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Abstract 

Diffuse Large B-cell Lymphoma (DLBCL) is the most common type of adult lymphoma. With 

current treatments this disease is curable, but remains fatal for 30-40% of patients. DLBCL is an 

extremely heterogeneous disease, and the lack of understanding about its variations makes it 

difficult to determine a second line of treatment for patients who do not respond to standard 

chemotherapy. Histone deacetylase inhibitors (HDACI) have been shown to be effective against 

blood cancers. HDACIs are known to have transcriptional and non-transcriptional effects; 

however, little is understood about their complex functions. Some DLBCL cell lines have been 

shown to be growth sensitive, while others are resistant, to the HDACI PXD101. In order to 

better understand both DLBCL and the mechanisms of PXD101 action, transcription factor 

binding site overrepresentation analysis of gene expression profiling data was used to identify 

signaling pathways modulated by drug treatment. Cells resistant to PXD101 were transfected 

with reporter vectors designed to measure the activity of specific transcription factors. Studying 

the transcription factor NF-κB has proven that this technique is sufficient to detect changes in 

activity upon drug treatment, and that the transcription factors identified can be linked to 

biological pathways that help explain the phenotypic response observed. 
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Introduction 

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

accounting for 30 to 40 percent of all non-Hodgkin’s lymphoma cases.1 Even though DLBCL is 

a treatable and curable disease, it remains fatal for 30 to 40 percent of patients.2 In the past 15 

years there have been advances in the treatment of the disease, primarily the addition of 

rituximab to the standard CHOP chemotherapy (cyclophosphamide, hydroxydaunorubicin, 

oncovin, and prednisone), which have positively impacted the prognosis. However, as more is 

learned about DLBCL, the clearer it becomes that the disease is very heterogeneous. Over ten 

years ago, distinct molecular subtypes of DLBCL were identified: germinal center B-cell-like 

(GCB), activated B-cell like (ABC), and an uncommon type 3.3 The origin of the malignancies 

differ- GCB cells are “frozen” in the germinal center state of B-cell development, whereas ABC 

cells are found in a post-germinal center stage. The identification of sub-classes has led to a 

stratification of survival rates, with a 5 year overall survival rate for GCB patients of 76%, but 

just 16% for ABC patients.3 Although the types can be identified from one another based on 

routine immunohistochemistry (IHC), there is currently no accurate method to predict survival 

within the categories. Additionally, with only one standard treatment, there is no feasible way to 

increase survival based on patient specificity. With such a high rate of fatality there is an urgent 

need to better understand DLBCL and to identify new therapeutics to increase survival rates. 

In recent years a new class of drugs, histone deacetylase inhibitors (HDACI), have been 

developed as anti-cancer agents. HDACIs have been shown to have a number of transcriptional 

and non-transcriptional effects. One well-characterized transcriptional effect of HDACIs is 

mediated through histone acetylation. However, many transcription factors are now known to be 

acetylated and can therefore also be affected by these drugs. The first HDACI approved by the 



Klein	  	   	   2	  
	  

Food and Drug Administration for the treatment of advanced cutaneous T-cell lymphoma was 

Vorinostat (SAHA).4 Various histone deacetylase inhibitors have now been shown to be 

effective in treating T-cell lymphomas as well as other hematological cancers and solid tumors. 

In a phase I clinical trial there were positive anticancer responses to Vorinostat in two DLBCL 

patients.5 This is one of only a few successful attempts to treat B-cell lymphomas with HDACIs. 

It is likely that due to the heterogeneous nature of this disease, it will require combination 

therapies for successful treatment. Furthermore, the currently poor understanding about the 

different functions of HDACs in various cell types leads to difficulty in predicting which tumors 

will respond to HDACIs and which other therapeutics would be able to synergize with HDACIs. 

In order to better treat disease it is important to first understand the full genomic response to 

anticancer therapies.  

PXD101 is an inhibitor of the class I and II histone deacetylase family of enzymes, and 

currently in clinical trials for the treatment of both solid tumors and lymphomas. We have 

previously shown that germinal center (GCB) and activated B-cell (ABC) DLBCL cell lines do 

not respond in a uniform manner to treatment with PXD101. Two GCB cell lines arrest in the 

G2/M phase of the cell cycle and then proceed to die by apoptosis, whereas one GCB and two 

ABC cell lines arrest in the G1 phase, never enter apoptosis, and resume growth once the drug is 

removed. It is clinically relevant to understand the differences in these cell lines in order to 

identify predictive biomarkers of tumor response to HDACIs, as well as to identify companion 

therapeutics that would enhance their ability to kill the tumor cells. Microarray analysis was 

performed on two of the cell lines with different phenotypes to identify primary target genes of 

PXD101 action. Transcription factor binding site over-representation (TFBSO) analysis was then 

performed on the set of genes whose expression levels were found significantly altered by 
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PXD101. TFBSO is a statistical tool that predicts the probability of a given transcription factor to 

be able to bind to the proximal promoter of these genes as compared to the entire genome. This 

method was used as a starting point to discover the functional impact of HDACs and acetylation 

on transcription factors in germinal center-derived lymphomas. The first aim of this thesis is to 

analyze that list of transcription factors and identify proteins known to be acetylated and those 

that could be in some part responsible for the response seen in the cell lines. 

 This relatively new bioinformatic approach must be verified in vitro, which is the second 

aim of this thesis. The accomplishment of this requires optimizing the transfection of DLBCL 

cell lines using electroporation, a process never before successfully completed in the SUDHL4 

cell line. The transfection efficiency must be great enough that reporter vectors designed to 

measure the activity of individual transcription factors are inserted into the cell in high enough 

quantities that small changes upon drug treatment are measurable above background levels. At 

the same time the conditions must be such that the cells have the ability to survive post-

transfection and are in a healthy, proliferating state at the time of treatment with PXD101 so that 

changes in activity can be directly attributed to the HDACI action and not the stress of 

transfection. Once optimized using general reporter vectors, vectors containing the promoter 

region binding sites for specific transcription factors can be transfected into the cells. By testing 

individual transcription factors, we intend to prove that a) this method can be used to detect 

changes in transcription factor activity and b) the results will match those predicted by the 

TFBSO analysis. 

 The ultimate goal is to show that the results found from activity profiling have biological 

relevance in DLBCL and can be modulated through acetylation as a consequence of treating 

these cells with an HDACI. In concert with the first aim, this will help to validate the 
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predictability of the TFBSO analysis. There are three primary ways to complete this goal. First, 

previously published literature can be used as an invaluable resource to understand not only the 

pathways in which the transcription factors are involved, but also their implications in DLBCL. 

Next, the protein levels of the transcription factor, and the acetylation levels of that protein, can 

be measured to look for a physical change that could be responsible for the change in 

transcriptional activity. Finally, levels of target genes must be analyzed to show that the 

transcription factor activity change has a physiological effect in the cell, and the pathways we 

hypothesize to be affected are actually being influenced in some way. 

 Rather than making conclusions focused on identifying defining factors in DLCBL cell 

lines’ response to PXD101, it is the overall goal of this paper to show that transcription factor 

binding site overrepresentation analysis has validity as a bioinformatic method. Furthermore it 

will be proved that the results obtained through the use of this analysis, in conjunction with 

activity profiling, can create an improved understanding of genomic response to HDACIs. 

 

Materials and Methods 

Cell Culture 

 All cell lines were maintained in Gibco RPMI Media (Invitrogen), supplemented with 

10% fetal bovine serum and 0.1% gentamicin. Cells were grown in a 37°C incubator in the 

presence of 5% carbon dioxide. Cells were treated with the HDACI PXD101 according to their 

respective IC50 determined previously (450 nM for the SUDHL4 cell line). 

 Cells were harvested at varying time points and washed with cold PBS (containing 

protease inhibitor cocktail for samples used for protein isolation). Pellets were immediately 

frozen using liquid nitrogen for later protein isolation and resuspended in Trizol for RNA 
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isolation. RNA was isolated using the NucleoSpin RNA II kit (Macherey-Nagel). After RNA 

concentrations were determined using the NanoDrop 2000 (Thermo Scientific), cDNA was 

created using the iScript cDNA Synthesis Kit (Bio-Rad). Whole protein extracts were isolated by 

adding 150 µL of RIPA buffer containing plain DMSO for untreated cells and 450 nM PXD101 

for the treated cells. After resuspension, samples were sonicated for 15 sec on high and then 

transferred into Qiashredder columns and spun at 14,000 RPM for 5 minutes. After the collection 

of clarified protein extracts, protein concentrations were determined using Bradford reagent and 

a Beckman Coulter DU530 UV/Vis spectrometer. 

Real-time PCR 

Sequences were amplified using SensiMix Syber Hi-Rox and the ABI StepOne Plus Real 

Time PCR System with the following parameters: 95°C for 10 min, 40 cycles of 95°C for 15 sec, 

63°C for 15 sec, and 72°C for 15 sec, followed by a melt curve. The primers used are as follows:  

Bcl-2-F 5’CAAGTGGGGGAGGATTGTGG, Bcl-2-R 5’CCGGTTCAGGTACTCAGTCA 

c-Myc-F 5’CCACAGCAAACCTCCTCACAG, c-Myc-R 5’GCAGGATAGTCCTTCCGAGTG 

p21-F 5’GTCACTGTCTTGTACCCTTGTG, p21-R 5’CGGCGTTTGGAGTGGTAGAAA 

p27-F 5’ATCACAAACCCCTAGAGGGCA, p27-R 5’GGGTCTGTAGTAGAACTCGGG 

NFκBI-F 5’CTCCGAGACTTTCGAGGAAATAC, NFκBI-R 5’GCCATTGTAGTTGGTAGCCTTCA 

GAPDH-F 5’CATGAGAAGTATGACAACAGCCCT, GAPDH-R 5’AGTCCTTCCACGATACCCAAAGT 

HPRT1-F 5’ACCAGTCAACAGGGGACATAA, HPRT1-R 5’CTTCGTGGGGTCCTTTTCACC 

Each qPCR was completed on 3 separate sets of mRNA and statistical significance was 

determined using a 2-tailed p-test where p<0.05 for significance. 
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Western Blot Assay 

 Total cell lysates were prepared as described, and proteins were resolved on SDS-PAGE 

4-20% or 5-15% gradient gels and electrotransferred to nitrocellulose membranes. Antibodies 

used are listed below. 

Antibody Origin Dilution Company 

Bcl-2 Rabbit 1:1000 
5% BSA 

Cell Signaling 
Technology 

c-Myc Rabbit 1:1000 
5% BSA 

Cell Signaling 
Technology 

p21/p27 Rabbit 1:500 
2% Milk 

Cell Signaling 
Technology 

ac-p65 
K310 Rabbit 1:1000 

5% BSA Abcam 

p65 Rabbit 1:1000 
2% Milk 

Cell Signaling 
Technology 

 
Immunoreactive proteins were detected using horseradish peroxidase-conjugated 

antibodies to rabbit and the Super Signal Femto Enhancer Solution to develop the western blots, 

and imaged using a ChemiDoc  (Bio-Rad). Values were quantitated using Image Lab software 

(Bio-Rad) for densitometry. 

Transcription Factor Binding Site Overrepresentation (TFBSO) Analysis 

 Previously, microarray analysis was completed on the SUDHL4 cell line treated for 1, 2, 

and 4 hours with PXD101. From this set of up- and down-regulated genes, promoter sequences 

were extracted and transcription factor binding sites (TFBS) were identified through the use of 

TRANSFAC, a curated database that finds transcription factors that potentially bind to those 

promoter sequences. Dr. Kevin Gardner at the NIH performed this analysis. The frequencies at 

which the identified TFBS occurred were compared to the frequency at which those sequences 

occur in the promoters of all genes. This generated an over-representation score, and those that 
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were statistically significant were identified as transcription factors whose transcriptional activity 

may be increasing or decreasing upon treatment.  

Nucleoporation and Luciferase Assay  

 This technique was employed in an effort to understand the change in transcriptional 

activity of transcription factors believed to be affected by PXD101 treatment. SUDHL4 cells 

were grown in RPMI media supplemented with 10% FBS in a tissue culture flask set upright in 

the incubator. These conditions allow cells to settle at the bottom of the flask. At 12-hour 

intervals, for 3 days prior to transfection, half of the media was gently removed from the top of 

the flask in such a way as to not disturb the settled cells, and fresh media was added to bring the 

flask back to its original volume. This allows the cells to be in the best possible state prior to the 

stressful conditions they are subjected to during the transfection. 

 After 72 hours and just prior to transfection, the cells were counted and spun down at 600 

RPM for 5 minutes. Cells were resuspended in 100 µL of Cell Line Nucleofector Kit V Buffer 

(Lonza BioResearch) at a density of 4x106 cells/cuvette. This volume was then mixed with an 

appropriate amount of plasmid (1-5 µg but no more than 5 µL) and the entire volume was added 

to the cuvettes provided in the kit. One cuvette at a time, the cells were transfected using Lonza’s 

Amaxa System Nucleofector and protocol L-029. However, during the optimization phases of 

this project the buffer and protocol were variable. 

 After nucleofection, 500 µL of fresh media supplemented with 5% FBS was immediately 

added to the cuvette. Using the provided pipettes, the suspension was transferred to a 12-well 

tissue culture plate containing another 500 µL of the same 5% media per well. During this step, 

special care had to be taken to remove the clumped cells that appear as a white blob from the 

cuvette and ensure their placement in the wells. Finally, another 500 µL of fresh media is used to 
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wash the cuvette and is added to the well. To ensure the cells are not further damaged, the entire 

process- from resuspension in nucleoporation buffer to washing- cannot exceed 15 minutes. 

 Three vectors were used during my thesis research. For the optimization phase of 

experiments, a plasmid with a PGL3 promoter attached to a luciferase expression vector was 

used to ensure that luciferase could be measured in the cells. Throughout each experiment, a β-

galactosidase vector was used as a control to ensure equal levels of transfection were obtained 

regardless of condition. The test plasmid used contained the luciferase expression vector with a 

promoter for the transcription factor NF-κB attached. 

 At 24 hours after transfection, 500 µL of fresh 5% media was added to each of the wells 

for a final volume of just over 2 mL. 48 hours after transfection, the cells were treated with 

DMSO as a negative control, PXD-101 (450 nM), or the positive control chemical TNFα (20 

nM). 6 or 24 hours after treatment (dependent on condition), cells were harvested using an 

extraction buffer (0.1 M potassium phosphate pH 7.8, 1 mM DTT, qs with ddH2O) and 

underwent three freeze/thaw cycles. β-gal levels were tested by a chemiluminescent assay 

(Tropix), and luciferase activity was tested using a custom buffer (25 mM glygly, 15 mM 

MgSO4, 500 µM ATP, 250 µM luciferin, and 250 µM CoA). Fluorescence was then measured 

using the Turner Biosystems 20/20n Luminometer (parameters: Kinetics off, Frequency 1/1sec, 

Integration 10 sec, Total number of measurements 10) and normalized by analysis of protein 

levels (determined by using a Bradford assay). 
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Results 

Before trying to elucidate the mechanisms through which transcription factors mediate the 
response of DLBCL cell lines to an HDACI, the overall response must be determined. For this 
thesis, the work done on the genomic response of DLBCL to PXD101 was completed in the 
SUDHL4 cell line.  
	  
Response to Drug Treatment 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 1. SUDHL4 cell line response to PXD101 treatment. (a) Using flow cytometry, the percentage of 
cells found in each phase of the cell cycle can be measured. Upon treatment with PXD101, the SUDHL4 cell 
line, a GCB DLBCL cell line, arrests in the G1 phase by 48 and 72 hours (b) In order to measure apoptosis, 
Annexin-V/Propidium Iodide (PI) flourescence is measured using flow cytometry. Annexin-V will bind to 
phosphatidylserine if it has been flipped out of the cellular membrane (a marker of early apoptosis) and viable 
membranes will exclude PI. Therefore low levels of Annexin/PI signify viable cells. The SUDHL4 cell line 
never undergoes apoptosis upon treatment with PXD101. 
	  
TFBSO analysis was completed on the SUDHL4 cell line in order to identify transcription 
factors whose activity could be up or down-regulated upon treatment with PXD101. 
	  
Transcription Factor Binding Site Overrepresentation Analysis 

 
 

 

	  
	  
	  
	  
Figure 2. Identified Transcription Factors. By using transcription factor binding site overrepresentation 
analysis, 108 unique transcription factors were identified as having the ability to bind to the proximal 
promoters of up- or down-regulated genes in the SUDHL4 cell line after PXD101 treatment. Since this list 
includes transcription factors that can activate and repress gene expression, the transcription factor activity 
itself may be increasing or decreasing for genes up- and down-regulated. 

(a) (b) 

DMSO	   PXD101	  
Hours 

DMSO	   PXD101	  Hours 
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A literature review was then conducted in order to better understand the functional relevance of 
those transcription factors identified by TFBSO analysis. 
Table 1. Transcription Factor Relevance. Out of the 108 transcription factors identified by TFBSO analysis, 
23 are known to have links to cell growth, apoptosis, DLBCL, and/or acetylation.  
 

UP Functional Relevance Acetylation Link to DLBCL 

C-MYC 

- c-Myc expression is deregulated 
in many cancers and it can play a 
role in numerous cellular pathways 
including growth, cell-cycle 
progression, apoptosis, 
metabolism, angiogenesis, cell 
adhesion, and motility6  
-There are many possible roles for 
the oncogenic function of Myc 
including transcriptional regulation 
of cell growth and division, and an 
indirect induction of genomic 
instability7  
-Shown to regulate, and be 
regulated by, other genes analyzed 
in this paper including Bcl-2, p21, 
and p278-10  

-In multiple studies involving 
both DLBCL as well as other 
malignancies, HDACIs were 
found to down-regulate both 
mRNA and protein levels of 
c-Myc.11-13 

-In two separate studies, 
cases of DLBCL containing 
a Myc+ translocation had a 
significantly lower overall 
survival (OS) than those 
cases that were not c-Myc 
positive  
-Up to 15% of DLBCL 
cases contain this 
translocation and in both 
studies progression free 
survival was found to be 
0.31-0.35 v 0.61-0.66 in 
patients without the up-
regulated c-Myc14-15 

 

NRF2 

-Nrf2 is a master regulator of 
AREs and controls a defense 
mechanism that promotes cell 
survival under oxidative stress16 

-Acetylation of Nrf2 has been 
shown to activate its 
transcriptional activity; and 
the activation of class III 
histone deacetylases inhibits 
its activity17 

-Vorinostat (HDACI) was 
shown to activate Nrf2 
through a separate pathway 
that down-regulates the 
negative regulator of Nrf2, 
Keap118 

 

P53 

-p53 is a well-known and 
characterized tumor suppressor 
that is involved in stress response 
pathways that control the growth 
and survival of cells19 

-Acetylation of p53 has been 
shown to destabilize the p53-
Mdm2 interaction and 
activate the stress response 
mediated by p5320 
-In some cases, the activation 
of a known target gene of 
p53, p21 (whose up-
regulation is often a marker 
for HDACI activity) is 
believed to be independent of 
p53. However, in other cases 
some HDACIs mediate this 
increase through the activity 
of p5321 

-In multiple experiments, 
p53 expression or mutation 
status has been correlated 
with lower overall survival 
or more aggressive disease 
in patients with DLBCL22-24  
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MAX 

-Max is a part of a transcription 
factor network that controls cell 
proliferation and tumorigenesis 
through its DNA binding activity25 

-It has many heterodimerization 
partners including Myc 

-The phosphorylation of Max 
is well characterized, but it 
also appears to be able to be 
acetylated at three key 
residues and this acetylation 
is important for Max nuclear 
localization26 

 

SMAD 

-The Smad proteins are part of the 
TGF-β signaling pathway 
commonly deregulated in cancer 
through its control of cell 
proliferation, apoptosis and 
differentiation27 
-This signaling pathway can 
inhibit cell cycle progression, in 
part through the up-regulation of 
p2128 

-Acetylation of some Smad 
proteins have been shown to 
positively regulate their 
transcriptional activity29 
-Additionally, cofactors that 
recruit histone deacetylases 
to the Smad complex have 
been shown to repress Smad-
mediated transcription30 

-Bcl6 is known to be highly 
over-expressed in GCB 
DLBCL and plays an 
essential role in germinal 
center formation. B-cell 
lymphoma cells with high 
levels of Bcl6 were found to 
be refractory to Smad 
signaling because Bcl6 has 
the ability to disrupt the 
Smad-p300 interaction that 
leads to its acetylation and 
activation31 It is also 
important to note that the 
transcriptional activity of 
Bcl6 can be inhibited by 
acetylation32 

E2F1 

-E2F1 regulates genes required for 
entry into the S-phase33 
-E2F1 has also been shown to 
induce apoptosis through 
transcriptional and post-
translational modifications (though 
this is completed through multiple 
pathways, E2F1 activity often 
leads to activation of p53)34 

-Acetylation of E2F1 leads to 
increased DNA binding 
ability, activation potential, 
and lengthened protein half-
life35  

 

GATA-1 

-The function of GATA-1 is not 
yet completely understood but it 
has been suggested to play a role 
in cell survival and the regulation 
of G1/S phase cell cycle 
progression36 

-The acetylation of GATA-1 
does not affect its nuclear 
localization; however, it is 
required for binding to 
chromatin on genes induced 
and repressed by GATA-137 

 

AP-4 

-Myc has the ability to induce the 
gene encoding AP4, which then 
binds to the p21 promoter and 
represses its activation by 
interfering with p53 binding38 

  

STRA13 

-Stra13 is a transcription repressor 
-The expression of Stra13 is 
closely related to growth arrest and 
prevention of apoptosis 
-It is a key player in a pathway that 
leads to the repression of c-Myc 
through its interaction with 
TFIIB39 

-Stra13 expression can be 
induced through HDACI 
activity because it is 
generally maintained at low 
levels due to a negative 
autoregulatory mechanism 
brought about by its 
interaction with HDAC139 
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E2A 

-E2A is necessary for B-cell 
development, specifically for 
commitment to B-cell lineage, at 
the pro-B to pre-B transition, and 
the induction of IgM 
-E2A has also been shown to 
positively stimulate p21, indicating 
an antiproliferative function40 

-Acetylation of E2A by 
histone acetyltransferase is 
required for both its 
transcriptional activation and 
nuclear localization41 

-Another target gene of E2A 
is cyclin D3, which is not 
only key for the G1 to S 
phase transition is also 
overexpressed in 43% of 
DLBCL cases42, 43 

LRF 

-LRF is required for mature B-cell 
development44 

-GATA-1 can transcriptionally 
activate LRF and in turn LRF 
represses the proapoptotic factor 
Bim45 

 -LRF was found to be 
overexpressed in 60-80% of 
all non-Hodgkin lymphoma 
cases46 

NF-κB 

-NF-κB plays a large role in 
immunity and inflammatory 
responses and has been linked in 
many separate studies to cancer 
progression47 
- It serves an important anti-
apoptotic purpose in B-cells and 
has been shown to be crucial for 
B-cell maturation, the proliferation 
of mature B-cells, and survival and 
division during B-cell activation48 

-NF-κB activates Bcl-2 
expression)49,50, cyclin D1 (NF-κB 
stimulates transcription)51, and 
represses Bcl6 through a negative 
feedback loop52 
-In addition to NFκB, a specific 
subunit, cRel, was also identified 
separately by TFBSO analysis 

-Acetylation is known to 
occur on the p65 (RelA) 
subunit and deacetylation by 
HDAC3 is a mechanism to 
control the duration of 
response and nuclear 
localization48, 53, 54  

-One possible reason for the 
success of Rituximab, a 
monoclonal –C20/C22 
antibody, is that the drug 
has the ability to reduce the 
phosphorylation of ERK 
leading to a reduction in 
activity of the NF-κB 
pathway.55 

- In another study, the 
addition of Rituximab led to 
decreased PRDM1β gene 
expression (a target of NF-
κB) and an increased 
survival time in B-
lymphoma cells resistant to 
chemotherapy.56 

- Gene expression profiles 
of the ABC subtype show a 
uniquely high expression of 
NF-κB target genes, and it 
has been hypothesized that 
constitutive activity of this 
pathway is what contributes 
to the poor prognosis of the 
ABC subtype.57, 58 

DOWN 
   

HOXA9 

-Hoxa9 has the ability to affect B-
cell development, partially through 
the activation of miR-155 (which 
in turn represses Pu.1, another 
transcription factor found to be 
overexpressed)59 

-Through a feedback loop, Hoxa9 
overexpression represses NF-κB 
activity and NF-κB represses 
transcription of Hoxa960 

-Expression of Hoxa9 has 
been shown to require HDAC 
activity61 
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OCT4 

-The function of Oct4 is not fully 
understood, but it is known to have 
the ability to activate and repress 
transcription 
-Its main role is in development 
and maintaince of pluripotent stem 
cells62 

-Oct4 expression has been 
shown to decrease after 
treatment with a different 
HDACI, TSA, likely due to 
acetylated histones near the 
promoter region rather than 
the protein being acetylated63 

 

FOXO3A 

-Foxo3A is important in apoptosis 
and cell cycle arrest pathways, and 
more broadly cancer and aging.  
-It can positively regulate p21 
(through complexing with SMAD) 
and p27; and negatively regulate 
cyclin D1 and D2, possibly 
through the action of Bcl664 

-Acetylation has been shown 
to block the activity of 
Foxo3A, and a class III 
HDAC is required to reverse 
this effect64 
-A different study found the 
reverse, it is the deacetylation 
of Foxo3A that represses 
transcription65 

 

MAZ MAZ has the ability to repress c-
Myc and acts as a negative 
regulator of cell growth66 

  

  
 

  

	  
TFBSO must be confirmed in vitro, both to validate the bioinformatic analysis and to obtain 
further information about how the measured change in gene expression is modulated by 
transcription factor activity. Before this could be completed, the transfection protocol employed 
in these experiments had to first be optimized. 
	  
Optimization of Transfection 

	  
	  
	  
	  
	  
	  
	  
	  
 

 

 

 

 
 

Figure 3. Path to transfection optimization. One way to determine the success of transfection is by using a 
β-gal vector. Over the course of 13 months the transfection process was diligently optimized.  

	   February 
 2011 

March 
 2012 
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Once the protocol was optimized to the point that there was confidence that enough vectors were 
being transfected into the cells for detection with the least amount of cell damage possible, 
individual transcription factors could be tested. NF-κB was chosen as the first transcription factor 
to test. 
 
Transcription Factor Activity 
	  
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 4. NF-κB response to PXD101 treatment. The transcriptional activity of NF-κB was measured using 
the luciferase vector described. Transfected cells were treated with PXD101 or TNFα for 6 or 24 hours before 
harvesting. Cell lysates were measured for luciferase levels and normalized to β-gal activity, as well as protein 
concentration. Treatment with PXD101 for 24 hours significantly increases the transcriptional activity of NF-
κB (p=0.0271). 
 
A transcriptional target of NF-κB was analyzed in order to link the change in luciferase activity 
with in vitro changes in gene expression levels. 
 
NF-κB Target Gene Activity 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 5. NFκBIA response to PXD101 treatment. mRNA levels of a known target gene of NF-κB, 
NFκBIA67, were tested after treatment with PXD101 for 0-72 hours. Initially the levels of NFκBI decrease at 2 
and 4 hours, but by 8 hours basal levels are regained, and at 24 hours there is a significant increase of NFκBIA 
gene expression. 
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Since the transcriptional activity of NF-κB appears to be changing upon treatment with PXD101, 
the protein was studied to determine what physical changes may be mediating this activity 
change. 
	  
	  
Control of NF-κB Activity 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
NF-κB was chosen from the list of transcription factors identified because of its relevance to the 
response to PXD101 seen in the SUDHL4 cell line. 
 
Biological Relevance of NF-κB 

	  
Figure 7. Biological Function of NF-κB. NF-κB is involved in many cellular pathways. Importantly it has the 
ability to directly and indirectly regulate a number of genes critical in DLBCL and the G1 checkpoint. Shown 
in red are genes that when over-expressed in patients are correlated with poor prognosis. Shown in blue are 
genes that are correlated with poor prognosis when under-expressed68-90. Finally, underlined in green are 
transcription factors that came up in the TFBSO analysis. 
 

(a) 
(b) 

Figure 6. Acetylation Levels of NF-κB. Protein levels 
of the p65 subunit of NF-κB and the acetylation of 
Lys310 (a residue whose acetylation state is known to 
be important for NF-κB transcriptional activity) were 
measured. (b) The quantified levels show that although 
both the amount of p65 and acetylation increase, overall 
acetylation levels actually decrease slightly. 
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mRNA and protein levels were measured for four of the genes that are regulated, in part, through 
NF-κB pathways and play a role in apoptosis or the G1 checkpoint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
---------------------------------------------------------------------------------------------------------------------

(a) 

(b) 

(c) 

Figure 8. Bcl-2 response to PXD101 treatment.  
(a) mRNA levels of Bcl-2 were tested after treatment 
with PXD101 for 0-72 hours. Initially the levels of Bcl-
2 decrease at 2-8 hours, but by 24 hours and on, the 
levels of Bcl-2 increase to basal levels and above. (b) 
Protein levels of Bcl-2 were measured. (c) Protein 
levels were quantified and compared to mRNA levels; 
the relative trends and fold changes are similar.  

(c) (a) 

(b) 
Figure 9. c-Myc response to PXD101 treatment.  
(a) mRNA levels of c-Myc were tested after treatment with 
PXD101 for 0-72 hours. Initially the levels of c-Myc 
decrease between 0 and 24 hours, but by 48 and 72 hours 
the levels of c-Myc increase to basal levels and slightly 
above. (b) Protein levels of c-Myc were measured. (c) 
Protein levels were quantified and compared to mRNA 
levels; although mRNA levels eventually rise, protein levels 
remain low at all time points.  
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--------------------------------------------------------------------------------------------------------------------- 

(c) (a) 

(b) 
Figure 10. p21 response to PXD101 treatment.  
(a) mRNA levels of p21 were tested after treatment with 
PXD101 for 0-72 hours. Although the levels do decrease slightly 
at 24-72 hours as compared to 8 hours, there is a significant 
increase in p21 expression at all time points, especially 8 hours. 
(b) Protein levels of p21 were measured. (c) Protein levels were 
quantified and compared to mRNA levels; the rise in protein 
levels is more gradual than that of mRNA but the levels do 
match at 24-72 hours. 
	  

(a) 

(b) 

(c) 

Figure 11. p27 response to PXD101 treatment.   
(a) mRNA levels of p27 were tested after treatment with 
PXD101 for 0-72 hours. Although the levels do decrease 
slightly at 48 and 72 hours, there is a significant increase in 
p27 expression at all time points. (b) Protein levels of p27 
were measured. (c) Protein levels were quantified and 
compared to mRNA levels; although it takes the first 24 
hours for the rise in mRNA levels to affect protein levels, 
there is a very significant increase in protein levels at 24-48 
hours. 
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NF-κB is likely not the only transcription factor whose activity is important for the regulation of 
Bcl-2, c-Myc, p21, and p27.  
 
Further Complexity of Gene Regulation 

 

Figure 12. Transcription Factors involved in the G1 arrest. NF-κB is not the only transcription factor that 
can control the expression levels of the genes analyzed above. This flowchart is the same as that shown in 
Figure 7, but the functions of many other transcription factors identified through TFBSO analysis have been 
added and underlined in green. 
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Discussion 

 The ultimate goal of this thesis is to better understand the transcriptional changes that 

occur in Diffuse Large B-cell Lymphoma cell lines upon HDACI treatment. The first approach 

was to use bioinformatics to predict transcription factors that change transcriptional activity upon 

PXD101 treatment. As shown in Table 1, many of the 108 transcription factors identified using 

TFBSO analysis have clear links to acetylation, the prognosis of DLBCL, and/or cell cycle arrest 

and apoptosis. A number of the remaining transcription factors identified are general binding 

factors, so it is encouraging that almost 25% of the predicted proteins could be important in the 

response of DLBCL to an HDACI. 

 Testing these hypothesized transcription factors in vitro requires a transfection method. 

The 13-month process of optimizing the transfection protocol is a testament to two keys to 

scientific success. First, time is necessary; clearly not every process will work on the first, 

second, or even third try. Optimizing this protocol required many adjustments throughout the 

year (Figure 3). Second, science must be completed collaboratively. During the optimization 

phase, I was in contact with more than ten research laboratories and received multiple 

suggestions on techniques to improve the transfection. The conversations with other scientists 

were facilitated not only at the University of Arizona, but also through summer research at 

another institution and by graduate school interviews. Regardless of the situation, each 

investigator was more than willing to offer advice and, in some cases, provide essential 

equipment. With each variation of the protocol, either by the use of other equipment, a different 

buffer, varying the protocol, or changing the culturing conditions, an improvement was seen. 

These improvements took multiple forms other than the β-gal expression levels shown in Figure 

3. Though β-gal is an important control to ensure the transfection is working, it also had to be 
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determined that luciferase activity could be measured, and that the cells are at a normal state of 

growth at the time of drug treatment. At this time we are confident that the protocol optimized 

for this project can be used as a novel method to successfully transfect SUDHL4 cells. 

 After the transfection was optimized, the next step was to test individual transcription 

factors in vitro. Due to time constraints this could only be completed on one transcription factor 

identified by TFBSO analysis- NF-κB. Treatment with PXD101 significantly up-regulates the 

transcriptional activity of NF-κB at 24 hours but not at 6 hours (Figure 4). This level of 

activation can be compared to the positive control of TNFα, a cytokine that is known to activate 

NF-κB signaling. These results partially confirm that TFBSO analysis can successfully predict 

transcription factors whose activity is modulated by PXD101. However, it is notable that NF-κB 

was predicted to affect expression levels of target genes after 2 hours of treatment, but we did not 

see any increase in transcriptional activity until 24 hours. One possible explanation for this is the 

vector codes for a protein that will express luciferase. An increase in transcript formation may be 

occurring much earlier than 24 hours, but translation is a slower process and there may be 

insufficient protein to show actual changes until much later. Additionally, some genes may have 

a HAT-rich environment that the vector does not, and at these promoters NF-κB may be 

affecting transcription much earlier. With only two time points (6 and 24 hours), and a large 

increase in activity between them, it would require further experimentation to determine exactly 

when transcriptional activity is changing, and if changes continue through 48 and 72 hours. 

 It is encouraging that the transcriptional activity of NF-κB appears to be affected upon 

drug treatment. However, it must be confirmed that the change in activity is actually linked to a 

biological response in vitro. To test this, qPCR was used to look for changes in expression levels 

of NFκBIA. NFκBIA is a known target gene of NF-κB, so if the transcriptional activity of NF-
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κB is increasing, we should see an increase in gene expression. As is shown in Figure 5, levels of 

NFκBIA are not significantly different at 6 hours, but they are significantly increased at 24 

hours. This is what was predicted by the activity assay. No protein analysis of NFκBIA was 

completed; but it is possible that the levels of mRNA correlate with an increase in protein, which 

leads to an inhibition of NF-κB through a negative feedback loop. This could explain the 

lowering of NFκBIA mRNA levels at 48 and 72 hours. 

One hypothesis of this thesis was that the change in transcriptional activity of NF-κB 

would be modulated through a change in acetylation. As discussed in Table 1, acetylation of p65 

on K310 serves to localize NF-κB to the nucleus and increase its affinity for DNA. When protein 

levels of p65 and acetylated p65 were quantified two trends were observed (Figure 6). First, 

acetylation levels of p65, as compared to total levels of p65, do not increase; instead they 

decrease slightly over time. Second, overall protein levels of p65 increase. This leads to the 

modified hypothesis that it is the amount of protein rather than acetylation that leads to the 

change in transcriptional activity. One way to test this hypothesis would be through the co-usage 

of a drug like cyclohexamide, which will block the production of new protein. If work on NF-κB 

were to continue it would be necessary to investigate (1) the phosphorylation status of: a) the 

NF-κB subunits and b) its inhibitory proteins, (2) the nuclear or cytoplasmic localization, (3) the 

presence of NF-κB at the promoter regions of target genes, and (4) transcription factors or other 

proteins that modulate levels of NF-κB. It is still possible that acetylation plays an indirect role 

in this pathway. For example, MDM2 has been shown to not only be controlled through 

acetylation, but also have the ability to affect levels of the p65 subunit.91,92 Alternatively, other 

studies have shown that HDACs have the ability to associate with p65 and negatively regulate 

gene expression. Treatment with trichostatin A (an HDACI very structurally similar to PXD101) 
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led to an induction of NF-κB target genes due to the loss of association of the p65 subunit with 

HDAC 1 and 2, rather than a direct acetylation on p65.93 Each of these hypothesis require further 

investigation. 

 As discussed in the introduction, two differing responses are seen in the five DLBCL cell 

lines. The focus of this paper is on the SUDHL4 cell line alone, which arrests in the G1 phase 

and never enters apoptosis (Figure 1). As shown in Table 1, many of the transcription factors 

identified have a function in the G1 arrest. NF-κB was a perfect candidate to begin testing for 

activity because of its extreme biological relevance to the G1 arrest, DLBCL, and acetylation 

requirement (Table 1). It is important to remember that NF-κB is involved in many pathways, 

and many other post-translational modifications can affect its activity (i.e. phosphorylation). 

However, in order to demonstrate how TFBSO analysis can help uncover the biological 

mechanisms behind PXD101’s anti-proliferative effects, the remainder of my thesis work 

focused on those genes shown in the pathways in Figure 7. 

 NF-κB has the ability to both directly and indirectly up-regulate the transcription of Bcl-

2.49,50 mRNA levels of Bcl-2 upon PXD101 treatment show a very similar trend to those of 

NFκBIA (Figure 8a). This leads to the hypothesis that the change in transcriptional activity of 

NF-κB may be leading to the change in expression levels of Bcl-2. When discussing phenotypic 

response, it is important to look past the mRNA and to the protein levels. Protein levels of Bcl-2 

show a similar trend as the mRNA; they are significantly up-regulated by 48 and 72 hours 

(Figure 8bc). There is a slight delay observed as compared to the mRNA time course, and not 

much protein is present at 24 hours, this may be due to the time it takes for the newly synthesized 

mRNA to be translated in to protein. Bcl-2 is an anti-apoptotic protein, and it is possible that the 

increase in levels is contributing to the response seen in SUDHL4 cell line. 
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 NF-κB has also been shown to positively regulate c-Myc.94 c-Myc mRNA levels initially 

decrease and then begin to increase at 48 and 72 hours (Figure 9a). It is possible that the increase 

in transcriptional activity at 24 hours eventually leads to an increase of transcription at 48 and 72 

hours (though this may be unlikely because NFκBIA levels begin to decrease again at these time 

points). c-Myc is a double edged sword in cancer  because it can have negative and positive 

effects on the cell and is a part of many pathways. No concrete conclusions can be drawn about 

which pathway is the main player in this case, but it is important to note that regardless of 

mRNA levels, the protein levels of c-Myc decrease and remain low at all time points (Figure 

9bc). In the TFBSO analysis, c-Myc came up as significant for those genes up-regulated at 2 and 

4 hours. It is possible that its function as a transcriptional repressor is being lost upon treatment 

with PXD101, and hence its target genes are activated. 

 c-Myc represses transcription of the cyclin dependent kinase inhibitors p21 and p27.95,96 

The mechanism through which it represses p21 includes another transcription factor identified 

using TFBSO analysis, AP4. p21 and p27 mRNA levels significantly increase very early on 

during drug treatment (Figure 10a, 11a), which agrees with the loss of c-Myc protein and 

repression. They eventually decrease again at 48 and 72 hours, though the levels remain high, 

and it is possible that a negative feedback loop is involved or another controller of transcription 

has taken over. For example, Bcl-2 can interact with c-Myc in order to increase its transcriptional 

activity97, so loss of net protein levels may not be the entire story. The increase in Bcl-2 may be 

enough to stimulate the small amounts of c-Myc present and result in repression of p21 and p27 

at later time points. It is notable that the protein levels of both p21 and p27 significantly increase 

over time (Figure 10bc, 11bc). This could be playing a role in the G1 arrest observed since they 

are known inhibitors of Cyclin E/CDK2 complexes. Finally, c-Myc also has the ability to 
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activate transcription of Bcl-2 through blocking the action of Miz-198, so loss of c-Myc protein 

could lead to the lowered levels of Bcl-2 observed at 48 and 72 hours. 

 NF-κB is not the only transcription factor that can regulate Bcl-2, c-Myc, p21, and p27. 

As shown in Figure 12, many other transcription factors identified through TFBSO analysis may 

be affecting the expression levels of these genes. Stra13 could be increasing in activity and 

blocking c-Myc expression.39 p53, SMAD, E2F1, and E2A can all become activated upon 

acetylation and they could be more directly leading to an increase in p21 levels.21,28-30,34,35,40,41, 

Furthermore, the time frames at which each transcription factor have changes in transcriptional 

activity may prove very important. The results presented here are one explanation, but to confirm 

these hypotheses many more experiments will be required. One possible experiment is chromatin 

immunoprecipitation (ChIP) to see which transcription factors are binding (or leaving) the 

promoters of these genes upon drug treatment. 

 Further work must be done before conclusions can be drawn about what is causing the 

G1 arrest in the SUDHL4 cell line. Other experiments performed (data shown in Supplementary 

Figures 1-4) have yielded very similar responses in each of the four genes discussed for all of the 

cell lines, regardless of whether or not they enter into apoptosis. It is still a possibility that the 

changes observed in the SUDHL4 cell line contribute to the arrest and avoidance of apoptosis, 

and there is another mechanism that allows these responses to prevail, whereas in the sensitive 

cell lines they do not. Furthermore, the transcriptional activity of NF-κB needs to be determined 

in the other four cell lines. In a paper published in 2010, a different deacetylase inhibitor 

(LBH589) was used to treat cutaneous T-cell lymphoma with cytotoxic effects in two cell lines 

but cytostatic effects in the other two. Using a model similar to the one used in our lab, the 

researchers used the different cell phenotypes to explore sensitivity and resistance, and found 
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that the insensitive cells (cytostatic response) contained constitutively active NF-κB.46 In 

addition to studying the response of NF-κB to PXD101 in the other cell lines, basal levels of 

transcriptional activity should be compared to determine if high levels of activity are found in 

cell lines other than the ABC subtype where they are expected. If PXD101 has the ability to up-

regulate NF-κB, and this is contributing to the G1 arrest phenotype, NF-κB would be a valid 

protein to consider for dual drug treatments. This possibility is beginning to be investigated in 

other malignancies, including multiple myeloma.99 

Although no definitive conclusion can be drawn from the results presented about the 

cause of the response of the SUDHL4 cell line to PXD101, this paper establishes several 

important points. First, TFBSO analysis successfully identifies transcription factors that are 

linked to both the responses seen and DLBCL. Second, a transfection protocol can be completed 

successfully and, more importantly, it can be used to find changes in activity levels of those 

identified transcription factors. Third, the transcription factor activity levels can be matched to 

actual gene expression changes in vitro, which help explain the biological responses to PXD101. 

In the future, this process may prove crucial to identifying how DLBCL responds to drug 

treatment. 

Future Directions 

It is not surprising that all of the genes discussed have some trends that can be explained 

and others that leave questions to be answered. These genes are not regulated through a single 

pathway; of just the transcription factors presented in Table 1, GATA-1, Stra13, E2A, LRF, 

E2F1, p53, SMAD, Max, Foxo3A, and MAZ can all be tied into the various pathways discussed 

as well as other important pathways not analyzed here. Clearly, studying the genomic response 

of DLBCL to PXD101, an HDACI which targets many deacetylases, is much more complex than 
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just identifying a sole pathway that can be held responsible for the entirety of the observed 

biological responses.	  Because of this overlap, many varied techniques will need to be employed 

to fully understand the genomic response of DLBCL to HDACIs.	  

 With 108 unique transcription factors identified through bioinformatics, testing each one 

individually would be impractical. This method would also exclude any transcription factors 

whose changing activity may be important but not detected in the analysis. A solution to this is 

using a purchased transcription factor activity-profiling array. With the development of a 

successful transfection protocol for one cell line, it will likely be easier to develop an optimal 

protocol for other DLBCL cell lines so that data can also be collected about the differential 

responses. The success of the small experiments presented in this thesis gives confidence that 

multiple vectors could be successfully inserted into the cells at once, which will save time and 

provide a wider spectrum of information about the transcriptional regulation of DLBCL. 
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Supplemental Figures 

In each of the figures below, the left panel contains the quantified mRNA and protein levels for 
the DLBCL cell lines resistant to PXD101, and the right panel contains the values for the 
sensitive cell lines. Each gene tested shows varying patterns dependent on cell line, but no 
pattern distinguishes those responsive cell lines from those resistant. 
 
 
 

 

 

 

 

Figure 1. Bcl-2 Response to PXD101. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. c-Myc response to PXD101. 
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Figure 3. p21 response to PXD101. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. p27 response to PXD101.	  
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