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ABSTRACT 

 

 

Understanding the Function of LMP1-CTAR3 in EBV-associated Lymphomas 

BY: TABITHIA ROSS, M.Ed.  

Under the direction of Gretchen L. Bentz., Ph.D. 

 

 

 Epstein-Barr virus, a ubiquitous virus infecting most of the world’s 

population, utilizes the traditional B-cell maturation pathway of the adaptive immune 

system to establish a life-long infection in the host due to the ability of the virus to 

immortalize B-cells. Latent EBV infection is associated with distinct lymphoid 

malignancies, and latent membrane protein 1 (LMP1) has been identified as the primary 

oncoprotein associated with these lymphoid malignancies and the immortalization of 

naïve B-cells.  

The three C-terminal activating regions (CTARs) of LMP1 play a significant role 

in the transformation of a naïve B-cell by dysregulating the normal signaling pathways 

for cell maintenance and maturation thereby inducing the mature B-cell to continue 

proliferating without control, a classic hallmark of cancer. Our current research focuses 

on CTAR3, which resides between CTAR1 and CTAR2 and consists of an average of 

four and a half 11 amino acid repeats (11-aaR) and one-to-two proline-rich regions 

(PXXPXP). Previous research established an interaction between the CTAR3 and the 

JAK/STAT pathway via the proline-rich regions, but others have reported that CTAR3 

was not necessary for the LMP1/JAK interaction or LMP1-mediated STAT activation. 

More recent work demonstrated a correlation between lower numbers of 11-aaR found in 
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CTAR3 and increased pathogenesis; however, the exact role of the repetitive elements 

has not been elucidated. We hypothesized the repetitive elements found in LMP1 CTAR3 

were necessary for the ability of CTAR3 to modulate the oncogenic nature of LMP1. 

Using GFP-tagged LMP1 expression constructs, we investigated the intracellular and 

extracellular trafficking of LMP1, cellular migration and protein solubility.  

While the number of 11-aaR found within LMP1 are variable in nature, we found 

that with the loss of the 11-aaR the normal biology of the oncoprotein was altered. We 

demonstrate that the repetitive elements of LMP1-CTAR3, specifically the 11-aaR, affect 

the biology of LMP1 including the stability and the intracellular and extracellular 

trafficking of LMP1, which can change the oncogenic potential of LMP1. We propose 

that targeting the functions of the CTAR3 repetitive elements may provide new advance 

therapeutic opportunities for patients with EBV-associated lymphomas.
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INTRODUCTION 
 

Epstein-Barr virus (EBV), also known as human herpesvirus-4, is one of the most 

common human viruses in the world1. It is responsible for numerous B-cell associated 

lymphomas in immunocompetent and immunocompromised individuals. The principal 

viral oncoprotein in these malignancies is latent membrane protein-1 (LMP1). This 

research project seeks to gain a better understanding of the two repetitive sequences 

within LMP1 and how these elements contribute to the oncogenic potential of the protein.  

EBV is a large, double-stranded DNA virus belonging to the Herpesviradae 

family (subfamily: gammaherpesviridae). The viral genome is contained within a 

nucleocapsid consisting of 162 capsomeres that is surrounded by an outer envelope with 

external glycoprotein spikes. There are two types of EBV circulating in the human 

population (EBV Type 1 and EBV Type 2), which differ in the sequences of Epstein Barr 

nuclear antigens-2, -3A, -3B and -3C (EBNAs), as well as, EBNA-LP (leader protein)2. 

EBV-1 is more prevalent in the developed world while EBV-2 is typically found among 

individuals in equatorial Africa and New Guinea2.  

The virus is transmitted via the sharing of saliva, and enters the lymphoepithelial 

tissue of Waldeyer’s ring at the back of the throat3. Initial infection typically occurs 

during adolescence without the presentation of symptoms, due to a strong adaptive 

immune response within the host; however, occasionally, an initial EBV infection can 
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result in infectious mononucleosis, which involves an EBV-driven proliferation of B-

cells4.  

The method of viral entry into naïve B-cells by traversing the single layer 

epithelium of Waldeyer’s ring is still under much investigation; however, studies reveal 

the interaction between one of several viral glycoproteins and the complement receptor 

type 2 (CR2) triggers the entry of the virus into the B-cell5. One glycoprotein, gp350/220, 

has the highest affinity for CR26; however, using a recombinant EBV virion without 

gp350/220, Janz et al.7 reported that the virus is still able to transform B cells but with 

decreased efficiency. Research indicates the virus may be able to cross the single-cell 

layer of the epithelium and into the lymphoid tissue just below the surface where the 

virus encounters naïve B-cells3. The naïve B-cells become activated initiating  

transcription of the necessary latent proteins required for the virus to transition to the 

latent state8. The virus establishes a latent infection within resting B-cells with little effect 

on the normal B-cell  maturation process3. During the establishment of latency, the EBV 

genome undergoes heavy methylation of lytic genes resulting in a silencing of the lytic 

cycle2. 

An activated, EBV-infected B-cell will forgo the normal B-cell survival signaling 

pathway, which includes signaling by an antigen and helper T cells, opting instead for 

proliferation signals received from viral latent proteins, EBNA2, EBNA3a, EBNA3c and 

latent membrane protein 1 (LMP1)3. The B-cell receives a continuous activation signal 

from viral proteins resulting in alterations to apoptotic signaling and prevention of cell 

death. In vitro, EBV will transform resting B-cells into immortalized lymphoblastoid cell 
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lines (LCLs), and studies implicate the expression of EBV nuclear antigens (EBNA-1, -2, 

-3A, -3C) and latent membrane proteins (LMP-1, 2) in this transformation9.  

The limited viral protein expression during latency allows the viral genome to 

maintain the latent state and go undetected by the body’s adaptive immune system. 

Patients with impaired T-cell capabilities associated with congenital, acquired or drug-

therapy related immunodeficiencies are at the greatest risk for the development of 

lymphoproliferative disease or lymphomas due to the system’s inability to combat the 

latently infected B-cell population; however, restricted viral gene expression during 

latency complicates treatment strategies for the different EBV-associated lymphomas.  

 

Latent Membrane Protein-1 

LMP1 is considered to be the principal oncoprotein of EBV due to its ability to 

transform rodent fibroblast cell lines, resulting in increased cell growth, loss of contact 

inhibition, loss of anchorage dependence, and growth in soft agar even in the presence of 

low serum8. In B-cells, LMP1 expression increases cell growth, induces cell adhesion, 

alters gene expression, and protects cells from apoptosis2. Mouse models, where LMP1 is 

under the control of the immunoglobulin heavy chain promoter and enhancer, revealed 

that LMP1 expression coincided with increased B-cell hyperplasia and lymphomas10. 

Together, these works led to the recognition that LMP1 is oncogenic. LMP1 is a 62-kD 

transmembrane protein with its amino- and carboxy-terminal regions located in the 

cytoplasm (Figure 1). The protein acts as a mimic of the CD40 receptor and is essential 

for the pro-survival signal initiating the transition of a B-cell to a LCL2,11. CD40 is part of 
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a signaling complex on the surface of B-cells that includes MHCII and is a ligand-

dependent receptor that works with MHCII for B-cell activation. The constitutively active 

oncoprotein modulates initiates many cellular signaling pathways12.  

LMP1 has six membrane-spanning domains consisting of a 161-amino acid (aa) 

sequence believed to induce the oligomerization of the protein and activate the GTPase 

Cdc4212.  The 24-amino acid N-terminal region is involved in LMP1 turnover and 

modulation of cellular proteins12. The 200-amino acid C-terminal region is further 

subdivided into three C-terminal-activating regions (CTARs) named CTAR1, CTAR2 

and CTAR3 that participate in recruiting cellular proteins and activating numerous signal 

transduction events12. Some examples of LMP1-interacting proteins include members of 

the TNF receptor associated factor (TRAF) and receptor-interacting protein (RIP) 

families, sumo-conjugating enzyme, Ubc9. Signaling pathways activated by the CTARs 

include: mitogen-activated protein kinases (MAPK), Janus kinase (JAK) and nuclear 

factor κB (NFκB) shown in Figure 1. Prior studies of the CTAR1 and CTAR2 regions 

revealed that they are required for cellular phenotypic changes including increased cell 

migration, loss of contact inhibition and anchorage-independent growth. All classic 

hallmarks of cancer8,13. These phenotypic changes are observed in EBV-associated 

malignancies, such as Hodgkin’s disease (HD), post-transplant lymphoproliferative 

disease (PTLD) and AIDS-associated CNS lymphomas3,13. Little is known about the 

function of CTAR3 and its role in LMP1 oncogenesis.  
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Figure 1. LMP1 structure, mediated protein interactions and signal transduction events.  
C-Terminal Activating Region-3 

 

CTAR3, a region of LMP1, is comprised of an 80-aa sequence, rich in proline 

residues resting between CTAR1 and CTAR2 that has not been extensively studied. It 

was originally classified as amino acids 275-33014; however, additional reports have 

designated amino acids 250-307 as CTAR314.  

Almost 20 years ago, Gires et al.14 showed that the two proline-rich motifs within 

CTAR3 activate the JAK-STAT pathway; however, other reports observed little to no 

role for CTAR3 in the LMP1-JAK interaction and activation of the STAT pathway15, 

which halted investigations into identification of the functions of CTAR3. Ten years 

later, Bentz, Whitehurst and Pagano11 showed an interaction between CTAR3 and the 

SUMO-conjugating enzyme, Ubc9, which increased post-translational modification of 

cellular proteins by the Small Ubiquitin-like Modifier (SUMO; sumoylation). Findings 

showed sumoylation, induced by the LMP1:Ubc9 interaction, affected cellular 

migration16 indicating a potential involvement in LMP1’s oncogenic nature. Additional 

studies revealed LMP1 CTAR3 also modulated innate immune responses via the 
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sumoylation of IRF717 and aided the maintenance of EBV latency18. These reports 

identified an important role for CTAR3 in establishment of latency and pathogenesis; 

however, additional understanding of the CTAR3 functions is necessary.  

 

While LMP1 is commonly considered a latency-associated protein, it is also 

expressed during lytic replication19. Interestingly, a recent report suggested a function for 

LMP1 in pathogenesis during lytic infection20. Specifically, there was a correlation 

between the length of CTAR3 and elevated hepatic transaminases from acute hepatitis in 

patients20. Banko and his colleagues20 reviewed EBV isolates of patients with infectious 

mononucleosis and revealed patients with amino acid sequences having ≤ 4.5 11-aa 

repeats had elevated liver enzymes (AST and ALT) when compared to their counterparts 

with isolates encoding ≥ 4.5 11-aa repeats. While these findings suggest a function for the 

CTAR3 repetitive elements during lytic replication, the exact function of the repetitive 

elements, in latent infections, is yet to be reported.   

 

EBV-associated Lymphomas 

As an oncoprotein, LMP1, has been indicated as a factor for the development of 

EBV-associated malignancies in both immunocompetent and immunosuppressed 

individuals. The EBV genome encodes over 80 gene products; however, only around 17 

of these, including LMP1, are produced during a latent infection2. The expression of 

limited proteins within latently infected B-cells allows the viral genome to maintain the 

latent state and go undetected by the body’s adaptive immune system.  This limited 

expression complicates treatment strategies because tumors of EBV-associated 
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lymphomas may express a variety of these limited proteins21. Patients with impaired T-

cell capabilities, such as those with HIV, are at the greatest risk for the development of 

lymphoproliferative disease or lymphomas due to the system’s inability to combat the 

latently infected B-cell population. Patients with HIV are at a greater risk for the 

development of EBV-associated lymphomas22.  

 

Current Treatment of EBV-associated Lymphomas of HIV patients 

The current recommended treatment for immunodeficient patients with EBV-

associated lymphomas includes a reduction in immunosuppressive therapy in order for 

the immune system to mount a response21 combined with a chemotherapy drug, such as, 

rituximab23. Much controversy has arisen in the course of treatment of patients with 

advanced immunosuppression, such as those with late stage HIV/AIDS. Linke-Serinsöz 

et al.,24 discussed the prevalence of EBV-associated lymphomas among HIV patients and 

revealed, “EBV has been identified in the HIV+ setting in 30-90% of diffuse large B-cell 

lymphomas (DLBCL), between 30-40% in Burkitt’s lymphoma, 70-80% in plasmablastic 

lymphoma and almost 100% in classical Hodgkin lymphoma.” With the implementation 

of combination antiretroviral therapy (cART), the instances of lymphomas in these 

patients have declined; however, systemic or primary CNS lymphoma has a direct 

correlation to CD4 levels making the surveillance of these counts imperative for 

preventing malignancy23. New therapeutic options specifically targeting the mechanism 

of the EBV-associated lymphoma is crucial to provide better outcomes for all patients.  
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METHODS 

LMP1 expression constructs 

Utilizing the EBV strain B95.8 as a template, four GFP-tagged plasmid constructs 

were designed and purchased from GeneScript (Figure 2). Constructs include: LMP1 WT 

(wild-type); PXXPXP only (contains only the two proline-rich regions); 11-aaR only 

(contains only the 4.5 11-amino acid repeats); ∆3 (entire CTAR3 region deleted).  

   250                         260                       270                       280                       290                       300

WT (B95.8) GPDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLPQDPDNTDDNGPQDPDNTDDNGPHDPLPHS

No 11-aaR GP--------------------------------------------------------------------------PHDPLP--------------------------------------------------------------PHDPLPHS

No PxxPxP GPDNGPQDPDNTDDNGPQDPDNTDDNG--------------QDPDNTDDNGPQDPDNTDDNG-------------------HS

∆CTAR3 GP-------------------------------------------------------------------------------------------------------------------------------------------------------------------------HS  

Figure 2. LMP1 plasmid constructs obtained. 11-aaR are in colored font and proline-rich regions are 

highlighted in gray.  

 

Cell Culture 

Human embryonic kidney (HEK) 293 cells were utilized for all experiments 

unless otherwise noted. Cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) that had been heat-

inactivated at 56°C for one hour. HEK 293 EBV+ WT and dCTAR3 cells were a gift 

from Dr. Wolfgang Hammerschmidt (Munich, Germany) and were maintained in RPMI 

with 10% FBS and 50mg/ml hygromycin B (Dirmeier, 2003 #127). Hygromycin 

selection is necessary to maintain the EBV bacterial artificial chromosome (BAC) within 

the HEK 293. 
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Antibodies 

Anti-Flag (M2), anti-β Actin (AC15), anti-mouse IgG (A9917) and anti-rabbit 

IgG (A0545) were purchased from Sigma-Aldrich. Anti-GFP HRP (B-2) and anti-HSC70 

(B-6) were purchased from Santa Cruz. Anti-GAPDH HRP (2D4A7) was purchased from 

Novus Biologicals.  

 

Western blot analysis 

After collection, samples were separated via SDS-polyacrylamide (7.5%) gel 

electrophoresis (SDS-PAGE). Then proteins were transferred to PVDF membranes via 

the TransBlot Turbo Transfer System (BioRad) following the manufacturer’s 

instructions. Membranes were blocked with 5% nonfat milk in Tris-buffered saline-

Tween 20 (TBST) and incubated overnight at 4°C with primary antibody. Then, 

membranes were washed and incubated for one hour at room temperature using the 

suitable horseradish peroxidase-conjugated secondary antibody followed by a second 

wash. Utilizing an enhanced chemiluminescence (ECL) reagent (170-5060 Biorad; K-

12045-D20 Advansta), the bands were visualized and images captured on the Chemidoc 

Touch Imaging System (Biorad).  

 

Native Immunoprecipitation 

HEK 293 cells were plated in 100 mm dishes and transfected, 24 hours later, with 

1µg of control or LMP1-expression construct (WT, PXXPXP-only, 11-aaR only or ∆3) 

using polyethylenimine (PEI) and TransfectaGROTM (Corning). During the transfection, 

6µg of a Flag-UBC9 plasmid was also added to one of the controls and each of the 
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LMP1-expression constructs. 48 hours post transfection cells were harvested and 

centrifuged at 300 x g for five minutes. The supernatant fluid was removed, and cells 

were washed and resuspended with 1ml 1X cold PBS. 100µl of sample was collected for 

whole cell lysates (WCL); 60 µl 1X Laemmli (Biorad) loading buffer was added to WCL 

then boiled for 10 minutes at 100°C. The remaining cells were centrifuged at 4,200 x g 

then the supernatant was removed. 1 mL cold cell lysis buffer (20 mM Tris, pH 7.5; 150 

mM NaCL; 1% Igepal; 0.5% Sodium deoxycholate; 0.1% SDS; 1 mM EDTA) 

supplemented with N-Ethylmaleimide (NEM), protease inhibitors (EDTA-free), DNase I 

and benzonase was used to resuspend cell pellet. Samples were subjected to four freeze-

thaw cycles, six minutes each, at -80°C and 37°C. Following the last thaw, cell lysates 

were centrifuged at 7,500 x g for five minutes. The supernatant was collected and 1 µg of 

anti-GFP antibody (B-2; Santa Cruz) was added. The samples were incubated overnight 

at 4°C on an end-over-end rocker. Following the overnight incubation, 30µl of pre-

washed protein G magnetic beads (Pierce) were added and the samples were placed back 

on the end-over-end rocker at 4°C overnight. Then the beads were washed three times 

with 1 mL cell lysis buffer; 40 µl of 1X Laemmli buffer was added and the samples were 

boiled for 10 minutes at 100°C. 

 

Lipid Rafts 

HEK 293 cells were grown in 100 mm dishes and transfected with 1µg wild-type, 

PXXPXP-only, 11-aaR only or ∆3 of the LMP1-expression constructs. 48 hours after 

transfection, cells were harvested and centrifuged at 300 x g for five minutes; 100 µl of 

WCL was prepared as previously stated. The remaining cells were centrifuged at 4,200 x 
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g and lipid rafts were harvested using the ReadyPrepTM Protein Extraction Kit (632087; 

Biorad). The extraction kit utilizes equal volumes (1ml) of extraction buffer for 

fractionation with ice cold sonication of samples to lyse cells; lipid rafts are resuspended 

in 250µl of protein solubilization buffer (PSB). 80µl of Laemmli buffer was added to the 

final lipid raft fraction and samples were boiled at 100°C for 10 minutes. Western Blots 

were performed loading 10µl of each sample and using GFP antibodies and GAPDH 

antibodies for control.  

 

Immunofluorescence (IF) 

HEK 293 cells were grown on coverslips in six-well plates and transfected (WT, 

PXXPXP-only, 11-aaR only and ∆3) as previously discussed. 24 hours after transfection, 

cells were incubated at 37°C for 30 minutes with Hoechst 33342 nucleic acid stain (Life 

Technologies). Then, cells were fixed with 4% paraformaldehyde and permeabilized 

using 1% Triton and blocked for one hour at room temperature with 1% Bovine Serum 

Albumin (BSA; Amresco). Cells were then stained for endoplasmic reticulum using 20 µl 

Concanavalin A (Invitrogen); cytoskeleton using 1.2 µl Phalloidin (Invitrogen) or Golgi 

apparatus using 20 µl Helix pomatia agglutinin (HPA) Lectin (Invitrogen) in 1% BSA 

then rinsed with 1X PBS. Coverslips were mounted to slides using ProLong Diamond 

Antifade Mountant (Invitrogen).  

 

Scratch Assay 

HEK 293 cells were grown and transfected, as previously described in the lipid 

raft section and included pcDNA as control, until 100% confluent. Three scratches were 
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introduced into the cell monolayer of each plate using a 20 µl pipette tip. Ten images of 

the wound were obtained using the FLoid® Cell Imaging Station (Life Technologies) at 

both time zero and 24 hours after the scratch was introduced. Using ImageJ software, the 

area of the scratch was determined. A measure of the amount of wound closure was 

calculated by taking the average width of ten time-zero measurements and subtracting the 

average width of ten 24-hour measurements.  

 

Apoptosis Array 

HEK 293 cells were grown, transfected and harvested with 100 µl of WCL 

collected, as described above in the lipid raft section. The Proteome ProfilerTM Human 

Apoptosis Array Kit (ARY009; R&D Systems) was utilized with the protocol outlined in 

the kit. The array, a membrane-based sandwich immunoassay, detects 35 human 

apoptosis-related proteins on a nitrocellulose membrane. The duplicated capture 

antibodies bind specific target proteins present in the sample which are detected using 

biotinylated detection antibodies. The array was imaged using enhanced 

chemiluminescence (ECL) reagent (170-5060 Biorad; K-12045-D20 Advansta) and the 

Chemidoc Touch Imaging System (Biorad).  

 

Exosomes 

HEK 293 cells were grown in 100 mm plates, transfected and 100µl WCL 

harvested. The supernatant fluid (12mls) was decanted to a new 50 ml conical and 

centrifuged for 30 minutes at 2,000 x g. Then, 12mls of 16% PEG 6000 (EMD Millipore 

Corporation) was added to the supernatant fluid, inverted several times and then 
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incubated on a rocking platform at 4°C overnight. Samples were then centrifuged at 7197 

x g (max speed) for one hour at 4°C and the supernatant fluid was discarded. Exosomes 

were dried briefly open to air to remove excess fluid then resuspended in 500 µl of PBS. 

167µl laemmli buffer was added and the samples were boiled for 10 minutes at 100°C. 

Western Blots were performed loading 10µl of sample and using GFP antibodies with 

HSC70 and GAPDH antibodies for control. 

 

Cell Compartments 

HEK 293 cells were grown, transfected and harvested as previously described in 

the lipid raft section with 100 µl collected for WCL. Cell compartments were collected 

per the protocol in the Qproteome® Cell Compartment Kit (37502; Qiagen). The kit 

utilizes three extraction buffers introduced to isolate cell fractions in sequential order; 

cytosolic proteins (Extraction Buffer CE1) followed by membrane proteins and proteins 

from the lumen of organelles, such as ER and mitochondria, (Extraction Buffer CE2) and 

finally the insoluble cellular fractions which include the nucleus and cytoskeleton 

(Extraction Buffer CE3). Three cellular fractions were obtained (Cytosolic, Membrane 

and Insoluble) in equal volumes (1ml) of buffer. Western blots were performed loading 

10µl of sample and using GFP antibodies and GAPDH antibodies for control. 

 

Cell Turnover  

HEK 293 cells were grown and transfected as previously described in the lipid 

raft section above. 16, 6 and 2 hours prior to harvest cells were treated with 

Cycloheximide (Sigma-Aldrich) at 75µg/ml. Cells were harvested then centrifuged at 500 
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x g for three minutes and resuspended in 1ml 1X PBS. 333µl laemmli buffer was added 

and lysates were boiled for 10 minutes at 100°C. Western blots were performed loading 

10µl of each sample with GFP antibodies and GAPDH antibodies for control. 

Densitometric analyses of three separate experiments were performed using ImageJ 

software to quantitate GFP and GAPDH levels using arbitrary units. Relative GFP levels 

(relative to GAPDH) were calculated and plotted in Excel, and the slope of the trendline 

determined.  

 

B-cell Transformation 

Whole blood was collected and separated to obtain naïve B-cells using SepMate-

50TM (85450; Stem Cell Technologies). The SepMate-50 is a 50ml conical tube that 

utilizes LymphoprepTM (07801; Stem Cell Technologies) and density gradient 

centrifugation to separate mononuclear cells from whole blood. After separation from 

whole blood using the Human B-cell Enrichment Cocktail (15024; Stem Cell 

Technologies), the cocktail containing primarily B-cells was centrifuged at 1200 x g for 

10 minutes then cells were resuspended in 20 ml RPMI with 20% FBS. A 1ml time-zero 

sample was obtained, and the remaining volume was split in two. Cells were centrifuged 

again for 5 minutes at 1200 x g; the supernatant was decanted then the cells were 

resuspended in 6 ml of wild-type or ∆3 viral supernatant with 20% FBS and 200ng/ml of 

cyclosporin added. Cells were placed into a vented 25 mm flask. The time-zero sample 

was centrifuged, supernatant was discarded and cell pellet immediately frozen at -80°C 

until needed for RNA extraction. One ml of cells from each WT and ∆3 flasks were 

collected, centrifuged and frozen from at -80°C on days 1, 4, 7, 14, 21, 28, 35 and 42. 
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10mls of old media was removed and 10mls of RPMI supplemented with 10% FBS was 

added on Monday and Friday each week. 

 

Quantitative PCR 

Total RNA was harvested, following the last collection of transformed B-cells, 

using the RNeasy kit (74104; Qiagen). cDNA was obtained with the Eppendorf Nexus 

Mastercycler using GoTaq DNA Polymerase (Promega). cDNA was analyzed by real-

time PCR with the ABI 7900HT Real-Time PCR system. Primer sequences were 

caspase-3 forward 5’-GCGGTTGTAGAAGAGTTTCGTG-3’; caspase-3 reverse 5’- 

CTCACGGCCTGGGATTTCAA-3’; cyclin D2 forward 5'-

TACTTCAAGTGCGTGCAGAA GGAC-3'; cyclin D2 reverse 5'-TCCC 

ACACTTCCAGTT GCGATCAT-3'; bcl-2 forward 5’-

GTGGAGGAGCTCTTCAGGGA-3'; bcl-2 reverse 5’-

AGGCACCCAGGGTGATGCAA-3’; caspase-8 forward 5’-

AGAGTCTGTGCCCAAATCAAC-3’; caspase-8 reverse 5’-

GCTGCTTCTCTCTTTGCTGAA-3’. Bio-Rad Universal SYBR Green Supermix was 

used as a master mix for qPCR. Samples were run in duplicate. The fold change in 

relative gene expression (relative to gapdh) was determined. 
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RESULTS 

Sequence alignment of previously published EBV sequences reveals diversity 

in the repetitive elements of CTAR3. To gain better insight into the variability of the 

amino acid sequence of CTAR3, we performed a sequence analysis of seven distinct 

sequence variants of EBV LMP1, which are differentiated by specific amino acid 

changes in the C-terminal domain25. Comparison of the repetitive elements within 

CTAR3 revealed little diversity between the seven strains (Figure 3). Specifically, six out 

of the seven sequence variants contained 4.5 11-aaR, with only one variant having 7.5 

11-aaR. Three of the sequence variants incorporated two PxxPxP motifs with the 

remaining four variants containing one PxxPxP motif. While the differences in the seven 

sequence variants have been proposed to have an effect on LMP1 signaling or immune 

selection, the conservation of the CTAR3 repetitive elements in the consensus sequences 

for each variant shows the number of repetitive elements is preserved between strains. 

However, the question remained if variability existed within the number of CTAR3 

repetitive elements in clinical isolates.  
 

 

 

 

B95.8   DNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP---------------------------------QDPDNTDDNGPQDPDNTDDNGPHDPLP 

Akata   DNGPQDPDNTDDNGPQDPDNTDDNGP--------------------------------------QDPDNTDDNGPQDPDNTDDNGPHDPLP 

Alaskan DNGPQDPDNTDDNGPQDPDNTDDNGP--------------------------------------QDPDNTDDNGPQDPDNTDDNGPHDPPP 

Med     DNGPQDPDNTDDNGPQDPDNTDDNGP--------------------------------------QGPDNTDDNGPQGPDNTDDNGPHDPLP 

Raji    NNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP---------------------------------QDPDNTDDNGPQDPDNTDDNGPHDPLP 

C666_1  DNGPQDPDNTDDNGPQDPDNTDDNGPXDPLP---------------------------------QDPDNTDDNGPQDPDNTDDNGPHDPLP 

CAO     DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP 

       

250 260 270 280 290 300 

 

Figure 3. Comparison of several common EBV lab strains. The 11-aaR are designated by different 

colored font, and the proline-rich regions are designated by gray highlighting.  
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Sequence comparison of 196 different clinical isolates showed 12 common 

sequences (Figure 3). Most (124/137) contained ≥4.5 11-aaR, with the highest number of 

repeats being 7.5. Interestingly, very few clinical isolates encoded ≤ 4.5 11-aaR. Findings 

also revealed the majority of the clinical isolates (75.9%) contained less than two PxxPxp 

motifs, most having only one. No isolates have more than two PxxPxP motifs. Together, 

these findings demonstrate that while the consensus sequences for the accepted seven 

strain variants show little diversity, there is variability in the number of CTAR3 repetitive 

elements in nature. In addition, data suggests that increased variability occurs in the 

number of 11-aaR. We were interested in deciphering functions for the 11-aaR and 

PxxPxP motifs, and we used LMP1-expression constructs that were intact, lacking just 

the 11-aaR, lacking just the PxxPxP motifs or lacking both repetitive elements (dCTAR3; 

no 11-aaR and no PxxPxP motifs) for these studies (Figure 4).   
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B95-8 DNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP---------------------------QDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 
 

DNGPQDPDNTDDNG----------------------------------------------------------------------------PQDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNG-----------------------------------------------------------------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP--------------------------------QDPDNTD-----------DNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP--------------------------------QDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP---------------------------QDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 

DNGPQDPDNTD-----------DNGPHDPLPQDPDNTD-----------DNGPHDPLPQDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTD-----------DNGP-----QGPDNTDDNGPQGPDNTDDNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTD-----------DNGPHDPLPQDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTDDNGPQDPDNTDDNGP-----QDPDNTDDNGPQDPDNTDDNG-----------PHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTD-----------DNGPHDPLPQDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP 

DNGPQDPDNTDDNGPQDPDNTDDNGP-----QDPDNTDDNGPQDPDNTDDNGP-----QDPDNTDDNGPQDPDNTDDNGPQDPDNTDDNGPHDPLP 

	
11-aa	

Repeats	
Jak	

Motifs	
Number	of	
Isolates	

1.5	 1	 2	(1%)	

2.5	 1	 1	(0.5%)	

3.5	 1	 10	(5.1%)	

4.5	 1-2	 41	(20.9%)	

4.5	 2	 55	(28.1%)	

4.5	 3	 2	(1%)	

5.5	 1-2	 43	(21.9%)	

5.5	 2	 5	(2.6%)	

6.5	 1	 31	(15.8%)	

6.5	 2	 1	(0.5%)	

7.5	 1	 5	(2.6%)	

	

 
 

  
11-aa 

Repeats 

PxxPxP 

Motifs 

Number of 

Isolates 

1.75 0.6 4 (2.9%) 

2.5 1 1 (0.7%) 

3.5 1 9 (6.6%) 

4.5 1 27 (19.7%) 

4.5 2 33 (24.1%) 

5 1.8 1 (0.7%) 

5.5 1 32 (23.4%) 

5.8 1 3 (2.2%) 

6.5 1 24 (17.5%) 

7.5 1 3 (2.2%) 

 
Figure 4. Comparison of CTAR3-region in EBV clinical isolates. The 11-aaR are designated by 

different colored font, and the proline-rich motifs are designated by gray highlighting. The number of 

isolates with each alignment of 11-aaR and proline-rich regions are listed. 
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The loss of 11-aaR decreases LMP1’s association with the Ubc9. First, we 

verified our LMP1 expression constructs by analyzing the role of the CTAR3 repetitive 

elements in the reported LMP1/Ubc9 interaction16. Native immunoprecipitations 

confirmed that LMP1 interacted with Ubc9 and loss of CTAR3 abrogated this interaction 

(Figure 5, second lane from the left in the top image). Minimal Ubc9 levels were detected 

in the control immunoprecipitations (Figure 5, first lane from the left in top image), 

suggesting very little non-specific pull-down of Ubc9 occurred. Loss of the 11-aaR (No 

11-aaR and dCTAR3; Figure 5; third and fifth lane from the left in top image) resulted in 

no detectable interaction between LMP1 and Ubc9. Loss of the PxxPxP motif did not 

affect the LMP1/Ubc9 interaction (Figure 5; fourth lane from the left in top image). 

These data suggest that the 11-aaR were required for the LMP1/Ubc9 interaction. 

Because our published work suggested that the 11-aaR contributed to the LMP1/Ubc9 

interaction, our current findings confirm these results and verify the expression constructs 

used in the following studies.  
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Figure 5: The CTAR3 LMP1/Ubc9 interaction. HEK 293 cells were transfected with either control 

(pcDNA) or GFP-LMP1-expression constructs and FLAG-Ubc9 (column headers) for 48 hours. Whole cell 

lysates were collected, and immunoprecipitations were performed with GFP-specific antibodies (left). 

Western blot analyses of the immunoprecipitants and whole cell lysates (2% of total lysates) were 

performed for detection of FLAG-Ubc9 and GFP-LMP1 (right).  

 

Removal of 11-aaR and/or PxxPxP motifs have no significant impact on 

LMP1’s aggregation within lipid rafts. Next, we wanted to begin to decipher the role of 

the CTAR3 repetitive elements in the biology of LMP1. LMP1 localizes to lipid rafts 

within the cell membrane26, so we investigated the function of the repetitive elements in 

the trafficking of LMP1 to lipid rafts. Lipid rafts were isolated and Western Blot analyses 

performed. Results confirmed that LMP1 localizes to lipid rafts. Loss of the 11-aaR 

and/or PxxPxP motif did not affect the association of LMP1 to the lipid rafts (Figure 6).  
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Figure 6. LMP1 repetitive elements and lipid raft aggregation. HEK 293 cells were transfected with 

select GFP-LMP1 constructs (column header). 48 hours post transfection whole cell lysates (WCL) and 

lipid raft fractions were collected using the Bio-Rad® ReadyPrepTM Protein Extraction Kit. Western blot 

analyses using GFP antibodies (right) were performed, and GAPDH antibodies were used as a loading 

control.  

 

LMP1 becomes more insoluble with the loss of repetitive elements in CTAR3. 

To better understand the function of the CTAR3 repetitive elements, we also examined 

the effect of the repeats on the solubility of LMP1. As a transmembrane protein, LMP1 is 

relatively insoluble. In addition, CTAR3 contains a high number of hydrophobic amino 

acids. Analysis of cell compartment fractions demonstrated that no differences in levels 

of membrane-associated LMP1 were detected when comparing wild-type LMP1 to the 

LMP1 mutants (Figure 7; membrane extracts) which supports our finding that the 

repetitive elements did not affect the ability to localize to lipid rafts. LMP1 was detected 

in the soluble, cytosolic extracts, but increased LMP1 levels were detected with the loss 

of the 11-aar and/or the PxxPxP motifs (Figure 7, cytosolic extracts). Analysis of the 

insoluble extract and cytoskeletal proteins revealed loss of the 11-aaR and the PxxPxP 
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motifs resulted in increased levels of insoluble LMP1 (Figure 7; insoluble extract and 

cytoskeletal proteins). These results suggest that both repetitive elements effect the 

solubility of LMP1, which could alter the trafficking of LMP1 within the cell.  

 

 

Figure 7. LMP1 repetitive elements and solubility. HEK 293 cells were transfected with select GFP-

LMP1 constructs (column headers). 48 hours post transfection whole cell lysates (WCL) and fractions of 

differing solubility (left) were collected using the Bio-Rad® ReadyPrep Sequential Extraction Kit. Western 

blot analyses were performed using GFP antibodies (right), and GAPDH was used as a loading control.  

  

Localization of LMP1 within the cell is altered when 11-aaR are removed. To 

visually explore the role of the repetitive elements in LMP1 trafficking, confocal 

microscopy was performed. While LMP1 is always referenced as a plasma membrane 

protein, it localizes throughout the cell, associating with inner membranes and the 

cytoskeleton2. Confocal immunofluorescence studies revealed that LMP1 was detected 

through the cell and at the cell surface (Figure 8). Loss of the 11-aaR resulted in the 

accumulation of LMP1 at perinuclear regions (Figure 8; No 11-aaR and dCTAR3). Loss 
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of the PxxPxP motifs (No PxxPxP) did not result in any detectable changes in LMP1 

distribution when compared with wild-type LMP1.  

 

Figure 8. LMP1 accumulation in the ER. HEK 293 cells were grown on coverslips and transfected with 

select GFP-LMP1 expression constructs (column headers). Cells were fixed with 4% PFA, permeabilized, 

and stained (left) with DAPI (nuclei; blue) and Concanavalin A (ER; red). Images were captured at 60X 

magnification using the Nikon A1 laser confocal microscope.  

 

 

To gain insight into where LMP1 was accumulating when no 11-aaR were 

present, cells were co-stained with Conconavalin A, which binds to alpha-D glycosyl and 

alpha-D mannosyl-residues in the endoplasmic reticulutm (Figure 8; ER). Results 

showed little colocalization of GFP-LMP1 and Conconavalin A in cells expressing wild-

type LMP1 or No PxxPxP LMP1; however, loss of the 11-aaR (No 11-aaR and 

dCTAR3), resulted in the increased colocalization of LMP1 with Conconavalin A, 

suggesting that loss of the 11-aaR results in the accumulation of LMP1 in the ER.  

LMP1 has been shown to localize to and signal from Golgi complexes27. To 

assess if the repetitive elements had an effect on the trafficking of LMP1 to the golgi, we 

co-stained cells with HPA lectin, which binds to terminal alpha-N-acetylgalactosaminyl 

residues in the cis-Golgi cisternae. Loss of the 11-aaR also resulted in a decreased 
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association with Golgi bodies potentially due to the disruption of normal protein 

packaging. Loss of the PXXPXP motifs did not have any noticeable effect on LMP1 

localization (Figure 9).  These results provide further support for a role for the 11-aaR in 

the localization of LMP1 within cells.    

 

Figure 9. Intracellular trafficking of LMP1 to the golgi apparatus. HEK 293 cells were grown on 

coverslips and transfected with select GFP-LMP1 expression constructs (column headers). Cells were fixed 

with 4% PFA, permeabilized, and stained (left) with DAPI (nuclei; blue) and HPA Lectin (golgi; red). 

Images were captured at 60X magnification using the Nikon A1 laser confocal microscope. 

 

The 11-aaR are important for the extracellular trafficking of LMP1. EBV 

transformed LCLs excrete LMP1-expressing exosomes28, which allows the oncoprotein 

to be transferred to surrounding uninfected cells and can promote LMP1-induced 

signaling in these cells. To further evaluate the role of the repetitive elements of CTAR3 

in the trafficking of LMP1, we analyzed exosomes for the inclusion of GFP-LMP1 WT 

or mutant construct following transfection. While LMP1 was detected in exosomes, loss 

of 11-aaR resulted in decreased LMP1 levels in the exosomes (Figure 10). Loss of the 

PxxPxP motif did not alter the incorporation of LMP1 into exosomes, which suggests that 
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the 11-aaR affect the extracellular trafficking of LMP1. Changes in HSC70, used here as 

a loading control and a known exosome-associated protein, were minimal. Together, with 

our findings stated above, our data demonstrates that the 11-aaR of CTAR3 influences 

the intracellular and extracellular trafficking of LMP1.  

 

 

Figure 10. Extracel1ar trafficking of LMP1 to exosomes. HEK 293 cells were transfected with GFP-

LMP1 constructs (column headers). 48 hours post-transfection supernatant fluids and (WCL) were 

collected. PEG 6000 was added to the supernatant fluids, and extracellular vesicles/exosomes were 

harvested. Western blot analyses for GFP (right) were performed. HSC70 and GAPDH (right) were used as 

loading controls.  

 

The 11-aaR influence LMP1 stability. Because we detected a function for the 

11-aaR and PxxPxP motifs in the trafficking of LMP1, we wanted to investigate if these 

repeats affect the stability of the oncoprotein. Cycloheximide (CHX), a naturally 

occurring antibiotic produced by S. griseus, inhibits protein synthesis by binding to the 

ribosome and blocking protein translation. When we treated cells transfected with our 

WT or mutant plasmid constructs with CHX, we observed a decrease in protein 

expression over a 16-hour period (Figure 11A). Using densitometric analysis to 
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determine the rate of protein decay (slope of the trendline), the greatest decrease in 

stability occurred in cells expressing LMP1 that lacked the 11-aaR (Figure 11B; No 11-

aaR and dCTAR3). No differences in the rate of protein loss were detected when 

comparing wild-type LMP1 to the mutant lacking just the PxxPxP motifs. These data 

indicate that the 11-aaR are required to modulate the stability of the oncoprotein.  
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Figure 11. LMP1 WT and mutant plasmid cell turnover. HEK 293 cells were transfected with select 

GFP-LMP1 constructs (left). 48 hours post-transfection cells were treated with Cycloheximide at 16, 6 and 

2 hours (column headers) before harvest. A) Western blots were performed using GFP antibodies and β-

actin as a loading control. The experiment was repeated three times. B) Densitometry was performed on 

repeat experiments and the slope of the resulting trendline determined.  
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The 11-aaR contribute to LMP1-induced cellular migration. Because we 

identified a function for the LMP1 repetitive elements in the trafficking of LMP1, we 

next wanted to investigate if these repetitive elements influence the oncogenic nature of 

LMP1, specifically, cell mobility because it is an important step in oncogenesis and 

metastasis. We previously documented that LMP1-induced migration of  MDA-MB 231 

EBV+ cells  was dependent on CTAR316, so we examined the function of the 11-aaR and 

PxxPxp motifs  in LMP1-induced cell migration transiently transfected HEK 293 cells. A 

significant (P < 0.05) two-fold increase in cell migration was observed in LMP1-

transfected cells (Figure 12). A similar increase in cell migration was observed in cells 

expressing LMP1 that lacked the PxxPxP motifs. Loss of the 11-aaR (No 11-aaR and 

ΔCTAR3) abrogated LMP1-induced cell migration, returning migration to that observed 

in control-transfected cells. These findings suggest that the 11-aaR are required for 

LMP1-induced cell migration, and possibly oncogenesis.  
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Figure 12. LMP1-induced cell migration. HEK 293 cells were transfected with control (pcDNA) or GFP-

LMP1 expression constructs and grown to confluence. Confluent cell layers were scratched with a pipette 

tip, washed and fresh, serum-free media was added to the wells. Images were captured immediately after 

the scratch and after 24 hours. A measure of the amount of wound closure was calculated by taking the 

average width of ten time-zero measurements and subtracting the average width of ten 24-hour 

measurements Data are reported as relative scratch width means ± standard deviations.  

 

The loss of the repetitive elements altered the expression of pro-survival and 

pro-apoptotic proteins.  Because we observed a role for the repetitive elements during 

cell migration, we next wanted to investigate if the repeats affected tumorigenesis, 

specifically focusing on cell survival and cell death. We performed an Apoptotic 

Antibody Array using the HEK 293 cells transfected with our GFP-LMP1 expression 

constructs. Ubiquitin and Cell Stress Antibody Arrays were performed, previously, by 

another student, on established lymphoblastoid cell lines (LCLs) transformed with EBV 

WT or EBV dCTAR3. We observed multiple differences when comparing protein levels 

between the different LMP1 mutants when compared with wild-type LMP1, as well as 

when comparing EBV dCTAR3 LCLs with EBV WT LCLs (Figure 13). Findings 

suggest that the repetitive elements influence cell survival and cell proliferation.  
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Target WT No 11-aaR No PxxPxP dCTAR3 

Bcl-2 + + +/- - 

Caspase 8 + ? ? ++ 

Caspase 3 + ++ + -/+ 

Cleaved Caspase-3 + - - - 

Clusterin + +/- +/- - 

Cytochrome-C + +/- +/- - 

Cyclin D1 + ? ? ++ 

FADD + + + - 

Survivin + + + - 

 

Figure 13. Antibody arrays and LMP1 repetitive elements. HEK 293 cells were transfected with select 

GFP-LMP1 constructs (headers). 48 hours post-transfection an apoptosis array was performed using the 

R&D Systems Proteome ProfilerTM Human Apoptosis Array Kit. + positive presence of target protein. 

Ubiquitin Array Kit and Cell Stress Array Kit were used to compare EBV WT LCLs and EBV dCTAR3 

LCLs. ++increase levels of target protein; +/- no change in target protein levels; - decreased levels of target 

protein.  

 

 

 

Pro-survival gene expression overcomes pro-apoptotic signaling over time in 

LCLs. In order to better investigate the role of the repetitive elements in tumorigenesis, 

we focused on the transformation of naïve B-cells to immortalized cells. Naïve B-cells 

were collected and infected with virus encoding wild-type LMP1 (EBV WT) or LMP1 

lacking CTAR3 (EBV dCTAR3). B cells were collected at days 0, 1, 4, 7, 14, 21, 28, 35 

and 42 post infection, and RNA harvested. Quantitative, real time-PCR was performed to 

determine relative caspase-3, caspase-8, cyclin D1 and bcl-2 levels (relative to gapdh) 

during the transformation process (Figure 14). When comparing the relative expression 

of the pro-apoptotic caspase-3 and caspase-8, data suggested that the RNA levels for 

these pro-apoptotic genes decreased earlier in the transformation process in cells infected 

with EBV dCTAR3 when compared with cells infected with EBV WT (Figure 14A and 

14B). Caspase-3 levels significantly (P < 0.05) varied in the EBV dCTAR3-infected cells 
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when compared with EBV WT-infected cells up to 21 days post-infection, while caspase-

8 levels were similar in both experimental arms by seven days post-infection.  

When examining the expression of the pro-survival bcl-2, both EBV WT-infected 

and EBV dCTAR3-infected cells exhibited a drastic and sustained decrease in bcl-2 

levels following infection (Figure 14 C). Interestingly, Shen et al.29 reported a lower 

expression of BCL2 protein levels in germinal center B-cells when compared to resting or 

memory B-cells.  

When examining the expression of cyclin d1, which is involved in cell cycle 

progression, we observed significant increases in cyclin d1 levels starting at 7 days post-

infection in the EBV dCTAR3-infected cells when compared with EBV WT-infected 

cells (Figure 14D). This increase was sustained out through 28 days post-infection and 

coincided with increased cell growth. After 28 days, the WT levels caught up with 

dCTAR3, which could have an increase in cell death, further investigation will be 

necessary to determine exactly what occurs. These data suggest an importance for 

CTAR3 during the transformation process in modulating cell survival and cell 

proliferation. 



32 

 

 

                    

 

                     

Figure 14. Cell survival and cell cycle progression-signaling during transformation of naïve B-cells. 
Naïve B-cells were collected from whole blood using the SepMate 50 tubes by Stem Cell Technologies 

then infected with EBV using supernatant collected from HEK 293 cells expression LMP1-WT or dCTAR3 

virions. Cells were grown for 42 days with 1mL of cells collected on day(s) 0, 1, 4, 7, 14, 21, 28, 35, and 

42. rt-PCR and q-PCR was performed for each sample. Relative caspase-3, caspase-8, bcl-2, and cyclin-d2 

levels (relative to gapdh levels) were quantified. Results are shown as the mean ± standard deviation.

A B 

C D 
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DISCUSSION 

Since the discovery of EBV in 1964, significant knowledge has been gained about 

the association of lymphoid malignancies with EBV infections. Many studies led to the 

recognition that LMP1 is the principal oncoprotein associated with these malignancies2.  

Over the years, the majority of published findings focused on functions for CTAR1 

and/or CTAR2, so little was known about the role of CTAR3 in LMP1 biology after its 

discovery in 199914; however, this works was considered controversial do to conflicting 

reports of a function for CTAR3 in activation of the JAK-STAT pathway14,30. In 2009, 

we documented the first function for CTAR3 in LMP1-induced increased post-

translational modification of cellular proteins through its interaction with Ubc9 16; the 

modulation of innate immune response17 and maintenance of EBV latency 18. These 

focused on the loss of the entire CTAR3 domain and not on the specific functions of the 

two repetitive elements found within CTAR3.  Here, we investigated roles for the LMP1 

11-aaR motifs and the PxxPxP motifs. Results showed that of the two repetitive elements, 

there is greater variability in the number of 11-aaR in EBV-infected hosts and loss of the 

11-aaR had a more significant effect on the biology of LMP1. Therefore, our findings 

suggest that the 11-aaR may contribute to the oncogenic nature of LMP1.  

Comparison of the seven consensus strains of EBV showed little variability in the 

number of CTAR3 repetitive elements; however, alignment of 137 clinical isolates 

revealed variability exists in the number of 11-aaR in nature. These clinical isolates were
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obtained from blood and tumor biopsies of patients with various EBV-associated  

lymphomas, nasopharyngeal and gastric carcinomas, patients with infectious 

mononucleosis, renal transplant patients and patients diagnosed with post-transplant 

lymphoproliferative disorders (PTLD; T-cell and B-cell). The 14 samples that encoded 

less than 4.5 11-aaR were from patients with infectious mononucleosis (7/34), gastric 

carcinoma (5/10), or renal transplant patients and PTLD samples (2/27). The severity of 

EBV infection in transplant recipients and the elevated liver enzymes associated with a 

decreased number of 11-aaR in patients with infectious mononucleosis leads us to 

propose a potential role for the 11-aaR during lytic replication and in modulating LMP1-

mediated pathogenesis. These analyses led us to investigate specific functions for the 11-

aaR and PxxPxP motifs in LMP1 biology.   

We previously documented that CTAR3 was necessary and sufficient to mediate 

the LMP1/Ubc9 interaction16 so we used this known interaction to analyze our LMP1-

expression constructs. Bentz et al.16 documented that CTAR3 was required for LMP1 to 

interact with the SUMO-conjugating enzyme Ubc9. Here, we better defined this 

interaction, documenting that the 11-aaR were required for the LMP1/Ubc9 interaction; 

therefore, it is possible that the variability in the number of 11-aaR may modulate the 

ability of LMP1 to interact with Ubc9 thus the ability to manipulate sumoylation 

processes. For example, the clinical isolates with ≤ 4.5 11-aaR may exhibit decreased 

ability to hijack Ubc9, while isolates with ≥ 4.5 11-aaR would display increased 

interactions with Ubc9. Our identification that the 11-aaR are necessary for the 

LMP1/Ubc9 interaction, along with our proposed function for LMP1-mediated 
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modulation of sumoylation processes in oncogenesis support our hypothesis that the 11-

aaR have a greater function in LMP1 biology than the PxxPxP motifs.  

We initiated our studies investigating the role of the CTAR3 repetitive elements 

in the incorporation of LMP1 into lipid rafts which are found within the plasma 

membrane of cells and, consist of dynamic and temporary clusters of cholesterol, 

sphingolipids, glycolipids, GPI-anchored proteins and some transmembrane proteins. 

Due to the hydrophobic nature of LMP1, it is believed that LMP1 aggregates within lipid 

rafts31 and this aggregation is directed by the transmembrane domains of the protein26. 

Altered aggregation of LMP1 in lipid rafts can modulate downstream signaling initiated 

by LMP131, so inhibition of this aggregation has therapeutic possibilities.  Our data 

indicated that loss of the repetitive elements, both the 11-aaR and PxxPxP motifs, found 

within CTAR3 did not alter the association of LMP1 to lipid rafts, which is consistent 

with a previous report31. Therefore, the 11-aaR or PxxPxP motifs would not be a 

mechanism by which the lipid raft association of LMP1 could be impacted.  

While lipid rafts are most common in the plasma membrane, they have also been 

found in other cellular membranes, such as the golgi apparatus and lysosomes. Alteration 

of subcellular LMP1 localization has previously been reported32 and altered LMP1 

localization is associated with aberrant LMP1-signaling26. While we did not detect any 

differences in the lipid raft association of LMP1 in our mutants, we did find that a 

function for the 11-aaR is the intracellular and extracellular trafficking of LMP1.  

LMP1 localizes to the plasma membrane, as well as with the actin cytoskeleton 

and other cellular compartments33. Findings showed that loss of the 11-aaR led to 

accumulation of LMP1 in insoluble fractions with cytoskeletal proteins and increased the 
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perinuclear and intracellular accumulation of LMP1. Specifically, LMP1 accumulated in 

the ER with the loss of the 11-aaR and displayed a decreased association with golgi 

bodies. This accumulation in the ER and loss of association with golgi bodies could be a 

result of protein packaging errors and my impact LMP1-induced signaling during latent 

infections.  

The 11-aaR were also required for the extracellular trafficking of LMP1. 

Exosomes are nanoparticle sized extracellular vesicles secreted from cells to transfer 

functional proteins and nucleic acids to nearby cells32. These extracellular vesicles form 

following budding from multivesicular bodies (MVBs)32 and function in EBV 

pathogenesis due to their ability to induce LMP1-mediated activation of MAPK/ERK and 

PI3K/Akt signaling pathways in neighboring cells34. LMP1, found within exosomes 

collected from LCLs, brings with it EBV-mRNAs and transcription factors necessary for 

inducing signal transduction events in the recipient cell28. We observed loss of exosome 

association by LMP1 when the 11-aaR were removed indicating a significance for the 11-

aaR in trafficking of the oncoprotein to exosomes. Our findings contradict a recent study 

that found that the C-terminal region of LMP1 was not necessary for packaging of LMP1 

into exosomes32. Instead, the transmembrane domain-1 with the associated N-terminus 

was vital for appropriate sorting of LMP1 into extracellular vesicles32. Interestingly, 

when the first transmembrane domain is deleted and the N-terminal tail is fused to 

another transmembrane domain, LMP1 was reported to still be sorted into exosomes32. 

However, it is possible that retention of the PxxPxP motifs and loss of the 11-aaR alters 

LMP1 structure resulting in incorrect protein formation that was not seen in the previous 

study because they removed both CTAR3 repetitive elements. While CTAR3 is 
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considered an intrinsically unstructured region, future studies will examine the function 

of these motifs in protein structure to determine if loss of the 11-aaR and retention of the 

PxxPxP motifs could have potential therapeutic implications. 

Throughout many of our experiments, we detected variations in the levels of 

protein expression when comparing LMP1-WT to the mutant plasmid constructs. Using 

cycloheximide to halt protein translation for different lengths of time, we detected 

decreases in LMP1 levels over time. Densitometric analysis of western blots revealed that 

loss of the 11-aaR resulted in increased turnover of LMP1 and suggested that it 

contributed to the stability of the oncoprotein. Our sequence alignments revealed that 

numerous EBV-positive gastric carcinomas are infected with virus and they encode very 

few 11-aaR. EBV-positive gastric carcinomas typically have high LMP1 mRNA levels 

but almost no detectable LMP1 protein levels. Therefore, our findings that the 11-aaR 

contribute to LMP1 stability may help explain why LMP1 protein levels may not be 

detected even when mRNA levels are high.  

The ability of LMP1 to induce phenotypic changes such as lack of contact 

inhibition and anchorage-independent growth, both classic hallmarks of cancer and 

metastasis, has been associated with increased protein sumoylation35. Additionally, Bentz 

et al.16 demonstrated that the interaction between LMP1-CTAR3 and Ubc9 was essential 

to increased cellular migration. Our data supports these previous reports and indicates 

that the 11-aaR of CTAR3, specifically, are necessary for the phenotypic changes 

previously reported. We observed a decrease in cellular migration with the “No 11-aaR” 

and “dCTAR3” recombinant protein when compared to the WT and “No PxxPxP”, 

providing additional evidence that the 11-aaR do in fact function in the tumorigenesis 
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noted with LMP1. Moratz and Kehrl36 established a method for assessing the migratory 

capacity of B-cells transfected with GFP utilizing flow cytometry. In the future, a cellular 

migration assay using our WT and dCTAR3 LCLs may provide further insight on the 

phenotypic changes associated with LMP1.  

In addition to phenotypic changes associated with tumorigenesis, LMP1 is also 

believed to be essential for the transformation of naïve B-cells, during which the cell 

death pathway must be corrupted in order for the cells to continuously proliferate. 

Previous reports documented that LMP1 blocks the apoptotic signaling pathway via 

upregulation of BCL-2 pro-survival proteins37; however, the report also outlines several 

tactics utilized by EBV to override the cell death signaling pathway. Antibody arrays 

suggested that the CTAR3 11-aaR are required for the modulation of the pro-survival 

signaling necessary for B-cell transformation.  

Supporting these studies were our studies investigating gene expression during the 

transformation process using virus encoding LMP1 WT or LMP1 dCTAR3. Given our 

previous results with the apoptosis array, we were specifically interested in gene 

expression, during the B-cell transformation, when a switch from pro-apoptotic to pro-

survival occurs. Largely, the pro-apoptotic signaling via caspase-3, and caspase-8 

decreased within the first 14 days of the 42-day transformation. The drastic reduction in 

caspase-8, initially, makes sense considering it is the activator of caspase-3 leading to 

apoptosis. Results showed that infection of cells with the EBV dCTAR3 virus resulted in 

faster decreases in caspase-3 levels, which varied during the first three weeks of the 

experience. In a similar manner, caspase-8 expression levels decreased faster following 

infection with EBV dCTAR3 when compared to EBV WT, but caspase-8 levels became 
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similar by one-week post-infection.  When examining the expression of pro-survival 

genes, results showed that following infection with both viruses, bcl-2 levels, drastically 

reduced during the first 7 days of the transformation process. Price et al.38 also observed a 

reduction in bcl-2 response as a result of EBV-mediated upregulation of NFκB signaling 

by LMP1. Additionally, Oudejans and Walboomers39 reported a role for BHRF1, a BCL-

2 homologue, in the transformation process.  Therefore, it is possible that at early times 

following infection, the virus in capable of inducing alternative methods to overcome loss 

of cellular bcl-2 levels. When cyclin-D2 levels were examined, results showed that loss 

of CTAR3 corresponded with increases in cyclin-D2 levels within the first 7 days and 

cyclin-D2 levels remain elevated in EBV dCTAR3-infected cells when compared with 

EBV WT-infected cells our through four-week post-transformation.  These changes in 

gene expression coincided with the faster outgrowth of transformed B-cells following 

infection with EBV dCTAR3. Therefore, we propose that the change from pro-apoptotic 

to pro-survival signaling can be aided by CTAR3. Future studies will be performed to 

examine the expression of other pro-apoptotic and pro-survival genes, such as, FADD, 

bcl-XL, cdk6, or livin following transformation with EBV WT or EBV dCTAR3. 

In summary, our results have led us to propose that the 11-aaR found within 

CTAR3 are required for the efficient and correct intracellular and extracellular trafficking 

of LMP1, as well as, the stability of LMP1.  In addition, we propose CTAR3 functions 

during transformation and tumorigenesis regulating transcriptional changes during the 

transformation of naïve B-cells, and contributing to LMP1-induced cell migration, which 

occurs during tumorigenesis. Together, these findings confirm that CTAR3 does function 
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and suggests a possible explanation for why the natural variability within the number of 

11-aaR within CTAR3 may affect patient outcome. 
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FUTURE DIRECTIONS 

In order to further elucidate the mechanism of transformation, it will be necessary 

to create stable cell lines expressing the other two variants (No 11-aaR and No PxxPxP) 

of the B95.8 WT virus. We have obtained HEK 293 cells stably expressing the WT, No 

11-aaR, No PxxPxP and dCTAR3 latent membrane protein-1. In the future, we will 

induce lytic replication of these cells to obtain mutated virion then transform naïve B-

cells using the mutated virion. We will then repeat all experiments endogenously. 
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