SAC activation prevents progression

Figure 5. Mitotic arrest is essential for HDACi-induced cytotoxicity in DLBCL cell lines. (A,B) Co-treatment with paclitaxel and belinostat causes enhanced cytotoxicity in
HDACi-resistant DLBCL cell lines. SUDHL4 or SUDHL8 cells treated with DMSO, belinostat, paclitaxel (PTX), or the combination for 48 h. Cells were subjected to the
Annexin V/PtdIns uptake assay. (A) The number of cells staining positive for PI, Annexin V, or both is shown graphically for 3–4 independent replicates. (B) The number of
viable cells (negative staining for PI and/or Annexin V) from 3–4 independent replicates is shown graphically. Error bars represent SEM. (C-E) Enhanced cytotoxicity
induced by the combination of belinostat and vincristine is dependent on cell cycle progression. C.) Experimental design. SUDHL4 cells were treated with vehicle (DMSO)
or with belinostat (Bel) and vincristine (VCR) either alone or in combination for 48 h prior to harvest as shown below the timeline. Alternatively cells were treated with
belinostat (Bel) for 48 h followed by the addition of vincristine (VCR) or water for an additional 48 h as shown above the timeline. D) Lysates from cells treated as
described in (C) were subjected to Western blotting for PARP cleavage and p27, which is a marker of belinostat-induced G1 arrest. E) Annexin V/ Propidium iodide uptake
assays were used to examine the induction of cell death by the various treatments described in (C). The graph is a summary of at least 3 independent experiments. Error
bars represent SEM. Statistical analysis was carried out using the paired t test comparing the total population of dead and dying cells (PtdIns plus Annexin V plus AnnV/
PI) between conditions. !! - p ! 0.01, !!! - p ! 0.001.
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to anaphase and causes the accumulation of cells in prometa-
phase with chromosomes containing high levels of H3S10Ph.
We show that belinostat induces significant increases in
H3S10Ph in sensitive DLBCL cell lines, DB and OCI-Ly19. The
ICC analysis in DB cells shows an accumulation of pre-meta-
phase H3S10Ph-positive cells and a complete lack of positively-
stained cells in anaphase. Altogether these results strongly

indicate that belinostat is able to activate the SAC in sensitive
DLBCL cell lines.

In contrast, our findings suggest that DLBCL cell lines resis-
tant to the cytotoxic effects of belinostat exhibit a delay in
mitotic progression but are ultimately able to complete mitosis
and arrest in G1. Establishing a mitotic arrest using vincristine
sensitizes the resistant cell lines to the cytotoxic effects of beli-
nostat. The mitotic arrest is essential for this effect since pacli-
taxel, a second MTA with a distinct mechanism of action, is
able to induce mitotic arrest and sensitize the cells to belinostat.
In addition, allowing the cells to arrest in G1 via belinostat
treatment prior to vincristine exposure prevents mitotic arrest
and abolishes the synergistic cytotoxic effect observed upon
simultaneous co-treatment with the drugs.

HDAC activity has been shown to be important for mainte-
nance of the SAC [reviewed in 18]. HDACi-treated cells arrested
in prometaphase cannot maintain the arrest and exit mitosis
without having entered anaphase or partitioned their genome,
suggestive of SAC failure and mitotic slippage.17,19 Further-
more, extended mitotic arrest caused by treatment with noco-
dazole is significantly curtailed by HDAC inhibition.30,48,49 We
show very similar results with the clinically-relevant MTA, vin-
cristine. At low doses (!5nM) this drug maintains elevated lev-
els of H3S10Ph and phosphorylated BubR1 for at least 24 h in
the SUDHL4 and SUDHL8 cell lines. However, in the presence
of both belinostat and vincristine, elevated H3S10Ph is main-
tained for only 8–16 h prior to a rapid decline that is concomi-
tant with an increase in caspase 3 and PARP cleavage,
indicative of the onset of apoptosis. In addition, the accumula-
tion of phosphorylated BubR1 is greatly decreased, suggesting a
reduction in the number of cells in which the SAC is active.
Altogether the results suggest that, in the belinostat-resistant
cell lines, HDAC inhibition leads to failure of the vincristine-
induced SAC and subsequent apoptosis. It is noteworthy that
the submicromolar concentrations of belinostat that effectively
curtail vincristine-induced mitotic arrest in the resistant cell
lines do not efficiently activate the SAC as they do in the sensi-
tive cell lines. This observation suggests that the HDAC targets
that mediate SAC activation are distinct from those which
cause SAC failure.

By three methods (Annexin V assay, Caspase 3 cleavage, and
use of a pan-Caspase inhibitor) we established that the belino-
stat-vincristine combination treatment induces apoptotic cell
death. Belinostat causes upregulation of Bim proteins in the
presence or absence of vincristine, but the combination treat-
ment causes a strong down-regulation of MCL-1 protein,
thereby generating an environment more conducive to apopto-
sis. Upregulation of BIM was shown to increase the probability
of cell death in mitosis in the presence of reduced MYC expres-
sion.50 This is relevant to our study because we showed previ-
ously that belinostat strongly down-regulates MYC protein
expression in DLBCL cell lines.15 MCL-1 is involved in regula-
tion of both death in mitosis and death after mitotic slip-
page.50-52 Mitotic degradation of MCL-1 can increase the
probability of death in mitosis when MYC or NOXA is down-
regulated.50,52 It can also hasten slippage during mitotic arrest
caused by inhibitors of mitosis and increase the probability of
apoptosis after slippage.51 While it is unclear if apoptosis
induced by the belinostat-vincristine combination occurs

Figure 6. Belinostat curtails SAC activation and mitotic arrest induced by vincris-
tine. (A) SUDHL4 and SUDHL8 cells were treated with belinostat, vincristine, or the
combination for up to 48 h. Whole cell extracts were subjected to Western blotting
with antibodies against BubR1 and a-tubulin. Arrows denote the slower migrating
band that represents phosphorylated BubR1. (B) SUDHL4 and SUDHL8 cells were
treated with vincristine or vincristine plus belinostat for up to 36 h. Cell lysates
were subjected to Western blotting with antibodies against H3S10Ph or GAPDH.
Blots representative of at least 3 independent experiments are shown.

Figure 7. Enhanced cytotoxicity induced by the combination of belinostat and vin-
cristine is dependent on apoptotic signaling and correlates with a shift in the bal-
ance of anti- and pro-apoptotic factors. (A) SUDHL8 cells were treated for 48 hours
with DMSO, belinostat (Bel), vincristine (VCR) or the combination with and without
the pan-caspase inhibitor, Z-VAD-FMK. Cell death was measured using Annexin V/
PtdIns uptake assays. The graphs summarize the results of 4 independent experi-
ments. (B) Cells were treated for up to 48 hr with belinostat (Bel), vincristine (VCR),
or the combination. Cell lysates were subjected to Western blotting with antibod-
ies against MCL-1 and BIM. GAPDH was used as a loading control. A blot represen-
tative of 3–4 independent experiments is shown.
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during mitosis or after mitotic slippage, the concomitant down-
regulation of MCL-1 and upregulation of BIM could contribute
to either.

Cancer cells exposed to different classes of mitosis-targeting
drugs, including MTAs, respond in 2 main ways to a prolonged
mitotic arrest, either dying during mitosis or undergoing
mitotic slippage dependent on the cell line or the drug
[reviewed in53]. After mitotic slippage, cells have been shown
to enter G1 in a tetraploid state after which they may become
senescent, die by apoptosis, or progress through the cell cycle,
all by mechanisms that are poorly understood [reviewed in54].
In the prolonged presence of vincristine, a fraction of SUDHL8

cells slip out of mitosis in a tetraploid state and progress
through the cell cycle yielding a population of cells that have
8N DNA content, including some that have entered mitosis.
Interestingly, the induction of polyploidy by inhibitors of mito-
sis is associated with drug resistance,23,46 and it has been pro-
posed that the continued survival of polyploid cells may give
rise to aneuploidy that promotes cancer progression.46,53-56

Deng et al measured vincristine sensitivity in DLBCL cell lines
and found that SUDHL8 cells were relatively resistant while
SUDHL4 cells were much more sensitive.57 We found that
exposure to belinostat largely prevents the vincristine-induced
accumulation of polyploid SUDHL8 cells by triggering

Figure 8. Belinostat treatment prevents vincristine-induced polyploidy in SUDHL8 cells. SUDHL8 cells were treated for 48 hours with DMSO, belinostat (Bel), vincristine
(VCR), or the combination. (A) Cells were subjected to cell cycle analysis. The arrow denotes a polyploid cell population. (B) Quantitation of the polyploid cell popula-
tion indicated by the arrow in (A) in SUDHL8 cells treated with and without the pan-caspase inhibitor Z-VAD-FMK. The graph is a summary of 4 independent experi-
ments. Error bars represent SEM. Statistical analysis was carried out using the paired t test comparing the population of polyploid cells with 8N DNA content in the
presence and absence of Z-VAD-FMK. !! - p ! 0.01, !!! - p ! 0.001 (C) SUDHL8 cells treated with DMSO, belinostat, vincristine and the combination were subjected
to flow-cytometric analysis after staining with Alexa 488-tagged H3S10Ph antibody and propidium iodide. Neither cells with < 2N content nor debris were gated out.
The plots shown are representative of 3 independent experiments. Mitotic populations of 4N (left) and 8N (right) cells used for quantitation are denoted as ovals in
each panel. (D) Quantitation of polyploid cells (8N) with high H3S10Ph staining as identified in the oval on the right side of each panel shown in (C). Statistical analysis
was carried out using the paired t test comparing the total population of polyploid mitotic cells (high H3S10Ph staining) between vincristine and vincristine plus beli-
nostat treatments. !! - p ! 0.01, !!! - p ! 0.001.
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apoptosis. Thus, HDAC inhibition enhances the cytotoxicity of
vincristine by increasing the probability that apoptotic signal-
ing is efficiently activated to reduce the number of cells that
undergo mitotic slippage, evade cell death, and continue to
cycle with an abnormal number of chromosomes. Our work
suggests that HDACi might be used with MTAs and other
drugs that inhibit mitotic progression to reduce the probability
of resistance. Also, since tumors with aneuploidy tend to be
resistant to MTAs, HDACi co-treatment might increase their
sensitivity to the MTA-induced cytotoxicity. In fact, a very
recent study showed that treatment of paclitaxel-resistant lung
cancer cell line with a novel HDACi sensitized the cells to pacli-
taxel-induced cytotoxicity both in vitro and in vivo.58

Synergy between taxanes and HDACi in inducing cytotoxic-
ity has been previously demonstrated in vitro and in xenograft
tumor models of ovarian, breast, and prostate cancer.30,59-68

Belinostat has been found to be synergistic with taxanes in
inducing apoptosis in prostate and ovarian cell lines and in
clinical samples from ovarian tumors grown in organoid cul-
ture.65,67 Although most of these studies did not explore mech-
anism, cytotoxicity induced by vorinostat and paclitaxel in
breast cancer cell lines was accompanied by increased induc-
tion of G2/M arrest.62 A study of Hela cells showed that com-
bining the hydroxamate HDACi, trichostatin A, with paclitaxel
disrupted the association of BubR1 with kinetochores and
reduced clonogenic survival.30 Results were mixed in the few
studies that combined vincristine with romidepsin, a Class
I-selective HDACi. The combination of romidepsin and vin-
cristine was synergistic in neuroblastoma cell lines 69 but antag-
onistic in several leukemia and lymphoma cell lines, none of
which were derived from DLBCL.70 Surprisingly, we could not
find any studies that combined vincristine with a pan-HDACi
of the hydroxamate class in cancer cells.

The use of vincristine in patients is dose-limited due to
toxicity. While HDACi are generally well-tolerated in humans,
combining them a toxic drug such as vincristine may increase
the risk of toxicity to normal cells. Our experiments with a
non-transformed, immortalized human B cell-derived cell line
demonstrated that exposure to both drugs had little effect on
cell cycle distribution and did not induce PARP cleavage,
showing that the belinostat/low dose vincristine combination
was not cytotoxic. Thus, our results indicate that doses of
MTAs lower than those needed for maximal cytotoxicity of
tumor cells might be used effectively with HDACi, thereby
reducing the potential for toxicity in normal cells. In support,
Hwang et al reported that a dose of docetaxel lower than the
maximally tolerated dose was effective in inhibiting growth of
prostate xenograft tumors when combined with belinostat.67

A Phase I study of solid tumors showed that the belinostat/
paclitaxel combination is tolerable in humans and thus feasi-
ble for further clinical study.71 Recently approved nanoparticle
formulations of vincristine and paclitaxel that increase efficacy
and reduce toxicity 72,73 should make them safer to combine
with other drugs such as belinostat. Using a preclinical model
of aggressive DLBCL the current study has demonstrated the
potential of combining MTAs with belinostat for treatment of
relapsed/refractory DLBCL. Our future studies will focus on
evaluation of the MTA/belinostat combination in mouse mod-
els of DLBCL.

Materials and methods

Cell lines and reagents

DLBCL-derived cell lines were cultured as described previ-
ously.15 RPMI 1640 medium was supplemented with: 1.) 10%
FBS and gentamicin for SUDHL4 and DB, 2.) 10% FBS, 1 mM
sodium pyruvate, and gentamicin for OCILY19, 3.) 10% FBS,
1 mM glutamine, and gentamicin for SUDHL8, and 4.) 20%
FBS and gentamicin for GM18564. All cell lines were main-
tained at 37!C in a humidified atmosphere containing 5% CO2
at densities between 2.0 £ 105 and 1.0 £ 106 cells/ml. All cell
lines were treated with concentrations of belinostat that inhib-
ited growth by 50% at 24 h as determined previously.15

Belinostat was provided by Spectrum Pharmaceuticals. Pac-
litaxel (S1150) was purchased from Selleck Chemicals. Vincris-
tine (1714007) was purchased from Sigma. Antibodies against
BubR1 (#4116s), PARP (#9542s), Caspase 3 (#9665s), and
a-Tubulin (#2144s) were purchased from Cell Signaling Tech-
nologies. Antibodies against phosphorylated Ser10 Histone H3
(#06–570) were purchased from Millipore and antibodies
against GAPDH (fl-335) from Santa Cruz Biotechnology.

Cell cycle, apoptosis analysis and quantitation of mitotic
populations using flow cytometry

Cells were plated at a density between 2 £ 105 and 3 £ 105

cells/ml and cultured for 24 hours prior to treatment. For cell
cycle analysis, 3 £ 106 cells per treatment condition were col-
lected and washed once with cold 1X Dulbecco’s modified
phosphate-buffered saline (D-PBS) followed by fixation with
ice cold 70% ethanol and centrifugation at 700 £ g for
3 minutes. Cell pellets were resuspended in 0.5 ml cold PBS to
which propidium iodide and RNase A were added to final con-
centrations of 40 mg/ml and 50 mg/ml, respectively. After incu-
bation (30 minutes, 37!C) samples were analyzed by flow
cytometry using a FACScanto II instrument (Becton-
Dickinson). Data was analyzed using ModFit LT 3.0 (Verity
Software House).

Apoptosis was analyzed using an Annexin V/Propidium
iodide uptake assay kit (ENZO Life Sciences) that was supple-
mented with FITC-conjugated Annexin V (640906) antibody
(Biolegend). Approximately 1 £ 106 cells per treatment condi-
tion were collected and processed according to manufacturer’s
specifications. Stained cells were analyzed within one hour of
processing using the FACSanto II flow cytometer (Becton-
Dickinson). All statistical analysis was conducted using Graph-
pad Prism Version 5.0 software.

For mitotic quantitation through H3S10Ph staining, approx-
imately 1.5£106 cells were pelleted, washed, and then fixed in
0.5 ml 1% formaldehyde in PBS for 10 min at 37!C. Cold meth-
anol (4.5 ml) was added while vortexing for storage overnight
at ¡20!C. Cells were then pelleted and resuspended in 0.5%
BSA/PBS to block for 10 min. Cells were incubated with Alexa
488-conjugated anti-phos Ser 10 Histone H3 (Cell Signaling
Technologies, #9708) at a 1:10 dilution for 1 h at room temper-
ature in the dark then resuspended in cold PBS to which Propi-
dium iodide and RNase A were added to final concentrations
of 40 mg/ml and 50 mg/ml, respectively. After incubation for
30 minutes at 37 !C samples were analyzed by flow cytometry
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using BD LSRFORTESSA X-20 (BD Biosciences). Data was
analyzed using FlowJo Version 9.9.

Western blotting

For generation of whole cell lysates, cells were collected after
treatment, counted, washed with cold PBS, and resuspended at a
ratio of 100 ul of 2x SDS- PAGE loading buffer [0.08 M Tris pH
6.8, 4% SDS, 20% glycerol, 0.1 M DTT, 0.004% Bromophenol
Blue] per 1£106 cells. Equal volumes of each sample were then
used for Western blotting. Generation of whole cell extracts was
carried out as described previously. Briefly, after washing in PBS,
cell pellets were flash frozen in liquid nitrogen and stored ¡80!

C. Cells were resuspended in RIPA buffer [150 mM sodium
chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 50 mM Tris, pH8.0, protease inhibitor cocktail
(Roche) and phosphatase inhibitors (10 mM NaF, 25 mM
b-glycerophosphate)] and protein concentration was determined
by Bradford assay. Cellular proteins were separated using SDS-
PAGE electrophoresis, transferred to 0.45um nitrocellulose, and
immunoblotted. Antibody binding was visualized with chemilu-
miscence reagents (Supersignal West Pico and/or Femto, Pierce)
and imaged using a Molecular Imager ChemiDoc XRS system
(Biorad). Signals were quantitated using Imagelab version 5.1
software (BioRad).

Immunocytochemistry

Approximately 2.0 £ 107 cells per treatment condition were
centrifuged at 100xg for 5 minutes. After washing with D-PBS
cells were fixed overnight at 4!C in 10% neutral buffered for-
malin (NBF) which was then replaced with 70% ethanol. Fixed
cells were paraffin embedded, sectioned into 3 micron slices,
and mounted on slides. The slices were deparaffinized using
xylene and bathed in decreasing percentages of ethanol (95%,
80% and 70%). Cells were stained manually according to the
LSAB 2 HRP system (Dako). Briefly, antigen retrieval was per-
formed using the Decloaker (Biocare Medical, Concorde, CA)
at 95!C for 25 minutes. Cells were incubated overnight with
either 1% bovine serum albumin in PBS or antibody (diluted
1:10000 in 0.5% BSA in PBS) against phosphorylated Ser10
Histone H3 followed by 3 £ PBS washes. For visualization of
reaction, cells were incubated with LSAB 2 HRP system
(Dako). After washing 3x with PBS, cells were counter stained
with hematoxylin for 3 minutes followed by cover slipping the
slides using non-aqueous mounting media. Stained slides were
imaged using a Leica DMI6000B inverted microscope with a
Leica DCF450 color camera at 40X and 100X magnification.
Acquisition was done using Leica LAS-AF 4.0 software (Leica
Microsystems, Buffalo Grove, IL).
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