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ABSTRACT 

 
Epstein-Barr virus (EBV) is one of the most ubiquitous human viruses, with over 95% of 

the adult population harboring lifelong latent EBV infection in a small fraction of their B- 

lymphocytes. EBV is known to cause lymphoproliferative disorders and is associated with 

Hodgkin’s lymphoma, Burkitt’s lymphoma and Nasopharyngeal carcinoma. However, in 

most cases, the approach to EBV-positive lymphomas does not differ from EBV-negative 

lymphomas of the same histology. Latent membrane protein 1 (LMP1) is the major 

transforming protein of EBV and is critical for EBV-induced B-cell transformation in vitro. 

LMP1 activates several epigenetic regulators to modify host gene expression, including 

the chromatin-modifying enzyme Poly(ADP- ribose) polymerase 1, or PARP1. We have 

determined that LMP1 can activate PARP1 to increase hypoxia-inducible factor 1-alpha 

(HIF-1α)-dependent gene expression, leading to a change in host cell metabolism 

indicative of a ‘Warburg effect’ (aerobic glycolysis). This subsequently provides a 

proliferative advantage to LMP1-expressing cells. The LMP1-induced increase in HIF-1α-

dependent gene expression, alteration of cellular metabolism, and accelerated cellular 

proliferation can be offset with the PARP inhibitor olaparib.  

 

We further determined that LMP1 can induce metabolic changes in the form of fatty acid 

synthesis. Ectopic expression of LMP1 and EBV-mediated B-cell growth transformation 

induced fatty acid synthase (FASN) and increased lipid droplet formation. FASN is a crucial 

lipogenic enzyme responsible for de novo biogenesis of fatty acids in transformed cells. 

FASN can be stabilized at the protein level through interaction with USP2a, a ubiquitin-
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specific protease that de-ubiquitinates FASN leading to its overexpression. We have 

evidence to suggest that following ectopic expression of LMP1 and EBV-mediated B-cell 

growth transformation, USP2a is increased, leading to stabilization of FASN at the post-

translational level. Furthermore, following dosing with C75, an inhibitor of lipogenesis, 

we observed preferential killing of LMP1-expressing B cells. Our findings demonstrate 

that ectopic expression of LMP1 and EBV-mediated B-cell growth transformation leads to 

induction of FASN, fatty acids and lipid droplet formation, possibly pointing to a reliance 

on lipogenesis. In summary, targeting PARP1 activity and lipogenesis programs may be an 

effective strategy in the treatment of LMP1+ EBV-associated malignancies. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v 

ACKNOWLEDGEMENTS 
 
 
Firstly, I would like to express my sincere gratitude to my advisor Dr. Italo Tempera for 

the continuous support during my Ph.D and for the trust placed in me to pursue research 

that was somewhat different from previous lab interests. I am also very grateful for the 

opportunities to present at conferences and seminars, all of which improved my 

confidence and ability to (hopefully) put together a coherent set of slides.  

 

I would  also like to thank the rest of my thesis committee. Firstly, Dr. Xavier Graña. While 

at the time I may not enjoy your persistent questions, I truly appreciate them as I know 

they make me a better scientist. I also want to extend my thanks for all the work you do 

for students in general, including running the student seminar and the preposterous 

number of classes you seem to teach. Not really sure how you balance it, probably those 

three pots of coffee. Cycling undoubtedly helps.  

 

To Dr. Dale Haines, thank you for being straight-to-the point and asking the pertinent 

questions. Thank you for your mentorship during the IRP process and for the work you do 

with the molecules to cells and grant writing class, it all helped me to develop. Lastly, it 

was probably for the best you never played racquetball with me because it would have 

been on a par with my softball run out. But hey, you can’t have everything.  

 

I would also like to thank Dr. Glenn Rall. From putting me at ease as the first person 

related to Temple that I spoke face-to-face with on the Skype interview, which feels like 



 vi 

a lifetime ago now, to being constantly available for honest advice on research rotations 

and career advice in general. Also, for trying to get me to think about the ‘bigger picture’. 

I’m still trying! 

 

Thank you to Dr. Vincent Tam for offering your expertise and agreeing to be my external 

reader, it’s greatly appreciated.  

 

I thank my fellow lab mates, in particular Sarah Johnson who has been left alone in a lab 

with me with no buffer.  Thank you for reading my manuscripts and for spending the time 

to go through every line, for taking an interest in my work and telling me when something 

sounds pants! Thank you to Dr. Lisa Caruso and Dr. Lena Lupey-Green for helping me in 

lab when I started and providing helpful feedback throughout.  

 

Thank you to my wife Anna who supports me through everything and puts up with my 

highly irritable behavior when I get stressed, as well as having to see me dressed in lycra 

way too often. Lastly, thank you to my parents and brother, I apologize for moving so far 

away to write this thing.  

 

 

 

 

 
 



 vii 

TABLE OF CONTENTS 

Page 

ABSTRACT .................................................................................................................. iii 

ACKNOWLEDGEMENTS ................................................................................................ v 

LIST OF FIGURES .......................................................................................................... ix 

CHAPTER 

1. INTRODUCTION ..................................................................................................... 1 
             Epstein-Barr Virus (EBV) .......................................................................................... 1 

Latent Membrane Protein 1 (LMP1) ....................................................................... 2 
EBV-associated Lymphoproliferative Disorders  ..................................................... 3  
Viral Manipulation of Epigenetic Processes ...........................................................  6 
Poly(ADP-ribose) Polymerase 1 (PARP1) ..............................................................   7 
The Warburg Effect and Tumor Cell Metabolism  .................................................. 8 
Reprogramming of Glycolysis in Gammaherpesvirus-associated Oncogenesis .... 10 
Hypoxia-Inducible Factor 1-alpha (HIF-1α) ........................................................... 11 
Impact of Glycolysis on Gene Expression ............................................................. 12  
Fatty Acid Synthase (FASN) and Lipogenesis in Cancer Pathogenesis .................  14 
Project Aims .......................................................................................................... 17 

2. METHODS ............................................................................................................ 20 
Cell Culture and Drug Treatment .......................................................................... 20 
EBV Infection of Primary B cells ............................................................................ 20 
Determination of Total Cellular PAR ..................................................................... 21 
Western Blot Analysis, Immunoprecipitation and PAR Pulldown ......................... 22 
shRNA-mediated Knockdown ............................................................................... 23 
Retroviral Transduction ........................................................................................ 23 
Chromatin Immunoprecipitation and Quantitative PCR ....................................... 25 
RNA Extraction and RNA-seq ................................................................................ 25 
Apoptotic Assay .................................................................................................... 26 
Cell Cycle Analysis ................................................................................................. 27 
Methylcellulose Colony Forming Cell Assay ......................................................... 27 
Cell Proliferation Assay ......................................................................................... 27 
Metabolic Assays .................................................................................................. 28 
Cell Mito Stress Test Assay ................................................................................... 28 
Glycolytic Rate Assay ............................................................................................ 29 
Targeted Relative Metabolites Quantitation ........................................................ 29 
Lipid Droplet Fluorescence Staining ..................................................................... 30 
Cell Viability Assay ................................................................................................ 31 



 viii 

Dose-response Curves .......................................................................................... 32 
 
3. RESULTS ................................................................................................................ 33 

PARP Inhibition Offsets LMP1-mediated Gene Activation ................................... 33 
LMP1 Activates HIF-1α–dependent Gene Expression Through PARP1................. 37 
HIF-1α and PARP1 Form a PARylated Complex .................................................... 40 
PARP1 Co-activates HIF-1α–dependent Gene Expression by Binding to the 
Promoter Regions of HIF-1α Targets .................................................................... 42 
LMP1 Leads to the Accumulation of Positive Histone Marks at HIF-1α–responsive 
Genes .................................................................................................................... 45 
LMP1 Induces a Global Increase in Chromatin Bound HIF-1α .............................. 45 
LMP1 Induces a ‘Warburg’ Effect ......................................................................... 47 
LMP1 Provides a Proliferative Advantage that can be Eradicated Following PARP 
Inhibition .............................................................................................................. 51 
LMP1+ Cells are More Viable in Hypoxic Conditions and Sensitive to HIF-1α-
mediated Cell Death ............................................................................................. 54 
Mechanisms of PARP1 Activation by LMP1 .......................................................... 58 
Fatty Acids are the Top Metabolites Increased by LMP1 ..................................... 60 
LMP1 Induces FASN and Lipogenesis .................................................................... 64 
EBV-Immortalization of B Cells Leads to Significant Increases in Metabolic 
Cofactors and Fatty Acids ..................................................................................... 66 
EBV-induced Immortalization of B Cells Upregulates FASN and Lipogenesis ....... 70 
LMP1+ B cells are More Sensitive to FASN Inhibition ........................................... 72 
LMP1 Stabilizes FASN Protein Levels .................................................................... 74 

 
4. DISCUSSION ........................................................................................................... 78 

REFERENCES CITED .................................................................................................... 96 

APPENDICES ............................................................................................................. 113 

A. LMP1 EXPRESSION INCREASES PAR LEVELS .............................................................. 113 
B. RNA-SEQ DATA SUGGESTS HIF-1α IS ONE OF THE TOP UPSTREAM REGULATORS 

ACTIVATED BY LMP1 ................................................................................................. 115 
C. RNA-SEQ DATA SUGGESTS PARP INHIBITION INACTIVATES HIF-1α IN LMP1+ CELLS

 .................................................................................................................................. 117 
D. PARP1 CO-ACTIVATES HIF-1α–DEPENDENT GENE EXPRESSION BY BINDING TO THE 

PROMOTER REGIONS OF HIF-1α TARGETS IN TYPE III LATENCY CELL LINE .............. 119 
E. METABOLIC ASSAY DATA INCLUDING LMP1-NEGATIVE CELLS PLUS OLAPARIB 

TREATMENT GROUP ................................................................................................. 121 
F. CELL VIABILITY AND PROLIFERATION CONTROLS ..................................................... 122 
G. PARP INHIBITION DOES NOT AFFECT PROLIFERATION IN LMP1- CELLS ................... 123 
H. LMP1 ACTIVATES NFKB ............................................................................................. 125 

 



 ix 

LIST OF FIGURES 
 
Figure                                                                                                                                           Page 
 

1. PARP Inhibition Offsets LMP1-mediated Gene Activation ................................... 36 
2. Validation of RNA-seq data ................................................................................... 39 
3. HIF-1α forms a PARylated complex with PARP1 .................................................... 41 
4. PARP1 co-activates HIF-1α –dependent gene expression by binding to the 

promoter regions of HIF-1α targets ...................................................................... 44 
5. LMP1 generates a global increase in global chromatin-bound HIF-1α ................. 46 
6. LMP1 decreases mitochondrial respiration .......................................................... 49 
7. LMP1 Induces a ‘Warburg’ effect .......................................................................... 50 
8. LMP1 provides a proliferative advantage that can be eradicated following PARP  

inhibition ............................................................................................................... 53 
9. LMP1+ cells are more viable in hypoxic conditions and sensitive to HIF-1α 

mediated cell death .............................................................................................. 56 
10. LMP1 activates PARP1 through the MAPK pathway ............................................. 59 
11. A targeted relative quantitation of approximately 200 polar metabolites 

spanning 32 different classes revealed fatty acids as the top metabolites induced 
by LMP1 ................................................................................................................ 62 

12. LMP1 leads to increases in levels of  FASN and  lipid droplet formation .............. 65 
13. Scheme for metabolic analysis of EBV-immortalized B cells ................................ 67 
14. A targeted relative quantitation of approximately 200 polar metabolites 

spanning 32 different classes examining EBV-immortalization of B cells ............. 68 
15. EBV-induced immortalization of B cells upregulates FASN and lipogenesis ......... 71 
16. LMP1+ B cells are more sensitive sensitivity to FASN inhibition .......................... 73 
17. LMP1 stabilizes FASN protein ............................................................................... 76 
18. Initial working model ............................................................................................ 86 
19. Summary Model ................................................................................................... 94 

 
 

 
 
 
 



 1 

CHAPTER 1 
 

INTRODUCTION 
 

Epstein-Barr Virus (EBV) 
 

The Epstein-Barr virus (EBV) is a double-stranded DNA human gammaherpesvirus that 

latently infects approximately 95% of the population worldwide (1). EBV was the first 

human tumor virus identified (2) and contributes to about 1.5% of all cases of human 

cancer worldwide (3). Latent EBV infection causes lymphoproliferative disease in 

immunosuppressed patients and is associated with subtypes of Hodgkin’s, Burkitt’s and 

diffuse large B-cell lymphoma, gastric and nasopharyngeal carcinoma (4, 5). Following 

infection in epithelial cells, EBV often initially establishes a latent type III infection in naive 

B cells, where it expresses its full repertoire of latency genes. Expression of these genes 

within infected B cells drives proliferation and differentiation by triggering intracellular 

signals which mimic antigenic stimulation (6). Type III latency genes include the six 

Epstein–Barr nuclear antigens (EBNAs 1, 2, 3A, 3B and 3C and EBNA leader protein (EBNA-

LP)), latent membrane proteins LMP1 and LMP2 (which encodes two isoforms, LMP2A 

and LMP2B) and the non-coding EBV-encoded RNAs (EBER1 and EBER2) and viral 

microRNA (miRNA) (7).  

During various stages of B cell differentiation in vivo, EBV will express either the latency 

III program, or one of two alternative forms of virus latency (known as latency I and 

latency II). Expression of the large set of EBV genes in latency III is highly immunogenic 

and eventually leads to the implementation of a limited gene expression profile (type I 

latent gene expression program) (5, 8), with only Epstein–Barr nuclear antigen 1 (EBNA1) 
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expressed. EBNA1 is essential for viral episomal maintenance and replication (9) and 

allows the EBV-infected host cell to evade detection by the immune system (10).  

Latent Membrane Protein 1 (LMP1) 

Latent membrane protein 1 (LMP1) is expressed in the majority of EBV-positive cancers, 

including: Hodgkin’s and diffuse large B-cell lymphomas; HIV and post-transplant 

lymphoproliferative disorders; nasopharyngeal and gastric carcinomas (11). In vitro, EBV 

is able to convert primary B-cells into immortalized lymphoblastoid cell lines (LCLs), and 

LMP1 is critical for this process (12, 13). There are  four additional EBV oncoproteins and 

viral miRNAs that are necessary for the conversion of primary B cells into continuously 

proliferating LCLs (14, 15) but only LMP1 is able to transform rodent fibroblasts (12) and 

cause B-cell lymphoproliferative disease in mice (16, 17). LMP1 is a transmembrane 

protein which functions by mimicking CD40, a key B-cell costimulatory receptor which 

belongs to the tumor necrosis factor (TNF) receptor family. LMP1 signals through two 

main signaling domains: C-terminal-activating region 1 and 2 (CTAR1 and CTAR2).These 

domains interact with downstream molecules, such as tumor necrosis factor receptor–

associated factors (TRAFs) to activate nuclear factor-κB (NF-κB), phosphoinositide 3-

kinase (PI3K)/AKT and Ras – extracellular signal-regulated kinase (ERK) – mitogen-

activated protein kinase (MAPK) pathways (18). The activation of these signaling 

pathways by LMP1 contribute to its ability to transform cells by altering the expression of 

a wide range of host gene targets (19), including an ability to inhibit p53-associated cell 

death through bcl-2 (20) and A20 (21), for example. LMP1 has also been shown to 
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promote aerobic glycolysis and metabolic reprogramming in B cell lymphomas and 

nasopharyngeal epithelial cells (22-28). 

EBV-associated Lymphoproliferative Disorders  

EBV-associated B cell lymphoproliferative disorders are a heterogeneous group of 

malignancies that are coupled with distinct patterns of latent viral protein expression. The 

risk for EBV-associated lymphoproliferative disorders are increased by several factors. 

These include immunodeficiency conditions, such as HIV infection; post-transplant 

immunosuppression; congenital immunodeficiencies; and chronic active EBV infection 

(29).  

Burkitt lymphoma (BL) a germinal center–derived aggressive B-cell lymphoma with 

frequent MYC translocation and is associated with EBV infection restricted to type I 

latency, which therefore only expresses EBNA1. BL can be divided into two major 

subtypes: endemic, which primarily affects children in equatorial Africa, and sporadic, 

which occurs worldwide . More than 90% of cases of endemic BL are EBV-positive, versus 

only 5% to 20% of sporadic BL cases (29). Optimal treatment for BL includes 

chemotherapy protocols in combination with rituximab, a monoclonal antibody against 

the B cell surface receptor CD20. While sporadic BL is highly treatable with intensive 

chemotherapy, access to high-intensity therapy is often limited for patients with endemic 

disease. Currently, there is no difference in the treatment approach to EBV-negative and 

EBV-positive BL (30). 
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EBV-positive diffuse large B-cell lymphoma (DLBCL) of the elderly is defined as an EBV-

positive monoclonal large B-cell lymphoproliferative disorder in immunocompetent 

patients aged over 50 years. During its classification in 2003, LMP1 was detected in all 

cases described (31). EBV-positive DLBCL has been shown to coincide with much poorer 

outcomes versus EBV-negative DLBCL. One study demonstrated that EBV positivity was 

associated with advanced stage, more than one extranodal site of involvement, higher 

International Prognostic Index risk score, and poorer outcome in response to initial 

treatment. Consequently, the EBV-positive group had a significantly poorer overall 

survival of 35.8 months vs. an overall survival that was not reached in the EBV-negative 

group (32).  The standard of care for both EBV-positive and EBV-negative DLBCL is 

treatment with chemotherapy in combination with rituximab, with variable responses 

reported worldwide. 

Hodgkin’s lymphoma (HL) is associated with type II EBV latency and is therefore LMP1-

positive. EBV is specifically found in the Reed-Sternberg (RS) cells in a subset of HL. The 

occurrence of EBV varies extensively, ranging from 10% to 95% depending on the 

particular subtype of HL. HLs are usually EBV-positive in  cases of immunodeficiency (33). 

Standard of care for HL includes systemic chemotherapy followed by involved-field 

radiotherapy. EBV status does not currently impact the approach to HL therapy, despite 

EBV-positive HL patients demonstrating a poorer survival compared to EBV-negative HL 

patients (11). 

Incidence of EBV-associated lymphoproliferative disorders is increased following 
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transplant of solid organ and hematopoietic stem cell allografts. Post-transplant 

lymphoproliferative disorders (PTLDs) are one of the most common malignancies 

observed following solid organ transplantation (34). The vast majority of PTLDs are of B 

cell origin and approximately 95% of total cases are associated with EBV (29). Reduction 

of immunosuppression is the principal treatment to allow renewal of the EBV-specific 

cytotoxic T-lymphocytes (CTL) response. However, the risk of graft rejection must always 

be considered for this intervention. Single-agent rituximab has been demonstrated to be 

very effective and is the first-line treatment at many transplant centers (35).  PTLDs are 

characterized by the expression of all of the immunodominant EBV latency proteins 

(latency III), including LMP1, and thus are responsive to T-cell–based cellular therapies. 

Therefore, adoptive transfer of EBV-specific CTLs has shown to be a highly effective 

investigational approach for the prevention or treatment of PTLD. For example, one study 

reported that none of the 110 patients who used CTLs for prophylaxis developed PTLD 

and 11 of 13 patients with PTLD achieved a complete remission (36). However, a major 

drawback for the use of adoptive cellular therapy  is the need for specialized facilities and 

extensive preparation time of around 8-12 weeks to generate EBV-specific CTLs (29). 

Aside from adoptive immunotherapies, EBV-specific therapies remain largely 

investigational. Current novel strategies include inhibition of viral and EBV-activated 

cellular targets, combination of EBV lytic phase induction with anti-EBV drugs, and EBV 

vaccine. However, in the majority of cases, the approach to EBV-positive 

lymphoproliferative disorders does not differ from their EBV-negative counterparts. This 

is despite the presence of EBV often being associating with a worse prognosis. There is 
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therefore a clear need for EBV-specific therapies for both prevention and treatment.  

Viral Manipulation of Epigenetic Processes 
 

 
An epigenetic trait can be defined as ‘a stably heritable phenotype resulting from changes 

in a chromosome without alterations in the DNA sequence’ (37). Chemical modifications 

to chromatin on both DNA and DNA-associated histones facilitate such changes. 

Posttranslational covalent modifications of histones take place at the NH2 terminus (tail) 

and include methylation, acetylation, phosphorylation, ubiquitylation, and poly(ADP-

ribosyl)ation (PARylation). These modifications correlate with both the transcriptional 

status and the structural organization of chromatin. Viruses such as: human 

immunodeficiency virus (HIV); Adenovirus; Epstein-Barr virus (EBV) and Kaposi sarcoma-

-associated herpesvirus (KHSV) are known to Target cellular Histone acetyltransferases 

(HATs) and Histone deacetylases (HDACs) to influence histone acetylation to aid in the 

accomplishment of their life cycle (38).  

 

Epigenetics has particular relevance for the Herpesviridae due  to specific aspects of their 

life cycle [12]. First, upon infection and entry into the nucleus of a cell, the linear viral DNA 

undergoes circularization and chromatinization to avoid DNA damage signaling and 

nucleolytic attack. Additionally, chromatin is required for viruses to implement their gene 

expression programs correctly as it enables them to employ a variety of cellular regulatory 

enzymes (39). Lastly, following infection viruses must regulate between establishment of 

latency or lytic infection. For example, during a latent infection a DNA virus might undergo 
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lytic reactivation. This will involve replication of viral genomes, the transcription of 

discrete genetic units, as well as encapsulation to form new virus particles. These diverse 

biological processes must be tightly controlled and separated from other processes, all 

whilst being initiated from the same DNA sequence of the virus (40). These viruses may 

use epigenetic modifications to dysregulate host cell biology to advance their own 

biological processes, such as  inhibition of immune surveillance (41). Alteration of 

epigenetic processes is therefore emerging as a common characteristic of viral 

manipulation of host cellular processes (39, 41-43).  

 

Poly(ADP-ribose) Polymerase 1 (PARP1) 

ADP-ribosylation is a post-translational modification where single units (mono-ADP-

ribosylation) or polymeric chains (poly-ADP-ribosylation) of ADP-ribose are conjugated to 

proteins by ADP-ribosyltransferases (44).  ADP-ribosyltransferases (also known as PARPs) 

bind and cleave NAD+ into nicotinamide (NAM) and ADP-ribose (ADPR). Poly(ADP-ribose) 

polymerase (PARP)-1 is a major cellular NAD+ consumer and activation of PARP1 depletes 

cellular NAD+ levels (45). Poly(ADP-ribos)ylation (PARylation) plays a key role in a variety 

of nuclear processes, including transcriptional regulation by modulation of histone and 

chromatin-modifying enzymes (46-49), as well as being able to directly PARylate histones 

(50, 51). PARylation of histones reduces their affinity for DNA due to electrostatic 

repulsion (48), allowing greater accessibility to DNA repair or transcriptional machineries 

(48, 52, 53).   
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PARP1, in addition to being able to modulate chromatin, can function as a transcriptional 

coregulator. PARP1 is enriched near the transcription start sites of actively expressed 

genes and interacts with the RNA polymerase II transcription machinery, having 

previously been identified as the basal transcription factor TFIIC (54). Additionally, PARP1 

can augment gene transcription in a DNA damage-independent manner by facilitating 

RNA polymerase II preinitiation complex formation prior to transcription factor IID (TFIID) 

binding (55). PARP1 can also coregulate transcription factors, such as NF-kB, B-MYB, HES1, 

Elk1, Oct-1, Sox2, Smd3, KLF8, and nuclear receptors (44, 51). Finally, independently of its 

DNA binding and catalytic activities, PARP-1 may function as a scaffold protein by 

promoting the recruitment the assembly of other coregulator enzymes that are required 

for transcription (56).  

 
The Warburg Effect and Tumor Cell Metabolism 

 
 

It is well-established that metabolism is significantly altered by oncogenesis, emphasized 

by a resurgence into the study of cancer metabolism in the last 10-15 years [14-17]. The 

realization that metabolism is dramatically altered in tumor cells was first observed by 

Otto Warburg and colleagues in 1924, when it was noted that tumors have significantly 

higher glucose uptake compared to surrounding tissue. In addition, glucose was shown to 

be fermented to produce lactate, even in the presence of oxygen, hence the term ‘aerobic 

glycolysis’ [18]. In most normal cells, pyruvate is not converted to lactate and instead 

enters the tricarboxylic acid (TCA) cycle, where it is broken down to CO2  to support 

oxidative phosphorylation. The production of pyruvate from glucose via glycolysis 
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produces just two ATP molecules per molecule of glucose. In comparison, if glucose-

derived pyruvate enters the TCA cycle, the NADH produced promotes oxidative 

phosphorylation and an additional 36 molecules of ATP is generated. Therefore, per unit 

of glucose, aerobic glycolysis is an inefficient means of generating ATP compared with the 

amount obtained by mitochondrial respiration [19, 20]. 

 

However, the production of lactate from glucose occurs 10–100 times faster than the 

complete oxidation of glucose in the mitochondria, and therefore the rate of glucose 

metabolism through aerobic glycolysis is much higher. Furthermore, the total ATP 

synthesized over any given period of time is also equivalent between the different types 

of glucose metabolism [21]. Therefore,  the increased glucose consumption can provide 

a carbon source for the anabolic processes required to sustain cellular proliferation [20]. 

This excess carbon is diverted into the multiple branching pathways that emanate from 

glycolysis, and is used for the generation of nucleotides, lipids, and proteins. 

 

The regeneration of nicotinamide adenine dinucleotide (NAD+) from NADH during the 

production of lactate from pyruvate completes aerobic glycolysis and is suggested as 

another mechanism to account for the biosynthetic function of the Warburg Effect.  To 

regenerate NAD+ and maintain glycolysis, NADH produced by glyceraldehyde phosphate 

dehydrogenase (GAPDH) must be consumed. The resulting high rate of glycolysis can 

subsequently feed into intermediate pathways, for example the flux of 3-

phosphoglycerate (3PG) to serine for one-carbon metabolism-mediated production of 



 10 

nicotinamide adenine dinucleotide phosphate (NADPH) and nucleotides [22, 23]. 

Together, the above proposals conclude that a function of the Warburg effect is to 

provide a metabolic environment that facilitates rapid biosynthesis to support growth and 

proliferation. Similar to cellular oncogenes, viruses have been shown to increase 

glycolysis, mirroring the Warburg effect in cancer [24, 25].   

 

Reprogramming of Glycolysis in Gammaherpesvirus-associated Oncogenesis 

It may appear surprising that latent viral infections can also induce glycolysis. During 

latency, no virions are produced, and viral gene expression is restricted, constituting a 

less intuitive need for rapid metabolic changes. However, two gammaherpesviruses, 

Kaposi's sarcoma-associated herpesvirus (KSHV) and EBV, have both been shown to 

induce a Warburg effect. KSHV causes Kaposi's sarcoma, an endothelial based tumor, 

after establishing a primarily latent infection. Glycolytic metabolites were found 

increased in a metabolomics study of KSHV latently infected endothelial cells (57), and 

KSHV has been observed to induce glucose uptake, partly through induction of glucose 

transporter 3 (GLUT3) (58). Production of lactic acid was also shown to be increased 

during latent infection by KSHV  with concomitant decrease in oxygen consumption. This 

also coincided with increases in Hexokinase 2 (HK2), the first rate-limiting enzyme of 

glycolysis. The induction of glycolysis is necessary for the survival of latently infected cells 

as inhibition of this pathway led to apoptotic death of latently infected cells (58).  
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LMP1 is a key regulator in reprogramming of EBV-mediated glycolysis in NPC cells (26, 

59). For example, in NPC cells, LMP-1 induced the expression of HK2, leading to induction 

of glycolysis. HK2 knockdown subsequently led to an increase in cell death in those LMP1-

expressing cells, suggesting the induction of glycolysis is necessary for their survival (26). 

Previous studies point to the NF-kB signaling pathway and glucose transporter-1 (GLUT1) 

as being key mediators in the activation of aerobic glycolysis in LMP1+ NPC cell lines and 

both EBV and spontaneous B-cell lymphomas (24, 25, 59). In conclusion, latent genes of 

both EBV and KSHV directly induce glycolysis, all the while maintaining the survival of the 

infected cell. This suggests that cell survival may be a key benefit for latent oncoviruses 

to switch to glycolysis, in addition to supporting rapid cellular proliferation.  

Hypoxia-Inducible Factor 1-alpha (HIF-1α) 

HIF-1α directly regulates multiple enzymes that are responsible for shifting metabolism 

towards glycolysis (60). Transcriptionally active HIF-1 is a heterodimer composed of α- 

and β-subunits. The dimer is a member of the basic helix loop helix-PER-ARNT-SIM (bHLH-

PAS) family of transcription factors which play a role in cancer development (61). In 

normal, non-hypoxic cells, HIF-1α is continually synthesized and degraded, while HIF-1β 

is constitutively expressed to relatively constant levels within the nucleus. HIF-1α 

degradation is initiated by hydroxylation of a proline residue (Pro-402 and/or Pro-564) by 

prolyl hydroxylases (PHD-1, PHD-2, and PHD- 3) using molecular oxygen as a co-substrate 

(62, 63). Upon hydroxylation, HIF-1α- OH becomes ubiquitinated by the von Hippel Lindau 

E3 ubiquitin ligase protein (VHL), and subsequent proteasomal breakdown occurs. In low 
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oxygen, PHDs cannot function, resulting in stabilization of HIF-1α in the cytoplasm and its 

translocation to the nucleus (64). 

Interestingly, several human oncogenic viruses increase levels of the transcription factor 

HIF-1, including EBV (65). Specifically, LMP1 was shown to enhance the synthesis of HIF-

1α and the expression of HIF-1α-responsive genes in a nasopharyngeal carcinoma (NPC)-

derived cell line (66), which could be attributed to enhanced degradation of 

prolylhydroxylases (PHD) 1 and 3 mediated by SIAH1 (67). More recent work illustrates 

that infection of full length EBV increases HIF-1α protein levels and its translocation to 

the nucleus in comparison to normal cytokine-induced proliferating B cells. EBNA-3 and 

EBNA-LP were shown to bind directly to PHD-2 and PHD-1, respectively, preventing HIF-

1α hydroxylation and consequently allowing it to escape degradation (22).  

Impact of Glycolysis on Gene Expression  
 
As mentioned above, the conversion of pyruvate to lactate completes aerobic glycolysis,  

and the resulting regeneration of NAD+ from NADH is suggested as one of the 

mechanisms to account for the biosynthetic function of the Warburg Effect. NAD+ levels 

can also influence deacetylation by regulating multiple deacetylases and the NAD+:NADH 

ratio increases in nutrient-deprived conditions (68). Therefore, nutrient availability may 

impact both acetylation and deacetylation, and consequently play a role in nutrient 

sensing and signaling. For example, increased NAD+ levels can activate SIRT1, an NAD+-

dependent protein deacetylase (69). Active SIRT1 de- acetylates and activates 

transcription factors which in turn enhance the expression of mitochondrial genes 
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involved in activating mitochondrial biogenesis. SIRT1 has also been connected to the 

chromatin regulation of several types of viruses, including HIV (70, 71) and KSHV (72). 

Specifically, SIRT1 has been shown to deacetylate the HIV transactivating protein TAT and 

consequently reduce its functional activity. In regard to KSHV, SIRT1 can mediate 

epigenetic silencing by interacting with the viral genome and viral RTA (72).  

 

Other NAD-consuming chromatin modifying factors, such as PARP1, have shown to be 

involved in control of lytic replication in KSHV (73) and EBV (74) as well as in EBV-mediated 

changes to host gene expression (23, 75). PARP1 occupies a prominent position in 

mitochondrial homeostasis, with the majority of research suggesting that PARP activation 

damages mitochondrial function, while PARP inhibition has the opposite effect (76-78). 

PARP1 activation changes the activity of several transcription factors that regulate the 

expression of mitochondrial proteins. For example, PARP1 activation supports the activity 

of hypoxia-induced factors (HIFs) (23, 79, 80), which are well-known to activate 

transcription programs that induce glycolysis and inhibit mitochondrial activity (81). The 

deletion of PARP1, PARP2, or PARP inhibition improves mitochondrial function and 

defends against mitochondrial damage (82, 83).  

 

PARP1 also inhibits SIRT1 by using NAD+ more capably than SIRT1, which subsequently 

limits the availability of NAD+ for SIRT1 and therefore restrains mitochondrial biogenesis 

(69). Strikingly, PARP1 consumes NAD+ to such a degree that its deletion increases NAD+ 

levels to a point that leads to the induction of SIRT1 and SIRT3. However, there are 



 14 

examples where PARP activation supports mitochondrial function, such as PARP1 

induction of adenosine monophosphate (AMP). AMP supports AMP-activated protein 

kinase (AMPK) activity and AMPK can in turn phosphorylate and activate PARP1. AMPK is 

induced by cellular energy stress (increased AMP:ATP ratio) and therefore acts a sensor 

of AMP:ATP ratio in cells, and ultimately turns on transcription programs that induce 

mitochondrial activity (84).  

 

 
Fatty Acid Synthase (FASN) and Lipogenesis Cancer Pathogenesis 

 
 
Non-transformed cells will preferentially obtain fatty acids from dietary sources for their 

metabolic needs versus de novo lipid synthesis (lipogenesis). However, despite access to 

these same dietary sources, cancer cells will often preferentially rely on endogenous fatty 

acids produced by de novo lipogenesis, often becoming dependent on the pathway for 

cell survival and proliferation. Fatty acids are essential for these processes as they are 

used as substrates for oxidation and energy production, membrane synthesis, energy 

storage and production of signaling molecules. Fatty acid synthase (FASN) is responsible 

for the catalysis of endogenous fatty acids and therefore is commonly upregulated in 

cancer cells (85-87). FASN condenses malonyl-CoA with acetyl-CoA, using NADPH as a 

reducing equivalent, to generate the 16-carbon fatty acid palmitate (88). In addition, 

upregulated glycolysis has been suggested as a mechanism for generating intermediates 

for fatty acid synthesis (89, 90). Once fatty acids are made, they can be converted to 
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triglycerides and stored as lipid droplets for cellular energy storage (85). Lipid droplets 

can also contain phospholipids and sterols for membrane production (91).  

 

There are two main pathways that transformed cells use to upregulate FASN, found at 

the levels of both transcription and post-translation. In the first case, FASN expression can 

be stimulated by the transcription factor sterol regulatory element-binding protein 1c 

(SREBP1c), which binds to and activates sterol regulatory elements (SREs) in the promoter 

region of FASN and other genes involved in lipogenesis (92, 93). SREBP1c is an isoform of 

the SREBF1 gene, which transcribes the two splice variants, SREBP-1a and SREBP-1c, that 

are encoded from alternative promoters and differ in their NH2-terminal domains (94). 

SREBP1c activity by controlled by its expression and/or nuclear maturation following 

hormone and nutritional regulation which converges upon PI3K/AKT, and ERK/MAPK 

signaling cascades (95, 96), amongst others. Nuclear maturation of SREBP1c is achieved 

through extensive regulation by proteolytic cleavage of it NH2 terminal domain in the 

endoplasmic reticulum (ER) membrane and Golgi. Firstly, SREBPs are retained in the ER 

membrane by Insulin-induced gene (Insig) where they associate with cleave activating 

protein (SCAP) when cellular sterol levels are abundant. Once sterol levels drop, SCAP is 

released allowing Insig to traffic SREBPs to the Golgi. Once there, SREBPs are cleaved by 

site-1 and site-2 proteases (S1P and S2P). This results in the release of the mature 

transcriptionally active N-terminus and enables its subsequent translocation into the 

nucleus where it can bind to SREs and transcribe lipogenesis genes, including FASN (97). 

At the post-translational level, increased FASN protein levels can be obtained through 
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interaction with ubiquitin-specific peptidase 2a (USP2a), a ubiquitin-specific protease that 

can stabilize FASN by removing ubiquitin from the enzyme (98). These two main methods 

of FASN regulation do not have to be mutually exclusive, it is also possible that they 

concurrently take place in cancer cells. 

 

LMP1, in the context of  latent EBV infection, and ectopic expression of the EBV-encoded 

RNAs EBER-1 and EBER-2, have been shown to able to upregulate FASN in NPC (99) (100). 

In the context of  lytic EBV infection, it was shown that BRLF1, a transcription factor that 

induces the lytic form of EBV infection, can activate FASN expression and inhibition of 

FASN by FASN inhibitors prevented lytic gene expression (101).  
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Project Aims 

Our group has previously shown that expression of the type III latency-associated EBV 

oncoprotein LMP1 alone was sufficient to promote PARP1-mediated PARylation and alter 

host gene expression (75). PARylation plays a key role in transcriptional regulation via 

epigenetic mechanisms and PARPs have an ability to sense cellular energy change 

(ATP:AMP and NAD+:NADH ratios, NAD+ availability through interactions with SIRT1) and 

hypoxia through interactions with HIFs, suggesting that PARPs can function as metabolic 

integrators. Lastly, LMP1 has also been shown to promote aerobic glycolysis and 

metabolic reprogramming. Therefore, we hypothesized that LMP1 can regulate cellular 

gene expression and metabolism through PARP1. 

 

Aim 1. To determine the mechanisms by which PARP1 affects LMP1-induced gene 

regulation 

Aim 1.1. Identify global targets of LMP1 that are regulated through PARP1. 

Aim 1.2. Mechanistically determine how PARP1 facilitates LMP1-induced gene 

regulation. 

Aim 1.3. Determine the functional relevance of LMP1/PARP1 mediated gene 

regulation.  

In Aim 1, we identified how cellular targets can be regulated by LMP1 through PARP1 and 

PARylation. In Aim 1.1 we used RNA-seq to initially identify such targets. To do this, LMP1 
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was ectopically expressed in an EBV-negative Burkitt’s lymphoma cell line. These LMP1-

expressing cells were then treated with the PARP inhibitor olaparib and prepared for RNA 

sequencing. The overlaying of genes that were significantly altered by both LMP1 alone 

and LMP1-expressing cells following PARP inhibition revealed a subset of LMP1 gene 

targets distinctly regulated through PARP1. Pathway Analysis of this RNA-seq data 

suggested that hypoxia-inducible factor 1-alpha (HIF-1α) was a major LMP1 target 

mediated through PARP1. Therefore, in Aim 1.2 we used immunoprecipitation assay, PAR 

resin and ChIP-qPCR experiments to examine the mechanisms by which PARP1 could 

regulate HIF-1α-responsive gene expression. HIF-1α is well known to regulate cellular 

metabolism, PARPs can function as metabolic integrators and many of the HIF-1α 

downstream transcriptional targets identified were involved in metabolism. 

Consequently, in Aim 1.3, we used metabolic assays to determine if LMP1 could alter 

cellular metabolism through PARP1. We further examined functional effects of these 

metabolic changes by measuring cellular proliferation and apoptosis.   

 

Aim 2. To determine the role of LMP1 in the regulation of cellular metabolites.  

Aim 2.1. Identify changes to metabolites following ectopic expression of LMP1 and 

EBV-immortalization of B primary B cells.  

Aim 2.2. Define the mechanisms responsible for the metabolic alterations and the 

consequent functional effects following ectopic expression of LMP1 and EBV-

immortalization of B primary B cells. 



 19 

Aim 2.3. Determine if any metabolic dependencies identified can be exploited by 

therapeutic intervention.  

In Aim 2.1 we used a targeted approach to determine the relative quantities of 

metabolites following ectopic expression of LMP1 and  EBV-immortalization of B primary 

B cell into LCLs. Due to the fact that fatty acids were the dominate metabolite class 

induced by LMP1 and were robustly upregulated in LCLs vs primary B cells, we sought to 

pursue a potential enzyme responsible. FASN catalyzes de novo lipogenesis and is 

commonly upregulated across many different cancers. Thus, in Aim 2.2 we measured 

levels of FASN induction by western blotting and determined effects on lipogenesis by 

measuring lipid droplet formation by FASs and confocal microscopy. In Aim 2.3, we 

measured cell death following FASN inhibition to determine if these metabolic alterations 

were causing a dependence on lipogenesis that could be exploited to selectively kill LMP1-

expressing cells.   

 

LMP1 is expressed in the majority of EBV-positive lymphomas, and in most instances the 

approach to EBV-positive lymphomas does not differ from EBV-negative lymphomas of 

the same histology (102). This study has furthered the understanding into how LMP1 can 

regulate host gene expression and induce aerobic glycolysis and metabolic 

reprogramming. These insights suggest that targeting PARP1 activity and lipogenesis 

programs may be an effective strategy in the treatment of LMP1+ EBV-associated 

malignancies. 
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CHAPTER 2 
 

METHODS 
 

Cell Culture and Drug Treatment 

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere in medium 

supplemented with 1% penicillin/streptomycin antibiotics. For hypoxia experiments, cells 

were maintained at 37°C  in a 5% CO2, 1% O2, balanced nitrogen mix in a hypoxia 

incubator chamber (Stem Cell Technologies). Lymphocyte cell lines (EBV-negative 

Burkitt’s lymphoma cell line DG75 ATCC CRL-2625 (DG75), EBV-positive latency III cell 

lines Mutu III, Mutu-LCL, GM12878 and EBV-positive latency I cell line Mutu I) were 

cultured in suspension in RPMI 1640 supplemented with fetal bovine serum at a 

concentration of 15%. Primary B cells were cultured in suspension in RPMI 1640 

supplemented with fetal bovine serum at a concentration of 20%. 293T ATCC CRL-3216 

(HEK 293T) cells were cultured in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with fetal bovine serum at a concentration of 10%. Olaparib (Selleck 

Chemical), BAY 87-2243 (Selleck Chemical), Trametinib (Selleck Chemical), cycloheximide 

(Sigma), and C75 (Sigma) were dissolved in dimethyl sulfoxide (DMSO), and cells were 

treated for upon dilution in the appropriate media.  

 

EBV Infection of Primary B cells 

Lymphocyte transformation was carried out using EBV-containing supernatants from the 

B95-8 cell line, distributed by ATCC as VR-1492TM. 1 vial of ATCC VR-1492TM (1 mL) was 

used per transformation flask. Per flask 2 mL Iscove’s modified DME (IMDM) with 20% 
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FBS was added to 1 mL lymphocyte suspension containing 1-6 x 106 primary B cells. The 

primary B cells obtained from University of Pennsylvania human immunology core and 

were isolated using the RosetteSep Human B Cell Enrichment Cocktail (StemCell 

Technologies) as per protocol. The B cell suspension was then gently mixed and incubated 

in flasks at 37°C under a 5% CO2 atmosphere. 7 days after initiation, flasks were observed 

for signs of transformation before 4 mL of fresh medium (IMDM with 20% FBS and 1X 

penicillin/streptomycin) was added. Fresh media was added every 3-4 days thereafter, 

and transformed cultures were expanded to establish lymphoblast cell lines. As part of 

the expansion process, cells were transferred from a densely populated T-25 flask to a T-

75 flask and IMDM with 10% FBS and penicillin/streptomycin was added to obtain a cell 

density of 1-3 x 105 cells per mL. Cell density was maintained in the T-75 flask at 1-3 x 105 

cells per mL by addition of culture medium. 

 

Determination of Total Cellular PAR 

Cellular poly(ADP-ribose) (PAR) levels were quantified using a PARP in vivo 

pharmacodynamic assay 2nd generation (PDA II) kit (Trevigen) according to the 

manufacturer’s protocol. Briefly, cells were lysed in the supplied buffer, and protein 

concentration was determined with a bicinchoninic acid (BCA) protein assay (Pierce). Cell 

extracts were added to a precoated capture antibody plate, incubated overnight at 4°C, 

and washed four times with phosphate-buffered saline containing 0.05% Tween 20 

(PBST). A polyclonal antibody for the detection of PAR was added, and the plate was 

incubated at room temperature for 2 h. After washing with PBST, the plate was incubated 
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for 1 h goat anti-rabbit IgG-horseradish peroxidase (HRP). The wells were washed again 

with PBST before the addition of PARP PeroxyGlow reagent. Luminescence was then 

measured using a POLARstar Optima microplate reader (BMG Labtech). 

 

Western Blot Analysis, Immunoprecipitation and PAR Pulldown 

Cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-

HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) supplemented 

with 1X protease inhibitor cocktail (Thermo Scientific). Protein extracts were obtained by 

centrifugation at 3,000×g for 10 minutes at 4°C. For nuclear fractionation, nuclear soluble 

and chromatin-bound protein fractions were extracted from cells using the Subcellular 

Protein Fractionation Kit for Cultured Cells kit (Invitrogen) according to manufacturer’s 

instructions. The bicinchoninic (BCA) protein assay (Pierce) was used to determine protein 

concentration. Lysates were boiled in 2x SDS-PAGE sample buffer containing 2.5%  b-

mercaptoethanol, resolved on a 4 to 20% polyacrylamide gradient Mini-Protean TGX 

precast gel (Bio-Rad), and transferred to an Immobilon-P membrane (Millipore). 

Membranes were blocked for 1 h at room temperature and incubated overnight with 

primary antibodies recognizing LMP1 (Abcam ab78113), PARP1 (Active Motif 39559), HIF-

1α (Abcam ab1), FASN (ab22759) and Actin (Sigma A2066), as recommended per the 

manufacturer. Membranes were washed, incubated for 1 h with the appropriate 

secondary antibody, either goat anti-rabbit IgG-HRP (Santa Cruz sc-2030) or rabbit anti-

mouse IgG-HRP (Thermo Scientific 31430). Membranes were then washed and detected 

by enhanced chemiluminescence. 
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For immunoprecipitation, 5×106 cells were used per IP. Cells were re-suspended in 1 mL 

RIPA buffer and the protein extracts were obtained by centrifugation at 3,000×g for 10 

minutes at 4°C. The supernatant was then incubated with 5 µg of indicated antibodies 

overnight at 4°C followed by incubation with 100 µL 50% Protein A/G magnetic beads 

(ThermoFisher). After 2 hours’ incubation, the beads were washed three times with RIPA 

Buffer and then re-suspended in Laemmli buffer followed by analysis by SDS-PAGE and 

western blotting.  

For PAR pulldown, 5×106 cells were re-suspended in 1 mL of PAR Lysis buffer [50 mM Tris, 

pH 8, 200 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM DTT, 0.5% 

deoxycholate, 1X protease inhibitors (Thermo Scientific), 1 µM ADP-HPD (Adenosine 5'-

diphosphate (hydroxymethyl) pyrrolidinediol) (EnzoLifesciences)] and put on a rotating 

device for 2 hours at 4°C. Protein were then extracted by centrifugation at 3000xg for 5 

minutes at 4°C. 500 µL of the protein extracts were then incubated with 20 µL (20 µg) of 

either Poly-ADP-ribose Affinity resin (Tulip BioLabs, 2302) or Poly-ADP-ribose Negative 

Control Resin (Tulip BioLabs, 2303). PAR Affinity resin is a purified GST-Af1521 

macrodomain fusion protein construct. The Af1521 macrodomain has been shown to bind 

with high affinity to polymeric ADP-ribose modified proteins. The PAR Negative Control 

resin is identical to the PAR positive except that it contains a mutated Af1521 

macrodomain that is unable to bind PAR. After overnight incubation at 4°C on a rotating 

device, beads were washed three times with PAR Lysis buffer and re-suspended in 80 µL 

Laemmli buffer, followed by incubation at 65°C for 15 minutes to dissociate the 
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macrodomain fusion protein from the affinity-precipitated proteins. 30 µL of purified 

PARylated proteins were then analyzed by SDS-PAGE and immunoblotting.  

 

shRNA-mediated Knockdown 

shPARP1 and sh-non-effective scrambled plasmids were bought from Origene (TR315488 

and TR30021). Lentiviral particles were generated by transfecting 293T cells with pLKO.1-

shPARP1 or scrambled shRNA, the psPAX2 (plasmid number 12260; Addgene) packaging 

plasmid, and the pMD2.G envelope plasmid (plasmid number 12259; Addgene) according 

to the Addgene protocol. psPAX2 and pMD2.G plasmids were a gift from Didier Trono. 

DG75 cells were infected with two separate lentivirus expressing shPARP1 (Origene 

TR315488A-B), or the sh control vector freshly generated from 293T cells.  

 

Retroviral Transduction 

Plasmid constructs hemagglutinin (HA)- tagged full-length LMP1, pBABE, pVSV-G, and 

pGag/Pol were kindly provided by Nancy Raab-Traub (UNC, Chapel Hill, NC) and were 

described previously (103). Retroviral particles were generated using the Fugene 6 

reagent (Promega) to simultaneously transfect subconfluent monolayers of 293T cells 

with 1µg pBABE (vector) or HA-LMP1, 250 ng pVSV-G, and 750 ng pGal/Pol according to 

the manufacturer’s instructions. Supernatant containing lentivirus was collected at 48- 

and 72-h post-transfection and filtered through a 0.45 μM filter. DG75 cells were 

transduced by seeding 5x105 cells in 6-well plates in 500 µl medium and adding 500 µl of 
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medium containing retroviral particles. The transduced cells were placed under long-term 

selection in medium containing 1 µg/ml puromycin. 

 

Chromatin Immunoprecipitation and Quantitative PCR 

Chromatin immunoprecipitation (ChIP) assays were performed according to the Upstate 

Biotechnology Inc. protocol as described previously, with minor modifications (75). 

Briefly, cells were fixed in 1% formaldehyde for 15 min, and DNA was sonicated using a 

sonic dismembrator (Fisher Scientific) to generate 200–500-bp fragments. Chromatin was 

immunoprecipitated with polyclonal antibodies to PARP1 (Active Motif 39559), HIF-1α 

(Active Motif 39665), H3K27me3 (Active Motif 39155)  and H3K27ac (Active Motif 39135). 

ChIP-grade protein A/G magnetic beads (Pierce) were used for immunoprecipitation with 

polyclonal antibody. Realtime PCR was performed with a master mix containing 1X 

Maxima SYBR Green, 0.25 μM primers and 1/50 of the ChIP DNA per well. Primers are 

available upon request. Quantitative PCR reactions were carried out in triplicate using the 

ABI StepOnePlus PCR system. Data were analyzed by the ΔΔCT method relative to DNA 

input and normalized to the IgG control. 

 

RNA Extraction and RNA-seq 

RNA was extracted using a PureLink RNA Mini Kit (ThermoFisher) according to the 

manufacturer’s protocol. The polyadenylated transcript library used for transcriptome 

sequencing (RNA-seq) analysis was generated using an Epicentre (Illumina) mRNA-seq kit. 

Total RNA was depleted of the rRNA component using a RiboZero rRNA removal kit 
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(Epicentre) and then processed with a ScriptSeq (version 2) kit along with ScriptSeq index 

PCR primers (Epi- centre) to generate a strand-specific library of mRNA. Single reads of 50 

bp were obtained using an Illumina genome analyzer II. Sequencing reads were aligned 

to the human genome rn4 using the TopHat program (104), considering reads encoded 

across splice junctions (parameters were set to the default). The expression level of all 

RefSeq transcripts was evaluated using the Cufflinks program (105), and the number of 

fragments per kilobase of transcript per million fragments mapped (FPKM) was calculated 

for each transcript (the parameters were set to the default, and the hg19 RefSeq GTF 

table was used to define the transcripts). Differences in gene expression levels between 

samples were assessed by use of the Cuffdiff program and calculated as the log2 fold 

change. RNA-seq data were analyzed using Ingenuity pathway analysis (IPA; Qiagen, 

Redwood City, CA). 

 

Apoptotic Assay 

Following treatment, cells were washed twice with PBS and re-suspended in 500 μl of 

Annexin V-binding buffer (Abcam) and stained with Annexin V-FITC Apoptosis Detection 

Reagent (Abcam) and 250μg/mL propidium iodide (ThermoFisher) for five minutes in the 

dark. Flow cytometric analysis was carried out using a FACS Calibur flow cytometer 

(Becton Dickinson) and CellQuest software, and the cell population was analyzed using 

FlowJo software. Double positive Annexin V/PI cells were deemed to be the apoptotic 

population. 
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Cell Cycle Analysis 

Cells were harvested, fixed and permeabilized in absolute ethanol and then incubated 

with 1mg/mL propidium iodide (PI) and 10mg/mL RNAse A for 30 mins at 37C. Flow 

cytometric analysis was then carried out using a FACS Calibur flow cytometer (Becton 

Dickinson) and CellQuest software, and cell cycle distribution was analyzed using FlowJo 

software.  

Methylcellulose Colony Forming Cell Assay 

500 cells, untreated and pre-treated with 2.5 μM olaparib for 96 hrs, were seeded in 1.4% 

human methylcellulose media (R and D Systems cat HSC002) and incubated for 14 days 

at 37 °C. 

 

Cell Proliferation Assay 

Cells were re-suspended in PBS and incubated with CFSE (5(6)-Carboxyfluorescein N-

hydroxysuccinimidyl ester) (ThermoFisher) for 15 mins at 37 °C in the dark. Cells were then 

washed twice in PBS, re-suspended in cell culture media and allowed to proliferate for 96 

hrs. Flow cytometric analysis was carried out using the FL-1/FITC channel in a FACS Calibur 

flow cytometer (Becton Dickinson) and CellQuest software, and the cell population was 

analyzed using FlowJo software. 
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Metabolic Assays 

Cell-Tak solution (Corning) at a concentration is 22.4 μg/mL (diluted in 0.1 M sodium 

bicarbonate pH 8.0) was used to coat the XF96 plates (Seahorse Bioscience) to allow for 

suspension cell adhesion to the plate. 3x105 cells per well were then seeded in the XF96 

plates, followed by centrifugation of the cells at room temperature at 200 × g for 5 

minutes. The plated cells were then incubated in a 37 °C incubator not supplemented with 

CO2 for 25–30 minutes to ensure that the cells had completely attached. Cells were 

incubated for a total of 1 hr in a 37°C incubator without CO2 to allow for pre-equilibration 

with the assay medium. Cells were then analyzed by either the cell mito stress test assay 

or the glycolytic rate assay (see below). 

The XF mito stress test report and glycolytic rate report generator automatically 

calculates the XF cell mito stress test parameters and glycolytic rate test parameters from 

Wave (Agilent) data that have been exported to Excel. Respiration and acidification rates 

are presented as the mean ± SEM of 3 independent experiments in all experiments 

performed with 4 to 10 replicate wells in the Seahorse XF96 analyzer. 

 

Cell Mito Stress Test Assay 

The XF96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure the 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using the 

mitochondrial stress test procedure in XF media (non-buffered DMEM containing 10 mM 

glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate). OCR and ECAR were detected 

under basal conditions followed by the sequential addition of 2 μM oligomycin (Sigma), 1 
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μM fluoro-carbonyl cyanide phenylhydrazone (FCCP) (Sigma) and 2μM rotenone + 2 μM 

antimycin A (Sigma). This allowed for an estimation of the contribution of individual 

parameters for basal respiration, proton leak, maximal respiration, spare respiratory 

capacity, non-mitochondrial respiration and ATP production. 

 

Glycolytic Rate Assay 

The XF96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure the 

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) using the 

glycolytic rate test procedure in Seahorse XF Base Medium without phenol red with 2 mM 

glutamine, 10 mM glucose, 1 mM pyruvate, and 5.0 mM HEPES XF media. OCR and ECAR 

were detected under basal conditions followed by the sequential addition of 2μM 

rotenone + 2 μM antimycin A (Sigma) and 50 mM 2-deoxy-D-glucose (2-DG) (Sigma). This 

allowed for an estimation of the contribution of individual parameters for basal and 

compensatory glycolysis.  

 

Targeted Relative Metabolites Quantitation 

Cells were pelleted by centrifugation at 2,000 rpm for 5 min, 4 °C, washed cells twice in 

ice-cold PBS. Samples were extracted using cold extraction solution containing 80% 

methanol/20% water/0.2 uM heavy internal standard mix (MSK-A2-1.2 Cambridge 

Isotope Laboratories, Inc) using 2 million cells in 500 uL. Samples were vortexed 

thoroughly for 30 sec and placed on dry ice for at least 15 min. Samples were then spun 

at max speed (>13,000 rpm) for 15 min at 4 °C to pellet any debris. LC-MS analysis was 
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performed on a Thermo Fisher Scientific Q Exactive HF-X mass spectrometer equipped 

with a HESI II probe and coupled to a Thermo Fisher Scientific Vanquish Horizon UHPLC 

system. Polar metabolites were extracted using 80% methanol and separated at 0.2 

ml/min by HILIC chromatography at 45 °C on a ZIC-pHILIC 2.1 inner diameter x 150-mm 

column using 20 mM ammonium carbonate, 0.1% ammonium hydroxide, pH 9.2, and 

acetonitrile with a gradient of 0 min, 85% B; 2 min, 85% B; 17 min, 20% B; 17.1 min, 85% 

B; and 26 min, 85% B. Relevant MS parameters were as follows: sheath gas, 40; auxiliary 

gas, 10; sweep gas, 1; auxiliary gas heater temperature, 350 °C; spray voltage, 3.5 kV for 

the positive mode and 3.2 kV for the negative mode; capillary temperature, 325 °C; and 

funnel RF level at 40. A sample pool (quality control) was generated by combining an 

equal volume of each sample and analyzed using a full MS scan at the start, middle, and 

end of the run sequence. For full MS analyses, data were acquired with polarity switching 

at: scan range 65 to 975 m/z; 120,000 resolution; automated gain control (AGC) target of 

1E6; and maximum injection time (IT) of 100 ms. Data-de- pendent MS/MS was 

performed without polarity switching; a full MS scan was acquired as described above, 

followed by MS/MS of the 10 most abundant ions at 15,000 resolution, AGC target of 5E4, 

maximum IT of 50 ms, isolation width of 1.0 m/z, and stepped collision energy of 20, 40, 

and 60. Metabolite identification and quantitation were performed using Com- pound 

Discoverer 3.0. Metabolites were identified from a mass list of 206 verified compounds 

(high confidence identifications) as well as by searching the MS/MS data against the 

mzCloud database and accepting tentative identifications with a mini- mum score of 50. 
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Lipid Droplet Fluorescence Staining 

Nile Red fluorescence staining was assessed with the Lipid Droplets Fluorescence Assay 

Kit according to the manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI, USA). One 

day before staining assay, cells were incubated in serum free medium. As a positive 

control, cells in completed medium were treated overnight with Oleic Acid provided from 

assay kit at 1:2000 dilution. For lipid droplets staining and quantification using a plate 

reader, cells were fixed with 1X assay fixative, washed with PBS and then stained with 

working solution of Hoechst 33342 (1 ug/ml)) and Nile Red (1:1000). The fluorescence of 

cells was determined using a GloMax plate reader (Promega). Hoechst 33342 

fluorescence was measured with an excitation of 355 nm and an emission of 460 nm, 

while Nile Red fluorescence was determined using a 485 nm excitation and 535 nm 

emission. Differences in cell number were corrected by using Hoechst 33342 fluorescence 

signal to normalize the Nile Red signal in each well. For flow cytometric analysis, cells 

were only stained with Nile Red (1:1000). Analysis was carried out using a FACS Calibur 

flow cytometer (Becton Dickinson) and CellQuest software, and the cell population was 

analyzed using FlowJo software. Confocal microscopy images were taken on a Leica TCS 

SP8 MP multiphoton microscope.   

Cell Viability Assay 

Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability Assay 

(Promega). 100 μl of cells in culture medium per well were plated in 96-well opaque-

walled plates. The plate and samples were equilibrated  by placing at room temperature 
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for approximately 30 minutes. 100 μl of CellTiter-Glo® Reagent was added to 100μl of 

medium containing cells.  Plate contents for were then mixed for 2 minutes on an orbital 

shaker to induce cell lysis. Finally, the plate was incubated at room temperature for 10 

minutes to stabilize luminescent signal before luminescence was recorded on a GloMax 

plate reader (Promega). 

Dose-response Curves 

Dose concentrations were transformed to log10 prior to nonlinear regression analysis 

using GraphPad Prism version 8.00 for Mac OS X, GraphPad Software, La Jolla California 

USA, www.graphpad.com. Specifically, % dead cells based on live/dead counting using a 

Countess II FL Automated Cell Counter (ThermoFisher) following incubation with trypan 

blue was used as the Y value response.  
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CHAPTER 3 
 

RESULTS 
 

PARP Inhibition Offsets LMP1-mediated Gene Activation 

To identify global targets of LMP1 regulated by PARP1, LMP1 was ectopically expressed 

in the EBV-negative Burkitt’s lymphoma cell line DG75 (Appx A.A). Cells were transduced 

with retroviral particles containing either pBABE (empty vector) or pBABE-HA-LMP1 

vectors. Transduced cells were placed under long-term selection in medium containing 1 

µg/ml puromycin and LMP1 expression was confirmed by western blotting, which showed 

physiological protein levels as observed in latency type III cell lines (Appx A.B). Previously 

we have demonstrated that expression of the type III latency-associated EBV protein 

LMP1 alone was sufficient to promote PARP1-mediated PARylation (75), and this was also 

observed following ectopic expression of LMP1 in DG75 (Appx A.B). LMP1 positive (+) and 

LMP1 negative (-) cells were incubated for 72 hrs with 1 μM of the PARP inhibitor olaparib 

or the DMSO vehicle as a control. RNA was then isolated and prepared for RNA 

sequencing. We observed that the expression of 2504 genes were significantly changed 

(FDR<0.01) when comparing LMP1- vs LMP1+ cells, with 1578 and 926 genes upregulated 

and downregulated by LMP1, respectively (Appx B.A and B.B) Ingenuity Pathway Analysis 

(IPA) predicted HIF-1α as one of the top upstream regulators activated by LMP1 (Appx 

B.D). Furthermore, gene function analysis identified pathways such as glycolysis I, 

gluconeogenesis I, Notch signaling and B cell development to be upregulated by LMP1 

(Appx B.C). Inspection of regulated genes and IPA analysis showed well-known targets of 
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LMP1 that have been reported in prior literature, confirming that ectopic expression in 

DG75 could recapitulate the changes in gene expression induced by LMP1. 

 

We then compared untreated LMP1+ cells with LMP1+ cells treated with the PARP 

inhibitor olaparib. In total, we observed expression of 2435 genes to be significantly 

changed (FDR<0.01), with balanced up and downregulation following PARP inhibition 

(1163 and 1272 genes, respectively) (Appx C.A and C.B). In contrast to IPA predicted HIF-

1α activation by LMP1, olaparib treatment is predicted to inhibit HIF-1α in LMP1+ cells 

(Appx C.D). Gene function analysis also identified regulation of pathways such as 

glycolysis I and gluconeogenesis I by PARP1 (Appx C.C).  

 

We then overlaid the aforementioned two datasets and introduced log2 I1I Fold Change 

to identify our ‘LMP1/PARP1’ targets, of which there were 292 (Fig 1A). Of these 292 

genes, the majority (225) were upregulated by LMP1 and offset by PARP1 inhibition (Fig 

1B). We performed unsupervised hierarchical clustering and observed that the LMP1+ 

samples treated with olaparib and the LMP1- samples clustered together and separately 

from the LMP1+ untreated samples. We observed that two clusters emerged among the 

LMP1/PARP1 targets, which were analyzed by IPA gene function analysis. Cluster 1 genes 

were upregulated by LMP1 and downregulated following PARP1 inhibition, while cluster 

2 genes were downregulated by LMP1 and upregulated following PARP1 inhibition (Fig 

1C). IPA revealed PARP1/LMP1 targets were largely involved in metabolism and signaling, 

with two clusters emerging from gene function analysis (Fig 1D). In addition, disease or 
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function analysis identified cancer, proliferation of lymphatic system, and proliferation of 

lymphocytes as LMP1/PARP1 targets that were decreased following olaparib treatment 

(Fig 1E).  
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Figure 1. PARP inhibition offsets LMP1-mediated gene activation. A) Expression of 292 

genes were significantly changed (FDR<0.01 log2 I1I Fold Change) when comparing LMP1- 

vs LMP1+ cells and overlaying this dataset with LMP1+ untreated cells vs LMP1+ cells 

treated with 1 µM olaparib for 72 hrs. B) Of these 292 genes, the majority (225) were 
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upregulated by LMP1, which was offset by PARP inhibition. C) Heat map showing two gene 

clusters- cluster 1 genes are those upregulated by LMP1 and subsequently downregulated 

following PARP1 inhibition, and cluster 2 genes are those downregulated by LMP1 and 

subsequently upregulated following PARP1 inhibition. Gene expression is plotted as z-

score normalized FPKM values. D) Ingenuity Pathway Analysis, IPA, reveals the gene 

functions of the PARP1/LMP1 targets are largely involved in metabolism and signaling. E) 

IPA Disease or function analysis identifies cancer, proliferation of lymphatic system and 

proliferation of lymphocytes as being LMP1/PARP1 targets that are decreased following 

olaparib treatment. F) IPA identified HIF-1α as a top upstream regulator activated by 

LMP1/PARP1 and inhibited following PARP inhibition. 

 

LMP1 Activates HIF-1α–dependent Gene Expression Through PARP1 

IPA identified HIF-1α, as well as its dimerization partner ARNT (HIF-1B), as top upstream 

regulators activated by LMP1/PARP1 and repressed following PARP inhibition (Fig 1F). 

This was based on increased transcription of HIF-1α-targets by LMP1 and their 

downregulation following PARP inhibition (Fig 2A). We validated several of these HIF-1α 

targets by qRT-PCR in both the DG75 cell line (fold change LMP1+/LMP1-) (Fig 2B) as well 

as EBV infected cells with latency III and I setting (fold change Mutu III/I) (Appx D.E). To 

establish that the inhibition of HIF-1α targets was due to PARP1 inhibition rather than off-

target effects of olaparib, PARP1 was knocked down in LMP1+ and LMP1- DG75 cells (Fig 

2C and 2D). Corresponding to PARP1 inhibition with olaparib, HIF-1α targets were 
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upregulated in LMP1 + cells vs LMP1 – cells and this upregulation was diminished by 

PARP1 knockdown, as shown by qRT-PCR (fold change LMP1+/LMP1-) (Fig 2E), indicating 

that PARP1 is necessary for activation of these genes by LMP1. 
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Figure 2. Validation of RNA-seq data. A) Heatmap showing HIF-1α targets that are 

induced in LMP1+ cells vs LMP1- cells and decreased with PARP inhibition (FDR<0.01 log2 

I1I Fold Change). Gene expression is plotted as z-score normalized FPKM values. B) 

Validation of targets identified through RNA seq of olaparib-treated samples- qRT-PCR 
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showing relative expression of transcripts in untreated and olaparib-treated LMP1+ cells 

vs untreated LMP1- cells. C) Lentiviral sh-PARP1-GFP was used to validate olaparib-treated 

samples. Fluorescent microscopy showing GFP expression after transduction with 

shControl and shPARP1 following cell sorting by FACS. D) Western blot showing 

knockdown of PARP1 in LMP1+ cells following lentiviral transduction with shPARP1. E) 

Validation of targets identified through RNA seq of olaparib-treated samples using 

shPARP1 cells. qRT-PCR showing relative expression of transcripts in GFP control and 

shPARP1 LMP1+ cells vs GFP control LMP1- cells. All RT-qPCR Expression is relative to 18s. 

The graphs are representative of three independent experiments and shows mean ± 

standard deviation. 

 

HIF-1α and PARP1 Form a PARylated Complex 

It has been reported in the literature that PARP1 forms a complex with HIF-1α through 

direct protein interaction and increases HIF-1α–dependent gene expression (79). To see 

if this was the case in our B cell lines, we performed an immunoprecipitation assay and 

found that HIF-1α immunoprecipitated with PARP1. We also observed that the HIF-

1α/PARP1 interaction was increased in LMP1+ cells (around 40%) and PARP1 inhibition 

caused dissociation of the complex (Fig 3A and 3B). Whilst this LMP1-induced global 

increase in HIF-1α/PARP1 interaction was modest, we observed much greater increases in 

LMP1-induced PARP/HIF-1α binding at specific HIF-1α-responsive gene promoters (see 

below).  
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As there is an increase in PARP1 activity and HIF-1 transcriptional activation in LMP1+ 

cells, and inhibition of PARP1 catalytic activity reduces HIF-1 transcriptional activation, we 

wanted to determine if the PARP1/HIF-1α complex was PARylated in LMP1+ cells. As 

shown in Fig 3C and 3D, following incubation with Poly-ADP-ribose binding macrodomain 

resin, western blot for HIF-1α and PARP1 confirms that the PARP1/HIF-1α complex is 

PARylated. Specifically, LMP1+ cells exhibited a two-fold increase in HIF-1α and PARP1 

levels, respectively, compared to LMP1- cells following pull down with the Poly-ADP-ribose 

binding macrodomain resin (Fig 3D). This suggests that PARylation of HIF-1α, or proteins 

bound to HIF-1α in a complex, may play a role in the stability of the complex as well as the 

increased transcriptional activation of HIF-1α in LMP1+ cells.  
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Figure 3. HIF-1α forms a PARylated complex with PARP1. A) Following 

immunoprecipitation with IgG and PARP1 antibodies, western blot for HIF-1α confirms 

that PARP1 immunoprecipitates with HIF-1α to a greater extent in LMP1+ vs LMP1- cells 

and this is attenuated by 1 μM 72 hr olaparib treatment. B) Quantification of 

immunoprecipitation (normalized to input) representative of three biological replicates. 

C) Following incubation with Poly-ADP-ribose binding macrodomain resin and Poly-ADP-

ribose neg control resin, western blot for HIF-1α and PARP1 confirms that the PARP1/HIF-

1α complex is PARylated in LMP1+ cells and this is abolished by 1 μM 72 hr olaparib 

treatment. Input represents 10% of the protein lysate used for immunoprecipitation. The 

western blot is representative of at least three biological replicates. D) Quantification of 

PAR resin (normalized to input) representative of three biological replicates. P values for 

significant differences (Student’s t-test) are indicated on the graphs and are summarized 

by three asterisks (p<0.001). 

 

PARP1 Co-activates HIF-1α –dependent Gene Expression by Binding to the Promoter 

Regions of HIF-1α Targets 

To determine if increased PARP activation in LMP1+ cells was augmenting HIF-1 

transcriptional activation by influencing HIF-1 binding to its downstream promoters, we 

performed ChIP-PCR experiments on promoter regions of validated HIF-1α targets. These 

targets have been validated by RT-qPCR and had demonstrated increased transcription in 

LMP1+ cells vs LMP1- cells and decreased transcription in LMP1+ cells, following both 
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PARP1 inhibition and PARP1 knockdown. Promoter regions of three such HIF-1α targets 

were bound by PARP1 and HIF-1α considerably more in LMP1+ cells vs LMP1- cells. 

Furthermore, binding of HIF-1α and PARP1 was reduced at promoter regions of HIF-1α 

targets by PARP1 inhibition in LMP1+ cells (Fig 4A and B). One exception was at the BNIP3 

promoter, where no loss of HIF-1α binding following PARP1 inhibition was observed. 

Therefore, in the case of BNIP3, it may be that despite HIF-1α binding, the HIF-1α/PARP 

complex is less active and less stable following PARP inhibition (as shown by IP data and 

loss of PARP1 binding to BNIP3 promoter), which results in the decreased gene expression 

observed. This leads to the speculation that the presence of PARP1 at the promoter may 

be the determining factor for activation of HIF-1-responsive gene expression in a subset 

of HIF-1-responsive genes. However, after ChIP-PCR experiments with EBV infected cells 

with latency III and I setting (Mutu III/I) (Appx D.B), we did observe loss of HIF-1α binding 

at the BNIP promoter following PARP1 inhibition. Thus, it may simply be a cell line specific 

response. 
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Figure 4. PARP1 co-activates HIF-1α –dependent gene expression by binding to the 

promoter regions of HIF-1α targets. ChIP-qPCR assay for A) PARP1, B) HIF-1α, C) H3K27ac 

and D) H3K27me3 occupancy at the ALDOC (left), HILPDA (center) and BNIP3 (right) 

transcription start sites (TSS) in untreated LMP1- and LMP1+ cells and LMP1+ cells treated 

with 1 μM olaparib for 72 h. Results are expressed as fold change over IgG. Results are 

representative of three independent experiments and show mean ± standard deviation. 
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LMP1 Leads to the Accumulation of Positive Histone Marks at HIF-1α–responsive 

Genes 

As shown by the previously discussed ChIP-qPCR experiments, PARP1 is present at the 

promoters of HIF-1 α –dependent genes. Due to the multiple roles PARP1 can play as a 

chromatin modifying enzyme (46-49), we wanted to determine if the increased PARP1 

binding at the promoter regions of the HIF-1α targets was due to a change in the 

chromatin landscape of the regions. As shown in Fig 4C and Appx D.C, these targets also 

had significant accumulation of the positive histone mark H3K27ac. Furthermore, this 

mark could be lost by PARP1 inhibition, which conversely led to the accumulation of the 

repressive histone mark H3K27me3 (Fig 4D and Appx D.D). This suggests that the role of 

PARP1 as a coactivator of HIF-1 α –dependent gene expression could be attributed to its 

ability to modify histone tails, creating a more permissible environment for gene 

transcription.  

LMP1 Induces a Global Increase in Chromatin Bound HIF-1α 

PARP1 and PARylation can affect the ability of proteins to interact with chromatin, 

therefore we determined whether the activation of PARP1 by LMP1 can influence the 

association of HIF-1α with chromatin and whether PARP inhibition could reverse this 

effect. We assessed HIF-1α levels in the cytoplasmic fraction, the nuclear soluble fraction 

and chromatin-bound fraction by western blot and following subcellular protein 

fractionation. Western blot for HIF-1α confirms its localization to chromatin in LMP1+ 

cells, which is reduced after olaparib treatment (Fig 5A). Specifically, we observed a 50% 
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increase in chromatin-bound HIF-1α in LMP1+ cells vs LMP1- cells, which was reduced to 

60% of LMP1- levels following PARP inhibition (Fig 5B). This global increase in chromatin 

bound HIF-1α in LMP1+ cells further suggests LMP1 enhancing HIF-1α transcriptional 

activation. 

 

Figure 5. LMP1 generates a global increase in global chromatin-bound HIF-1α. A) 

Following subcellular protein fractionation, western blot for HIF-1α confirms that HIF-1α 

is more localized to chromatin in LMP1+ cells and this localization is reduced with 1 μM 

72 hr olaparib treatment. Lamin B1, Tubulin beta and Histone H3 serve as nuclear, 

cyctoplasmic and chromatin fraction loading controls, respectively. B) Quantification 

(normalized to Histone H3) representative of three biological replicates. P values for 

significant differences (Student’s t-test) are summarized by three asterisks (p<0.001), two 

asterisks (p<0.01), or one asterisk (p<0.05). 
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LMP1 Induces a ‘Warburg’ Effect 

Many of the HIF-1α downstream transcriptional targets activated by LMP1 through PARP1 

are involved in metabolism, therefore we aimed to determine if LMP1/PARP1interaction 

lead to any functional metabolic effect at the cellular level. To examine this, we 

performed mito stress test and glycolytic rate assays using a XF96 Extracellular Flux 

Analyzer (Seahorse Bioscience) to measure oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR). For the mito stress test, OCR and ECAR were 

detected under basal conditions followed by the sequential addition of oligomycin, 

fluoro-carbonyl cyanide phenylhydrazone (FCCP) and rotenone + antimycin A. As shown 

in Fig 6B, mitochondrial respiration is significantly decreased in LMP1+ cells. PARP1 

inhibition in these cells subsequently leads to an increase in mitochondrial respiration (Fig 

6C). This suggests that LMP-mediated activation of PARP1 leads to decreased reliance on 

mitochondrial respiration in the cell. PARP1 activation has been shown to damage 

mitochondrial activity characterized by secondary mitochondrial superoxide production, 

distorted mitochondrial structure and reduced mitochondrial oxidation and ATP 

production (106). This can be seen by the decreased ATP synthase-linked ATP production 

in LMP1+ cells followed by increase in ATP levels after PARP inhibition (Fig 6D). In the 

LMP1- cells, we observed an increase in basal respiration upon olaparib treatment, similar 

to that seen in LMP1+/+ olaparib group. However, olaparib treatment in the LMP1- cells 

resulted in a decrease in maximal respiration (Appx E.A). We think the differences 

observed in the maximal respiration was due to the contrast in PARP1 activation states 
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between LMP1- and LMP1+ cells and the resulting disparity in olaparib sensitivity 

between the two (discussed further below). 

 

Apart from mitochondrial respiration, the other major cellular energy pathway is 

glycolysis. Due to the decreased reliance on mitochondrial respiration by LMP1, and 

knowing that HIFs activate transcription programs which induce glycolysis and inhibit 

mitochondrial activity (81), we wanted to determine if LMP1 promotes a switch to 

glycolytic metabolism. To determine this, we used the glycolytic rate test procedure to 

measure the OCR and ECAR. Both were detected under basal conditions followed by the 

sequential addition of 2μM rotenone + 2 μM antimycin A and 50 mM 2-deoxy-D-glucose. 

As shown in Fig 7B, D and E, LMP1 confers a ‘Warburg’ effect, significantly increasing basal 

and compensatory glycolysis in the cell under aerobic conditions. PARP inhibition 

subsequently decreased this effect (Fig 7C, D and E) but had no impact on LMP1- cells 

(Appx E.B). This suggests that LMP-mediated activation of PARP1 not only leads to 

diminished reliance on mitochondrial respiration, but also to an increase in aerobic 

glycolysis. How much of this is mediated distinctly through PARP1, or HIF-1α, or a 

combination of the two, needs to be elucidated with further experimentation.  
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Figure 6. LMP1 decreases mitochondrial respiration. A) Schematic of mitochondrial 

stress test. Oxygen consumption rate (OCR) comparing B) LMP1+ vs LMP1- cells and C) 

LMP1+ untreated cells vs LMP+ cells treated with olaparib. D) Individual parameters for 

basal respiration (left), maximal respiration (middle) and ATP synthase-linked ATP 

synthesis (right). DG75 cells were pre-treated with 2.5 µM olaparib for 48 hrs and were 

then seeded to 300,000 cells/well and incubated for 1 h in XF base medium. Oxygen 

consumption rate was measured in XF base medium supplemented with glutamine (2 

mM), glucose (10 mM), sodium pyruvate (1 mM) under basal conditions followed by the 

sequential addition of oligomycin (2 µM), FCCP (1 µM), and rotenone & antimycin A (2 

µM), as indicated. Each data point represents an OCR measurement. Data are expressed 

as means ± SD, n = 6 technical replicates. The graphs are representative of four biological 
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replicates. P values for significant differences (Student’s t-test) are summarized by three 

asterisks (p<0.001) and groups are compared to LMP1+ untreated samples. 

 

 

Figure 7. LMP1 Induces a ‘Warburg’ effect. A) Schematic of glycolytic rate assay. Glycolytic 

proton efflux rate (glycoPER) comparing B) LMP1+ vs LMP1- cells and C) LMP1+ untreated 

cells vs LMP+ cells treated with olaparib. Individual parameters for D) basal glycolysis and 

E) compensatory glycolysis. DG75 cells were pre-treated with 2.5  µM olaparib for 48 hrs 

and were then seeded to 300,000 cells/well and incubated for 1 h in XF base medium. 

glycoPER was measured in Seahorse XF Base Medium without phenol red with 2 mM 

glutamine, 10 mM glucose, 1 mM pyruvate, and 5.0 mM HEPES XF media. ECAR was 

detected under basal conditions followed by the sequential addition of 2μM rotenone + 

2 μM antimycin A and 50 mM 2-deoxy-D-glucose (2-DG). Each data point represents an 
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ECAR measurement. Data are expressed as means ± SD, n = 6 technical replicates. The 

graphs are representative of four biological replicates. P values for significant differences 

(Student’s t-test) are summarized by three asterisks (p<0.001) and groups are compared 

to LMP1+ untreated samples. 

 

LMP1 Provides a Proliferative Advantage that can be Eradicated Following PARP 

Inhibition 

Warburg metabolism is thought to enable rapid cell division through the creation of 

excess carbon obtained from increased glucose consumption, which can subsequently be 

used to fuel anabolic processes. This excess carbon can then be diverted into the various 

branching pathways that stem from glycolysis and subsequently used for the production 

of nucleotides, lipids, and proteins (89). Activated T cells extensively and rapidly 

proliferate upon activation and have been shown to engage Warburg metabolism (89, 

107). B cells share certain fundamental metabolic characteristics with T cells, such as 

increased glucose uptake and induction of glycolysis after activation (108, 109).  

As LMP1 appears to be engaging ‘Warburg metabolism’, and our IPA analysis suggested 

increased proliferation of cells with LMP1 (Fig 8A), we wanted to determine if this 

conferred a proliferative advantage. To ascertain this, we measured cellular proliferation 

by staining cells with CFSE (5(6)-Carboxyfluorescein N-hydroxysuccinimidyl ester) staining. 

CFSE Uptake at time zero was the same for both LMP1+ and LMP1- cells (Appx F.B). We 

then allowed cells to proliferate for 96 hrs before proceeding with FACS analysis. LMP1 
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presence led to increased proliferation vs LMP1- cells (Fig 8B), which was markedly 

curtailed following PARP1 inhibition (Fig 8C). In contrast, proliferation of LMP1- cells was 

only marginally reduced following PARP inhibition (Appx G.A). Cell cycle analysis in 

untreated LMP1+ cells showed an increase in the G1 population and a decrease in the S 

phase population vs LMP1+ cells treated with olaparib (Fig 8D). As this analysis was taken 

at the end of the treatment cycle (72 hrs) we believe this can be explained by the 

increased proliferation induced by LMP1 leading to a faster depletion of nutrients and 

consequently to G1 arrest, as cell culture media was not changed.  The olaparib-induced 

decrease in proliferation in LMP1+ cells appeared to be independent of DNA damage, as 

we found no evidence of yH2A.x accumulation following intracellular staining and FACS 

analysis (Appx A.E). Furthermore, we found no evidence of PARP inhibition (1 µM 72 hrs) 

leading to apoptotic cell death, as determined by Annexin V staining (Appx A.F).  

We then used the methylcellulose colony forming cell (CFC) assay to determine the impact 

of LMP1 and PARP inhibition on the cells’ ability to proliferate and differentiate into 

colonies. Cells were pre-treated with 2.5 μM olaparib for 96 hrs. Following this pre-

treatment, cells were checked for viability using the Annexin V assay (Appx F.A). After 

confirmation of cell viability, cells were seeded and incubated in CFC media for 14 days. 

As shown by Fig 8 E and F, LMP1 enabled cells to form robust colonies. However, colonies 

did not form following olaparib treatment. 
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Figure 8. LMP1 provides a proliferative advantage that can be eradicated following 

PARP inhibition. A) IPA analysis predicts LMP1 to activate proliferation pathways and 

PARP inhibition to inactivate proliferation pathways. B and C) Cells were stained by CFSE 

(5(6)-Carboxyfluorescein N-hydroxysuccinimidyl ester) and allowed to proliferate for 96 
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hrs- LMP1+ vs LMP1- CFSE labeled cells and LMP1+ untreated cells vs olaprib-treated 

LMP+ CFSE labeled cells were then detected by FACS analysis, respectively. D) Cell cycle 

analysis- LMP1+ cells were incubated with 1 µM olaparib for 72 hrs. Cells were then 

harvested, fixed and permeabilized in absolute ethanol and then incubated with 

propidium iodide (PI) and RNAse A for 30 mins at 37C and analyzed by FACS. E and F) 

Methylcellulose colony forming cell (CFC) assay- 500 LMP1+ cells, untreated and pre-

treated with 2.5 μM olaparib for 96 hrs, were seeded in methylcellulose media and 

incubated for 14 days at 37 °C. Images were captured following staining with crystal violet 

and unstained at 4X magnification, respectively.  

 

LMP1+ Cells are More Viable in Hypoxic Conditions and Sensitive to HIF1α-mediated 

Cell Death 

As we determined that LMP1 promotes glycolysis, which does not require oxygen, and 

HIF-1α allows cells to adapt to hypoxia, we wanted to see if LMP1+ cells were more viable 

in hypoxic conditions. To determine this, we used a hypoxia chamber that maintained 

cells in 1% oxygen. Using a cell viability assay, we found cells ectopically expressing LMP1 

had a 50% increase in viability over empty vector control (Fig 9A). This increase in cell 

viability could be mitigated with olaparib treatment. However, we observed an even 

greater decrease in cell viability in hypoxic conditions when we incubated cells with BAY 

87-2243, a highly potent and selective inhibitor of hypoxia-induced gene activation (110). 

To further examine effects of BAY 87-2243 on cell viability, we also determined it was 

exerting a significant inhibitory effect in normoxic conditions, particularly in LMP1+ cells 
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(Fig 9B). Moreover, using the Annexin V assay to measure apoptotic cell death, we found 

that BAY 87-2243 led to a substantial increase in the percentage of apoptotic cells in the 

LMP1-positive versus LMP1-negative cell lines (Fig 9C). The fact that we observed cell 

death in LMP1+ cells following treatment with BAY 87-2243 but not with olaparib may 

help to delineate the respective roles of PARP1 and HIF-1α in LMP1-mediated regulation 

of host gene expression and metabolism. For example, it may that HIF-1α plays a role in 

cell survival independently of PARP1, especially as BAY 87-2243 is known to inhibit a large 

array of HIF target genes in addition the ones we deemed to be dependent on PARP1 

activity (110).  
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Figure 9. LMP1+ cells are more viable in hypoxic conditions and sensitive to HIF1α-

mediated cell death 

A) Cell viability was measured following 72 hr incubation a hypoxia chamber that 

maintained cells in 1% oxygen. Cells were treated with 2.5 µM oalparib, 15 nM HIF-1α 

inhibitor (BAY 87-2243), or a combination of the two. P values for significant differences 
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(Student’s t-test) are summarized by two asterisks (p<0.01) or one asterisk (p<0.05). B) 

Cell viability was measured following 72 hr incubation with 2.5 µM oalparib, LC (5nM) HIF-

1α inhibitor (BAY 87-2243), HC (15nM) HIF-1α inhibitor (BAY 87-2243), or a combination. 

P values for significant differences (Student’s t-test) are summarized by three asterisks 

(p<0.001), two asterisks (p<0.01), or one asterisk (p<0.05). C) Untreated LMP1-/+ and BAY 

87-2243-treated LMP1-/+ cells were incubated with Annexin V-FITC and propidium iodide 

and quantified using flow cytometry and FloJo software. The population of cells that are 

Annexin V+/PI+ (upper right quadrant) are deemed to be the apoptotic population. The 

Annexin V is representative of three independent experiments.  
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Mechanisms of PARP1 Activation by LMP1 
 
 

We have previously determined that expression of LMP1 alone was sufficient to promote 

PARP1-mediated PARylation (75). However, how LMP1 induces activation of PARP1 has 

not been determined. One potential mechanism is through the ERK/MAPK pathway. 

LMP1  has been shown to mediate ERK 1/2 activation (111) and PARP1 can be activated 

by phosphorylated ERK2 (p-ERK2) (112). Therefore, it is possible that LMP1 activates 

PARP1 through p-ERK2. IPA analysis of our RNA-seq data set predicts that ERK1/2 is 

activated by LMP1 and is inactivated following PARP1 inhibition (Fig 10A and 10B). To 

further examine this potential mechanism, we treated LMP1-positive and LMP1-negative 

cells for 72 hrs with 25 nm of the MEK inhibitor Trametinib (GSK1120212). MEK is 

immediately upstream of and activates ERK1/2 through phosphorylation. Therefore, to 

establish that the MEKi was delivered at an effective dose, we examined p-ERK levels by 

western blot to confirm inhibition of p-ERK (Fig 10C). Furthermore, we then analyzed 

PARylation of these cells by PAR ELISA and found incubation with MEKi was able to 

suppress PARylation in LMP1+ cells (Fig 10D). These data suggest that LMP1 may activate 

PARP1 and PARylation through the MAPK/ERK pathway (Fig 10E).  
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Figure 10. LMP1 activates PARP1 through the MAPK pathway. A) IPA pathway analysis 

predicts activation of ERK1/2 following ectopic expression of LMP1 and B) inhibition of 

ERK1/2 when these same LMP1-expressing cells are treated with the PARP inhibitor 

olaparib. C) LMP1-positive and LMP1-negative cells were treated for 72 hrs with 25 nm of 

the MEK inhibitor Trametinib (GSK1120212) followed by western blotting of 

EBV- B cells / LMP1+
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phosphorylated and total ERK to determine inhibition of ERK. D) The effects of ERK 

inhibition on PARylation of these cells was then determined by PAR ELISA. % PARP activity 

was set to 100% in the untreated groups. E) Potential mechanism of LMP1-induced PARP1 

activation.  

 
 

Fatty Acids are the Top Metabolites Increased by LMP1 

 

Our initial work was grounded in expression data (RNA-seq) where we observed that 

LMP1 could induce HIF-1α-dependent gene expression, alteration of cellular metabolism, 

and accelerated cellular proliferation. As a follow up to further investigate these LMP1-

associated cellular metabolic changes, we used a targeted approach to examine the 

effects of both ectopic expression of LMP1, as well as EBV-mediated B-cell growth 

transformation, on host metabolites. To identify cellular metabolites that can be altered 

by LMP1, we first ectopically expressed LMP1 in the EBV-negative Burkitt’s lymphoma cell 

line DG75. Cells were transduced with retro-viral particles containing either pBABE 

(empty vector) or pBABE-HA-LMP1 (LMP1) vectors. These cells were placed under long-

term selection in medium containing 1 μg/ml puromycin and LMP1 expression was 

confirmed by western blotting (Appx A.B). Using this cell system, we then undertook a 

targeted approach to determine the relative quantities of approximately 200 polar 

metabolites spanning 32 different classes to examine LMP1-induced metabolic changes. 

These changes are summarized by heat map and principal component analysis (PCA) (Fig 

11A and 11B). This analysis used mass spectrometry followed by hydrophilic interaction 
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chromatography (HILAC). Peak areas, representing metabolite levels, were extracted 

using ThermoScientific Compound Discoverer 3.0. Metabolites were identified from a 

provided mass list, and by MS/MS fragmentation of each metabolite follow by searching 

the mzCloud database. Significant differences (q-value < 0.05) in proteins of least 1.5-fold 

between empty vector (pBABE) and LMP1 conditions (based on average value of the 

triplicate sample) were indicated as ‘True’ changes. When comparing pBABE vs LMP1 cell 

lines and sorting fold change of metabolites in descending order, the top 13 ‘True’ 

metabolites (confirmed using pure compounds) induced by LMP1 were fatty acids. These 

fatty acids were largely saturated or monounsaturated medium to long chain and were 

increased from 2.64 to 36.42-fold change (Fig 11C). Previously, we have shown Poly(ADP-

Ribose) Polymerase 1 to be important in LMP1-induced aerobic glycolysis and accelerated 

cellular proliferation using the PARP inhibitor olaparib (Fig 7 and 8). Therefore, we 

included an olaparib treatment group in our metabolic analysis to examine whether PARP 

inhibition could offset LMP1-induced changes to cellular metabolites. When we sorted 

the fold change of metabolites between pBABE vs LMP1 in descending order as described 

above, we found a perfect inverse correlation in the vast majority of the fatty acids in our 

LMP1 untreated vs LMP1 olaparib group. In other words, 11 of the 13 fatty acids fatty 

acids that were most increased with ectopic expression of LMP1 were also the most 

decreased when these same cells were then treated with olaparib. These significant fold 

changes were in the range of -1.89 to -3.64 (Fig 11C). This may partly explain the ability 

of olaparib to blunt the proliferative advantage bestowed by LMP1 that we previously 

reported (Fig 8).  
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Figure 11. A targeted relative quantitation of approximately 200 polar metabolites 

spanning 32 different classes revealed fatty acids as the top metabolites induced by 
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LMP1. A) Heat map showing comparing metabolite levels in DG75 transduced with 

retroviral particles containing either pBABE (empty vector) or pBABE-HA-LMP1 vectors. 

LMP1+ cells were incubated for 72 hrs with 2.5 μM olaparib or the DMSO vehicle as a 

control. Samples were extracted using cold extraction solution containing 80% MeOH and 

20% water and  analyzed using a Thermo Q Exactive HF-X mass spectrometer. Metabolites 

were separated using HILIC chromatography. B) Principal component analysis (PCA) of 

untreated LMP1+ and LMP1- cells and LMP1+ cells treated with olaparib. C) Peak areas, 

representing metabolite levels, were extracted using ThermoScientific Compound 

Discoverer 3.0. The peak areas were normalized using constant sum. Metabolites were 

identified from a provided mass list, and by MS/MS fragmentation of each metabolite 

follow by searching the mzCloud database (www.mzcloud.org). Comparisons between 

the 4 conditions were performed: Student's T-test p-value; q-value: Benjamini-Hochberg 

FDR adjusted p-value to account for multiple testing. q-value < 0.05 is considered 

significant and flagged with "+" in the "Significant" column; Fold change between 2 

conditions (based on average value of the quadruplicate sample); Proteins displaying 

significant change (q-value < 0.05) with at least 1.5 fold change are indicated in the 

"FC>1.5, p<p0.05" column. 
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LMP1 Induces FASN and Lipogenesis 

 

Due to the fact that fatty acids were the dominate metabolite class induced by LMP1, we 

sought to pursue a potential enzyme responsible. FASN catalyzes de novo lipogenesis and 

is commonly upregulated across many different cancers (85-87). Furthermore, a recent 

study demonstrated that LMP1 is able to upregulate FASN and lipogenesis in NPC (99). 

We therefore wanted to determine if LMP1 could induce FASN and lipogenesis in B cells. 

Using western blotting, we showed that ectopic expression of LMP1 increased FASN 

protein levels around 2.5-fold as compared to empty vector control (Fig 12A and 12B).  

To determine if the LMP1-mediated increased fatty acids and FASN levels were inducing 

lipogenesis, we employed Nile Red staining, a potent and specific lipid droplet stain. Lipid 

droplets are small cytoplasmic organelles that can store fatty acids, providing available 

energy as well as cellular membrane material (85). Under serum-deprived conditions, we 

stained pBABE and LMP1 cells with Nile red followed by FACS analysis. We found that 

LMP1 led to an increase in Nile Red staining (Fig 12C), which was then further quantified 

using a fluorescent plate reader (Fig 12D). The somewhat modest increases in FASN and 

lipid droplet formation should be viewed in the context of the BL background used for the 

ectopic expression of LMP1, as alteration in lipid metabolism has been noted to be a 

feature of BL and most likely blunted the effect of LMP1 (113). 
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Figure 12. LMP1 leads to increases in levels of  FASN and  lipid droplet formation. A) 

Western blot of the EBV-negative B cell line DG75 transduced with retroviral particles 

containing either pBABE (empty vector) or pBABE-HA-LMP1 vectors and treated with 10 

µg/mL of the FASN inhibitor C75 or the PARP inhibitor olaparib for 24 hrs. Cell lines were 

probed for FASN. Actin served as a loading control. B) Densitometry of FASN/Actin 

normalized to untreated empty vector (pBABE). C) FACs analysis of Nile Red fluorescence 

staining (excitation, 385 nm; emission,535 nm) for lipid droplets in DG75 cell line 

transfected with an empty plasmid vector or LMP1 expression construct. D) The relative 

amount of lipid droplet formation was calculated by plate reader by normalizing the 

Hoechst 33342 fluorescence  (excitation, 355 nm; emission, 460 nm) to the Nile Red signal 
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in each well. Error bars represent standard deviation of two independent experiments. P 

values for significant differences (Student’s t-test) are summarized by two asterisks 

(p<0.01) or one asterisk (p<0.05). 

 

EBV-Immortalization of B Cells Leads to Significant Increases in Metabolic Cofactors 

and Fatty Acids 

 

Our initial analysis into LMP1-mediated metabolic changes revealed that fatty acids were 

the major metabolites increased. However, we wanted to extend our examination of 

LMP1’s role in metabolic remodeling of the cell in the broader context of EBV-

immortalization of B cells. To do this, using the same metabolic analysis as described for 

ectopic expression of LMP1, we infected primary B cells with EBV, resulting in their 

transformation into LCLs, a process in which LMP1 is critical (12, 13) (Fig 13). Both primary 

B cells and their corresponding matched LCLs (60dpi) were extracted for metabolite 

analysis. These changes are summarized by heat map and principal component analysis 

(PCA) (Fig 14A and 14B). Interestingly, the highest metabolites induced (50-70-fold 

change) following immortalization of B cells was nicotinamide (NAM), nicotinic acid and 

nicotinamide adenine dinucleotide (NAD) (Fig 14C). NAM and nicotinic acid are both 

precursors of NAD and nicotinamide adenine dinucleotide phosphate (NADP), which are 

both coenzymes in wide-ranging enzymatic oxidation-reduction reactions, including 

glycolysis, the citric acid cycle, and the electron transport chain (114). Of note, the 

reduced form of NADP, NADPH, is the critical reducing equivalent used by FASN to 
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synthesize long chain fatty acids (115). NAD+ is also an essential cofactor for Poly(ADP-

Ribose) Polymerase 1 (116) which we have previously shown to be important in EBV 

latency status and LMP1-mediated host gene activation (23, 75). Aside from these 

important metabolic cofactors, our metabolic analysis also revealed several fatty acids 

amongst the top proteins induced following EBV transformation. These increases were in 

the range of 3-20-fold change and were mainly in the class of long and very long chain  

polyunsaturated fatty acids, differing form our ectopic LMP1 analysis where the top fatty 

acids were mainly saturated and monounsaturated medium to long chain length (Fig 11C).  

 
 
 
Figure 13. Scheme for metabolic analysis of EBV-immortalized B cells. Metabolites were 

analyzed from primary B cells (3 independent donors) prior to and 60 days post-EBV 

infection (2 LCLs established from the 3 primary b cell donors).  
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Figure 14. A targeted relative quantitation of approximately 200 polar metabolites 

spanning 32 different classes examining EBV-immortalization of B cells. A) Heat map 

comparing metabolite levels in primary B cells versus their matched LCLs following EBV-

immortalization of B cells 60 days post infection. Samples were extracted using cold 

extraction solution containing 80% MeOH and 20% water and  analyzed using a Thermo 

Q Exactive HF-X mass spectrometer. Metabolites were separated using HILIC 
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Arachidonic acid 0.0421 0.0730 6.96 FALSE

Nervonic Acid 0.0001 0.0082 6.11 TRUE

Oleic Acid 0.0050 0.0222 2.84 TRUE

A)

B)

C)
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chromatography. B) Principal component analysis (PCA) of primary B cells from two 

donors and three LCLs (two matched to primary B cells) following immortalization of B 

cells. C) Peak areas, representing metabolite levels, were extracted using 

ThermoScientific Compound Discoverer 3.0. The peak areas were normalized using 

constant sum. Metabolites were identified from a provided mass list, and by MS/MS 

fragmentation of each metabolite follow by searching the mzCloud database 

(www.mzcloud.org). Comparisons between the conditions were performed: Student's T-

test p-value; q-value: Benjamini-Hochberg FDR adjusted p-value to account for multiple 

testing. q-value < 0.05 is considered significant and flagged with "+" in the "Significant" 

column; Fold change between 2 conditions (based on average value of the quadruplicate 

sample); Proteins displaying significant change (q-value < 0.05) with at least 1.5 fold 

change are indicated in the "FC>1.5, p<p0.05" column. 
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EBV-induced Immortalization of B Cells Upregulates FASN and Lipogenesis 

 

As we had already determined that LMP1 could induce FASN and lipogenesis in B cells, 

and both our LMP1 and EBV-immortalization metabolite studies showed significant 

changes to fatty acids, we also wanted to examine the effect of EBV-induced 

immortalization of B cells on FASN and lipogenesis. We firstly extracted protein from 

primary B cells and their established LCLs before western blotting for FASN. What we 

found was a massive upregulation of FASN at the protein level in LCLs vs primary B cells 

(Fig 15D). Specifically, FASN in B cells was not or only barely detectable vs robust 

expression in LCLs. Under serum-deprived conditions, we then stained primary B cells and 

LCLs cells with Nile red followed by FACS analysis (Fig 15A and 15B). Similar to our FASN 

western blot results, we observed virtually no Nile Red staining in B cells, to the extent 

that they looked like unstained controls, and we observed strong staining in our LCLs, 

which was confirmed by confocal microscopy (Fig 15C). These data suggest that EBV-

induced immortalization of B cells turns on a lipogenesis program as shown by substantial 

upregulation of fatty acids and their metabolic cofactors, FASN and lipogenesis.  
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Figure 15. EBV-induced immortalization of B cells upregulates FASN and lipogenesis. A) 

FACs analysis of Nile Red fluorescence staining (excitation, 385 nm; emission,535 nm) for 

lipid droplets overlaying primary B cells with LCLs. B) FACs analysis of Nile Red 

fluorescence staining (excitation, 385 nm; emission,535 nm) for lipid droplets with 

separation of  primary B cells and LCLs into Nile Red-negative and Nile Red-positive 

populations. Nile Red-negative population threshold was set to on unstained controls. C) 

Confocal microscopy of Nile Red fluorescence staining (excitation, 385 nm; emission,535 

nm) for lipid droplets in primary B cells and LCLs. Cells were counterstained with DAPI to 

stain cell nuclei.  D) Western blot for FASN in primary B cells and their matched LCLs. Actin 

served as a loading control. 
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LMP1+ B cells are More Sensitive to FASN Inhibition 

 

Deregulated FASN and lipogenesis is a hallmark of cancer and cancer cells have been 

shown to become addicted to the FASN pathway and de novo lipogenesis. This has led to 

many attempts to target FASN in cancers. This steered us to examine if we could take 

advantage of a  potential LMP1-mediated dependency on the FASN pathway by using 

FASN inhibitors to selectively kill LMP1-expressing cells. Using the FASN inhibitor C75, we 

generated dose response curves for LMP1-expressing cells vs empty vector control using 

percent of cell death as determined by a trypan blue exclusion assay. C75 dose 

concentrations were transformed to log10 prior to nonlinear regression analysis and EC50 

values were estimated (Fig 16A). We calculated EC50 values of 72 and 36 uM for pBABE 

and LMP1, respectively, suggesting an increased sensitivity to FASN inhibition in cells 

expressing LMP1 and increased FASN levels. We then treated latency type I and III cells 

with C75. During various stages of B cell differentiation in vivo, EBV will express either the 

latency III,II or I program, which entails expression of different subsets of latency genes.  

Type I latency cells do not endogenously express LMP1 as opposed to latency type III (5, 

8). Comparing two such cell types therefore offers a more physiologically relevant 

comparison between LMP1-positive and LMP1- negative cells. Mutu I and III are EBV-

infected BL cell lines that differ only in their EBV latency status (I vs III). When we treated 

the LMP1-expressing Mutu III cells with C75, we observed much higher cell death 

compared to Mutu I cells that do not express LMP1 (Fig 16B). Two LCL cell lines (LCL and 

GM12878) also demonstrated sensitivity to FASN inhibition with significant accumulation 
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of cell death after 24 hrs (Fig 16C). Finally, we measured cell viability following FASN 

inhibition in primary B cells and LCLs established following EBV infection. Whereas B cell 

viability was unaffected by C75 treatment, LCLs showed a significant drop in viability of 

around 50% vs untreated control (Fig 16D). Cells were also dosed with palmitic acid, which 

is the predominant product FASN and was used to determine if the observed toxicity of 

FASN inhibition was due to lack of fatty acid synthesis or toxic build-up of precursors 

(117). LCLs responded to palmitic acid with a significant increase in cell viability, given 

both individually and in combination with C75. This demonstrates that the effects of C75 

is due to a block on the synthesis of downstream fatty acid metabolites which are 

therefore required for the viability of B cells latently infected with EBV. 
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Figure 16. LMP1+ B cells are more sensitive sensitivity to FASN inhibition. A) Dose-

response curve of DG75 cells that were transduced with retroviral particles containing 

either pBABE (empty vector) or pBABE-HA-LMP1 vectors and treated with C75 for 24 hrs. 

Percent of cell death was determined by a trypan blue exclusion assay. Dose 

concentrations were transformed to log10 prior to nonlinear regression analysis. Data 

representative of three biological replicates. B) Type I (Mutu I) and type III (Mutu III) 

latently infected EBV-positive B cell lines were incubated with 10 µg/mL of the FASN 

inhibitor C75 or DMSO control for 24 hrs. Percent of cell death as determined by a trypan 

blue exclusion assay. C) Type III latently infected EBV-positive B cell lines were incubated 

with 10 µg/mL of the FASN inhibitor or DMSO control for 24 hrs. Percent of cell death as 

determined by a trypan blue exclusion assay. D) Primary B cells and LCLs were incubated 

with 10 µg/mL of the FASN inhibitor C75, 25 µM palmitic acid (PA), C75+PA  or DMSO 

control for 24 hrs. Cell viability was determined by cell titer glo assay. Error bars represent 

standard deviation of two independent experiments. P values for significant differences 

(Student’s t-test) are summarized by three asterisks (p<0.001), two asterisks (p<0.01), or 

one asterisk (p<0.05). 

 

LMP1 Stabilizes FASN Protein Levels 

 

We next sought to determine the mechanisms LMP1 employs to upregulate FASN. 

Previous work has pointed to LMP1 driving expression of FASN through its upstream 

regulator SREBP1c, at least in the context of NPC (99). However, upon examining our 
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previously published RNA-seq data (23) it did not suggest that SREBP1c was a factor 

upregulated by LMP1, and this was confirmed by RT-qPCR using primers against both the 

precursor and mature isoforms of SREBF, SREBFa and SREBFc (Fig 17A). In fact, both FASN 

and SREBFa were actually downregulated in LMP1+ cells vs LMP1- cells while SREBFc 

remained unchanged. FASN can also be stabilized at the protein level by USP2a, a 

ubiquitin-specific protease that functions by removing ubiquitin from FASN and thus 

prevents its degradation by the proteasome (98) (Fig 17B). Our RNA-seq dataset (23) 

suggested that USP2a is upregulated by LMP1 and this was confirmed by RT-qPCR (Fig 

17A). Because of this, we then wanted to determine if LMP1 stabilized FASN at the protein 

level. To examine this, we used the protein synthesis inhibitor cycloheximide (CHX). 

Following treatment with CHX, we observed that FASN protein levels were more stable at 

24 hours in our LMP1-expresssing cell line vs empty vector control (Fig 17C). This suggests 

that LMP1, potentially through increased expression of USP2a, can post-translationally 

stabilize FASN.  

 

To examine potential mechanisms of how EBV infection was causing upregulation of 

FASN, we again looked at factors effecting both expression and post-translational 

modifications of the enzyme. As with ectopic expression of LMP1, we looked into the 

SREBPs, the principal upstream regulators of FASN gene expression, and USP2a, the 

ubiquitin-specific protease that stabilizes FASN protein by decreasing its ubiquitination. 

We firstly used RT-qPCR to examine the gene expression of FASN and USP2a. When we 

compared the expression of these genes between primary B cells and LCLs, we found 
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interesting results. Depending on the LCL (each generated form a different donor B cell) 

we found that either FASN expression was increased or USP2 expression, but never the 

two together (Fig 17D). Again, all of these LCLs robustly upregulate FASN at the protein 

level, suggesting that EBV will co-opt alternative pathways to achieve the same end result 

of increased FASN.  

 

 
 
 
Figure 17. LMP1 stabilizes FASN protein. A) Relative mRNA expression in LMP1+ cells 

versus empty vector (pBABE) as determined by RT-qPCR using double delta Ct analysis 

and normalized to 18s. B) Schematic of FASN stabilization. USP2a, a ubiquitin-specific 

protease, functions by removing ubiquitin from FASN and thus prevents its degradation 

by the proteasome. C) FAS protein levels in LMP1- and LMP1+ cells treated with 50 µg/mL 
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cycloheximide over a 24-hour time course. Actin was included as a loading control. D) 

Relative mRNA expression in LCLs versus primary B cells (3 independent donors) as 

determined by RT-qPCR using double delta Ct analysis and normalized to 18s. Error bars 

represent standard deviation of three independent experiments. P values for significant 

differences (Student’s t-test) are summarized by three asterisks (p<0.001), two asterisks 

(p<0.01), or one asterisk (p<0.05). 
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CHAPTER 4 
 

DISCUSSION 
 
 

We report here that the EBV-encoded oncoprotein LMP1 can modulate cellular gene 

expression and metabolism by using PARP1 as a coactivator of HIF-1α-dependent gene 

expression in B cells. In recent decades, research into PARP biology, outside of its classical 

role in DNA damage detection and repair responses, has led to greater appreciation and 

understanding of the pivotal role that PARP-1 plays in gene regulation. PARP-1 can 

function as a key regulator of gene expression through a variety of mechanisms, including 

roles as a chromatin modulator, a coregulator for DNA-binding transcription factors, and 

a regulator of DNA methylation. The gene regulatory effects of PARP-1 have been linked 

to the control of inflammation, metabolism, circadian rhythms, and cancer (118). Previous 

work by our group has established that expression of the type III latency-associated EBV 

protein LMP1 alone was able to promote PARP1-mediated PARylation, and disruption of 

inhibition of PARP activity was sufficient to alter host gene expression. Moreover, the 

induction of PARylation mediated by LMP1 was also essential for EBV-driven oncogenesis 

(75). Building on our previous work, here we are reporting a global approach to identify 

host gene targets of LMP1 that are regulated through PARP1. Greater understanding of 

how LMP1 is able to manipulate the host gene regulatory machinery through chromatin-

modifying enzymes, such as PARP1, may be exploited by therapeutic intervention to 

better treat EBV-positive cancers.  

Our initial analysis of RNA-seq data suggested that the transcription factor Hypoxia-
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Inducible Factor 1-alpha (HIF-1α) is an LMP1 target mediated through PARP1. There is 

strong evidence that activation of HIF-1 is part of a common pathway affected by human 

oncogenic viruses (65) and HIF-1's role in the transcriptional upregulation of metabolic, 

angiogenic and microenvironmental factors is integral for oncogenesis (65). HIF-1α 

transcription is continual and several growth factors and their accompanying pathways 

have been shown to play a role in enhancing HIF-1α signaling in an oxygen-independent 

manner. However, the majority of work surrounding HIF-1 regulation has been focused 

on its constitutive normoxic protein breakdown and how this can be subverted in the 

context of oncogenesis. LMP1 has been shown to increase the synthesis of HIF-1α through 

the ERK1/2 MAPK signaling pathway (66) and decrease its breakdown through the 

degradation of PHD 1 and 3, mediated by SIAH1 (67).  

Our work does not find any significant evidence of LMP1 increasing HIF-1α protein or 

mRNA levels. It should be noted, however, that our studies were performed in B cells, 

with the above-mentioned work mainly taking place in epithelial cells; moreover, the 

latter study involved full length EBV infection. Another key difference is our use of a 

Burkitt’s lymphoma cell line (DG75) which carries a MYC translocation. Overexpression of 

Myc has been reported to stabilize the α subunit of HIF1 (HIF-1α) under normoxic 

conditions and enhance HIF-1α accumulation under hypoxic conditions (119). Therefore, 

a potentially higher basal level of HIF-1α in our cell lines could have dampened the effects 

of ectopic LMP1 expression.  

Instead, our evidence indicates that PARP1 is acting as a coactivator of HIF-1α-dependent 
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gene expression in B cells, and this co-activation is enhanced by LMP1-mediated 

activation of PARP1. Outside of EBV, a similar mechanism was reported in PARP1-deficient 

chronic myelogenous leukemia cells, which showed reduced HIF-1 transcriptional 

activation dependent on PARP1 enzymatic activity. This agrees with our observations, as 

inhibition of PARP1 catalytic activity reduced transcriptional activation of HIF-1 targets. 

The authors of this study also demonstrated PARP1 forming a complex with HIF-1α 

through direct protein interaction in vitro, as well as endogenously in HeLa cells (79). Our 

study adds to the scope of this mechanism by demonstrating that this complex is also 

PARylated, and that PARP1 inhibition not only leads to loss of PARylation but also 

destabilization of the complex. Whether only PARP1 is PARyated, or also other factors, 

such as HIF-1α or histones, has to be further elucidated. What is clear is the requirement 

of PARP1 enzymatic activity for HIF-1–dependent transcription and the stability of the 

PARP1/HIF complex, presumably due to the proper scaffolding of PAR polymers by PARP1. 

We then demonstrated, through ChIP assays, that PARP1 co-activates HIF-1α –dependent 

gene expression by binding to the promoter regions of HIF-1α targets, which adds to the 

PARP1/HIF-dependent gene expression studies assessed by transient transfection of a 

reporter gene under the control of hypoxia response element (79). Here we show that 

promoter regions of HIF-1α targets are bound by HIF-1α and PARP1 considerably more in 

LMP1+ cells vs LMP1- cells, and the binding of both proteins is significantly reduced 

following PARP1 inhibition.  

Our ChIP experiments also revealed that LMP1 induction led to significant accumulation 
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of the positive histone mark H3K27ac at HIF-1α–dependent genes. This is interesting as 

one of the key coactivators of HIF-1 is the histone acetyltransferases p300, which can 

directly associate with the COOH-terminal transactivation domain of HIF-1α (120) and 

facilitate acetylation of histone H3 at 'lysine 27' (H3K27ac) (121). Furthermore, this mark 

was lost following PARP1 inhibition, which conversely led to the accumulation of the 

repressive histone mark H3K27me3. Previous work by our group has demonstrated that 

in the absence of DNA damage, both pharmacological inhibition of PARP and knockdown 

of PARP1 induced the expression of the polycomb repressive complex 2 (PRC2) member 

EZH2, which mediates the trimethylation of histone H3 at lysine 27 (H3K27me3). This 

resulted in increased global H3K27me3, whereas ChIP assays confirming PARP1 inhibition 

led to H3K27me3 deposition at EZH2 target genes, resulting in gene silencing (47). Ensuing 

work found that EZH2 is a direct target of PARP1 upon induction of alkylating and UV-

induced DNA damage in cells and in vitro. PARylation of EZH2 inhibits EZH2 histone 

methyltransferase (H3K27me) enzymatic activity (122, 123). This supports the possibility 

that one of the roles of PARP1, as a coactivator of HIF-1α –dependent gene expression, 

could be down to its ability to modify histone tails to augment HIF-1α –dependent gene 

expression. Specifically, the role of PARP1 could be to PARylate EZH2 and inhibit EZH2 

histone methyltransferase (H3K27me) enzymatic activity. This may then allow the histone 

acetyltransferases p300, a key coactivator of HIF-1, to facilitate acetylation of histone H3 

at 'lysine 27' (H3K27ac), creating a more permissible environment for gene transcription 

at HIF-1 transcriptional targets.  
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PARP1 and HIF-1α occupy prominent positions in mitochondrial homeostasis and 

metabolism and EBV–transformed B cells have been shown to induce a ‘Warburg effect’ 

(22, 24, 25). In addition, LMP1 has been shown to be the key regulator in reprogramming 

of EBV-mediated glycolysis in NPC cells (26, 27). Many of the LMP1-induced PARP1/HIF-

1α transcriptional targets we identified in our data set are involved in metabolism, and 

therefore we wanted to determine if PARP1 was required for the LMP1-induced aerobic 

glycolysis that we observed.  We determined that LMP1 significantly increased glycolysis 

and decreased mitochondrial respiration, and this switch in metabolism appeared to be 

mediated through PARP1. This isn’t too surprising, as the majority of research points to 

PARP activation damaging mitochondrial function, while PARP inhibition has the opposite 

effect (76-78). For example, we observed significant ATP loss in LMP1+ cells followed by 

recovery with PARP1 inhibition, as estimated by the mito stress test assay. AMP 

concentrations can be increased by PAR degradation, and AMP perturbs mitochondrial 

ADP/ATP exchange (124).  In addition, HIFs are well-known to activate transcription 

programs that induce glycolysis and inhibit mitochondrial activity (81). For instance, 

enzymes catalyzing glucose metabolism—including phosphoglycerate kinase 1 (PGK1) 

and phosphofructokinase (PFK), are well-established targets of HIF-1 (60) and were 

identified from our RNA-seq data as being induced by LMP1/PARP1. PDK1 was also 

identified from our dataset, another recognized HIF-1 target and a key enzyme that 

contributes to the ‘Warburg effect’ (125).  
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Previous studies point to the NF-kB signaling pathway and glucose transporter-1 (GLUT1) 

as being key mediators in the activation of aerobic glycolysis in LMP1+ NPC cell lines and 

both EBV and spontaneous B-cell lymphomas (24, 25, 27). While we did not find any 

evidence of increased transcription of GLUT1, it is possible that LMP1 may be inducing 

glucose transporter-1 (GLUT1) membrane trafficking, as was observed in EBV and 

spontaneous B-cell lymphomas (25). Regarding the NF-kB signaling pathway driven 

aerobic glycolysis, this may be happening upstream of PARP1/HIF-1α -dependent gene 

expression. Firstly, there is evidence that PARP1 can act as a coactivator of NF-kB in vivo 

(56), which is supported by our IPA analysis which identified NF-kB as the highest scoring 

upstream regulator predicted to be activated by LMP1 and inactivated by PARP1, as was 

seen with HIF-1α (Appx H). Secondly, there is evidence of significant crosstalk between 

the NF-kB and HIF-1α pathways. NF-κB has been shown to be a direct modulator of HIF-

1α expression. Specifically, the HIF-1α promoter has been demonstrated to be responsive 

to selective NF- κB subunits (126).  

 

The first part of this discussion has focused on the ability of LMP1 to regulate host gene 

expression and metabolism through PARP1.  Specifically, the ChIP data discussed suggests 

a role for PARP1 in modulating histone marks at HIF-1 transcriptional targets and thus 

creating a more permissive environment for gene transcription. The ability of viruses, 

including EBV, to alter host cell metabolism and influence gene expression leads to the 

possibility that the availability of metabolic intermediates may directly impact the histone 

landscape of infected cells as well. Such a link has already been suggested in studies in 
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cancer cells and stem cells, as alterations in cellular metabolism have been shown to 

influence the epigenetic landscapes (127, 128). For example, prominent epigenetic 

enzymes, such as histone demethylases (HMTs), use critical intermediate metabolites as 

cofactors and substrates. Glucose flux has been shown to regulate  Acetyl-Coenzyme A 

(Acetyl-CoA), the substrate for histone acetylation (129). Intracellular acetyl-CoA 

concentrations are directly linked to cellular metabolism and regulation of growth genes 

(130). A recent study  has defined a new histone mark termed ‘lactylation’, a lactate-

derived epigenetic modification. Specifically, it was demonstrated that hypoxia and 

bacterial challenges led to the  production of lactate by glycolysis, stimulating histone 

‘lactylation’. Ultimately, it was demonstrated that In the late phase of M1 macrophage 

polarization, increased histone lactylation induces homeostatic genes, promoting the idea 

of a ‘lactate clock’ in bacterially challenged M1 macrophages that turns on gene 

expression to promote homeostasis (131). This points to  crosstalk between glucose 

metabolism and histone acetylation and is further supported by a study showing 

chromatin structure can be impacted by glycolytic metabolism (132).   

 

However, evidence of metabolic changes having a direct effect on chromatin or DNA 

modifications with consequent effects on defined biological processes are confined to 

few studies. Difficulties in establishing a causal link stems from the fact that metabolites 

involved in epigenetics are also connected to larger metabolic networks that affect nearly 

all aspects of cellular physiology. As in cancer, stem cell, or developmental biology, the 

connection between how cellular metabolites affect epigenetic regulators following viral 
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infection and latency is relatively unexplored. Improved techniques better suited to 

describe the chromatin and metabolic state as well as the development of more 

physiologically relevant cell culture methods, such as organoid systems, can better reflect 

in vivo metabolism. This may help to get at key questions such as: What are the 

physiological conditions in which the concentration dynamics of relevant substrates and 

cofactors causally underlie a change in chromatin state? What extent do environmental 

variables,  such as diet, modulate epigenetics by altering levels of the relevant metabolites 

to the needed concentrations? How do metabolic effects on the activity of chromatin-

modifying enzymes compares to the transcriptional programs that control the expression 

of these enzymes? This includes an additional level of complexity when you consider that 

metabolites can modify transcription factors directly in addition to the epigenetic 

machinery.  

 

In summary of the data discussed so far, our work adds an important branch to the 

existing model of how LMP1 affects cellular functions through modulation of chromatin 

modifying enzymes to regulate host gene expression and metabolism, specifically through 

PARP1 and PARylation (Fig 18).  
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Figure 18 . Initial working model. LMP1 activates PARP1. PARP1 acts as a coactivator of 

HIF-1α-dependent gene expression by forming a PARylated complex with HIF-1α. This 

PARP1/ HIF-1α complex binds to promoter regions of HIF-1α downstream targets, leading 

to accumulation of positive histone marks and increased gene expression. LMP1 induces 

aerobic glycolysis and suppresses mitochondrial respiration, which corresponds to 

increased proliferation.  

 

To further investigate LMP1-associated cellular metabolic changes, we used a targeted 

approach to examine the effects of both ectopic expression of LMP1, as well as EBV-

mediated B-cell growth transformation, on host metabolites. From this initial analysis we 

observed that the top 15-20 metabolites significantly induced by LMP1 in the BL cell line 

DG75 were fatty acids, which was congruent with increased levels of FASN and lipid 

droplet formation as compared to empty vector controls. A recent study has specifically 
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linked LMP1 to promotion of de novo lipogenesis, lipid droplet formation and increased 

FASN in NPC (99). This study went on to show that FASN overexpression is common in 

NPC, with high levels correlating significantly with LMP1 expression. Moreover, elevated 

FASN expression was associated with aggressive disease and poor survival in NPC 

patients. Interestingly, alteration of lipid metabolism was also observed in Burkitt 

Lymphoma following gene expression analysis. Based on this, adipophilin was identified 

as a novel marker of BL (113). This elevated level of lipid metabolism in BL might explain 

why we observed relatively minor changes to FASN levels and lipid droplet formation 

when we introduced LMP1 to the EBV-negative BL cell line DG75.  

 

The increase in fatty acids by ectopic expression of LMP1 was offset following treatment 

with the PARP inhibitor olaparib. PARP1 gene deletion and inhibition has been reported 

to enhance the lipid accumulation in liver and exacerbate high fat-induced obesity in mice 

(133, 134). However,  a conflicting report concludes robust increases in PARP activity in 

livers of obese mice and non-alcoholic fatty liver disease (NAFLD) patients and that 

inhibition of PARP1 activation alleviates lipid accumulation and inflammation in fatty liver 

(135). Therefore, the role of PARP1 in lipid metabolism remains inconclusive, at least in 

the context of the liver and diet-induced obesity. As our previously discussed data has 

demonstrated that PARP1 can act as a coactivator HIF-1α-dependent gene expression, it 

is of interest to note that there is an emerging body of work that shows that HIF-1α can 

regulate lipid metabolism (136) including an ability to regulate FASN (137). Intriguingly, 

one of the LMP1-induced HIF-1α-responsive genes we validated was Hypoxia-inducible 
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lipid droplet-associated (HILPDA, also known as HIG2), which leads to  intracellular lipid 

accumulation (138). How much of the LMP1-mediated changes we have observed to 

aerobic glycolysis and lipid metabolism is facilitated distinctly through PARP1, HIF-1α, a 

combination of the two, or completely independently of these factors, still needs to be 

elucidated.  

 

In addition to examining LMP1-specific metabolic effects, we then examined metabolic 

changes following EBV-mediated B-cell growth transformation. While we did not find that 

all of the highest fold changes in metabolites were fatty acids, as we did with ectopic 

expression of LMP1, we did find fatty acids being amongst the top metabolites altered. A 

recent study used proteomics to examine resting B cells and at nine time points after EBV 

infection. Their data pointed to induction of one-carbon (1C) metabolism being important 

for the EBV-mediated B-cell growth transformation process (139). This same analysis also 

revealed that EBV significantly upregulates fatty acid and cholesterol synthesis pathways. 

There are several key differences in this proteomics study versus our metabolomics 

approach. While we compared resting B cells with established LCLs around two months 

after infection, the above study also used several earlier timepoints. A follow up study 

using the same dataset suggested important roles for Epstein-Barr nuclear antigen 2 

(EBNA2), SREBP and MYC in cholesterol and fatty acid pathways (140). The EBV-encoded 

transcription factor EBNA2 is produced early on in the infection phase (72hrs) (141), and 

the cholesterol and fatty acids synthesis pathways, including upregulation of FASN, were 

found to induced early in infection (96 hours). As LMP1 does not appear until 3-7 days 
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post infection (141), it lends to the questions as to its role in the induction of these 

pathways. The study referenced (140) indicated an important role for Rab13 role in 

possible trafficking of LMP1 to lipid raft signaling sites. It’s therefore possible, that the 

early changes to cholesterol and fatty acids synthesis pathways aid in the localization of 

LMP1 to cellular membranes to then enable LMP1 to maintain cholesterogenic and 

lipogenic programs at later timepoints by stimulating PI3K/AKT signaling cascades, for 

example.  

Outside of the context of EBV-mediated B-cell growth transformation, there is also 

evidence of glucose-dependent de novo lipogenesis in B lymphocytes following 

lipopolysaccharide (LPS)-stimulated differentiation into Ig-secreting plasma cells (142). 

Specifically, this study pointed to ATP citrate lyase (ACLY) linking glucose metabolism to 

fatty acid and cholesterol synthesis during differentiation. This becomes especially 

interesting when taking into consideration the ability of EBV and LMP1 to induce both 

aerobic glycolysis and lipogenesis programs. One of the questions that arises from such 

studies is: are these metabolic changes unique to EBV-induced immortalization of B cells 

or are we observing the hijacking of pathways and metabolic remodeling used in the 

normal proliferation and differentiation of B cells? A study of primary effusion lymphoma 

(PEL) cells, which are a unique subset of human B-cell non-Hodgkin lymphomas cells 

latently infected with Kaposi’s sarcoma-associated herpesvirus (KSHV, another γ-

herpesvirus), showed that FASN expression and induction of fatty acid synthesis was 

necessary for the survival of latently infected PEL cells (143). Interestingly, and related to 

the aforementioned question, these researchers stimulated resting B cells with LPS  to 
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determine if the differences in glycolysis and FASN were a consequence of proliferation, 

as PEL cells are continuously proliferating as lymphomas, rather than the transformed 

phenotype. While they did observe an elevated rate of glycolysis following LPS-

stimulation of primary B cells, it was still significantly lower than that of vehicle-treated 

PEL cells. In addition, FASN did not substantially change in LPS-stimulated versus vehicle-

treated primary B cells nor did LPS stimulation of PEL lead to any further increases in 

glycolysis or FASN compared with vehicle- treated PEL (143). These data suggest that 

FASN activity is an independent consequence of γ-herpesvirus infection, whether in the 

context of  latently infected KSHV PEL or latently infected EBV NPCs or lymphomas, rather 

than a consequence of increased proliferation index.  

We then went on to show that LMP1-expressing cells, including ectopically expressed 

LMP1; latency type III cell lines; or LCLs transformed from primary B cells were all more 

sensitive to FASN inhibition vs their corresponding LMP1- controls. Analysis of FASN 

expression in NPC patients found that higher levels of FASN expression significantly 

correlated with advanced primary tumor and distant lymph node metastasis (99). In 

addition, Latent infection of endothelial cells by KSHV led to a significant increase in long 

chain fatty acids as detected by a metabolic analysis. Fatty acid synthesis was required for 

the survival of latently infected endothelial cells, as inhibition of key enzymes in this 

pathway led to apoptosis of infected cells (57). We also observed that primary B cells, 

which express no or very little FASN protein, unsurprisingly were not sensitive to FASN 

inhibition. However, our LCLs transformed from primary B cells developed sensitivity to 

FASN inhibitors corresponding with induction of FASN and lipogenesis. A study reported 
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that use of the lipoprotein lipase inhibitor orlistat resulted in apoptosis of B-cell chronic 

lymphocytic leukemia (CLL) cells without killing normal B cells from donors (144).  

 

One of the key questions that arises from the data presented is: why do latent oncoviruses 

alter cellular metabolism? Clearly the focus thus far has been on the requirements to 

support cellular proliferation in rapidly dividing transformed cells, and the cell death 

observed following inhibition of some of these pathways, specifically HIF-1α and FASN,  

also suggests a cell survival role. The Warburg effect provides a metabolic environment 

that facilitates rapid biosynthesis to support growth and proliferation. Fatty acids are also 

essential for these processes as they are used as substrates for oxidation and energy 

production, membrane synthesis, and energy storage. One question that was not 

addressed by the data presented was how and if the increase in lipogenesis by LMP1 

contributes to proliferation. The increase in fatty acids could have a direct effect on 

proliferation by providing the raw materials necessary for membrane synthesis for 

example. Alternatively, biologically active lipids can also function as important signaling 

molecules, such as sphingosine-1-phosphate (S1P) (145) and lysophosphatidic acid (LPA) 

(146), which contribute toward inflammation, cell migration and survival in cancer, and 

second messengers, such as DAG (147) and inositol-1,4,5-trisphosphate (IP3) (148). 

Therefore, any potential effects on proliferation could be indirect through such molecules 

and secondary messengers (Fig 19).  
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However, for such viruses to establish latency, they must also be able to successful evade 

host immunity.  T cells are well known to engage aerobic glycolysis following activation 

(149-151). As well as the need for rapid cellular proliferation, this switch to glycolysis also 

plays a crucial part in the functional activity of immune cells, having been linked to pro-

inflammatory cytokine production in lymphoid and myeloid cells (152-154). Emerging 

evidence also shows that lactate specifically has regulatory functions in both innate and 

adaptive immune cells (155) and induces marked changes in gene expression (156), 

suggesting that lactate is not simply a ‘waste product’ of glycolysis. Macrophages undergo 

metabolic reprogramming towards aerobic glycolysis and induce pro-inflammatory 

cytokine expression during M1 activation (154), whereas anti-inflammatory M2 

macrophages trigger a metabolic program of increased oxidative phosphorylation and 

fatty acid oxidation (157). In the context of immune cells, these studies suggest that 

‘Warburg’ metabolism prompts a pro-inflammatory response whereas the switch to 

oxidative phosphorylation and a heavier reliance on fatty acids as an energy source is 

‘quieter’ and more anti-inflammatory. For example, the prostaglandin (derived from lipid 

peroxides) E2 (PGE2) induces the release of the immunosuppressive cytokine interleukin-

10 (IL-10) (158). Therefore, the induction of fatty acid metabolism by LMP1 may be an 

attempt to return to homeostasis and dampen some of the pro-inflammatory responses 

induced by engaging aerobic glycolysis. Lastly, changes to immune cell metabolism may 

also play an important role in the tumor microenvironment. For example, lactate (159) 

and PGE2 (160) derived from tumor cells drives an M2-like phenotype that is 
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characteristic of tumor-associated macrophages (TAMs), which are key components of 

the cancer microenvironment, and influence tumor growth and progression (161).    

 

We have shown that LMP1 can induce FASN, what remains to be determined is whether 

the increased lipogenesis that we observed in our studies is solely due the ability of LMP1 

to regulate FASN, or other key lipogenic enzymes such as ATP citrate lyase (ACLY), and 

whether the engagement of aerobic glycolysis plays a role by shunting glucose towards 

lipid biosynthesis. Glucose and glycolysis can provide the carbon source for de novo fatty 

acid synthesis and the net conversion of glucose to lipids is dependent on the ability of 

cells to produce cytosolic acetyl coenzyme A (CoA), a FASN substrate. This is generated 

from mitochondria-derived citrate by ACLY (86). This glycolysis-citrate-lipogenesis 

pathway has been argued to be one of the key reasons transformed cells engage aerobic 

glycolysis, which is to meet their de novo lipogenic requirements that are essential for 

their growth and proliferation (162). However, the tumor microenvironment is often 

hypoxic, which inhibits entry of glucose-derived pyruvate into the TCA cycle (163). While 

we didn’t test for hypoxia specifically in our cells, we did of course find increase in HIF-

1α-dependent gene expression following ectopic expression of LMP1, which coincided 

with a suppression of mitochondrial respiration. In addition, we have also shown that 

LMP1+ cells have a growth advantage in hypoxic conditions and are more sensitive to HIF-

1α inhibition. The suppression of mitochondrial respiration in particular by LMP1 may 

therefore limit the availability of mitochondria-derived citrate and consequently suggests 

that glucose might not be the carbon source for fatty acid synthesis in the context of 
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LMP1-induced lipogenesis. Under such conditions,  cells must switch to alternative carbon 

sources to generate acetyl-CoA for FA synthesis. These sources include the reductive 

carboxylation of glutamate to citrate (164, 165) and the direct synthesis of acetyl-CoA 

from acetate by cytoplasmic acetyl-CoA synthetase (ACSS2) (166). Further studies into the 

carbon source for LMP1-mediated lipogenesis could provide potential new targets, such 

as ACSS2 for example, for which there is a pre-clinical  inhibitor available (167).  

 

 

 

Figure 19. Summary Model. LMP1 induces aerobic glycolysis and lipogenesis, which 

correspsonds to increased cellular proliferation. PARP1 acts as an LMP1-mediated 

coactivator of HIF-1α-dependent gene expression by forming a PARylated complex with 



 95 

HIF-1α. This PARP1/HIF-1α complex binds to promoter regions of HIF-1α downstream 

targets, leading to accumulation of positive histone marks and increased gene expression. 

LMP1 also stabilizes protein levels of FASN through the ubiquitin-specific protease USP2a, 

increases fatty acids and lipid droplet formation. Whether there is direct cross talk 

between the induction of aerobic glycolysis and lipogenesis, and how the increase in 

lipogenesis by LMP1 contributes to proliferation, still needs to be elucidated. The increase 

in fatty acids could have a direct effect on proliferation by providing the raw materials 

necessary for membrane synthesis or alternatively could act indirectly through lipid 

signaling molecules and second messengers, for example.  

 

In conclusion, LMP1 is expressed in the majority of EBV-positive lymphomas and this 

study has advanced the understanding into how LMP1 can regulate host gene expression 

and metabolic reprogramming. Despite many attempts to develop novel therapies, EBV-

specific therapies currently remain largely investigational and EBV-associated 

malignancies are often associated with a worse prognosis. Therefore, there is a clear 

demand for EBV-specific therapies for both prevention and treatment. The work 

presented here suggests that targeting PARP1 activity and lipogenesis programs may be 

an effective strategy in the treatment of LMP1-positive EBV-associated malignancies. 

Several PARP1 and HIF-1α inhibitors have been FDA-approved for cancer treatment and 

there are currently numerous FASN inhibitors in clinical trials. Further studies into the 

metabolic signaling pathways manipulated by EBV is critical to aid in the development of 

targeted, novel therapies against EBV-associated malignancies.   
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APPENDICES 
 

APPENDIX A 
 

LMP1 EXPRESSION INCREASES PAR LEVELS 
 
 

 

PA
R 

Le
ve

ls
 - 

pg
/m

l
(x

10
^3

)

0

0.5

1.0

1.5

Olaparib (!M): 0 0.5 1 0 0.5 1

LMP1- LMP1+

PARylation Levels

D)C) E)

100 102 104101 103

"H2A.x Fluorescence

DNA Damage

0

20

40

60
Co

un
ts

Control

PARPi

UV

LMP1+ B Cells

F)
LMP1+ B Cells PARPi

100 101 102 103 104

101

102

103

104

100

PI

1.0 5.3

1.991.8

LMP1+ B Cells Control

101

102

103

104

100

PI

1.2 6.1

1.791.0

100 102 104101 103

LMP1- LMP1+

A)

DG75 EBV- B cells

pBABE pBABE-LMP1

DG75 LMP1-

DG75 LMP1+

Annexin V Annexin V

B)

Actin

LMP1

E1 E2 E3 L1 L2 L3 Ke
m

III
M

ut
u-

LC
L

Ra
ji

G
M

12
87

8
G

M
13

60
5

DG-75 Cells
EBV -

B Cells
EBV +

42 kDa42 kDa

42 kDa



 114 

Appendix A. LMP1 expression increases PAR levels. A) EBV-negative DG75 cells were 

transfected with an LMP1 expression construct or empty plasmid vector (pBABE). B) The 

transduced cells were placed under long-term selection in medium containing 1 µg/ml 

puromycin and expression of LMP1 was confirmed by western blotting. Other latency 

type III cell lines were included in the panel to demonstrate physiologically relevant levels 

of LMP1 C) 4X magnification of LMP1+ and LMP1- cells. D) PAR levels were measured by 

ELISA. Results are averages +/- SD and are representative of three experiments. The PARP 

inhibitor olaparib was incubated with cells for 72 hrs at .5 and 1.0 μM. E) Untreated and 

olaprib-treated LMP1+ cells were permeabilized and stained with a yH2A.x FITC conjugate 

and analyzed by flow cytometry. LMP1+ cells were UV treated for 1 min to act as a positive 

control. The gH2AX is representative of two independent experiments. F) Untreated and 

olaparib-treated (1 µM 72 hrs) LMP1+ cells were incubated with Annexin V-FITC and 

propidium iodide and quantified using flow cytometry and FloJo software. The population 

of cells that are Annexin V+/PI+ (upper right quadrant) are deemed to be the apoptotic 

population. The Annexin V is representative of three independent experiments. 
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APPENDIX B 
 

RNA-SEQ DATA SUGGESTS HIF-1α IS ONE OF THE TOP UPSTREAM REGULATORS 
ACTIVATED BY LMP1 

 

 

Appendix B. RNA-seq data suggests HIF-1α is one of the top upstream regulators 

activated by LMP1. A) Volcano plot and B) heat map showing 2504 genes were 

significantly changed (FDR<0.01) when comparing LMP1- vs LMP1+ cells, with 1578 and 

926 genes being upregulated and downregulated by LMP1, respectively. Gene expression 

is plotted as z-score normalized FPKM values. C) IPA Gene function analysis (FDR<0.01 log2 
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I1I Fold Change) identified pathways such as glycolysis I, gluconeogenesis I, Notch 

signaling and B cell development to be upregulated by LMP1. D) IPA predicts HIF-1α as 

one of the top upstream regulators activated by LMP1 (FDR<0.01 log2 I1I Fold Change).  
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APPENDIX C 
 

RNA-SEQ DATA SUGGESTS PARP INHIBITION INACTIVATES HIF-1α IN LMP1+ CELLS 
 

 

 

Appendix C. RNA-seq data suggests PARP inhibition inactivates HIF-1α in LMP1+ cells. 

A) Volcano plot and B) heat map showing 2435 genes to be significantly changed 

(FDR<0.01), comparing LMP1+ control cells vs LMP1+ cells treated with olaparib, with a 

close to even split for upregulation and downregulation following PARP inhibition (1163 

and 1272 genes, respectively. Gene expression is plotted as z-score normalized FPKM 
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values. C) IPA Gene function analysis (FDR<0.01 log2 I1I Fold Change) identified regulation 

of pathways such as glycolysis I and gluconeogenesis I by PARP1. D) IPA predicts olaparib 

treatment to inhibit HIF-1α in LMP1+ cells (FDR<0.01 log2 I1I Fold Change). 
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APPENDIX D 
 

PARP1 CO-ACTIVATES HIF-1α –DEPENDENT GENE EXPRESSION BY BINDING TO THE 
PROMOTER REGIONS OF HIF-1α TARGETS IN TYPE III LATENCY CELL LINE 

 

 

Fo
ld

 o
ve

r I
gG

ChIP PARP1

ChIP H3K27Ac ChIP H3K27me3

ChIP HIF-1A
A) B)

ALDOC HILPDA BNIP3

20

15

10

5

0

Fo
ld

 o
ve

r I
gG

C)
300

150

0

Fo
ld

 o
ve

r I
gG

70

60

50

40

30

20

10

0
ALDOC HILPDA BNIP3

Fo
ld

 o
ve

r I
gG

D)

E)

250

200

150

100

50

0
ALDOC HILPDA BNIP3 ALDOC HILPDA BNIP3

Mutu I
Mutu III
Mutu III/Olaparib

Mutu I
Mutu III
Mutu III/Olaparib

Mutu I
Mutu III
Mutu III/Olaparib

Mutu I
Mutu III
Mutu III/Olaparib

mRNA Levels

Mutu III Mutu III/Olaparib

ALDOCPFKFB4 HILPDA BNIP3 PDK1

Fo
ld

 C
ha

ng
e

(M
ut

u 
III

 / 
M

ut
u 

I)

30

20

10

0



 120 

Appendix D. PARP1 co-activates HIF-1α –dependent gene expression by binding to the 

promoter regions of HIF-1α targets in Type III latency cell line. ChIP-qPCR assay for A) 

PARP1, B) HIF-1α, C) H3K27ac and D) H3K27me3 occupancy at the ALDOC (left), HILPDA 

(center) and BNIP3 (right) transcription start sites (TSS) in untreated Mutu I and Mutu III 

cell lines and Mutu III cells treated with 1 μM olaparib for 72 h. Results are expressed as 

fold change over IgG. Results are representative of three independent experiments and 

show mean ± standard deviation. E) Validation of targets identified through RNA seq of 

olaparib-treated samples- qRT-PCR showing relative expression of transcripts in 

untreated and olaparib-treated Mutu III cells vs untreated Mutu I cells. All RT-qPCR 

Expression is relative to 18s. The graphs are representative of three independent 

experiments and shows mean ± standard deviation. 
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APPENDIX E 
 

METABOLIC ASSAY DATA INCLUDING LMP1-NEGATIVE CELLS PLUS OLAPARIB 
TREATMENT GROUP 

 

 

 

 

 

Appendix E. Metabolic assay data including LMP1-negative cells plus olaparib treatment 

group. A) Mitochondrial stress test performed as described in Fig 6. B) Glycolytic rate 

assay performed as described in Fig 7.  
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APPENDIX F 
 

CELL VIABILITY AND PROLIFERATION CONTROLS 
 
 
 

 
 

Appendix F. Cell viability and proliferation controls. A) LMP1+ cells were viable following 

96 hr 2.5 µM olaparib treatment prior to CFC assay seeding. B) CFSE uptake was the same 

for LMP1- and LMP1+ cells. (Time zero cells were taken immediately following staining 

with CFSE).  
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APPENDIX G 
 

PARP INHIBITION DOES NOT AFFECT PROLIFERATION IN LMP1- CELLS 
 

 
 

Appendix G. PARP inhibition does not affect proliferation in LMP1- cells. A) Untreated 

LMP1- and olaprib-treated LMP1- cells were stained by CFSE (5(6)-Carboxyfluorescein N-

hydroxysuccinimidyl ester) and allowed to proliferate for 96 hrs- then detected by FACS 

analysis. B) Untreated LMP1- and olaparib-treated LMP1- cells were incubated with 

Annexin V-FITC and propidium iodide and quantified using flow cytometry and FloJo 

software. The population of cells that are Annexin V+/PI+ (upper right quadrant) are 

deemed to be the apoptotic population. The Annexin V is representative of three 
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independent experiments. C) Cell cycle analysis- Untreated LMP1- and olaprib-treated 

LMP1- cells were harvested, fixed and permeabilized in absolute ethanol and then 

incubated with propidium iodide (PI) and RNAse A for 30 mins at 37C proceeding FACS 

analysis.  
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APPENDIX H 
 

LMP1 ACTIVATES NFKB 
 

 
 

Appendix H. LMP1 activates NFkB. Ingenuity pathway analysis (IPA) predicted A) the 

NFkB pathway to be activated by LMP1 and B) lists the NFkB complex the top upstream 

regulator activated by LMP1 (FDR<0.01 log2 I1I Fold Change). 

 

 

 

 

 

 

 

 


