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ABSTRACT 

  

 

 

THE ROLE OF SUMOYLATION IN THE EBV LIFE CYCLE 

By: ABIGAIL E. HARROD 

Under the direction of: DR. GRETCHEN L. BENTZ, PHD 

 

 

Epstein-Barr virus (EBV) is responsible for ~1.6% of human cancer cases, world-

wide. A hallmark of many EBV-associated cancers and malignancies is an overall 

increase in cellular protein sumoylation. EBV Latent Membrane Protein 1 (LMP1) is the 

main viral oncoprotein responsible for dysregulating sumoylation. By directly interacting 

with enzymes of the sumoylation pathway through its C-Terminal Activating Region 3 

(CTAR3) domain, LMP1 dysregulates sumoylation of enzymes and proteins involved in 

various cell maintenance and signaling pathways, resulting in uncontrolled cell growth 

and division. LMP1 aids in the maintenance of viral latency through increased 

sumoylation of the EBV lytic co-repressor, Krab-associated protein-1 (Kap1) and 

dysregulated sumoylation of innate immune activator, interferon regulatory factor 7 

(IRF7). Because EBV, along with other herpes viruses, exploits the SUMO machinery, it 

has been targeted for viral cancer therapies. Although several natural E1 and E2 

inhibitors, including Spectomycin B, ginkgolic acid (GA), anacardic acid, and 

glycyrrhizic acid (GLA), have been identified, most have low potencies and exhibit 

toxicity, except for GLA which is relatively non-toxic. Here, we examine the effects of 

ML-792, a novel synthetic small-molecule inhibitor with a specific binding mechanism, 
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on multiple B-cell lines. We hypothesized that ML-792 would modulate the oncogenic 

potential of EBV LMP1 by inhibiting sumoylation processes. Western blot analysis 

revealed that ML-792 decreased global cellular protein sumoylation levels at nanomolar 

concentrations, while having no effect on ubiquitination. Using Trypan Blue Exclusion 

Assay, we observed that ML-792 treatment inhibited cell growth, induced cell death, and 

altered cell-cycle progression. ML-792 decreased the ability of lytic virus to infect new 

cells and led to increased cell clumping and decreased cell migration following Scratch 

assays. Measuring EBV DNA levels with qPCR showed that drug treatment induced low 

levels of viral reactivation in cells. In conclusion, we propose that ML-792 could be a 

safe and potent treatment option for EBV-induced malignancies. 
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CHAPTER 1 

INTRODUCTION 

 

Epstein-Barr virus (EBV), a ubiquitous gammaherpesvirus, was initially identified 

in 1964 in Burkitt’s lymphoma tissue samples from African children, and it was the first 

identified human tumor virus (Ko 2015; Longnecker and Neipel 2007; Odumade et al. 

2011). The virus’s genome is linear, double-stranded DNA ~184 kilobases long with >85 

genes (IARC Working Group on the Evaluation of Carcinogenic Risk to Humans 2012; 

Jenson 2011). The DNA is wound around a toroid-shaped protein core and surrounded by 

an icosahedral nucleocapsid, protein tegument, and an outer envelope with glycoproteins 

(IARC Working Group on the Evaluation of Carcinogenic Risk to Humans 2012). As a 

herpesvirus, EBV infects ~95% of the world population (Becker and Smith 2014). Viral 

transmission occurs, orally, via saliva or genital secretions when lytic virus infects 

epithelial cells, replicates, and enters the lymphoid tissue of Waldeyer’s ring to infect 

naïve B cells (Thorley-Lawson 2015). Although most primary infections are 

asymptomatic due to the ability of the virus to establish a lifelong latency within the B 

cells of its hosts (Jenson 2011), adolescents and young adults have an increased risk of 

developing infectious mononucleosis (Guidry et al. 2018). Symptoms, such as, fever, 

pharyngitis, and swollen lymph nodes may occur as a result of a host T-cell response to 

the replication of virally infected B cells in the oropharyngeal lymphoid tissue  
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(Guidry et al. 2018). EBV is associated with various epithelial and lymphoid 

malignancies (Tsao et al. 2015; Longnecker and Neipel 2007). 

Following an initial infection, the virus enters epithelial cells lining the 

oropharyngeal tissue (Thorley-Lawson 2015). Viral surface proteins, BMRF-2 and 

gH/gL, interact with epithelial β1 integrins and αvβ6/αvβ8 integrins, respectively, 

resulting in the direct fusion of EBV with the epithelial plasma membrane (Odumade 

2011; Chesnokova et al. 2009). Subsequently, the virus crosses the epithelial barrier and 

infects naïve B-cells in the underlying lymphoid tissue (Thorley-Lawson 2015). An 

interaction between viral gp350/220 and host CD35 receptor occurs and initiates viral 

fusion with the B-cell membrane (Ogembo et al. 2013). Once inside of the naïve B cell, 

the linear viral genome enters the nucleus and circularizes, forming an episome (Thorley-

Lawson 2015). This circular orientation allows the virus to limit its gene expression in 

order to evade host immune detection (Thorley-Lawson, 2015; Murata 2014).  

EBV uses three latency programs (Types I-III) to drive B-cell transformation into 

latent, resting memory B cells (Latency 0) (Thorley-Lawson 2015). Latent gene 

expression can result in tumor formation, and the distinct gene expression pattern of each 

latency program can be observed in specific cancers (Young et al. 2000). Upon B-cell 

entry, the virus uses the Type III Latency Program or “growth program” to drive the 

proliferation of B cells and their movement into Germinal Centers (GCs) (Thorley-

Lawson 2015). Type III gene expression which includes nine latent viral proteins (six 
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Epstein-Barr virus nuclear antigens (EBNA) 1, 2, 3A, 3B, 3C, and LP, and three 

latent membrane proteins (LMP) 1, 2A, and 2B) characterizes post-transplantation 

lymphoproliferative disorders and AIDS-related lymphomas (Amon and Farrell 2005; 

Thorley-Lawson 2015). Once B cells reach the GCs, EBV switches to the Type II 

Latency Program or “default program” which provides signals required for B-cell 

survival in the GCs and their differentiation to memory B cells (Thorley-Lawson 2015). 

The three latent proteins (EBNA1, LMP1, and LMP2A) expressed during Type II 

Latency are seen in Hodgkin’s lymphomas and nasopharyngeal carcinomas (Amon and 

Farrell 2005; Rouce et al. 2016). Non-dividing transformed memory B cells do not 

express any EBV genes and are considered to be in Latency 0 (Thorley-Lawson 2015). 

Type I Latency is limited to EBNA1 expression which is required to maintain the viral 

genome during B-cell division (Murata 2014). This gene expression pattern is observed 

in EBV-positive Burkitt’s lymphomas (Amon and Farrell 2005).  

Although EBV remains latent most of the time, viral reactivation can occur when 

B-cell receptors are stimulated by antigens (Li et al. 2016). Host-cell stress in response to 

toxic stimuli such as oxidative stress (induced by chemotherapy and irradiation), hypoxia, 

autophagy, and inflammation is believed to induce EBV lytic infection (Li et al. 2016). 

Most of the viral genome (~100 genes) is expressed during the lytic cycle, which is 

comprised of three phases (Cohen 2000). During the immediate-early phase the 

transcription factors ZTA (BZLF1) and RTA (BRLF1) bind to their own promoters and 

each other’s promoters to activate the transcription of early viral genes (Li et al. 2016) 
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(Feederle et al. 2000). ZTA also binds to oriLyt (lytic origin of replication) and 

serves as a replication factor for EBV genomic DNA (Rennekamp et al. 2010). Several 

pathways, including the MAPK and PKC pathways, help trigger the transcription of ZTA 

and RTA, and post-translational modifications, such as, phosphorylation and sumoylation 

aid in regulating their transcription (Li et al. 2016). Early genes encode proteins needed 

for viral replication, including viral DNA polymerase (Odumade et al. 2011). The genes 

expressed during the late phase encode structural proteins that make up the virion particle 

(Odumade et al. 2011). Although EBV latent proteins have been shown to play an 

important role in cancer formation and progression, fewer studies have examined the 

effects of the viral lytic cycle on EBV oncogenesis (Bristol et al. 2018). However, more 

recently EBV lytic infection was found to potentially aid carcinogenesis (Drouet 2019). 

Several studies have shown that the viral lytic cycle increases the release of both 

angiogenic and paracrine growth factors which enhance tumor growth and metastasis of 

EBV-associated cancers (Dolcetti et al. 2013; Hong et al. 2005). Also, lytic virus has 

been identified in EBV-positive malignancies, indicating its potential significance in 

tumor growth (Morales-Sanchez and Fuentes-Panana 2018). When continuous viral 

reactivation occurred in nasopharyngeal carcinoma cells, the cells exhibited a more 

unstable genome and increased tumor formation (Drouet 2019). Because the virus is able 

to spread to and infect new host cells during the EBV lytic cycle, the number of latent 

cells increases, which is crucial for EBV tumorigenesis (Drouet 2019).  

The principal viral protein important in the sustained proliferation and survival of 

EBV-infected B cells is Latent Membrane Protein 1 (LMP1). LMP-1 is a six-domain, 

transmembrane signaling protein that mimics the tumor necrosis factor (TNF) receptor, 
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CD40 (Thorley-Lawson 2015; Keiser and Sterz 2015). Unlike CD40, LMP-1 does not 

require ligand activation, and it is constitutively active (Kayakas et al. 2002). LMP1’s N-

terminal and C-terminal domains are located in the cytoplasm (Nkosi et al. 2018). The N-

terminus is important for the proper insertion of LMP1 in the plasma membrane and its 

interaction with the cytoskeleton (Dirmeier et al. 2003).  The C-terminus consists of three 

C-terminal activating regions (CTARs1-3) (Dirmeier et al. 2003). CTARs1 and 2 interact 

with signaling molecules TRAF and TRADD to activate several cell-signaling pathways, 

including NF-kB, MAPK/ERK, PI3K, and JNK (Nkosi et al. 2018). Activation of these 

pathways contributes to oncogenesis through dysregulation of the cell cycle, inhibition of 

apoptosis, and increased cell migration and proliferation (Nkosi et al. 2018). Until 

recently, little was known about the function of CTAR3 (Bentz et al. 2011).  Its 

activation of the JAK/STAT pathway is still disputed (Bentz et al. 2011; Keiser and Sterz 

2015). However, our lab has shown that CTAR3 increases sumoylation of cellular 

proteins by interacting with the enzymatically active form of the SUMO-conjugating 

enzyme, Ubc9 (Bentz et al. 2011), resulting in increased cell motility (Bentz et al. 2011). 

CTAR3 also induces the sumoylation of the transcription factor IRF7 (interferon 

regulatory factor-7), modulating innate immune responses, and the transcriptional 

corepressor KAP1 (KRAB-associated protein-1), affecting the maintenance of latency 

(Bentz et al. 2012; Bentz et al. 2015). Together, these works elucidated the first function 

for CTAR3 and suggested a role for increased sumoylation in LMP1-mediated 

oncogenesis. 

Sumoylation is a post-translational modification that regulates many cellular 

processes, including DNA synthesis and repair, intracellular protein migration, cell-cycle 
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regulation, and innate immunity (Yang et al. 2018; Wang and Dasso 2009). The SUMO 

protein is ~18% genetically similar to ubiquitin, and the two proteins have the same 

three-dimensional structure. As a ubiquitin-like protein, the small ubiquitin-like molecule 

(SUMO) has a C-terminal Gly-Gly motif (Flotho and Melchior 2013). There are four 

human isoforms of SUMO (SUMO-1,2,3,4) (Lowrey et al. 2017). SUMO-2 and SUMO-3 

are 95% genetically identical, so the two proteins are often grouped together, and SUMO-

2/3 are 50% genetically identical to SUMO-1 (Girdwood et al. 2004). SUMO-1 and 

SUMO-2/3 are expressed in cells throughout the body, while SUMO-4 is only found in 

the kidneys, macrophages, and dendrites (Lowrey et al. 2017). SUMO-2/3, unlike 

SUMO-1, have specific lysine residues at their N-termini which enable them to form 

poly-SUMO chains (Girdwood et al. 2004). A SUMO protein covalently attaches to its 

target at a specific lysine residue within the conserved ΨKxD/E motif (Lowrey et al. 

2017). More than 1,000 proteins have been considered possible targets for sumoylation 

(Wang and Dasso 2009), which involves a dynamic, three-step process involving the 

SUMO-Activating Enzyme (E1), SUMO- Conjugating Enzyme (E2), and sometimes a 

SUMO Ligase (E3) (Johnson 2004) (Figure 1).  
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Figure 1.The Sumoylation Process. The SUMO pro-peptide is processed by the SENPs to reveal the C-

terminal di-glycine motif. SAE1/SAE2 adenylates the SUMO di-glycine motif and passes SUMO to Ubc9 

catalyzes the sumoylation of the target protein, which can be reversed by SENPs. 

 

 

 

Following the translation of SUMO mRNAs, sentrin-specific proteases (SENPs) remove 

a short amino acid sequence from the C-terminus of a SUMO propeptide, exposing its 

Gly-Gly motif to yield a mature SUMO protein (Lowrey et al. 2017). The SUMO-

Activating Enzyme (E1), a heterodimer comprised of SAE1 and SAE2 subunits, activates 

SUMO by catalyzing the adenylation of SUMO’s C-terminal Gly-Gly motif and 

subsequent formation of a transient thioester linkage between a conserved cysteine 

residue within the SAE2 subunit and SUMO’s exposed Gly-Gly motif (Flotho and 

Melchior 2013). E1 transfers activated SUMO to the SUMO-conjugating Enzyme, Ubc9 

(E2), and another transient thioester linkage is formed between E2 and the C-terminal 

Gly-Gly motif of SUMO (Yang et al. 2018). Finally, Ubc9 recognizes the target protein 

and catalyzes the covalent attachment of the SUMO protein to the lysine residue within 

the conserved ΨKxD/E motif of the target protein (Yang et al. 2017; Johnson 2004). 
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Ligases (E3) may aid Ubc9 in the transference of SUMO to the target protein, however, 

they are not always required (Lowery et al. 2017). The whole process is reversed by 

cysteine proteases, SENPs (Yang et al. 2018).    

Because sumoylation is involved in the regulation of many important cellular 

pathways, an imbalance in sumoylation or a change in gene expression or activity of 

SUMO machinery is thought to play a role in cancer progression (Lee et al. 2017; 

Alacron-Vargus and Ronai 2002).  In most cancers, sumoylation tends to be significantly 

increased (Seeler and Dejean 2017), and the modulation of the expression levels of the 

sumoylation machinery is observed in many tumors (Lee et al. 2017). Due to the finding 

that the sumoylation pathway is necessary for the majority of cellular processes and has 

been associated with malignancy, it is proposed to be an ideal drug target for cancer 

therapies (Yang et al. 2018).  Previous work focused on regulating Ubc9 levels and 

function (Staley and Rinehart, 1994). One identified Ubc9 inhibitor is the antibiotic 

Spectomycin B1, which directly binds to Ubc9 and inhibits it ability to conjugate SUMO 

to the target protein (Hirohama et al. 2013); however, Spectomycin B1 is not readily 

available and has not been tested in humans. 

Recent work focused on identifying inhibitors of the SUMO-Activating Enzyme 

(E1) (Yang et al. 2018). SAE, the first enzyme in the SUMO pathway, is a heterodimer 

consisting of SAE1 and SAE2 subunits that catalyzes the activation of SUMO (Lowery 

et. al, 2017). Several natural products, including ginkgolic acid (GA), GA’s structural 

analog anacardic acid, davidiin, tannic acid, and glycyrrhizic acid (GLA) have been 

identified as SAE (E1) inhibitors (Fukuda et al. 2009; Takemoto et al. 2014; Suzawa et 

al. 2015; Bentz et al. 2019) (Figure 2). 
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Figure 2. Chemical Structures for Inhibitors of Sumoylation. A) Ginkgolic acid, from ginkgo biloba, 

inhibits sumoylation processes at the micromolar range (~25 µM). B) Our recent report documents that 

glycyrrhizic acid, from the licorice root, inhibits sumoylation processes at the millimolar range (~2mM). C) 

ML-792 is considered a small molecule inhibitor that inhibits sumoylation processes at the nanomolar 

range. 

 

They directly bind SAE to prevent the formation of the SUMO intermediate (Yang et al. 

2018). Despite their SUMO-inhibiting capabilities, most E1 and E2 inhibitors exhibit low 

potency in the micromolar range, except for davidiin which has submicromolar potency 

(He et al. 2017). GA and anacardic acid also exhibit neurotoxicity, non-specific enzyme 

inhibition, and allergic reactions (Fukuda et al. 2009) (Suzawa et al. 2015; Bentz et al. 

2018). However, GLA is relatively non-toxic and was recently shown to function in a 

manner similar to GA (Bentz et al., 2018). In response to issues with drug potency, 

specificity, and toxicity, the creation of synthetic SAE inhibitors has been initiated. 

Recently, a small molecule inhibitor, ML-792, was identified as a potent inhibitor 

of SAE that uses a selective mechanism to inhibit sumoylation (He et al. 2017) (Figure 

2). While known SAE inhibitors interact directly with SAE2, ML-792 binds to the C-

terminus of SUMO through its sulfamate ester group and inhibits the SAE2 subunit (He 

et al. 2017; Schneekloth 2017). Unlike most E1 inhibitors, ML-792 inhibited sumoylation 
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at a nanomolar concentration in an enzyme assay and various cellular assays (He et al. 

2017). In 2017, He et al. treated 4 different cancer cell lines with ML-792 (He et al. 

2017). Treated cells exhibited very small or situational changes in transcription and low, 

variable changes in splicing (He et al. 2017). When sumoylation was inhibited, ML-792 

displayed highly diminished viability in 3 out of 4 cell lines (He et al. 2017). 

Interestingly, ML-792 had a greater effect on cells overexpressing myc, which is 

characteristic of most tumors including EBV-associated lymphomas (He et al. 2017). 

While the results suggest that the effect of inhibiting sumoylation may be cell-specific or 

contextual, ML-792 could play a powerful role in treating human cancer (He et al. 2017). 

Only one published study has examined the therapeutic potential of ML-792 in 

cancer cells, so further testing is needed. Its high potency to myc overexpression, specific 

E1 inhibition mechanism, ability to decrease sumoylation, and nontoxic nature indicate 

that ML-792 may be highly effective in treating tumors and other diseases in which 

sumoylation is increased. Here, we propose to examine the effects of ML-792 on EBV 

lytic replication and latency. Our recent studies documented that SUMO levels are 

upregulated in LMP1-positive lymphomas, and inhibition of sumoylation processes using 

GA or GLA weakened the maintenance of latency, resulting in low levels of viral 

reactivation. We hypothesized that ML-792 modulates the oncogenic potential of EBV 

LMP1 by inhibiting sumoylation processes. 
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CHAPTER 2 

METHODOLOGY 

Materials 

Cells:   

All cell lines were maintained at 370C, 5% CO� and cultured, bi-weekly, for 

experimentation. Lymphoblastoid cell lines, transformed by wild-type EBV (LCL WT), 

were obtained from the Lineberger Comprehensive Cancer Center Tissue Culture Facility 

and sustained in Cellgro RPMI (Corning) supplemented with 20% Corning Fetal Bovine 

Serum (FBS; Corning) and Antibiotic/Antimycotic Solution (Corning). EBV-negative 

Burkitt’s Lymphoma cells (BL41 Neg), EBV-positive BL41 cells (BL41 Pos), P3HR1 

mutant BL41 cells (BL41 Mut), and Raji cells were grown in similar conditions. Human 

embryonic kidney cells (HEK 293 cells) containing the EBV Bacterial Artificial 

Chromosome (EBV WT 293 cells), a gift from Wolfgang Hammerschmidt (Munich, 

Germany), were cultured in RPMI supplemented with 10% FBS and 

Antibiotic/Antimycotic Solution, with Hygromycin B (Roche) used for selection. 

Cell Treatment:  

ML-792, C��H��BrN
O�S (Cat#407886, Lot#YXM80630), was purchased from 

MedKoo Biosciences (Morrisville, NC). It was resuspended in DMSO and stored at -

200C. Subsequent dilutions were performed in Cellgro 1X Dulbecco’s Phosphate-

Buffered Saline (DPBS; Corning). Cells were treated with graduated doses of ML-792 



12 

 

 

 

(0.001 µM, 0.01 µM, 0.1 µM, 1 µM, and 10 µM) and 1X DPBS was also used as the 

vehicle control. 

Plasmids: 

BZLF1/ZTA- and BALF4-expression plasmids were gifted by Wolfgang 

Hammerschmidt (Gires, 1999). LMP1-expression plasmids were gifted by Dr. Nancy 

Raab-Traub. 

Antibodies: 

GAPDH- (0411), Ubiquitin- (A-5), PARP-1-HRO (F-2), and UBC9-specific 

antibodies (67AT1273.95.90) were purchased from Sigma Cruz. β-Actin- (A1978), 

SAE1- (SAB3500486), SAE2- (SAB3500487), HRP-anti-Mouse IgG- (A9917), and 

HRP-anti-Rabbit IgG- specific antibodies (A0545) were purchased from Sigma. SUMO-

1- (18H8) and SUMO-2/3-specific antibodies (5C11) were purchased from Cell Signaling 

Technology. 

Methods 

Western Blot Analysis:  

Whole cell lysates (WCL) were prepared by adding 4X Laemmli sample buffer 

(Bio-Rad) with 2-Mercaptoethanol (Sigma) to resuspended cell pellets. Samples were 

boiled at 1000C for 10 minutes and separated by SDS-PAGE gel electrophoresis. Samples 

were transferred to PVDF membranes (Bio-Rad) using the Trans-Blot Turbo Transfer 

System (Bio-Rad). Following transfer, membranes were blocked in milk for one hour at 

room temperature. Membranes were incubated in Tris-buffered saline with Tween-20 

(TBST; Bio-Rad) with the appropriate primary antibodies overnight at 40C. Membranes 
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were washed three times with TBST for 10 minutes and then incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibodies for one hour at room 

temperature. After three, 10-minute washes with TBST, membranes were developed in 

Clarity Western ECL Substrate solution (Bio-Rad) for five minutes and images were 

visualized using the ChemiDoc Touch Imaging System (Bio-Rad). 

Real-Time PCR:   

Intracellular and proteinase K-resistant supernatant DNA were isolated using the 

DNeasy blood and tissue kit (Qiagen). Quantitative PCR (qPCR) was performed using 

the Universal SYBR green Supermix (Bio-Rad) and ABI7900HT Real-Time PCR 

system. Relative EBV W-repeat levels (relative to gapdh and actin) were determined. 

Experiments were done in triplicate. 

Cell Growth and Death: 

  Cells were treated with graduated doses of ML-792 or the vehicle control, and 

samples were harvested at 0, 24, 48, 72, and 96 hours post-treatment. Trypan blue 

exclusion assays were performed to determine the number of total, live, and dead cells at 

each time point using the TC20 Automated Cell Counter (Bio-Rad). In some 

experiments, cells were collected at 96 hours post-infection, pelleted, and resuspended in 

fresh media. Cells were allowed to “recover” for 72 hours, and the number of total, live, 

and dead cells was determined.  
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Cell Cycle Analysis: 

Cells were treated with graduated doses of ML-792 or the vehicle control, and 96 

hours post-treatment, cell cycle analysis was performed using the TC20 Automated Cell 

Counter (Bio-Rad).  

Induced Reactivation by ZTA: 

EBV WT 293 cells were grown in 6-well dishes (CellStar) and transfected with 

control- or ZTA- and BALF4-expression plasmids. Twenty-four hours, post-transfection, 

cells were treated with graduated doses of ML-792 or the vehicle control. Forty-eight 

hours, post-treatment (72 hours post-transfection), cells and supernatant fluids were 

gathered for DNA isolation (see above). In some experiments, supernatant fluids were 

collected to determine Raji-units of virus production. 

Raji Superinfection: 

Supernatant fluids from transfected and treated EBV WT 293 cells were 

centrifuged to remove cell debris. Fluids were added to Raji cells, diluting any treatment 

1:5. Seventy-two hours, post-addition, to the Raji cells, immunofluorescence microscopy 

(IF) was used to determine the number of Green Fluorescent Protein (GFP)-positive Raji 

cells. 

Spontaneous Reactivation: 

EBV WT 293 cells were grown in 6-well dishes (CellStar) and treated with 

graduated doses of ML-792 or the vehicle control. Forty-eight hours, post-treatment, cells 

and supernatant fluids were collected, and DNA was isolated (see above). 
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Modified Scratch Assay: 

HEK 293 cells were plated in 6-well dishes and transfected with control- or 

LMP1-expression constructs using polyethylenimine (25kDa; Sigma). Once confluent, a 

linear scratch was made down the center of each well using a 200 μl pipette tip (VWR). 

Disrupted cells were removed by two washes with PBS. Fresh RPMI supplemented with 

10% FBS was added to the wells. Ten images of each scratch were captured at 20X 

magnification using the EVOS FLoid (Fisher). Twenty-four hours, post-scratch, 10 

images were taken at each scratch. Using ImageJ, the migration of cells into each scratch 

was calculated.  

Modified Homotypic Cell Adhesion Assay:  

Multiple B-cell lines were resuspended in fresh RPMI supplemented with 10% 

FBS and treated with graduated doses of ML-792 or the vehicle control. Single-cell 

suspensions were incubated for 24 hours at 370C, and images of 10 random fields of view 

for each treatment arm were captured using the EVOS FLoid (Fisher). Using ImageJ, the 

average number of cells per clump width in the random fields of view were quantitated 

(Christopher Gregory, JEM 1988). 

Statistical Analysis: 

The unpaired, two-tailed Student’s T-test was used for data analyses. P-values 

that were less than 0.05 were considered statistically significant. 
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CHAPTER 3 

RESULTS 

 

ML-792 Inhibited Global Levels of Sumoylation in Multiple B-cell Lines.  

We hypothesized that ML-792 would be effective at inhibiting sumoylation in B 

cells, specifically those latently infected with EBV, so we started our studies by 

examining global levels of sumoylated proteins in different B-cell lines. Using a 

previously established EBV-transformed lymphoblastoid cell line (LCL) (Figure 1A), 

Raji cells (Figure 1B), and three paired BL41 cell lines, EBV negative (EBV neg; Figure 

1C), EBV positive (EBV pos; Figure 1D), or mutant EBV P3HR1 (EBV mut; Figure 1E), 

which lacks EBNA2 resulting in loss of LMP1 expression (Calender et al. 1990; Cherney 

et al. 1998; Ning et al. 2003), cells were treated with graduated amounts of ML-792. 

Whole cell lysates were collected 96 hours, post-treatment. Western blot analyses 

revealed that global levels of sumoylated proteins, which are represented by the laddering 

of SUMO-1/2/3-specific, slowed migrating bands, were detected in the B-cell lines tested 

(Figure 1A-1E). In all cell lines, global levels of sumoylated proteins decreased as ML-

792 levels increased (Figure 1A-1E). Densitometric analysis was performed on repeat 

experiments, and results demonstrated that ML-792 inhibited global sumoylation levels 

in a dose-dependent manner (Figure 1F). Interestingly, the levels of a SUMO-positive 

unidentified protein, which was approximately 55 kDA in size, remained unchanged or
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increased in Raji cells, BL41 neg, BL41 pos, and BL41 P3HR1 following treatment with 

ML-792. These findings demonstrate that ML-792 inhibits sumoylation processes in 

multiple B-cell lines, but they also suggest that the observed decrease in sumoylation 

levels may be selective. 

 

Figure 3. ML-792 inhibited global levels of sumoylation in multiple B cell lines, had no effect on levels of 

ubiquitinated proteins, and had no effect on the SUMO machinery. . A) Lymphoblastoid cell lines (LCLs) 

transformed by EBV, B) Raji cells, C) BL41 EBV neg cells, D) BL41 neg cells, and E) EBV mutant-

infected BL41 P3HR1 cells were treated with graduated doses of ML-792. Whole cell lysates (WCLs), 

harvested 48-hours, post-treatment, were lysed, and proteins were denatured. Western Blot Analyses were 

performed to determine levels of SUMO-1/2/3, ubiquitin, SAE1, SAE2, and Ubc9. Actin was used as a 

loading control. F) Experiments were done in triplicate, and densitometric analyses were performed to 

determine relative SUMO and ubiquitin levels. Results are shown as the means ± the standard deviation.
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ML-792 Had No Effect on Levels of Ubiquitinated Proteins 

Due to the similarities between sumoylation and ubiquitination processes 

(Kerscher et al. 2006; Lowrey et al. 2017) and to establish the specificity of ML-792, we 

assessed the effect of ML-792 on global levels of ubiquitinated proteins. Western blot 

analyses showed that levels of ubiquitinated proteins were not affected by treatment with 

ML-792 (Figure 1A-1E). Densitometric analysis of repeated experiments confirmed that 

there were no significant changes in relative levels of ubiquitinated proteins following 

treatment with ML-792 (Figure 1G). These data suggest that ML-792 selectively targets 

the sumoylation pathway without affecting ubiquitination.  

 

ML-792 Had No Effect on the SUMO Machinery 

To elucidate if one mechanism by which ML-792 inhibits global sumoylation 

levels is by decreasing the expression of the SUMO machinery, we examined levels of 

these enzymes in our B-cell lines (Figure 1A-1E) following treatment with graduated 

doses of ML-792. Two essential enzymes in the sumoylation process are the SUMO-

activating enzyme, which is comprised of SAE1 and SAE2 subunits (E1), and the 

SUMO-conjugating enzyme, Ubc9 (E2). Western blot analyses showed that SAE1, 

SAE2, and Ubc9 levels were not affected by treatment with ML-792, which demonstrates 

that ML-792 does not affect levels of the essential SUMO machinery.  

 

ML-792 Inhibited Cell Growth and Induced Cell Death at Higher Concentrations 

Sumoylation plays an important role in regulating various cellular pathways, 

including cell growth, mitosis, cell maintenance, and cell survival (Kerscher 2007; 
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Kerscher 2006; Kroetz 2005). Because ML-792 inhibited global levels of sumoylation in 

multiple B-cell lines, we next examined the effect of the drug on B-cell growth and death. 

LCLs, Rajis, BL41 pos cells, BL41 neg cells, and BL41 P3HR1 cells were treated with 

graduated doses of ML-792, and the number of live cells and the percentage of dead cells 

were determined at 24, 48, 72, and 96 hours, post-treatment (Figure 2A-2D). In all tested 

cell lines, positive cell growth and limited cell death were observed in all cells treated 

with the vehicle control (DMSO; 0 µM). Low levels of ML-792 (0.001µM and 0.01 µM) 

had very little effect on cell growth and cell death. ML-792 significantly decreased cell 

growth and increased cell death when higher doses of the inhibitor were used (0.1 µM, 1 

µM, and 10 µM). Differences in cell growth were significant by 48 hours, post-treatment, 

and differences in cell death were detectable by 24 hours, post-treatment. All tested B-

cell lines were significantly affected by 1 µM of ML-792, but, interestingly, the LMP1-

positive cells (LCL, Rajis, and BL41 pos) appeared to be slightly more sensitive to ML-

792-induced cell death than their non-LMP1-expressing counterparts. Overall, these data 

support the earlier report that ML-792 affects cancer cell proliferation and viability (He et 

al. 2017). 
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Figure 4. ML-792 inhibited cell growth and induced cell death at higher concentrations. A) LCLs, B) Raji 

cells, C) BL41 neg cells, D)BL41 pos cells, and D)BL41 P3HR1 cells were treated with graduated doses of 

ML-792, and the live cell numbers and percent cell death were determined at time 0, 24, 48, 72, and 96 

hours, post-treatment. Experiments were performed in triplicate, and the results are represented as the 

means ± the standard deviation. 

 

ML-792 Affected B-Cell Cell Cycle Progression 

 Because ML-792 is documented to induce mitotic defects, which can increase cell 

death (He, 2017), we determined the effect of ML-792 on cell-cycle progression. 

Multiple B-cell lines were treated with graduated doses of ML-792, and cell cycle 

analyses were performed 96 hours, post-treatment. Data showed that treatment with ML-

792 resulted in increased percentages of cells in G0/G1 and G2/M phases (Figure 3A). 

These increases were observed in all B-cell lines but occurred at lower doses of ML-792 

in LMP1-expressing cells These findings allow us to confirm that ML-792 alters cell 
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cycle progression (He, 2017), but they also demonstrate that LMP1-expressing cells are 

more sensitive to the drug. 

 

 

Figure 5. ML-792 Affected B-cell cell cycle progression. LCLs, Rajis, BL41 neg cells, BL41 pos cells, and 

BL41 P3HR1 cells were treated with graduated doses of ML-792. Ninety-six hours, post-treatment, cell 

cycle analysis was performed using the TC20 Automated Cell Counter to determine the percentages of A) 

live cells and B) dead cells in the G1, S, and G2/M stages of the cell cycle. 

 

B Cells Treated with Higher Concentrations of ML-792 Were Unable to Recover 

Sumoylation can affect a protein’s function even after it is de-sumoylated, and 

this effect is called the “SUMO enigma.” To investigate if ML-792 remained even after 

cells are removed from its presence, we treated LCLs, Raji, BL41 neg, BL41 pos, and 

BL41 P3HR1 cells with graduated doses of ML-792. Ninety-six hours, post-treatment, 

cells were pelleted, resuspended in fresh media, and allowed to recover for 72 hours, at 

which time the number of live and dead cells were determined (Figure 4). LCLs, BL41 

neg, and BL41 P3HR1 cells displayed significant (P<0.05) cell growth, suggesting the 

ability to recover following treatment with 0.001 µM, 0.01 µM, and 0.1 µM of ML-792. 
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(Figure 4A). Interestingly, Raji and BL41 pos cells exhibited almost no cell growth 

regardless of their treatment with ML-792. Upon examining cell death, higher 

concentrations of ML-792, specifically 1 µM and 10 µM, significantly (P < 0.05) 

increased cell death even after removal of the inhibitor from the cell environment. These 

findings suggest that ML-792 can have a sustained effect on multiple B-cell lines and can 

induce cell death even after the drug is gone from the cellular environment. 

 

Figure 6. B cells treated with higher concentrations of ML-792 were unable to recover. LCLs, Rajis, BL41 

neg cells, BL41 pos cells, and BL41 P3HR1 cells were treated with DMSO and graduated doses of ML-

792, and 96 hours, post-treatment, cells were removed from media and placed in fresh media. Following a 

72-hour incubation, A) the live cell counts and B) change in percent cell death were obtained to determine 

cell’s ability to recover, after receiving drug treatment. The results are represented as the means ± the 

standard deviation of experiments done in triplicate.  
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ML-792 Induced Low Levels of Spontaneous Reactivation 

We previously documented that glycyrrhizic acid and ginkgolic acid, two natural 

small molecule inhibitor drugs, weakened EBV latency in HEK 293 EBV WT cells by 

inhibiting the sumoylation of the transcriptional co-repressor, KRAB-associated protein-1 

(KAP1) (Bentz et al. 2019; Bentz et al. 2015), which has been determined to bind to 

EBV lytic promoters and prevent their activation (Bentz et al. 2015). Both botanical 

extracts can affect other cellular processes, so because of the specificity and selectivity of 

ML-792 to sumoylation, we examined its effects on EBV spontaneous reactivation in 

EBV WT 293 cells (Figure 5). Cells were treated with DMSO (vehicle control) and 

graduated doses of ML-792, and 48 hours, post-treatment, genomic DNA (gDNA) was 

extracted from cells and supernatant fluids. Quantitative PCR (qPCR) was performed to 

determine the fold changes in EBV DNA levels in the supernatant fluids (Figure 5A) and 

within the cells (Figure 5B). EBV DNA levels in supernatant fluids significantly (P < 

0.02) increased when cells were treated with ML-792 (Figure 5A). Even nanomolar ML-

792 treatments induced over a two-fold increase in extracellular viral DNA levels when 

compared to control-treated cells. While a slight decrease in intracellular EBV levels 

occurred following ML-792 treatment (Figure 5B), these decreases were not significant 

(P > 0.5). These data support our published proposal that inhibition of sumoylation 

results in low levels of EBV spontaneous reactivation (Bentz et al. 2019; Bentz et al. 

2015). 
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Figure 7. ML-792 induced low levels of spontaneous reactivation. EBV 293 cells were treated with 

graduated doses of ML-792, and extracellular and intracellular DNA were extracted 48 hours, post-

treatment. qPCR analysis was performed to quantify fold changes in A) extracellular DNA levels and B) 

intracellular DNA levels and determine ML-792’s effect on spontaneous reactivation. Results are shown as 

means ± standard deviation of experiments performed in triplicate. 

 

ML-792 Inhibited Lytic Reactivation 

Because we and others have previously determined that glycyrrhizic acid had no 

effect on EBV DNA levels following induced reactivation while ginkgolic acid inhibited 

EBV lytic reactivation (Bentz 2019; Lin 2003; Lin 2008), we were curious about the 

effect that ML-792 would have in EBV-induced lytic replication. EBV 293 WT cells 

were transfected to induce reactivation. Twenty-four hours, post-transfection, cells were 

treated with graduated doses of ML-792. Extracellular and intracellular EBV DNA levels 

were determined 48 hours post-treatment, which was 72 hours post-transfection or post-
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induction. Results showed that induction of lytic replication resulted in almost a 2500-

fold increase in extracellular EBV DNA levels (Figure 6A). ML-792 treatment resulted in 

significantly (P < 0.05) decreased extracellular EBV DNA levels. Similarly, induced 

reactivation resulted in significantly (P < 0.05) increased intracellular EBV DNA levels, 

and this increase was partially inhibited by treatment with ML-792 (Figure 6B).  

Whole cell lysates were collected to determine if the observed changes in EBV 

DNA levels corresponded with changes in EBV protein levels (Figure 6C). Lytic EBV 

genes are expressed in stages. The immediate early gene products are BZLF1 (Zta, Z, or 

ZEBRA) and BRLF1 (Rta or R), both of which are transactivators. The early genes are 

involved in replication of the EBV genome, regulating cell metabolism, and modulating 

the host immune response. The EBV late genes encode for structural proteins. Western 

blot analyses of whole cell lysates reveal that immediate early (BZLF1), early (early 

antigen diffuse; Ea-D), and late (viral capsid antigen; VCA) gene products were detected 

following an induced reactivation but not in non-induced, control cells (Figure 6C). 

Surprisingly, treatment with ML-792 following induced reactivation had no effect on the 

expression of the selected EBV proteins. Taken together, these findings suggest that 

treatment of induced cells with ML-792 inhibited the replication of EBV DNA but did 

not affect the translation or transcription of EBV genes.  
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Figure 8. ML-792 inhibited lytic reactivation. EBV 293 cells were transfected with either control or BZLF-

1 and BALF4 -expression plasmids, treated with graduated doses of ML-792 24 hours post-induction. 

Intracellular and extracellular DNA were harvested; WCLs were prepared; supernatant was collected from 

the control and treatment groups. Fold changes in A) extracellular and B) intracellular DNA were 

determined with qPCR analysis. Experiments were replicated three times, and the results are represented as 

the means ± the standard deviation. C) Levels of lytic immediate early (ZTA), early (Ea-D), and late (VCA) 

proteins were examined with Western Blot Analyses and results were determined with densitometric 

analysis. D) Rajis were superinfected with supernatant treated with ML-792 either during replication or 

post-replication, and IF was used to determine the percentage of GFP-positive Raji cells. Experiments were 

performed in triplicate, and results are represented as means ± standard deviation.  

 

ML-792 Decreased EBV Penetrance 

Because ML-792 inhibited induced reactivation in HEK 293 EBV WT cells, we 

next examined the ability of any produced virus to super-infect Raji cells. Supernatant 

fluids were collected from 293 EBV cells that underwent induced reactivation and were 

treated with ML-792 48 hours, post-induction. These supernatant fluids were used to 

super-infect Raji cells, and the percentage of GFP-positive Rajis was determined (Figure 

6D; ML-792 added during replication). As expected, approximately 20% of Raji cells 

were super-infected with virus under control conditions. Addition of ML-792 during 
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induced reactivation of the virus resulted in a significant (P < 0.05) decrease in GFP-

positive Rajis.  

 We previously documented that the mere presence of the sumoylation inhibitor 

glycyrrhizic acid was sufficient to inhibit Raji cell super-infection (Bentz et al. 2019), 

and while the observed decrease in Raji cell super-infection corresponded with decreased 

EBV DNA levels, it was possible that the decreased super-infection was just due to the 

presence of ML-792 in the supernatant fluids. Therefore, we collected supernatant fluids 

from 293 EBV cells that underwent induced reactivation and treated these supernatant 

fluids with graduated doses of ML-792 prior to the super-infection of Raji cells (Figure 

6D; ML-792 added, post-replication). Data revealed that addition of ML-792 to 

supernatant fluids just prior to Raji super-infection still did significantly (P < 0.05) 

decrease the ability of any virus in the supernatant fluids to penetrate Raji cells. However, 

this decrease occurred at higher concentrations of ML-792 when the drug was added 

post-replication when compare to when the drug was added during replication. Together, 

these findings led us to propose that ML-792 inhibited both the production of new 

infectious virus and the penetrance of any produced virus. 

ML-792 Inhibited Hallmarks of Oncogenesis 

LMP1 is the principal EBV oncoprotein, and in our original study where we 

identified the first function for LMP1 CTAR3, we documented that LMP1-induced 

sumoylation affects cellular migration, a hallmark of oncogenesis (Bentz et al. 2011). 

Therefore, we were interested if ML-792 could inhibit the oncogenic potential of LMP1.  

Cell adhesion is commonly dysregulated during oncogenesis, so first, we 

examined if ML-792 altered B-cell homotypic adhesion. Multiple B-cell lines were 
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treated with the vehicle control and graduated doses of ML-792. The average number of 

cells per clump was determined 24 hours, post-treatment (Figure 7A). Results showed 

that the average number of cells per clump significantly (P < 0.05) increased in LCLs, 

Raji cells, and BL41 pos cells following treatment with ML-792. ML-792 treatment had 

no effect on cell clumping in BL41 neg cells or BL41 P3HR1 cells. These data led us to 

propose that ML-792 could increase cell adhesion in LMP1-expressing cells. 

A second major hallmark of oncogenesis is cell migration, so we also determined 

if ML-792 would have any effect on the migration of LMP-1 positive cells. HEK 293 

cells were transiently transfected with either control- or LMP-1-expression constructs, 

and once confluent, a modified scratch assay was performed and cell migration into the 

scratch quantitated (Figure 7B). As expected, expression of LMP1 significantly (P < 

0.05) increased cell migration when compared with control-expressing cells. Treatment 

of control- and LMP1-expressing cells inhibited cell migration in a dose-dependent 

manner; however, ML-792-mediated inhibition of cell migration was more pronounced in 

LMP1-expressing cells. These data demonstrated that ML-792 inhibited cell migration, 

and this inhibition is increased in LMP1-expressing cells. 
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Figure 9. ML-792 increased cell clumping and inhibited cell migration. A) LCLs, Rajis, BL41 neg cells, 

BL41 pos cells, and BL41 P3HR1 cells were treated with DMSO and graduated doses of ML-792. Images 

of random clumps were taken with the EVOS Floid 24 hours, post-treatment. Using ImageJ, the average 

number of clumps and cells per clump were determined. Experiments were done in triplicate, and the 

results are represented as means ± standard deviation. B) HEK 293 cells were transiently transfected with 

control- and LMP1-expression constructs and treated with graduated doses of ML-792 24 hours, post-

transfection. Once cells were confluent, a modified scratch assay was performed. Twenty-four hours after 

the scratch was made, images of the scratch site were taken with the EVOS Floid. The number of cells that 

migrated into the scratch were determined with ImageJ. The results were represented as means ± standard 

deviation of experiments that were done in triplicate. 
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CHAPTER 4 

DISCUSSION  

 

 Dysregulation of cellular sumoylation is a hallmark of many cancers (Duan 2009; 

Stewart 2005; Yang et al. 2018), which makes it an attractive target for potential anti-

cancer therapeutics. Recently, a synthetic small-molecule inhibitor of E1 (SAE), ML-792, 

was identified as a potent and selective inhibitor that targets the SUMO pathway (He et 

al. 2017). Here, we document that ML-792 inhibited global protein sumoylation at 

nanomolar concentrations in multiple B-cell lines, including LMP1-positive B cells 

(LCLs, Raji cells, BL41 pos cells), which  support the earlier finding that ML-792 

inhibited sumoylation levels in breast, colon, and melanoma cancer cell lines (He et al. 

2017). In addition, we confirmed that ML-792 can inhibit cell proliferation, affecting cell 

cycle progression and induced cell death, and this modulation of cell growth and survival 

could be sustained even after the removal of ML-792 from the environment. Investigation 

into the specific effect on ML-792 on the EBV life cycle revealed that this specific drug 

inhibited the maintenance of latency and induced viral replication, both of which support 

previous work from our laboratory (Bentz et al. 2019; Bentz et al. 2015). Finally, we 

demonstrated that ML-792 inhibited the oncogenic potential associated with expression 

of the principal viral oncoprotein, LMP1. Because we now document that ML-792 

effectively inhibited sumoylation processes in multiple B-cell lines, which mimic B-cell 
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lymphomas, we propose that this drug may have therapeutic potential in the treatment of 

B-cell lymphomas. 

 Previously, we documented that LMP1 increased global levels of sumoylation in 

cells, which correlated to elevated SUMO levels in EBV LMP1-positive lymphoma tissue 

(Salahuddin 2019), and we have documented the effectiveness of two botanical extracts, 

ginkgolic acid and glycyrrhizic acid, in inhibiting LMP1-induced sumoylation (Bentz et 

al. 2019; Bentz et al. 2015). However, both drugs lack specificity and selectivity all while 

inducing neurotoxicity and allergic reactions (Ahlemeyer 2001; Berg 2015; Liu 2009; 

Mahadevan 2008; Siegers 1999; Yao 2017). Only recently have selective SUMO 

inhibitors begun to be identified (He et al. 2017; Lv et al. 2018; Li 2019). Here, we focus 

on ML-792, which targets sumoylation by selectively inhibiting SAE (E1) and has no 

effects on NAE or UAE, E1 enzymes of the neddylation and ubiquitination pathways, 

which are similar to the sumoylation pathway (He et al. 2017). Supporting this work, we 

now identified that ML-792 can inhibit global sumoylation levels in multiple B-cell lines 

without affecting global ubiquitination levels. The observed ML-792-mediated decrease 

in global sumoylation levels was due to inhibition of the sumoylation pathway because 

levels of the SUMO machinery remained unchanged. Interestingly, in some cell lines 

(Rajis, BL41 pos, BL41 neg, and BL41 P3HR1), the levels of an unidentified, 

sumoylated protein(s) (~55kDA) were constant, or even increased, following treatment 

with ML-792. While this specific protein, whose sumoylation was not affected by ML-

792, has yet to be elucidated, we propose there may be some selectivity in the observed 

decrease in sumoylation levels. Regardless, these results add multiple B-cell lines to the 

roster of cancer cell lines susceptible to ML-792. 
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 Sumoylation plays an important role in cell cycle progression by regulating 

numerous cell-signaling pathways and proteins, as well as, mitosis (Eifler et. al 2015; Yin 

et. al 2018). ML-792 treatment is shown to induce cell cycle arrest and cell death (He, 

2017), which are what we observed in our B-cell lines. Specifically, following ML-792 

treatment, cells arrested in G1 phase and in mitosis, resulting in increased cell death. Our 

results support previous data that ML-792 prevented mitotic progression and 

chromosome segregation which resulted in cell death (He et al. 2017). Collectively, these 

data indicate that ML-792 may be used to successfully target and alter cell-cycle 

progression in order to reduce cell proliferation in EBV lymphoproliferative diseases.  

Not only did ML-792 reduce cell proliferation and increase cell death, but also, 

treated B-cells cells were unable to recover from the drug when initially treated with 

higher concentrations of ML-792. These findings suggest that ML-792 can have a 

sustained effect on cells. Some cell lines exhibited little growth or recovery, regardless of 

drug treatment, but we are uncertain for why this is. However, these data demonstrate 

that when higher concentrations of ML-792 are used in treatment, the drug can have a 

sustained effect, even affecting cells after it is gone from the environment.  

The effect of ML-792 was more significant in LMP1-expressing B cells when 

compared with non-LMP1-expressing B cells. This difference was the most apparent in 

LCLs, which imitate EBV-induced malignancies. Interestingly, in the original report on 

ML-792, the inhibitor had a greater effect on myc-over-expressing cells when compared 

with non-myc-over-expressing cells (He et al. 2017). Myc helps regulate the cell cycle 

machinery, and over-expression of myc is one common hallmark in aggressive B-cell 

lymphomas, including endemic Burkitt’s Lymphoma. LMP1 activation of NF-κB can 
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increase myc levels (Dirmeier 2005), and LCLs and EBV Type III B-cell lymphomas 

express elevated levels of myc (Faumont 2009; Korkolopoulou 1993; Takano 1997). 

Therefore, these findings support our proposal that ML-792 could effectively reduce cell 

growth and survival in EBV LMP1-positive lymphomas.  

  The observation that LMP1-expressing cells were more sensitive to ML-792 led 

us to investigate the effect of ML-792 on the EBV life cycle. We proposed that 

sumoylation is involved in the maintenance of EBV latency (Bentz et al. 2019; Bentz et 

al. 2015), which is important for the virus to avoid immune detection and persist in the 

host. Previously, we documented that LMP1 increases the sumoylation of the co-

repressor, KAP1, which binds to EBV OriLyt and immediate early ZTA and RTA 

promoters and prevents viral reactivation. Using two inhibitors of SAE (ginkgolic acid 

and glycyrrhizic acid), we proposed that inhibition of sumoylation induces low levels of 

spontaneous reactivation in 293 EBV WT cells (Bentz et al. 2019; Bentz et al. 2015). 

Here, we confirmed our proposal using a specific inhibitor of SAE (ML-792) and can 

definitively state that sumoylation aids LMP1-mediated maintenance of EBV latency.  

While our laboratory is one of the few investigating sumoylation processes during 

EBV latency, there are numerous laboratories investigating sumoylation during EBV 

lytic replication. It is believed that EBV exploits the sumoylation process to create 

optimum conditions for replication (Adamson and Kenney 2001; Cruz-Herrara et al. 

2018). Sumoylation of the immediate-early lytic proteins, Zta and Rta, have been 

documented (Adamson 2005; Adamson 2001; Chang et al. 2004), and sumoylated 

proteins accumulate following induced reactivation (Cruz-Herrera et al. 2018). In 

addition, four EBV lytic proteins (SM/EB2, BGLF2, BMRF1, and BVRF2) have been 
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identified to increase global protein sumoylation (Cruz-Herrera et al. 2018). However, 

the function of sumoylation remains unknown. Coinciding with earlier work (Lin 2003; 

Lin 2008), we found that glycyrrhizic acid did not affect EBV-induced reactivation while 

ginkgolic acid inhibited the production of new virus (Bentz et al. 2019), but because 

these extracts are not specific, the exact role of sumoylation during lytic replication is 

unclear. Using ML-792, we can now identify that inhibition of sumoylation results in 

decreased release of new infectious virus and decreased intracellular EBV DNA levels. 

Interestingly, these differences in EBV DNA levels did not correspond with changes in 

the expression of lytic proteins. In fact, ML-792 had no effect on immediate-early (EBV 

Zebra), early (Early Antigen Diffuse; Ea-D), or late (viral capsid antigen; VCA) protein 

levels. Taken together, these findings suggest that treatment of induced 293 EBV cells 

with ML-792 inhibited the replication of EBV DNA but did not affect the transcription or 

translation of EBV genes. However, in these experiments, induction was performed by 

transfection of the BZLF1/Zta-expression construct, and to ensure induction occurred, 

ML-792 only occurred 24 hours, post-transfection. Therefore, it is possible that the 

artificially elevated Zta protein levels allowed the cells to overcome any effects of ML-

792 on transcription and translation, but these increased Zta levels were not sufficient to 

overcome the ability of ML-792 to inhibit viral replication. In the future, we will test the 

effect of ML-792 on the induced reactivation of Akata cells, because induction occurs 

using antibodies to cross-link receptors on the cell surface and does not require the over-

expression of a viral protein. 

  Recently, we reported that simply the presence of a SUMO inhibitor was 

sufficient to inhibit the super-infection of Raji cells (Bentz et al. 2019). Super-infection 
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of Raji cells was significantly decreased when 293 EBV cells were treated with ML-792 

during induced reactivation. However, when Raji cells were super-infected with 

supernatant fluids treated with ML-792, post-replication, the observed ML-792-mediated 

decrease in Raji super-infection only occurred at higher concentrations of ML-792. These 

findings confirm that the detected decrease of EBV DNA levels in supernatant fluids 

following ML-792 treatment correlated with decreased levels of new infectious virus. 

Furthermore, ML-792 can also inhibit the penetrance of virus, which suggests a potential 

for ML-792 to inhibit the spread of EBV within the body.  

 Because we were interested in the therapeutic potential of ML-792 in the 

treatment of B-cell lymphomas, we investigated the in vitro effects of ML-792 on some 

hallmarks of oncogenesis.  Based on previous work (Bentz et al. 2011; Bheda 2009), we 

focused on cell adhesion and cell migration, both of which are induced by LMP1-

mediated signaling. Treatment with ML-792 significantly decreased LMP1-induced cell 

migration and increased cell adhesion, which suggests that ML-792 pushed cells towards 

a more anti-oncogenic phenotype. These findings, along with the ML-792-mediated 

effects on B-cell cell cycle progression and cell survival and the finding that the drug 

inhibited anchorage dependent and anchorage independent growth (He et al. 2017), 

demonstrate a strong in vitro therapeutic effect of ML-792. 
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CHAPTER 6 

CONCLUSION & FUTURE DIRECTIONS 

 

Together, our findings documented that ML-792 inhibited sumoylation processes 

in multiple B-cell lines, affecting cell growth, cell survival, cell adhesion, and cell 

migration. In addition, ML-792 inhibited LMP1-mediated maintenance of EBV Latency, 

EBV induced reactivation, and the ability of EBV to penetrate new cells. Because many 

of the effects of ML-792 were more pronounced and occurred at lower drug 

concentrations in LMP1-expressing cells, we propose that ML-792 has therapeutic 

potential for the treatment of EBV-associated malignancies. Because we, and others (He 

et al. 2017), have seen promising results with ML-792 treatment of various types of 

cancer cell lines, in vitro, future studies should focus on examining ML-792’s effects on 

benign and malignant cancers, in vivo, by conducting animal studies. In addition, 

experiments to investigate the effects of using combination drug therapy to target 

multiple steps of the sumoylation process should be performed. Treatment with ML-792, 

in conjunction with other reported E1 and E2 small molecule inhibitors of the 

sumoylation pathway, such as glycyrrhizic acid (E1 inhibitor) and 2-D08 (E2 inhibitor), 

could help reduce cell toxicity by using lower drug doses and exhibit an even greater 

potency than one drug, alone, by targeting multiple pathways involved in cancer cell 

survival and proliferation. In conclusion, we have shown that ML-792 modulates EBV 

LMP1’s oncogenic potential using a specific mechanism to selectively target the 
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sumoylation process and provide further evidence for the potential success of 

mechanism-based SUMO inhibitors in treating various cancers. 
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