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ABSTRACT 
 

PERSIA ALEXIS SUÁREZ 

A COMPARISON OF SUMOYLATION IN HK1 AND BL41 CELL LINES 

Under the direction of: DR. GRETCHEN BENTZ 
 

Nearly 96% of the population is infected with Epstein Barr virus (EBV), a 

gammaherpesvirus that results in a life-long infection. EBV lytically infects B lymphocytes 

and epithelial cells, and it establishes latency in B lymphocytes. Latent EBV infection often 

evades the host’s immune system; however, the presence of the EBV genome in certain 

cancers suggests that the virus is associated with approximately 200,000 new cases of 

cancer, specifically Burkitt’s lymphoma, Hodgkin’s lymphoma (HL), and nasopharyngeal 

carcinoma (NPC), each year. One cellular process commonly dysregulated in cancers, 

including EBV-positive lymphomas, is the post-translational modification of lysine 

residues by the Small Ubiquitin-like Modifier (SUMO), and SUMOylation inhibitors have 

been proposed to have potential anti-cancer properties. Our recent work focused on the 

small molecule inhibitor ML-792, which decreases global levels of SUMOylated proteins 

in EBV-positive and EBV-negative B lymphocytes. Similar experiments repeated with 

paired EBV-negative and EBV-positive nasopharyngeal cell line HK1 revealed that ML-

792 only inhibited SUMOylation processes in the EBV-positive epithelial cells and not in 

their EBV-negative counterparts. We hypothesized that EBV may differentially modulate 

SUMOylation processes in epithelial cells when compared with B lymphocytes.  

This study aims to elaborate on the role of EBV on SUMOylation in epithelial cells. 

Paired primary B lymphocytes and epithelial cells were examined to determine the 
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expression of the SUMO machinery. Results showed that EBV infection coincided with 

increased levels of SUMO-modified proteins and the SUMO-activating enzyme (SAE1 and 

SAE2), but not the SUMO-conjugating enzyme (Ubc9). Global levels of SUMOylated 

proteins increased in EBV-positive HK1 cells when compared with their EBV-negative 

counterparts. However, RNA and protein levels of the SUMO machinery varied greatly, 

which led us to ask if the confluence of the epithelial cells affected EBV-mediated changes 

in cells. Results demonstrated that RNA levels of the SUMO machinery significantly 

increased in sub-confluent EBV-positive HK1 cells, but these changes were not as apparent 

at the protein level. EBV-medicated changes in the SUMO machinery were more apparent 

at the protein level in confluent cells. To mimic a more physiological environment, EBV-

negative and EBV-positive HK1 cells were also grown using a modified air-liquid interface 

method to model the human airway. Results showed that the presence of EBV 

corresponded with increased levels of the SUMO-activating enzyme and the SUMO-

conjugating enzyme. Furthermore, the pattern of SUMOylated proteins changed in EBV-

positive cells when compared with their EBV-negative counterparts. Taken together, our 

findings demonstrate that EBV does manipulate the SUMO machinery in epithelial cells, 

but not to the same extent as it does in lymphocytes. Therefore, additional studies are 

needed to better understand the effect of EBV on global levels of SUMOylated proteins in 

epithelial cells, which could identify if SUMOylation inhibitors have a therapeutic 

potential in the treatment of EBV-positive epithelial cancers. 
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CHAPTER 1  
 

INTRODUCTION 
 

Nearly 96% of the population is infected with Epstein Barr virus (EBV), a 

gammaherpesvirus that causes a life-long infection within the host. An EBV virion has a 

diameter of 150 to 170 nm, lipoprotein capsules, and an icosahedral capsid containing 162 

shell particles. Within the capsid is the linear, dsDNA genome of approximately 170 kb in 

length. The viral genome is organized in short and long sequence domains, created by a 

succession of 540-bp terminal direct repeats and approximately 3.1-kbp internal repeats 

(Yin et al., 2019; Santpere et al., 2014). Surrounding the nucleocapsid is the tegument, 

which contains both cellular and viral proteins. Everything is enclosed within a bilipid 

membrane containing a multitude of viral glycoproteins and aid viral attachment to cells. 

EBV is typically permeated via saliva (Xiao et al., 2009), but the virus can also 

spread through organ transplantations and blood transfusions (Smatti et al., 2018). 

Infection commences in the epithelial cells of the oropharynx and disseminates into the 

lymphoid tissue of Walkeyer’s ring into B lymphocytes where latency is established (Kang 

& Kieff, 2015; Thorley-Lawson, 2015). EBV predominately infects B cells, but it also 

infects epithelial cells, T lymphocytes, and natural killer cells (Germini et al., 2020). 

Within B cells, the linear viral genome will circularize, forming episomes and resulting in 

viral latency were few of the ~180 viral proteins are expressed (Bentz et al., 2019; Yin et 

al., 2019; Nonoyama & Pagano, 1972). Periodically, the virus will reactivate from its latent 

state, resulting in the production of progeny virus that can be shed in saliva and other bodily 

fluids. 
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A primary EBV infection is often asymptomatic; however, it does cause 125,000 

new cases of infectious mononucleosis yearly (Cohen et al., 2011). Infectious 

mononucleosis is initiated by the lymphoblastoid transformation of B lymphocytes and is 

hallmarked by a classic triad of symptoms: fever, pharyngitis, and lymphadenopathy 

(Tsao et al., 2014; Zhang et al., 2018). If mononucleosis is mistakenly treated with 

aminopenicillin, a widespread pruritic rash will be induced (Dibet et al, 2018). 

Mononucleosis-like symptoms can also be observed following viral reactivation from 

latency, and an EBV carrier that experiences frequent episodes of viral reactivation is at a 

higher risk of developing autoimmune diseases (Song et. al, 2019).  

Latent EBV infection is associated with certain B cell and epithelial cell 

malignancies, including Burkitt’s lymphoma, Hodgkin’s lymphoma (HL), and 

nasopharyngeal carcinoma (NPC) (Raab-Traub & Flynn, 1986; Bentz et al., 2011; de 

Martel et al., 2012; Gewurz et al., 2011). The viral genome is detected in approximately 

200,000 cases of cancer each year. There are four distinct types of latency (Type 0, I, II, 

and III), which are differentiated by the specific latency-associated proteins expressed 

(Kang & Kieff, 2015). Types I, II, and III are also associated with specific malignancies.  

Identification of sequence variations within a latency-associated protein resulted in 

the classification of different strains of EBV that often correlated to specific geographic 

areas, which also results in EBV-associated malignancies varying greatly over the map (Ba 

Abdullah et al., 2017). For example, NPCs are more common in Southern China and 

Alaskan Eskimos than elsewhere due to environmental circumstances, genetic 

predispositions, and prominent EBV strains (Hau & Tsao, 2017). Genetic polymorphisms 

exist within the different EBV strains, and the diversity of these polymorphisms is the 
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highest at the onset of infection. Diversity will decrease with the establishment of latency 

(Weiss et al., 2018), and is often monoclonal when detected in EBV-associated cancers. 

 

EBV Latency in B Lymphocytes  

As stated above, EBV establishes a latent infection in B lymphocytes allowing the 

virus to avoid detection from the immune system and prolonging EBV persistence to 

complement the life span of the host (Fields et al., 2013). In healthy individuals, the latent 

EBV infection and load established in B cells remain stable with time without active viral 

creation. Long-term treatment of healthy individuals with an antiviral, such as valacyclovir, 

will cause a decrease in the number of EBV-infected B cells (Hoshino et al., 2009).  

Infection in B lymphocytes begins when viral protein gp350 binds the CD21 of B 

cells (Speck et al., 2000). EBV gp42 stimulates fusion with the host membrane utilizing 

B-cell HLA class II molecules (Tugizov et al., 2003). The infected B cells are converted 

into proliferating B blasts, thus encouraging a strong immune response (which is impaired 

for the immunodeficient) from cytotoxic T lymphocytes. Proliferating B blasts travel to 

germinal centers (GC) and trigger a type II latency, and thus the expression of the genome 

is limited to a few essential proteins: EBNA1, LMP1, and LMP2.  These proteins play a 

role in the transformation of proliferating B blasts into centroblasts and then centrocytes, 

which evacuate the GCs and become memory B cells free to circulate the peripheral blood 

with a type 0 latency (all EBV genes are essentially switched off) (Germini et al., 2020). 

A significant portion of EBV-positive Burkitt lymphomas (BL) express a Type I latency, 

characterized by the expression of EBNA1 (Odmade et al., 2011; Blake et al., 1997) and 

observed in Burkitt lymphomas. A few cells may progress into Type III latency, in which 
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all latency genes are is expressed (Odmade et al., 2011; Yin et al., 2009), and this type of 

latency is observed in lymphoblastic lymphomas such as post-transplant 

lymphoproliferative disease and AIDS-associated CNS lymphoma. Three latency-

associated proteins (EBNA1, LMP1, and LMP2) are expressed in Type II latency, which 

is observed in Hodgkin's lymphoma and primary epithelial carcinomas (Yin et. al, 2009; 

Tsao et al., 2014; Jones et al., 2015).  

 

Reactivation of Lytic Cycle in B Lymphocytes 

Only a limited amount of EBV-positive lymphocytes switch from a latent to lytic 

infection, furthermore, reactivation of the virus is dependent on the expression of BZLF1 

(Murata & Tsurumi, 2013; Lassoued et al., 2009). EBV-positive lymphocytes are 

stimulated to enter a lytic infection by certain toxic stimuli, such as chemotherapy and γ-

irradiation (Li et al., 2016) or following suppression of the immune response and stress. 

Consequent to reactivation, EBV will quickly experience three successive lytic phases: the 

immediate early, early, and late (Murata & Tsurumi, 2013). Re-entry into the lytic life cycle 

will produce progeny virions that can reinfect new B cells and epithelial cells, thus 

transmitting infection (Odumade et al., 2011). 

 

EBV in Epithelial cells 

Unlike primary B lymphocytes which are easily infected with EBV through the 

EBV-receptor CR2 (CD21) and growth transformed into excellent models for the study of 

EBV (Yin et al., 2019; Shannon-Lowe et al., 2009), epithelial cells provided a much more 

difficult affair to infect with EBV in vitro (Tsao et al., 2012). Enhanced methods for 
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successful transfection of EBV into epithelial cells have been developed utilizing resting 

B cells as a transfer vehicle for EBV infection (Shannon-Lowe et al., 2006). 

Infection in epithelial cells commences with the interaction of EBV BMRF-2 

protein with β1 integrins (Tugizov et al., 2003). Following replication, the virus can spread 

laterally to adjacent epithelial cells and be released allowing the virus to infect nearby B 

lymphocytes. EBV predominately promotes a lytic infection in pharyngeal epithelial cells 

(Hau & Tsao, 2017; Hadinoto et al., 2009). While this typically is associated with subacute 

clinical symptoms, lytic EBV infection in epithelial cells can result in oral hairy 

leukoplakia in HIV patients (Sixbey et al., 1984; Raab-Traub & Webster-Cyriaque, 1997). 

Previously scientists believed infection and replication of EBV in epithelial cells only took 

place before infection of B cells since samples taken from oropharyngeal epithelial cells of 

patients with acute infectious mononucleosis contained EBV. The presence of EBV genetic 

material and proteins was discovered in epithelial cells of EBV positive individuals 

(Shannon-Lowe et al., 2009; Pegtel et al., 2004), although some scientists question the 

presence of EBV in oropharyngeal epithelial cells in asymptomatic hosts or patients with 

infectious mononucleosis (Hudnall et al., 2005; Karajannis et al., 1997; Niedobitek et al., 

1997). However, EBV replication occurs within normal tongue epithelial cells, which 

postulates the tongue could be a source of the EBV found in saliva (Shannon-Lowe et al., 

2009; Walling et al., 2001). As of yet, the only evidence for latent infection in primary 

oropharyngeal epithelial cells is in the presence of EBV in tumors, for instance, NPCs and 

some gastric carcinomas (Hutt-Fletcher, 2007; Brooks et al., 1992). NPC tumors 

accommodate undifferentiated carcinoma cells and lymphocytic infiltrates, which are 

important for the propagation of malignancy (Young & Rickinson, 2004). 
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LMP1 

The principal viral oncoprotein, which is expressed in Type II and Type III latency, 

is LMP1, a constitutively active six transmembrane domain signaling oncoprotein and the 

continual expression of LMP1 prevents the reactivation of EBV (Li & Chang, 2003; 

Bentz et al., 2015; Adler et al., 2001). The 368 amino acid long protein is divided into three 

main segments, which include the cytoplasmic N terminus that orients LMP1, 6 

transmembrane domains that aid LMP1 oligomerization, and a long cytoplasmic C 

terminus that contains three C-terminal activating regions (CTARs. Together, CTAR1 

(residues 194-232), CTAR2 (residues 351-386), and CTAR3 (residues 275-330) are 

responsible for interaction with cellular proteins as docking sites. CTAR1 and CTAR2 

serve as transformation effector sites in B-lymphocytes (Li & Chang, 2003). LMP1 is one 

of the most diverse sequences of the EBV genome, and it has been implicated in regulating 

a multitude of signal transduction pathways (Palser et al., 2015; Li & Chang, 2003). 

The following highlight a few of the signaling pathways activated by LMP1: 1) 

phosphatidylinositol kinase (PI3K) pathway; 2) nuclear factor-kB (NF-kB); 3) the small 

GTPase Cdc41; 4) the JAK/STAT cascades; 5) Janus Kinase (JNK); and 6) p38 (Eliopoulos 

& Young, 2001). LMP1 is important for the expression of genes involved in apoptosis, cell 

cycle progression, cell proliferation, and migration (Raab-Traub, 2012; Miller et al., 1998). 

Recently, we identified that LMP1 also dysregulates the post-translational modification of 

cellular proteins by the Small Ubiquitin-like Modifier (SUMO), which contributes to 

oncogenesis (Bentz, Whitehurst & Pagano, 2011; Bentz, Shackelford & Pagano, 2012).  
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SUMO and SUMOylation  

SUMOylation is a post-translational modification similar to ubiquitination where a 

SUMO molecule is secured to the lysine residue(s) of the targeted protein. Following 

transcription and translation of the sumo genes, a SUMO protease (SENP) converts the 

SUMO precursor pro-peptide into mature SUMO by cleaving the C-terminal tail to expose 

a di-glycine motif of SUMO (Zhao et al., 2020; Selby et al., 2019). The mature SUMO is 

activated by the SUMO-activating enzyme, a SAE1/SAE2 heterodimer, in an ATP-

dependent reaction that results in the formation of a transient thioester linkage between 

SUMO and SAE2 (Figure 1). SUMO is then quickly transferred to the E2 conjugating 

enzyme, ubiquitin-conjugation enzyme 9 or Ubc9, which interacts with substrates 

containing a SUMO consensus motif. Ubc9 transfers SUMO to a lysine residue within the 

SUMO motif, resulting in a covalently modified protein. Sometimes, one of the few 

identified SUMO ligases is necessitated to transfer SUMO to a substrate (Knipscheer et 

al., 2008). This process is then reversed by a SUMO protease (SENP). 
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Figure 1. The cellular mechanism of SUMOylation. The process initiates with the removal 
of a pro-peptide from SUMO, which is quickly bonded to the SAE1:SAE2 heterocomplex 
and transferred to UBC9. Then SUMO is added to the target protein by an E3 ligase. Image 
presented in color. Bentz lab original image.  
 

Protein SUMOylation is a dynamic and reversible process implicated in various 

cellular processes including the location of the target protein in the cell, the life span of the 

protein, and the ability of the protein to interact with other proteins and or nucleic acids 

(Salahuddin et al., 2019). Although conjugation to SUMO may last only a short time, the 

consequences of binding a SUMO protein are multifaceted for the modified target protein, 

and often encourage protein-protein interactions forming protein complexes (Hay, 2005; 

Johnson, 2004; Mahajan et al., 1997). 

Four sumo proteins, SUMO1, SUMO2, SUMO3, and SUMO4, are extensively 

expressed throughout the body (Lowery et al., 2017). SUMO2 and SUMO3 are 95% 

identical in structure and thus are referred to as SUMO2/3 (Mukhopadhyay et al., 2006). 
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The dissimilarity between SUMO2/3 is due to slight differences in the second beta-strand 

and alpha-helix of the proteins. SUMO1 shares a 45% structural similarity to SUMO2/3, 

and these three SUMO paralogues share many structural features, the proteins sometimes 

serve different functions. For instance, RanGAP1 prefers SUMOylation with SUMO1, 

while topoisomerase II is modified by SUMO2/3 (Hecker et al., 2006). SUMO4 is possibly 

a susceptibility gene for Type 1 Diabetes in Asian populations. Under physiological 

conditions, SUMO4 is degraded but intracellular stress mediates rapid maturation of 

SUMO4, thus granting the ability to covalently conjugate the substrate (Wei et al., 2008). 

SUMOylation processes are dysregulated during latent and lytic EBV infections. 

We recently documented that increases in SUMOylation levels are observed in EBV-

associated lymphomas (Sallahudin  et al., 2019). Specifically, in EBV-associated 

lymphomas, sumo and SUMO levels show a strong positive correlation with LMP1 levels. 

While dysregulation of SUMOylation processes has been reported in numerous cancers, 

this was the first report of SUMOylation dysregulation in an EBV-associated malignancy. 

Because SUMOylation processes are involved in numerous cellular processes and 

dysregulated in many cancers, inhibitors of SUMOylation pose a promising alternative for 

cancer treatment (Stewart et al., 2005; Duan et al., 2009; Garcia et al., 2021). One such 

promising drug is ML-792, a selective small-molecule inhibitor that binds to the C-terminal 

di-glycine motif of mature SUMO and prohibits it from interacting with the SUMO-

activating enzyme (Garcia et al., 2021; He et al., 2017). The end result is the halting of the 

SUMOylation cycle. 

The majority of our recent report investigated the effect of ML-792 on EBV-

positive lymphocytes (REF). Global levels of SUMOylated proteins were examined in 
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EBV-negative and EBV-positive epithelial cells. Results showed that ML-792 did not 

affect SUMOylation processes in EBV-negative epithelial cells but did inhibit 

SUMOylation in EBV-positive epithelial cells as well as EBV-negative and EBV-positive 

B lymphocytes. These data led us to question if EBV differentially regulates SUMOylation 

and the SUMO machinery in epithelial cells when compared with B lymphocytes. 

A serious obstacle to the study of EBV in epithelial cells is the limited number of 

representative NPC cell lines available. The contamination with HeLa of the commonly 

used cell lines including CNE1, CNE2, HONE1, Ad/AH and NPC-KT is of concern (Yip et 

al., 2018; Chan et al., 2008; Strong et al., 2014), and has created a need for HeLa free 

epithelial cell lines. One such rare cell line is the HK1 cell line, which was derived from 

the nasopharynx of an individual with recurrent squamous carcinoma (Huang et al., 1980). 

HK1 cells have tested negative for EBV, so they were infected with a recombinant EBV to 

yield EBV-positive HK1 cells (Huang et al., 1980). 

This study aims to further elaborate the role of EBV on SUMOylation in epithelial 

cells, particularly the HK1 cell line. These results could also be compared to SUMOylation 

proteins and their mRNA levels of BL41 EBV neg and pos cells. The limited data available 

concerning SUMOylation in epithelial cells requires the utilization of various models and 

experimental procedures to elaborate on the differences and/or similarities between EBV’s 

influence on SUMOylation in B cells and epithelial cells. 
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CHAPTER 2  
 

METHODOLOGY 
 

Materials 
 

Cell Lines 

HK1 neg and pos cells were treated with 1x RPMI (15-040-CV) with 10% Fetal 

Bovine Serum (35-011-CV), 1% L-glutamine (25-015-CI), and 1% Antibiotic Antimitotic 

(30-004-CI). HK1 pos cell line was provided with 16 μL/mL of G418 (J847-20ml). The 

cells were split twice a week with Trypsin (25-052-CV). Cells were plated in 2D culture at 

1x106, 2x106, 4x106, and 5x106. BL41 neg/pos cells were treated with 1x RPMI (15-040-

CV) with 10% Fetal Bovine Serum (35-011-CV), 1% L-glutamine (25-015-CI), and 1% 

Antibiotic Antimitotic (30-004-CI). All cells were sustained at 37°C and 5% CO2 in 

addition to biweekly culturing. 

 

Antibodies 

Antibody Reference  Source Dilution used 
for BL41 cells 
(μL/mL) 

Dilution used 
for HK1 cells 
(μL/mL) 

GAPDH 0411  Sigma Aldrich 1:1000 1:1000 
Β-ACTIN AC-15 Novus 1:1000 1:1000 
SUMO1 D-11 Sigma Aldrich 1:1000 2:1000 
SUMO2/3 18H8 Cell Signaling 

Technology 
1:1000 1:100 

SAE1 G-3 
ab 185552 

Sigma Aldrich 
abcam 

1:1000 1:1000 

SAE2 B-6 
ab185955 

Sigma Aldrich 
abcam 

1:100 
1:100 

1:100 

Ubc9 67AT1273.95.90  Sigma Aldrich 1:1000 1:1000 
LMP1 Ab136633 abcam 1:1000 1:1000 

 
Table 1. A comprehensive list of antibodies used for the Western Blot experiments.  
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Primers 

Primers were purchased from Eurofins Genomics. 

GAPDH Forward: 5’-AGGTGAAGGTCGGAGTCAACG-3’ 
Reverse: 5’-AGGGGTCATTGATGGCAACA-3’ 
 
Forward: 5’-TCATCAGCAATGCCTCCT-3’ 
Reverse: 5’-AGGGGCCATCCACAGTCTTC-3’ 

RPL27 Forward: 5’-ATCGCCAAGAGATCAAAGATAA-3’ 
Reverse: 5’-TCTGAAGACATCCTTATTGACG-3’ 

SUMO1 Forward: 5’-TCAAAGACAGGGTGTTCC-3’   
Reverse: 5’-CCCCGTTTGTTCCTGATA-3’ 
 
Forward: 5’-AGCAGTGAGATTCACTTCAAAGTG-3’ 
Reverse: 5’-TCTGACCCTCAAAGAGAAACCTG-3’ 

SUMO2/3 Forward: 5’-AGCCCAAGGAAGGAGTGAAG-3’ 
Reverse: 5’-TTGACAATCCCTGTCGTTCA-3’ 

SAE1 Forward: 5’-AGGACTGACCATGCTGGATCAC-3’ 
Reverse: 5’-CTCAGTGTCCACCTTCACATCC-3’ 
 
Forward: 5’-CGGGATCCCATCT…TGCGTCATTG-3’ 
Reverse:  5’-CCGCTCGAGAGTT…GTGTGGCAAACAG-3’ 

SAE2 Forward: 5’-GATAACAGAGCTGCCCGAAAC-3’ 
Reverse: 5’-ATAACACTCGGTCACACCCTTT-3’ 

Ubc9 Forward: 5’-CAGGAAAGAAAGGGACTC-3’ 
Reverse:  5’-TTCGGGTGAAATAATGG-3’ 
 
Forward: 5’-GTCCTCCACCTGTCCGCTAC-3’  
Reverse: 5’-TCTTGCCAAACCAATCCCT-3’ 

LMP1 Forward: 5’-AGGTTGAAAACAAAGGAGGTGACCA-3’ 
Reverse: 5’-GGAACCAGAAGAACCCAAAAGCA-3’ 

 
Table 2. A comprehensive list of primers used for RT-qPCR experiments.  
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Methods 

Immunofluorescence Microscopy  

LMP1 negative and LMP1 positive lymphoma tissue samples were sectioned and 

placed on glass slides, then permeabilized (0.1% Triton-X100), blocked (normal donkey 

serum), and finally stained with LMP1 (S12 and CS1-4 from Abcam) and SUMO1 (FL-

101 from Santa Cruz Biotechnologies) antibodies through the night. The slides were then 

washed with PBS and incubated for one hour with secondary antibodies (goat anti-mouse 

IgG Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 or goat anti-rabbit 

Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 594). The slides were rinsed 

again and cover slips (ProLong® Gold Antifade Reagent with DAPI from Invitrogen) were 

placed for immunofluorescence microscopy to be conducted at 20X and 40X 

magnification. Images were produced utilizing the Openlab software from Improvision Inc. 

(Salahuddin et al., 2019).  

 

Protein Harvesting 

Once HK1 neg/pos cells reached intended levels of confluency after plating, the 

global protein was extracted by scraping off epithelial tissue on plates and centrifuging for 

5 min at 1500 rpm. The pellet was then washed in 500 μL PBS and centrifuged for 5 min 

at 1500 rpm. The resulting pellet was then resuspended in 100 to 200 μL of PBS and 100 

μL to 150 μL of 4x Laemmli buffer (Bio-Rad) with 2-Mercaptoethanol (Sigma). The 
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resulting solution was then boiled for 10 min at 100°C to produce whole cell lysates 

(WCL). 

 

Protein Expression and Western Blot Analysis 

Protein expression levels between the HK1 neg/pos and BL41 neg/pos levels were 

compared via western blot analysis. WCLs were separated by SDS-PAGE gel 

electrophoresis. Protein samples were transferred to PVDF membranes (Bio-Rad) soaked 

in methanol and blocked in EveryBlot Blocking Buffer (Bio-Rad) and primary antibody 

solution overnight at 4°C. Membranes were washed with 1x TBST three times during a 

period of 30 minutes and blocked in 5% milk TBST and secondary antibody solution for 1 

hour. Membranes were washed again with 1x TBST three times during a period of 30 

minutes and prepared in a 1:1 mixture of Peroxide and Luminol/enhancer solution (Bio-

Rad). Samples were then ready for visualization with a Bio-Rad ChemiDocTM Imaging 

System. Western blots were performed in triplicate. 

 

ML-792 Studies 

BL41 and HK1 EBV neg and pos cells were treated with increasing doses of ML-

792 or the vehicle control and harvested 48 hours post-treatment. Cells were harvested for 

protein and WCLs were prepared for Western Blot analysis (Garcia et al., 2021). 
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RNA Expression and RT-qPCR for B Lymphoma and NPC Tissue Samples 

RNA was extracted utilizing an RNeasy Plus Mini (Qiagen) kit. The reverse 

transcription reaction was accomplished with the Applied Biosystems High Capacity 

cDNA Reverse Transcription Kit. Real-time PCR was conducted with the ABI 7900HT 

and A7300 systems. A Bio-Rad iTaq SybrGreen Universal Master Mix was used in 

conjunction with the appropriate primer to find the delta delta CT. Experiments were 

repeated in triplicate (Salahuddin et al., 2019). 

 

RNA Expression and RT-qPCR for BL41 and HK1 Samples 

RNA was extracted through an RNeasy Plus Mini (Qiagen) kit. The expression 

levels of GAPDH and RPL27 served as controls. A maximum of 1 μg of RNA was used 

with iScripti Reverse Transcription Supermix (1708841) to produce cDNA in an 

Eppendorf® Mastercycler® Nexus Thermal Cycler. One cycle consisted of 5 minutes at 

25°C, followed by 20 minutes at 46°C and 1 minute at 95°C. The cDNA was then diluted 

in a 1:5 ratio with water and was inserted into each well in conjunction with a mix of iTaq 

Universal SYBR Green Supermix (1725124), water, and primer. An Applied Biosystems 

QuantStudio 3 was used to find the delta-delta Ct. The student’s T-test was used to compare 

the results. RT-qPCR was performed in triplicate. 
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Air Liquid Interphase (ALI) 

HK1 neg/pos cells were seeded at  5 x 105 cells on collagen type 1 inserts 

(354444). The apical side of the insert was seeded with 0.5 mL RPMI containing 10% 

FBS,  1% L-glutamine, and 1% Antibiotic/Antimitotic media. The basolateral side was 

treated with 1 mL of the same media. The HK1 pos were provided with an additional 16 

μL of G418. When a monolayer could be visualized, typically three to four days post-

seeding, the media from the apical side was removed. Triweekly the basolateral media 

was replenished. Once a week images were taken with an EVOS FLoid Imaging System. 

Cells were maintained at 37°C and 5% CO2. Four weeks post seeding total RNA and 

protein were harvested. ALI was performed once. 
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CHAPTER 3  
 

RESULTS 
 
 

Levels of SUMOylated Proteins Increase in EBV LMP1-Positive Lymphoma 

We previously published that SUMO levels increased in EBV LMP1-positive 

lymphoma tissue samples (Salahuddin et al., 2019). As part of this study tissue biopsys 

collected from patients with either LMP1 negative or positive lymphoma were analyzed by 

immunofluorescence microscopy at 20X and 40X magnification (Figure 2). SUMO1 levels 

were detectable in all cells in both EBV-negative and EBV-positive tissues, and cells with 

increased SUMO1 levels were observed. EBV-positive tissues exhibited higher numbers 

of cells with increased SUMO1 levels. These cells also stained positive for LMP1, 

demonstrating that LMP1 expression correlates with increased SUMO levels. 

 

Figure 2. Increased presence of SUMO1 in collected LMP1 positive lymphoma tissue.  
Immunofluorescence microscopy of LMP1 negative and positive lymphoma tissue. 
Image presented in color. Bentz lab original image.  
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Levels of SUMO1 & SUMO2/3 Relative RNA Correlate in LMP1-Positive 
Lymphoma 
 

Analysis of 41 lymphoma tissue samples (24 were LMP1-negative and 17 were 

LMP1-positive) by qPCR experiments revealed that relative levels of sumo1 and sumo2/3 

were increased in LMP1-positive lymphoma tissue when compared with LMP1-negative 

samples (Figure 3A). Regression analysis of the LMP1-positive samples showed a strong 

positive correlation between sumo1 or sumo2/3 levels and LMP1 RNA levels. (Figure 3B) 

(Salahuddin et al., 2019).  

 

 

Figure 3. The levels of relative SUMO1 and SUMO2/3 increased in LMP1-positive 
tissues and positively correlated with LMP1 RNA levels. Box and whisker plot (A) for 24 
LMP1 negative and 17 LMP1 positive tissue samples. Regression analysis (B) of 17 
tissue samples for SUMO1 levels while 9 samples were used for SUMO2/3 levels. All 26 
tissue samples were positive for LMP1. Lymphoma tissue cells were harvested for RNA 
and qPCR was utilized to find the delta delta CT. Image presented in color. Bentz lab 
original image.  

 

 

ML-792 Inhibited SUMOylation in EBV-Negative and EBV-Positive B cells and 
EBV-positive Epithelial Cells but not EBV-Negative Epithelial Cells 
 

Because SUMOylation processes are up-regulated in many cancers, including 

EBV-positive lymphomas, inhibition of SUMOylation have been proposed to have 

therapeutic potential. Our recent study investigated the effect of ML-792, a specific small 
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molecule inhibitor of SUMOylation, in B cells. As part of this study, paired BL41 EBV 

neg and pos cells were treated with increasing graduated doses of ML-792, and whole cell 

lysates were produced after 96 hours post treatment. Western blot analysis showed an 

overall decrease of SUMOylated proteins with increasing doses of ML-792 for both BL41 

EBV neg and pos cell lines (Figure 4A, 4B). Of interest on the BL41 neg SUMO1/2/3 

western was a band slightly under 50 kD with an unchanged intensity that suggests the 

effect of ML-792 is selective on SUMOylated proteins (Figure 4A). Furthermore, the 

western for BL41 EBV pos cells that provides a visualization for the presence of 

SUMO1/2/3 shows a similar contradictory effect on two bands between 50 and 75 kD 

(Figure 4B). The two bands appear to either remain unchanged or slightly increase with 

increasing doses of ML-792. The westerns for both BL41 EBV neg and pos cells of SAE2, 

SAE1, Ubc9,  and LMP1 did not reveal any changes in the levels of the SUMO machinery 

due to ML-792-treatment. Densitometric analysis revealed a significant (P< 0.05) decrease 

in fold change for SUMO in both BL41 EBV neg and pos cells, thus confirming western 

blot data (Figure 4E).  

As part of this study, we were asked to also examine the effect of ML-792 in 

epithelial cells. Paired HK1 EBV neg and pos cells were treated with graduated doses of 

ML-792, and whole cell lysates were collected after 96 hours post seeding. Western blot 

data revealed differing results between HK1 EBV neg and pos cells (Figure 4C, 4D). ML-

792 did not affect global levels of SUMOylated proteins nor the SUMO machinery in HK1 

EBV neg cells (Figure 4C). Interestingly, higher concentrations of ML-792 did inhibit 

SUMOylation in HK1 pos cells (Figure 4D). Densitometric analysis confirmed that ML-

792 had not effect on HK1 neg cells but did significantly (P< 0.05) decrease SUMO1/2/3 
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levels in HK1 pos cells (Figure 5F) (Garcia et al., 2021).  The differing effects ML-792 

produced on the SUMOylation machinery in epithelial cells and B lymphoma cells led us 

to question if SUMOylation processes are regulated by different manners in B cells and 

epithelial cells. 

 

 

Figure 4. Increasing doses of ML-792 showed overall decrease of SUMOylated proteins 
for BL41 neg and pos cells, while HK1 neg and pos showed differing results under the 
same conditions. Western blot analysis of SUMOylation related proteins (SUMO1/2/3, 
SAE1, SAE2, Ubc9, LMP1 and ACTIN as loading control) in BL41 cells (A, B) and HK1 
cells (C, D) treated with increasing doses of ML-792. Densitometric analysis of SUMO 
levels in BL41 cells (E) and HK1 cells (F) treated with increasing doses of ML-792. Overall 
levels of SUMOylated proteins decreased with increasing ML-792 for both BL41 neg and 
pos cells (A, B, E), while levels of the same proteins differed between the HK1 neg and 
pos cells (C, D, F). Experiments were repeated in triplicate and results are shown as 
means  ± standard deviation. Bentz lab original image.  
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Levels of Relative RNA for SUMO1 and LMP1 are Corelated in LMP1 Positive 
NPCs 

We first investigate if there was a correlation between sumo and LMP1 RNA levels 

in five LMP1 positive nasopharyngeal carcinoma (NPC) tissues (Figure 5). Regression 

analysis revealed a strong positive correlation between sumo1 levels and LMP1 levels in 

EBV pos NPC tissues. Due to limited RNA yields, we were unable to test sumo2/3 levels 

in these tissues. 

 

 

Figure 5. The levels of relative RNA for SUMO1 and LMP1 are correlated in 
nasopharyngeal carcinomic tissue. Regression analysis of 5 tissue samples from 
nasopharyngeal carcinomas (NPCs). All 5 tissue samples were positive for LMP1. NPCs 
were harvested for RNA and qPCR was utilized to find the delta delta CT. Bentz lab 
original image.  
 

 

Levels of the SUMOylation Machinery are Increased in BL41 EBV Positive Cells 

Next, we wanted to compare global levels of SUMOylated proteins and the SUMO 

machinery in our paired B cell and epithelial cell lines. Equal numbers of BL41 neg and 

BL41 pos cells were seeded, and protein and RNA were harvested 24 hours post seeding. 

Western blot analyses revealed Ubc9 levels were unchanged when comparing BL41 EBV 
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neg and pos cells while SAE1 and SAE2 levels were increased in the EBV pos cells (Figure 

6A). Global levels of SUMOylated proteins increased in the EBV pos cells; however, 

separating proteins out to those modified by SUMO1 from those modified by SUMO2/3 

revealed interesting results. EBV pos cells had fewer high molecular weight but more low 

molecular weight SUMO1-modified proteins when compared with EBV neg cells. For 

SUMO2/3, EBV pos cells has increased high and low molecular weight SUMO2/3-

modified proteins than their EBV negative counterparts. qPCR showed overall significant 

(P<0.05) increases in all RNA levels of all of the SUMO machinery (sumo1, sumo2/3, 

SAE1, SAE2) except ubc9, which was significantly (P<0.05) decreased, in EBV pos B cells 

when compared with their EBV neg counterparts (Figure 6B). These data demonstrate that 

EBV mostly increases expression of the SUMO machinery in B cells. 
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Figure 6. Levels of SUMOylation related proteins are increased in EBV pos BL41 cells. 
Western blot analysis (A) of BL41 EBV neg and pos cells for SUMOylation related 
proteins (SUMO1/2/3, SAE1, SAE2, Ubc9, LMP1, and GAPDH as loading control). 
Analysis of RNA levels through qPCR (B) for BL41 EBV neg and pos cells harvested for 
SUMO1/2/3, SAE1, SAE2, and Ubc9. Experiments were repeated in triplicate and results 
are shown as means  ± standard deviation. Image presented in color. Bentz lab original 
image.  
 

 

Global levels of SUMOylated Proteins Increased in EBV Positive HK1 Cells 

To begin our investigation into SUMOylation processes in epithelial cells, global 

levels of modified proteins were examined in HK1 EBV neg and pos cells (Figure 7). 

Results showed increased SUMOylation occurred in HK1 EBV pos cells when compared 

with HK1 EBV neg cells. In addition, increased levels of unconjugated SUMO (~11 kDa) 

was observed in HK1 EBV neg cells.  
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Figure 7. Global levels of SUMOylated proteins are increased in EBV positive epithelial 
cells. HK1 cells were harvested of protein for western blot analysis. Experiments were 
repeated in triplicate. Bentz lab original image.  
 

 

EBV Infection Correlated with Altered Levels of the SUMO Machinery 

To better decipher differences in SUMOylation and the SUMO machinery, 

immunoblots and qPCR were performed for sumo1/SUMO1, sumo2/3/SUMO2/3, 

sae1/SAE1, sae2/ SAE2, and ubc9/Ubc9 in HK1 cells 24 hours post seeding (Figure 8). 

Detection of  SUMO1 and SUMO2/3 levels confirmed an overall increase in global levels 

of SUMOylated proteins in HK1 EBV pos cells (Figure 8). For SUMO1, increased 

SUMOylated proteins 25-60 kDa in size were detected, particularly at 50 kD. For 

SUMO2/3, increased high (> 150 kDa) and low (<40 kDa) molecular weight SUMOylated 

proteins as well as unconjugated SUMO2/3 were observed in EBV pos cells (Figure 8A). 



25 
 

Level of the SUMO machinery (SAE1, SAE2, and Ubc9) were also increased in HK1 EBV 

pos cells when compared with their EBV neg counterparts. Initial qPCR experiments 

revealed EBV pos cells had increased sumo2/3 and sae2 levels while sumo1 levels were 

unchanged and sae1 levels decreased (Figure 8B). However, repeated qPCR experiments 

produced highly variable data for RNA levels of the SUMO machinery (Figure 8C), which 

led us to question whether cell confluency influenced the expression of the SUMO 

machinery. 

 

 

Figure 8. EBV infection correlates with altered levels of the SUMO machinery. HK1 cells 
were harvested of protein for western blot analysis (A) and RNA for qPCR. Repeated qPCR 
(C) resulted in highly variable data. Western blot experiments were repeated in triplicate 
while qPCR was repeated four times. Results are shown as means  ± standard deviation. 
Image presented in color. Bentz lab original image. 
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EBV Increases Levels of the SUMO Machinery When HK1 Cells are Sub-confluent 
and Confluent 
 

To determine if cell confluence influences expression of the sumo/SUMO 

machinery, cells were plated at two different concentrations. Specifically, were plated at 1 

x 106 cells or 4 x 106 cells per 100 mm dish to represent sub-confluence or confluence, 

respectively. Cells were harvested for protein and total RNA once the confluent cells were 

100% confluent. Western blot data for SUMO1 showed increased intensity and presence 

of bands between 60 and 30 kD for SUMO-1 conjugated proteins from sub-confluent HK1 

pos cells (Figure 9A). Paradoxically, one band near 75 kD appeared darker in the sub-

confluent HK1 neg cells. For confluent cells, there was a more intense SUMO1-positive 

~50kDa band in the HK1 pos cells, while there were two more intense bands between 70 

and 150 kD in the confluent HK1 neg cells. These findings suggest that cell confluence 

and the presence or absence of EBV does affect which proteins are modified by SUMO1. 

Fewer differences were detected for SUMO2/3. When cells were grown at sub-

confluence, increased SUMOylated proteins below 40 kDa in size and above 75 kDa in 

size were detected in EBV pos cells. The presence of SUMO2/3 was more difficult to detect 

in confluent cells. Although a very high molecular weight SUMO2/3-positive band near 

250 kD along with an ~80 kDa and a ~40 kDa band were more intense in the HK1 pos cells 

when compared with their EBV-negative and sub-confluent counterparts. SAE1, SAE2, 

and Ubc9 levels were all increased in EBV-positive cells. Interestingly, SAE1 and SAE2 

levels were more easily detected in confluent cells than they were in sub-confluent cells. 

Overall, these data demonstrate that except for Ubc9, cell confluence affects the protein 

levels of the SUMO machinery, which is further influenced by the presence of EBV. In 
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addition, while global levels of SUMOylated proteins are increased in EBV-positive cells, 

the confluence of the cells affects which cellular proteins are modified. 

Real-time PCR experiments revealed that except for sumo2/3 levels, RNA levels of 

the SUMO machinery are elevated in EBV pos cells when cells are sub-confluent and 

confluent (Figure 9B, 9C). Specifically, EBV pos cells had a 3-fold increase in sumo1 

levels, a 1.5-to-2-fold increase in SAE1 and sae2 levels, and a 3.5-fold increase in ubc9 

levels when compared with their EBV neg counterparts. While sumo2/3 levels were 

elevated in sub-confluent EBV pos cells, no differences were detected when cells were 

confluent. These findings suggest that confluence had little effect on EBV-induced 

increased RNA levels of the SUMO machinery. 
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Figure 9. EBV increases levels of the SUMO machinery when HK1 cells are sub-confluent 
and confluent. Western blot data (A) Sub-confluent samples were plated at 1 x 10^6 cells, 
while confluent samples were plated at 4 x 10^6 cells and harvested at appropriate 
confluency for protein. The levels of SUMOylation related proteins: SUMO1/2/3, SAE1, 
SAE2 and Ubc9 were investigated through western blot analysis. Experiments were 
repeated in triplicate. Relative RNA levels of the SUMO machinery were determined in 
(B) sub-confluent and (C) confluent samples. Experiments were repeated in triplicate and 
results are shown as means  ± standard deviation. Image presented in color. Bentz lab 
original image.  
 

 

Air Liquid Interface (ALI) Culture Reveals Morphological Differences in HK1 Cells 
 

Because cell confluence was determined to have an effect on EBV-mediated 

changes in the SUMO machinery protein levels and SUMOylated proteins, we next 

performed similar in a modified model system in order to mimic the correct physiological 

environment (Air Liquid Interface or ALI culture). 5 x 105 HK1 cells were seeded onto 
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collagen-coated tissue culture inserts with media placed on the apical surface of the cells 

and feeding the cells on their basolateral surface through the bottom of the insert. Once 

confluent, the apical media was removed, allowing the cells to be exposed to air. Media on 

the basolateral surface was changed out three times a week for four weeks. Bright field 

images of the cells were captured each week at 20X magnification. Morphological 

differences between HK1 neg and pos cells are apparent throughout the duration of four 

weeks (Figure 10). HK1 neg cells promote the establishment of nodule like structures that 

increase in size. These formations are largely absent for the HK1 pos cells. 

 

 

 

Figure 10. ALI culture reveals morphological differences between HK1 negative and 
positive cells. Microscopic data from ALI culture plated at 5 x 104 cells and harvested for 
protein at 4 weeks post seeding. Image presented in color. Bentz lab original image.  
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EBV Influences SUMO Machinery Levels in Physiologic Conditions 

Four weeks post-seeding, cell lysates were collected and Western blot analyses 

performed (Figure 11). The pattern of SUMO1-midified proteins greatly differed when 

comparing the HK1 EBV neg and pos cells. Specifically, EBV pos cells had more intense 

SUMO1-specific bands between 37 and 75 kDa in size. EBV neg cells contained an 

extremely intense SUMO-specific band ~40 kDa in size, and a similar band was not present 

in the EBV pos cells.  Unlike alternative culturing scenarios, SUMO2/3-modified proteins 

were difficult to detect with multiple different SUMO2/3-specific antibodies. Slightly 

higher levels of unconjugated SUMO2/3 levels were detected in the EBV pos cells when 

compared with the EBV neg cells. Similar to SUMO2/3, SAE1 levels were difficult to 

detect in EBV neg cells, but SAE1 was observable in EBV pos cells.  SAE2 levels were 

increased in EBV pos cells as was a slower migrating band that coincides with the SAE2-

SUMO intermediate. Finally, Ubc9 levels were increased in HK1 EBV pos cells when 

compared with their EBV neg counterparts. These findings provide further support that the 

levels of the SUMO machinery are increased in EBV positive epithelial cells.  

Overall, these data suggest that EBV does have slightly differing effects on the 

SUMO in epithelial cells when compared with B cells. Different proteins are modified by 

SUMO1 and SUMO2/3 and the virus increased SAE1, SAE2, and Ubc9 levels more in 

epithelial cells when compared with B cells. In addition, the method by which the 

epithelial cells are cultured affects EBV-medicated changes in SUMOylated proteins and 

levels of the SUMO machinery. 
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Figure 11. EBV influences levels of SUMO machinery in physiologic conditions. 
Western blot data from ALI culture plated at 5 x 104 cells and harvested for protein at 4 
weeks post seeding. Bentz lab original image.  
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CHAPTER 4  
 

DISCUSSION 
 
 

Dysregulation of the SUMOylation process is found in many cancers, thus 

understanding the process of SUMOylation is paramount for discovering possible cancer 

treatments. We were the first to document that SUMOylation processes are increased in 

EBV positive lymphomas, and there is a strong correlation between sumo levels and LMP1 

RNA levels in EBV positive lymphoma tissue samples (Salahuddin et al., 2019). Here we 

document similar results in EBV positive NPC tissue samples, which adds NPCs to the 

growing list of cancers in which SUMOylation processes are dysregulated. These findings 

along with our recent report documenting that a small molecule inhibitor of SUMOylation 

(ML-792) did not decrease global levels of SUMOylated proteins in EBV neg epithelial 

cells but does inhibit SUMOylation processes in EBV pos epithelial cells led us to question 

if EBV has a differing influence on SUMOylation prosses in epithelial cells and B cells. 

Using a paired B cell (BL41) and epithelial cell (HK1) line, we now document that 

EBV-mediated increased increases in the SUMO machinery differs between the two types 

of cells. RNA and protein levels of SUMO1, SUMO2/3, SAE1, and SAE2 were increased 

in BL41 EBV positive cells when compared with EBV neg B cells, and while ubc9 levels 

were decreased in the EBV pos B cells, Ubc9 protein levels were unchanged.  In epithelial 

cells, the presence of EBV corresponded with increased RNA and proteins levels of 

SUMO1, SAE1, SAE2, and Ubc9, and while SUMO2/3 protein levels also increased, 

sumo2/3 levels were not significantly altered. EBV-mediated changes in the RNA levels 

of the SUMO machinery were relatively similar in B cells when compared with epithelial 
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cells, but the difference in protein levels were more apparent in epithelial cells than they 

were in B cells.  

Here we also show that the method by which the epithelial cells were cultured 

affects EBV-mediated increases in the SUMO machinery. For instance, both SAE1 and 

SAE2 were bit difficult to detect when EBV neg epithelial cells were grown in sub-

confluent conditions or the more physiologically relevant ALI system, and the presence of 

EBV corresponded with increased levels of the activating enzyme under similar conditions. 

The most notable EBV-mediated changes in SAE1 and SAE2 levels occurred when cells 

were cultured using the ALI system or under confluent conditions. Considering these 

conditions are closer to what occurs in the nasopharynx or a tumor, these findings suggest 

EBV-mediated dysregulation of SUMOylation processes contributes to the pathogenesis 

observed in NPCs. 

Global levels of proteins modified by SUMO1 and SUMO2/3 are increased in EBV 

pos B cells and epithelial cells; however, the pattern or molecular weight of SUMOylated 

proteins differs between the cells and when epithelial cells are cultured in different 

conditions. In B cells, the presence of EBV corresponds with additional higher molecular 

weight proteins (> 75 kDa) modified by SUMO1. Conversely, in epithelial cells grown in 

a 2D culture, the presence of EBV corresponds with a slight decrease in a 75 kDa SUMO1-

specific bands and an increase in lower molecular weight proteins (< 60kDa) modified by 

SUMO1. These results are altered when the epithelial cells are grown in a 3D culture where 

the presence of EBV corresponds with the loss of a ~40 kDa SUMO-specific band and the 

gain of multiple SUMO1-specific bands between 37 kDa and 75 kDa. Identification of the 
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modified proteins may aid our understanding of the function of SUMOylation in NPC 

pathogenesis. 

Our initial investigations into the pattern of SUMO2/3-modified proteins yielded 

similar results in B cells and epithelial cells, specifically the gain of very high molecular 

weight SUMO2/3-modified proteins as well as the gain of unconjugated SUMO2/3 in EBV 

pos cells. SUMO2/3-modified protein levels and unconjugated SUMO2/3 levels were 

slightly more difficult to detect in epithelial cells when compared with B cells, but when 

detected, levels were higher in the EBV pos cells. These data raise the possibility of 

differing importance of SUMO1 and SUMO2/3 in B cells verses epithelial cells. However, 

we cannot rule out the possibility that the EBV neg cells may have previously been infected 

with other viruses that could have epigenetic effects on the SUMO machinery.  

As stated above, results show the culturing conditions affects SUMOylation 

patterns and levels of the SUMO machinery. While a 2D model of epithelial cells is cost-

effective, requires only a limited amount of time to grow, and is easy to implement, the 

model is not an accurate depiction of the epithelial cells that constitute the human airway 

system. The 2D model does not allow cell differentiation or the interaction between layers 

of cells. Furthermore, there is no production of progeny virus. The ALI model provides the 

framework for cell differentiation and the production of virus particles (Lee et al., 2005; 

Lin et al., 2007; Caves et al., 2018), and thus we argue that ALI is one of the best current 

models for the HK1 cells. We followed the protocol of Caves et al., 2018, with the 

exception that we extended the culture to 4 weeks to test the versatility of the experiment.  

After 4 weeks post seeding, we found morphological differences between the HK1 EBV 

negative and positive cells. The HK1 EBV negative cells appeared in dark clumps 
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representing 3D nodules suggesting layers of cellular growth. The HK1 EBV positive cells 

did not readily produce the nodules seen in the HK1 EBV negative cells. The distinct 

differences in growth may be due to the HK1 positive cells prioritizing the production of 

EBV particles versus vertical growth.  

 Together these data are the beginnings of our attempt to elucidate EBV-mediated 

dysregulation of SUMOylation processes in epithelial cells. All of our previous work has 

focused on B cells and lymphomas. The data presented here suggest that some of our 

published work is specific to B cells, and similar studies should be performed in epithelial 

cells because the presence of EBV results in the SUMOylation of different proteins in 

epithelial cells when compared with B cells. In addition, the presence of EBV corresponds 

with greater increases in the SUMO machinery protein levels in epithelial cells when 

compared with the tested B cells. Therefore, these findings should serve as a foundation 

for a new avenue of research to investigate if EBV-mediated dysregulation of 

SUMOylation processes contributes to the pathogenesis observed in NPCs. 
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CHAPTER 5  
 

CONCLUSIONS & FUTURE DIRECTIONS 
 
 

Our interest in the differences in SUMOylation between the BL41 and HK1 cell 

lines lead us to conduct various Western Blot and qPCR experiments. Not only did we find 

differences in the expression of various proteins, particularly that of SUMO1, SUMO2/3, 

SAE1, SAE2, and Ubc9 for the BL41 and HK1 cells, but slight differences between the 

HK1 sub-confluent and confluent cells. Mass Spectrometry is necessary for the better 

definition of SUMOylated proteins highlighted by the Western Blot experiments. The 

identification of these proteins could reveal possible involvement in oncogenesis and thus 

potential drug targets. Furthermore, qPCR experiments for the ALI culture and sectioning 

of the ALI cellular layers would aid the comparison between the 2D and ALI HK1 cultures. 

While further experimentation and repetition are needed to confirm the ALI data, our 

current understanding leads us to conclude that differences exist in the expression of the 

proteins studied between the 2D and ALI culture HK1 cells. While some may consider the 

aforementioned differences to be negligible or insignificant, we believe they are still 

worthy of consideration because even the slightest inconsistencies can have a compounding 

effect on the data. Taken together our data suggests that the confluency and method of 

culturing can influence the data. ALI culture is the most physiologically relevant model for 

the HK1 cells, and our findings suggest the need for more in vivo studies to truly 

understand the role of SUMOylation in EBV-associated malignancies and the 

susceptibility of NPCs to inhibitors of SUMOylation in lymphoma. 
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