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Abbreviations 

 

∆ Knockout or deletion 

Ab Antibody 

Amp Ampicillin 

BAC Bacterial artificial chromosome 

BL Burkitt’s lymphoma 

cHL  classical Hodgkin’s lymphoma 

DNA Deoxyribonucleic acid 

E.coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

FBS   Fetal bovine serum 

DLBCL Diffuse large B cell lymphoma 

ds  double-stranded 

eBL  endemic Burkitt's lymphoma 

EBV  Epstein-Barr Virus 

EBNA Epstein Barr Nuclear Antigen 

FBS  fetal bovine serum 

fwd  forward 

GC Gastric carcinoma 

GFP Green fluorescence protein 

gp Glycoprotein 

HEK Human Embryonic Kidney 

HL Hodgkin’s lymphoma 

HRP Horseradish peroxidase 

IF Immunofluorescence 

IM Infectious mononucleosis 

IE  Immediate Early lytic gene 

Kb Kilobase pair 

kDa Kilodalton 
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LB Luria-Bertani 

LCL Lymphoblastoid cell line 

LMP latent membrane protein 

moi Multiplicity of infection 

nt  nucleotide 

NPC Nasopharyngeal carcinoma 

OriLyt Lytic Origin of replication 

OriP Latent Origin of replication 

ORF  open reading frame 

PAGE Polyacrylamide gel 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PTLD Post-transplant lymphoproliferative disorder 

PBMC  peripheral blood mononuclear cells 

qPCR Quantitative polymerase chain reaction 

rEBV Recombinant EBV 

rM81 Recombinant M81 EBV strain 

RNA Ribonucleic acid 

rpm Round per minute 

RPMI Roswell Park Memorial Institute 

SDS Sodium dodecyl sulfate 

sBL  sporadic Burkitt lymphoma 

Tet Tetracycline 

TPA 12-O-tetradecanoylphorbol-13-acetate 

TR Terminal repeat 

Tris Tris-Hydroxymethyl-Aminomethane 

UV Ultraviolet 

WT Wild type 

WB Western Blot 
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1 Introduction 

1.1 The Epstein-Barr virus (EBV) 

In 1964, the virologists Michael A. Epstein and Yvonne M. Barr successfully identified 

herpesvirus-like particles from African Burkitt’s lymphoma tissues by using electron 

microscopy (Fig.1). EBV was the first human tumour virus to be discovered, and since then, 

the list of human cancers this virus causes has been steadily increasing (Epstein 2015; Henle 

et al. 1967).  

The herpesvirus family consists of three subfamilies, alpha-, beta-, and gamma-Herpesviridae. 

Members of the gamma herpesvirus subfamily are widespread in nature and infect a variety 

of mammalian species, including humans. EBV, or Herpes Virus 4 (HHV4) belongs to this 

subfamily. It is a double-stranded DNA γ-herpesvirus of about 170-175 kilobases (kb) in size. 

EBV is recognized by the World Health Organization as a Class I oncogenic virus, and it 

accounts for over 200,000 cases of cancers (de Martel et al. 2012; Farrell 2019; Khan and 

Hashim 2014).  

In humans, EBV spreads mainly through saliva, can infect B cells, and then establishes a 

lifelong latent infection pattern cells through a series of viral latent transcription programs. 

EBV can infect epithelial cells but does not trigger the full growth-transforming program of 

the virus and infrequently achieves full lytic replication in these cells. In contrast, the ability 

of EBV to transform resting B cells in lymphoblastoid cell lines (LCLs) has provided a 

versatile model of the virus infection and transformation (Young and Rickinson 2004). 

 

 

 

 

 

 

 

 

 

Fig.1 (A) The first electron micrograph of EBV. The figure was taken from Epstein A (2015) 

(Epstein 2015). (B) A diagram of location and transcription of EBV latent genes on the 

dsDNA episome from (Young and Murray 2003). 
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1.2 EBV genome 

The EBV genome was the first herpesvirus genome to be sequenced (Baer et al. 1984). The 

introduction of EBV B95.8 genome into a Bacterial Artificial Chromosome (BAC) made it 

possible to create recombinant EBV (rEBV) mutant and to study single EBV gene functions 

(Delecluse et al. 1998). In fact, many EBV strains from patients have been now been isolated, 

sequenced and cloned into BAC, for example, the M81 strain from a Chinese patient with 

nasopharyngeal carcinoma (Tsai et al. 2013), as well as the SNU719 and YCCEL1 strains that 

were cloned from two gastric cancer cell lines (Kanda et al. 2016).  

EBV possesses a large double stranded DNA genome, that persists in the nucleus of infected 

cells. The open reading frames (ORFs) of EBV are generally classified as lytic or latent. The 

EBV genome encodes more than 80 viral proteins as well as multiple noncoding RNAs (Baer 

et al. 1984; Notarte et al. 2021). The tandemly arranged terminal repeats (TRs) which are 

approximately 500 bp in size flank the EBV genome at both ends, allowing its circularization 

after infection of host cells (Zimmermann and Hammerschmidt 1995). In latent LCLs, the 

EBV genome exists in multiple circular forms known as episomes. The number of episomes 

can vary from 1 to more than 50 copies (Kripalani-Joshi and Law 1994). 

The episomes are tethered to host cellular mitotic chromosomes via the virus protein EBNA1 

that binds repetitive sequences in the latent origin of replication OriP to retain viral genomes 

in the nuclear and chromosomal domains during host cell division. There are RGG-like 

motifs in the EBNA1 N-terminal domain that can interact with the host cell protein EBP2 

(Kapoor et al. 2005), with AT-rich DNA (Sears et al. 2004) and with G-quadruplex RNA 

(Norseen et al. 2009). Recent research has revealed that EBNA1 forms a DNA crosslink with 

the EBV origin of plasmid replication oriP, which is crucial for episome maintenance and the 

generation of EBV-transformed lymphoblastoid cell lines. This crosslinking is cell cycle-

dependent, and EBNA1 tyrosine 518 (Y518) is essential for crosslinking to oriP and for 

replication fork termination at oriP in vivo. The study has also identified that EBNA1 forms 

tyrosine-dependent DNA-protein crosslinks and single-strand cleavage at oriP, which are 

required for replication termination and viral episome maintenance (Dheekollu et al. 2021). 

 

1.3 The structure of EBV 

The mature EBV virion is about 122-180nm in size (Aguayo et al. 2021). Starting from the 

inside, a herpesvirus particle comprises four layers: DNA core, capsid, tegument, and 

envelope. The innermost part of the EBV virion contains a copy of linearized viral DNA 
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surrounded by the nucleocapsid. The outer layer of an EBV viral particle is composed of a 

complex of viral glycoprotein spikes. The space between envelope proteins and viral 

nucleocapsid is filled with the so-called tegument proteins, which are crucial for the assembly 

infection and maturation of virus (Hutt-Fletcher 2015). The viral glycoproteins determine the 

tropism for host cells by interacting with different cellular surface molecules and mediate 

attachment, fusion, and entry into the host cells (Fig.2). B-lymphocytes and epithelial cells 

are the major sites for EBV infection and EBV uses different glycoprotein combinations to 

infect B cells and epithelial cells. CR2, also known as CD21, is expressed on B-lymphocytes 

and is the receptor for the attachment to the EBV viral envelope glycoproteins gp350/220 to 

its target cell (Young et al. 2007). Compared to B-lymphocytes entry, gp350/220 is not 

required for EBV infection for epithelial cells but may be replaced functionally by the EBV 

BMRF2 protein (Connolly et al. 2011; Xiao et al. 2008). 

 

 

 

 

Fig.2: The EBV structure. An electron micrograph (left) and a simplified diagram of the 

structure of EBV (right) virions are shown. The electron micrograph of two Epstein Barr 

Virus virions (virial particles) shows round capsids-protein-encased genetic material loosely 

surrounded by the membrane envelope. The annotated representation of an EBV virion 

portrays the classic structural features of herpesviruses. The linear dsDNA genome is 

packaged by a protein nucleocapsid which is surrounded by an envelope containing both 

lipids and surface glycoproteins. The two pictures were taken from Wikipedia. 
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1.4 Entry into target cells  

EBV can target either the B cells or epithelial cells via interactions with a wide range of 

glycoproteins (Mohl et al. 2019). The fusion of EBV with B cell or epithelial cells requires 

three glycoproteins, the gH, gL and gB which are partly conserved in the herpesvirus family 

(Spear and Longnecker 2003). Under some conditions, EBV may infect T cells, natural killer 

cells, smooth muscle cells, and monocytes (Hutt-Fletcher 2007). The function of each 

glycoprotein and glycoprotein subgroups greatly differs in attachment, binding, and 

membrane fusion entry processes, and targeting infection cells (Fig.3).  

The mechanisms underlying the attachment of EBV to B cells and epithelial cells are 

different. The entry of EBV into B cells is through endocytosis (Tanner et al. 1987). Here, the 

interaction of gp350/220 with the host CR2 is responsible for EBV attachment to B cells with 

high affinity (Moore et al. 1989). EBV lacking gp350/220 have a greatly reduced binding and 

transforming ability in B cells (Janz et al. 2000). Both antibodies to gp350/220 or to soluble 

forms of CR2 block virus binding, thereby neutralizing B-cell infection (Moore et al. 1991; 

Tanner et al. 1988). EBV gp350/220 first attach with CR2, and then tethers EBV to B-cell 

membranes (Birkenbach et al. 1992). In a second step, gH/gL-gp42 binds to receptor HLA 

class II. This process of binding enables gH/gL-gp42 to interact with the prefusion form of 

gB.  

In contrast to B-cells, the role of CR2 in epithelial cell infection, if any, remains unclear.  

Low levels of CR2 may be expressed by malignant epithelial nasopharyngeal cells (Billaud et 

al. 1989). Moreover, CR2/CD21 was detected on both apical and basolateral surfaces of 

polarized MDCK cells, with predominant expression basolaterally (Chodosh et al. 2000). 

However, CR2 expression on normal tissues is restricted to tonsil and adenoid epithelium 

(Jiang et al. 2012).  

The current view is that epithelial cells generally do not express CR2 at significant levels 

(Fingeroth et al. 1999; Java et al. 2015; Miller and Hutt-Fletcher 1992). The entry of EBV 

into epithelial cells occurs through direct fusion with the cell membranes (Molesworth et al. 

2000; Oda et al. 2000). This contrasts with B cells in which EBV entry relies on endocytosis 

after CR2 binding. BMRF2, a multi-span EBV membrane protein has been reported to play a 

significant role in epithelial entry.  BMRF2 contains an extracellular RGD motif that acts as a 

ligand for α1, α5, α3, and αv integrins (Chesnokova and Hutt-Fletcher 2011). This interaction 

is particularly crucial for infecting polarized epithelial cells. Notably, antibodies targeting 

BMRF2 or alpha5β1 integrin effectively block EBV infection of polarized epithelial cells 

through the basolateral cell surface. 
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Two other glycoproteins, gH and gL, serve as ligands for epithelial cells. gH/gL can bind to 

the Ephrin receptor A2 (EphA2) and to the nonmuscle myosin heavy chain IIA (NMHC-IIA). 

EBV gB can also interact with NRP1. These interactions trigger a membrane fusion signal, 

facilitating the fusion of the viral envelope with the host cell membrane (Wang et al. 2015; 

Xiong et al. 2015; Zhang et al. 2018).  

 

 

Fig.3: Model illustrating EBV infection in humans. EBV is transmitted through saliva usually 

and first comes in contact with oropharynx and tonsils, where it primarily infects naïve B 

cells, memory B cells and possibly epithelial cells. EBV then establishes latent infection in 

naïve B cells, while a small fraction of them enters lytic infection. The latently infected naïve 

B cells undergo a phase of rapid expansion under the influence of EBV latent genes, then 

enter the germinal centre (GC), transiting to a more restricted form of viral latency. The 

infected B cells differentiate into resting memory B cells, where EBV maintains its lifelong 

persistence. The EBV-infected resting memory B cells recirculate to the peripheral blood. 

Under certain stimulations, these resting memory B cells can differentiate into plasma cells. 

Then they re-enter a lytic infection state, producing infectious virions, which starts a new 

round of transmission. This image was adapted from Guo-Long Bu et al., 2022 (Bu et al. 

2022). 

 

1.5 The EBV lifecycle  

EBV can induce in its target cells a latent or a lytic infection. EBV generally establishes 

latent infection in B cells and lytic infection in epithelial cells to generate progeny virions 
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(Kenney and Mertz 2014). Both latent and lytic infections of EBV are associated with viral 

persistence and lifelong infection in humans (Hatton et al. 2014).  

1.6 Latent phase  

When EBV accomplishes primary infection of B-lymphocytes, the EBV genomic DNA exists 

as a circular plasmid and behaves like a miniature host chromosomal DNA (Jochum et al. 

2012). Latency results in the transformation of B-cells into proliferating lymphoblastoid cell 

lines (LCLs). During latency, no infectious viral particles are synthesized (Thorley-Lawson 

2015), and only a few viral proteins and transcripts are produced (Babcock et al. 1998; 

Hochberg et al. 2004; Miyashita et al. 1997). These latent viral proteins activate the 

proliferation of host B-cells and contribute to lymphoproliferative disease in 

immunosuppressed patients.  

In the early phases of EBV infection in B cells, six EBV nuclear antigens (EBNAs) are 

transcribed from an early latent promoter (Wp). Subsequently, promoter usage shifts to an 

upstream promoter, Cp, which is autoregulated by both EBNA1 and EBNA2 (Schlager et al. 

1996; Woisetschlaeger et al. 1990). The transcription factor EBNA2 has the ability to activate 

viral LMP genes and around 300 cellular genes, such as MYC and RUNX3 (Spender et al. 

2006; Zhao et al. 2006). These genes, along with their downstream targets, play a crucial role 

in promoting the proliferation and survival of EBV LCLs. EBNA-LP (EBNA leader protein), 

along with its role in co-activating certain genes with EBNA2, also facilitates the recruitment 

of multiple transcription factors to the viral genome, which enables the transcription of genes 

associated with EBV latency (Szymula et al. 2018). EBNA3 family proteins, including 

EBNA3A, EBNA3B, and EBNA3C, have distinct functions. While EBNA3A and -3C 

collaborate to facilitate transformation, EBNA3B is not required for this process (Allday et al. 

2015). These proteins also function as gene expression regulators, either repressing or  

activating genes. 

In addition to the EBNA and LMP proteins, EBV also produces several functional RNAs, 

including EBER RNAs and multiple miRNAs, after B cell infection. The BART miRNAs 

have been shown to target a range of potentially cancer-relevant genes, including tumor 

suppressors such as DICE1 (Lei et al. 2013), PUMA (Choy et al. 2008), PTEN (Cai et al. 

2015), and BCL2L11 (BIM). 

Deletions of specific viral genes in EBV mutants have demonstrated the indispensability of 

EBNA1, EBNA2, EBNA3C, and LMP1 in the conversion of primary human B cells to LCLs. 

In addition, at least one of the two viral anti-apoptosis genes, BHRF1 or BALF1, is necessary 
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for the process (Altmann and Hammerschmidt 2005). 

 

1.7 Latency expression programs 

During latency, LCLs express viral latent proteins that consist of six EBV nuclear antigens 

(EBNAs 1, 2, 3A, 3B, 3C, and EBNA-LP) and three latent membrane proteins (LMPs 1, 2A, 

and 2B). They also express viral noncoding EBER RNAs (EBER1 and EBER2) and EBV-

encoded microRNAs (miR-BHRF1 and miR-BART) (Price and Luftig 2014). The viral 

products expressed in infected cells and in diseases caused by the virus are grouped in 

distinct programs during EBV latent infection. Three different latency programs are 

recognized depending on the lymphoproliferative disorders, each of which is associated with 

a different stage of B-cell infection. In Latency III, EBER1, EBER2, EBNA1–3, LMP1, 

LPM2A, and LMP2B are expressed. This viral expression pattern is associated with EBV 

post-transplant diffuse large B-cell lymphoma (PT-DLBCL). In Latency II, it is more 

restricted in its protein expression (EBER1, EBER2, EBNA1, LMP1, LMP2A) and is 

associated both with PT-DLBCL and Hodgkin lymphoma. The most restrictive latency 

program is Latency I with the expression of only EBER1, EBER2, EBNA1, that is associated 

with BL (Elgui de Oliveira et al. 2016; Kempkes and Robertson 2015; Morscio and Tousseyn 

2016). Latency 0 is the predominantly silent state where only EBERs are expressed in 

peripheral memory B cells (Murata et al. 2014). The expression pattern of EBV proteins and 

RNAs under different latency programs is presented in Table. 1 for reference and comparison. 

 

Table.1 EBV latency programs: expression of proteins and RNAs. 

Type of latency  EBER EBNA1 BART LMP1/2 EBNA2, 3A/B/C, LP 

Latency III × × × × × 

Latency II  × × × ×  

Latency I × × ×   

Latency 0 ×     

 

After infection, EBV can express its genes in four different patterns referred to as type 0, type 

I, type II, and type III latency. Type 0 latency does not express any proteins, while type I 

expresses only EBNA1. Type II expresses EBNA1, LMP1, and LMP2, and type III expresses 

all of the EBV-associated latency proteins, including EBNA1, EBNA2, EBNA3, EBNA-LP, 

LMP1, and LMP2. However, in all types of latency, EBERs are expressed. BART, on the 
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other hand, is expressed in all forms of latency, except for latency 0. 

 

1.8 Lytic phase  

The lytic cycle is initiated by the viral immediate-early genes, BZFL1 (also known as 

ZEBRA, Zta, EB1, or Z) and BRLF1 (also known as Rta or R) (Binne et al. 2002; Miller et al. 

2007). BZLF1 binds and activates promoters containing Z-response elements (ZREs) (Niller 

et al. 2009; Sinclair 2013), and seems to preferentially bind ZREs that are highly methylated 

(Kalla et al. 2010; Woellmer et al. 2012). BRLF1 can enhance transcription directly by 

binding DNA at GC-rich promoter sequences to activate transcription (Gruffat and Sergeant 

1994) BZLF1 and BRLF1 are transcription factors, activating each other’s promoters 

(Flemington and Speck 1990; Ragoczy et al. 1998; Zalani et al. 1996). The activation will 

then subsequently initiate the expression of a panel of EBV early genes, including BMRF1, a 

viral DNA polymerase processivity factor (also called early-antigen diffuse (EAD)) and 

BGLF4, a virus-encoded protein kinase (Kenney and Mertz 2014). Once the viral DNA has 

been replicated, the late lytic genes are expressed, many of which encode structural or 

packaging elements of the virus. 

 

1.9 Reactivation from latent phase to lytic phase   

Although EBV is usually found to be latent in infected cells both in vivo and in vitro, the 

virus regularly reenters the lytic cycle to produce progeny viruses and infect new cells within 

the host, thereby guaranteeing persistence and dissemination into new hosts. Thus, EBV 

occasionally reactivates out of latently infected B cells. While latent infection permits 

persistence of the virus for the life of the host, lytic replication enables production of 

infectious virions necessary for transmission from cell to cell and host to host.  As it is known 

that EBV persists in a latent form in B cells, it can switch to a lytic infection which is called 

reactivation. The synthesis of BZLF1 is sufficient to induce reactivation in most-positive cell 

lines (Countryman et al. 1987), while BRLF1 induces reactivation in some cell lines (Wille et 

al. 2013; Zalani et al. 1996). EBV reactivation has been shown to occur in a subset of 

individuals with a variety of cancers, autoimmune diseases, the autoimmune-like diseases etc, 

(Kerr 2019). Chronic EBV reactivation plays an important role in the pathogenesis of many 

such diseases. 

In 1970, HKLY-18, a B cell lymphoblastoid cell line (LCL), was established from the tissue 
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of a Hong Kong Chinese patient with nasopharyngeal carcinoma (De-The et al. 1970). Then 

virus from this line was passaged to B cells, and two LCLs (M81 and M82) were generated 

(Desgranges et al. 1976). M81 EBV virions were then used to generate LCLs from human 

cord blood and adult lymphocytes. The properties of LCLs infected by M81 were compared 

to those LCLs made from the prototype EBV strain B95-8 (Desgranges et al. 1979).  

EBV lytic reactivation and viral particle production occur exclusively in plasma cells in 

healthy carriers (Heldwein 2016). M81 LCLs spontaneously expressed early lytic antigens at 

a significantly higher rate than B95-8-derived LCLs. M81 LCLs spontaneously expressed 

viral capsid antigens (VCAs) and produced infectious virions from cord blood LCLs, which 

were never observed with the B95-8-derived cord blood LCLs. M81 strain of EBV 

demonstrated lytic replication and high-titre virus production when compared to the 

prototype B95-8 EBV strain. In addition, M81 was demonstrated to possess enhanced 

epithelial cell tropism compared to B95-8. The enhanced lytic properties of M81 were shown 

to be partly attributable to the functional properties of the M81 BZLF1 trans activator protein 

(Kraus et al. 2017). 

In vivo, the lytic cycle is thought to occur in terminally differentiated plasma cells and 

epithelial cells (Thorley-Lawson 2015). In vitro, replication occurs sporadically in a small 

population of cells in latent LCLs and tumour cell lines. Although the frequency and rate of 

lytic cycle activation can vary between cell lines and types, usually around 1-5% of cells are 

found to express the lytic cycle marker gene, BZLF1, in LCL cultures at any given time 

(Vrzalikova et al. 2011).  

Reactivation of EBV can be induced in cultured cells by treatment with chemicals, such as 

phorbol esters, calcium ionophores butyrate (Gorres et al. 2014; Imai et al. 2012), histone 

deacetylase (HDAC) inhibitors, hypoxia, reactive oxygen species (Kenney and Mertz 2014; 

McKenzie and El-Guindy 2015) or lgG-receptor crosslinking, B-cell antigen receptor (BCR) 

activation (Thorley-Lawson 2015), and transforming growth factor β (TGF-β) (Fahmi et al. 

2000; Iempridee et al. 2011), etc. Although the exact trigger remains elusive, EBV 

reactivation can occur in response to a variety of stimuli. However, these approaches are 

weakly effective. 

 

1.10 EBV-associated malignancies  

EBV is associated with multiple types of cancers, including Burkitt’s lymphoma (BL), 

nasopharyngeal carcinoma (NPC), Hodgkin lymphoma (HL), gastric cancers (GC), diffuse 
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large B-cell lymphomas (DLBCL), and post-transplant lymphoproliferative diseases (PTLD) 

(Kutok and Wang 2006; Rickinson 2014) etc. 

 

1.11 Burkitt lymphoma 

Burkitt's lymphoma (BL) obtained its name from the Irish surgeon Denis Burkitt. Later it was 

identified as a rare, aggressive subtype of non-Hodgkin lymphoma. Among human neoplasms, 

it has the shortest doubling time, and the first malignancy to be linked to EBV. 

The World Health Organization now recognizes the existence of three clinical subtypes of BL: 

endemic BL (eBL), sporadic BL (sBL), and immunodeficiency-related BL including HIV and 

organ transplantation (Satou et al. 2015).  These types are similar in morphology, 

immunophenotype, and genetic features, but have different epidemiologic and clinical 

features (Sabattini et al. 2010). The eBL tumors are commonly associated with EBV infection. 

A key clinical observation is that the cases are confined to specific geographic regions. It 

remains the most prevalent pediatric cancer in sub-Saharan Africa, typically occuring in 

children between 5 and 9 years of age, with a male: female ratio of 2:1. The tumor involves 

the bones of the jaw and other facial bones, as well as kidneys, gastrointestinal tract, ovaries, 

breast, and other extranodal sites. However, contemporary studies show that abdominal 

involvement is now more common (Gopal and Gross 2018). It is thought that the oncogenic 

potential of EBV and malaria coinfection contributes to the oncogenesis (Crombie and 

LaCasce 2019) as the epidemiological maps of malaria and Burkitt's lymphoma overlap 

(Kafuko and Burkitt 1970). The sporadic type occurs throughout the rest of the world 

(predominantly North America and Europe), with no special climatic or geographical links, 

and is rarely associated with EBV infection.  The immunodeficiency-related type is seen most 

often in immunosuppressed patients in non-endemic areas, especially when associated with 

HIV infection.  

Of note, the disease is one of the first tumors shown to have a chromosomal translocation that 

activates the oncogene (c-MYC) (Adams et al. 1985). All the variants are associated with 

MYC oncogene deregulation and ectopic expression by chromosomal translocations which is 

the key molecular driver and hallmark of BL (Schmitz et al. 2014). The molecular 

consequence of the three translocations, t (8;14) (q24; q32), t (2;8) (p12; q24) and t (8;22) 

(q24; q11), is a deregulated expression of the MYC oncogene and uncontrolled tumor 

proliferation (Bernheim et al. 1981; Bertrand et al. 1981; Kaiser-McCaw et al. 1977). 

While the overexpression of C-MYC can promote cell proliferation, it can also lead to 
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apoptosis, indicating that MYC translocation by itself is insufficient for cancer development 

(Lopez et al. 2019; McMahon 2014). Early genetic studies show that the presence of 

mutations in p53, along with mutations in the phosphatidylinositol 3-kinase (PI3K) signaling 

pathway that contributes to oncogenesis (Grande et al. 2019; Schmitz et al. 2012).  

Although children and adolescents can be cured with a short course of chemotherapy, 

progress in the advancement of therapeutics has been difficult and almost all cases of 

recurrent or refractory disease are fatal (Ngoma et al. 2012). BL has the shortest doubling 

time among human neoplasms, and its unequalled proliferation rate can create challenges for 

its diagnosis and treatment. Adults are more susceptible to the toxic effects of treatment, but 

75 to 85% of patients have a long-term remission (Evens et al. 2021). 

By gaining a deeper comprehension of the biological mechanisms underlying resistance of 

these tumors to current treatments, the development of novel pathway inhibitors and 

immunotherapy will be facilitated, thereby advancing the field of global oncology and 

improving the survival rates of patients with BL tumors (Kaymaz et al. 2017; Oduor et al. 

2017; Panea et al. 2019). 

 

1.12 Nasopharyngeal Carcinoma 

Nasopharyngeal carcinoma (NPC) originates from the epithelial cells of the nasopharynx. It 

is a unique type of metastatic head-and-neck neoplasm that is particularly prevalent in 

Southern China and some other areas in East and Southeast Asia but is rare in western 

countries.  

NPC has various histological subtypes and can be classified into three main subtypes: 

keratinizing squamous cell carcinoma (WHO type 1), differentiated non-keratinizing 

carcinoma (WHO type 2), and undifferentiated non-keratinizing carcinoma (WHO type 3) 

(Badoual 2022).   Type 1 NPC is typically found in the older adult population, and type 3 

NPC is frequent in  adolescents or young adults along with few type 2 cases (Young and 

Miller 1975). 

NPC is the endemic disease most closely related to EBV as nearly all patients diagnosed with 

undifferentiated NPC are EBV-positive, and partially differentiated cases are also detected as 

EBV-positive (Young and Dawson 2014). Elevated IgG and IgA antibody titers directed 

against EBV viral capsid antigens (VCA) and early antigen diffuse (EAd/BMRF1) are 

characteristic of NPC patients, and historically established a link between EBV infection amd 

the tumor (Gunven et al. 1970; Sinha and Gajra 2022).  
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EBV infection is predominantly latent in NPC and most viral genes are transcriptionally 

silent. However, some latent viral proteins and a number of untranslated latent viral 

transcripts are consistently active inside NPC, including latent membrane proteins 1 and 2 

(LMP1/2), EBV-encoded RNAs (EBERs) and EBV-encoded BamH I-A rightward transcripts 

(BART) microRNAs (miR-BARTs). The contributions of these genes to NPC pathogenesis 

have been increasingly recognized (Iwakiri et al. 2009; Tsao et al. 2017; Zhang et al. 2017; 

Zhu et al. 2016; Zhu et al. 2022).  

Although EBV is present in nearly all malignant NPC cells, viral gene expression can vary. 

While it's typically categorized as EBV latency II, LMP1 expression can be undetectable in 

many cells. Mutations in the NF-κB pathway may complement the role of LMP1 and allow 

for its loss (Li et al. 2017). Both LMP1 and LMP2A have been found to promote epithelial 

cell growth or prevent differentiation in vitro, with LMP2A often present in NPC cells. 

However, all EBV-infected cells have detectable levels of EBNA1, EBER RNAs, and BART 

miRNAs, with the latter being highly expressed in NPC and potentially contributing to its 

tumorigenicity through the inhibition of epithelial cell apoptosis (Kang et al. 2015). 

During tumorigenesis, the EBV infection may cause epigenetic alterations (Kaneda et al. 

2012). CpG hypermethylation, a mechanism that inactivates tumor suppressor genes, has 

been observed in NPC (Li et al. 2014). Methylome profiling of NPC cell lines and primary 

tumors has revealed extensive and genome-wide methylation of cellular genes involved in 

Wnt, MAPK, TGF-β, and hedgehog signaling. Although it is not yet known whether latent 

EBV infection is directly responsible for the methylation profile observed in NPC, EBV 

infection has been shown to drive DNA methylation in other types of cancer cells, such as the 

gastric cancer cell line, AGS (Kaneda et al. 2012). The expression of latent EBV genes could 

be directly involved in methylation of the host genome and inactivation of tumor suppressor 

genes to support the growth of EBV-infected cells.  

The detection of EBV episomes that carry the same number of terminal repeats in NPC 

suggests that the viral infection occurs before the clonal expansion of cancerous cells (Raab-

Traub and Flynn 1986). High-grade and carcinoma in situ lesions in nasopharyngeal 

carcinoma carry monoclonal EBV genomes. Additionally, genetic changes such as deletions 

on chromosomes 3p, 9p, 11q, 13q, and 14q, and promoter hypermethylation of specific genes 

on chromosomes 3p and 9p have been observed. Interestingly, 3p and 9p deletions have also 

been identified in low-grade dysplastic lesions and normal nasopharyngeal epithelium of 

individuals at high risk of developing NPC, even in the absence of EBV infection (Lo et al. 

2012; Lung et al. 2012). This suggests that these genetic events occur early in NPC 
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development and may predispose to subsequent EBV infection (Chan et al. 2002; Chan et al. 

2000). In vitro data support the idea that stable EBV infection of epithelial cells requires an 

altered cellular environment. Some other etiological factors for NPC include genetic 

susceptibility, consumption of food containing carcinogenic volatile nitrosamines as well as 

phorbol esters (Huang et al. 2010; Jia and Qin 2012; Shao et al. 1988). 

EBV can cause genomic instability in infected cells through the expression of both lytic and 

latent genes. NPC cells often exhibit the presence of lytic EBV genes in small clusters 

(Martel-Renoir et al. 1995; Sengupta et al. 2006).The recurrence of lytic infection in 

epithelial cells infected with EBV increased their tendency to form tumors, indicating the 

involvement of lytic reactivation of EBV in the progression of NPC (Fang et al. 2009). 

Moreover, the gene products of lytic EBV may cause DNA damage and aid in the 

development of NPC. The expression of the lytic EBV gene BGLF5 resulted in higher levels 

of micronuclei and brought about genomic instability (Wu et al. 2010). The lytic EBV gene 

BALF3 was found to cause DNA strand breaks and the formation of micronuclei (Chiu et al. 

2014). Recent research indicated that in EBV-infected B-lymphocytes, expression of BNRF1 

increased chromosomal instability and centrosome amplification, suggesting a potential role 

for BNRF1 in promoting genomic instability during EBV-associated tumorigenesis 

(Shumilov et al. 2017). Despite the challenging anatomical location of the nasopharynx, 

chemotherapy and radiotherapy have been shown to be effective treatments for NPC. Early-

stage and locally advanced NPC generally carry a good prognosis, but for the patients with 

recurrent/metastatic disease, alternatives are limited. Many patients who are cured still suffer 

undesirable effects, which strongly undermines their quality of life. Therefore, there is still an 

urgent need for more effective and more selective treatments.  

 

1.13 Hodgkin lymphoma 

Hodgkin lymphoma (HL) was first reported in 1832 and was initially called “Hodgkin’s 

disease”. HL is an uncommon neoplasm, and its overall incidence of HL is low, with about 3 

new cases per 100,000 individuals per year. It is, however, one of the most common cancers 

diagnosed in adolescents and young adults.   Albeit less frequently diagnosed, HL can also 

affect elderly individuals. HL is associated with peripheral lymph nodes and can also affect 

organs such as liver, lung, and bone marrow. HL has a few typical characteristics such as 

large multinucleated cells derived from B lymphocytes (also known as Hodgkin and Reed-

Sternberg (HRS) cells). HLs are defined based on histological and immunohistochemical 
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analyses and is mainly divided in two forms, classical HL (cHL) and nodular lymphocyte 

predominant HL (NLPHL). HRS cells in cHL and lymphocyte predominant (LP) cells in 

NLPHL differ in morphology and immunophenotype, microenvironment, and their clinical 

behavior (Swerdlow et al. 2016).   

The majority of cases, around 90% of all patients with HL, are cHL. The tissue morphology 

and antigen expression profile enable classification of cHL into four subtypes: nodular 

sclerosis HL (NSHL), mixed cellularity HL (MCHL), lymphocyte-rich HL (LRHL) and 

lymphocyte-depleted HL (LDHL), each having a distinct epidemiology, biology, and 

prognosis. It has been postulated that EBV plays an important role in the pathogenesis of 

cHLs as the tumor cells are infected by EBV in about 40% of cases, which is of pathogenetic 

relevance (Kapatai and Murray 2007). 

The screening and prevention of HL is not feasible at present due to the scarcity of the tumor 

cells in the affected lymph nodes and no methods with sufficient sensitivity and specificity. 

Fortunately, HL is among the best treatable lymphomas and the preferred treatment for cHL is 

chemotherapy followed by radiation therapy, showing about 80-90% cure rates (Aurer et al. 

2020; Borchmann et al. 2012). 

New treatment approaches to reduce toxicity of treatment in particular the development of 

less toxic, targeted drugs have been evaluated. The CD30 antigen has been a focus of interest 

due to HRS cells expressing tumor necrosis factor (TNF) receptor superfamily member 8, 

also known as the cell surface CD30 antigen. When the relevant drugs were conjugated with 

anti-CD30 antibodies, it showed promising results toward cure and reduced side effects from 

long-term toxicity (Boll et al. 2005; Younes and Ansell 2016). 

 

1.14 Gastric Carcinoma  

Gastric cancer is a major contributor to cancer-related deaths, causing around 780,000 deaths 

worldwide every year, ranking as the third-highest in terms of cancer mortality globally 

(Anonymous 2020; Yang et al. 2020). Studies have shown that EBV is present in up to 10% 

of all gastric cancer cases worldwide, with the prevalence varying depending on geographic 

location and tumor subtype. EBV genomes were first detected in gastric carcinomas in 1990 

using polymerase chain reaction and in situ hybridization for EBV-encoded small ribonucleic 

acid 1 (EBER1) (Burke et al. 1990). Among the various types of gastric cancer, Epstein–Barr 

virus-associated gastric cancer (EBVaGC) defines a separate distinct entity. The percentage of 

EBVaGC varies depending on geographic distribution (Camargo et al. 2011; Cristescu et al. 
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2015; Murphy et al. 2009; Naseem et al. 2018) and ranges from 1.3% to 30.9% of all gastric 

cancers (Young and Rickinson 2004). EBVaGC is considered a type of neoplasm that exhibits 

latency I, which is characterized by the expression of EBNA1, EBER, BART, and sometimes 

(in 40% of cases) latent membrane protein 2A (LMP2A) (Imai et al. 1994). Currently, EBV-

negative GC (EBVnGC) and EBVaGC are typically differentiated using EBV-encoded small 

RNA 1/2 in situ hybridizations (EBER1/2-ISH) in histopathological specimens (Sugiura et al. 

1996; Yang et al. 2020). Furthermore, the droplet digital PCR (ddPCR) technique offers a 

novel approach for diagnosing EBVaGC in tissue samples, as it allows for the quantification 

of EBV-DNA copy numbers (Shuto et al. 2019). Research has demonstrated that EBVaGC 

has a higher prevalence in males. While this predominance decreases with age, EBVaGC is 

more prevalent than EBVnGC in younger patients. Additionally, EBVaGC is often found in 

the middle and upper stomach, particularly in the remnant stomach after partial gastrectomy 

(Murphy et al. 2009; van Beek et al. 2004; Yanagi et al. 2019). After gastrectomy and 

chemotherapy, the plasma EBV-DNA load in patients with EBVaGC drops, whereas it 

increases during disease progression, indicating the potential involvement of EBV in gastric 

oncogenesis (Qiu et al. 2020). 

Compared to other gastric cancers, EBV-associated adenocarcinomas exhibit unique features 

in their mutation profile, including a lack of p53 mutations, relatively frequent PI3K 

mutations, and a high degree of CpG methylation in the cell genome (Anonymous 2014). 

Methylation of host genes has been observed in several contexts upon EBV infection, and 

this may lead to the inactivation of tumor suppressor genes such as p73 in gastric carcinoma 

(Ushiku et al. 2007). The expression of p53 protein in EBV-associated gastric cancers 

suggests that EBV may bypass the need for p53 mutation, but further research is needed to 

confirm this speculation (Ribeiro et al. 2017). EBVaGC has a higher frequency (40%-80%) of 

PIK3CA mutations compared to other GC subtypes (3%-42%). These mutations are also 

more dispersed in EBVaGC than in EBVnGC (Bass et al. 2014; Cristescu et al. 2015; Gulley 

2015). 

Currently, there are no specific treatment options for EBVaGC, and standard treatment 

protocols for gastric cancer are typically employed. However, recent studies have shown that 

immune checkpoint inhibitors, which target the PD-L1/PD-1 axis, may be effective in 

treating EBVaGC. High levels of PD-L1 expression in EBVaGC cell lines suppress T-cell 

activation, and clinical trials of PD-L1 monoclonal antibody in patients with advanced PD-

L1-positive GC are ongoing (Panda et al. 2018). 

EBVaGC is a distinct subtype of gastric carcinoma associated with EBV infection, 
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characterized by unique clinicopathological and molecular features. The exact mechanisms 

by which EBV contributes to the development of gastric cancer are not fully understood, but 

several studies have suggested that the virus may promote carcinogenesis through various 

pathways. For example, EBV can infect and transform gastric epithelial cells, leading to the 

activation of oncogenic signaling pathways and the inhibition of tumor suppressors. Further 

exploration is needed to understand the specific mechanism of EBV infection in gastric 

carcinogenesis and the genomic profile of cancer cells. Understanding these relationships can 

improve diagnosis and targeted treatment strategies for patients with EBVaGC. 

 

1.15 Diffuse large B-cell lymphoma  

Lymphoma is a type of cancer that originates from lymphocytes, which can be B cells, T cells, 

or natural killer (NK) cells, during their maturation process in the lymphoid system. 

Hodgkin's and Non-Hodgkin's lymphoma (NHL) are the two main categories. NHL 

comprises approximately 80% of all lymphomas. More than 30 subtypes of NHL have been 

identified, with diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) being 

the most common ones (Morton et al. 2006; van Leeuwen et al. 2014). DLBCL, which 

accounts for 25-35% of all reported cases of non-Hodgkin lymphoma, is the most common 

type of malignant lymphoma, and has a higher incidence in elderly individuals (Alaggio et al. 

2022; Chabay 2021; Soltani et al. 2021). There is a higher occurrence of the disease in white 

individuals, followed by African Americans and Asians, with a higher incidence in males and 

a median age of 64 years, with the overall incidence increasing exponentially with age. In 

Asia, about 10% of DLBCL cases have EBV in the cancer cells, whereas in Western countries, 

that percentage falls to only about 5%, and EBV-associated cases are considered to have a 

worse prognosis (Lu et al. 2015). 

DLBCL cases are differentiated into two categories based on their cell gene expression: 

germinal center B cell-like (GCB) and activated B cell-like (ABC). Although there are EBV-

positive cases in both groups, the majority of them are found in the ABC group (Montes-

Moreno et al. 2012).  

B cell lymphomas are treated based on staging, type of disease (indolent or aggressive), and 

molecular subtype. Treatment for indolent lymphomas depends on the extent of the disease 

and on wheter the disease is symptomatic. Aggressive low-grade disease is treated with 

allogeneic transplantation, while mantle cell lymphomas are treated with immuno-

chemotherapy and autologous stem cell transplants (Coiffier et al. 2002; Liu and Barta 2019; 
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Sehn et al. 2005).  

Although standard immunochemotherapy is successful in treating diffuse large B-cell 

lymphoma (DLBCL), about 30% of patients still experience short survival (Wang et al. 2023). 

Additionally, the exact cause of EBV+ DLBCL is unclear and understanding the relationship 

between different factors and EBV infection in causing transformation will provide valuable 

insights into the pathogenesis of DLBCL and lead to the development of new treatments for 

this aggressive cancer. 

 

1.16 Post-transplant lymphoproliferative disorders  

Post-transplant lymphoproliferative disorders (PTLDs) refer to the uncontrolled proliferation 

of lymphoid cells resulting from extrinsic immunosuppression following solid organ 

transplantation (SOT) and hematopoietic stem-cell transplant (HSCT) (Aghsaeifard and 

Alizadeh 2022; Dharnidharka 2018). 

The occurrence of PTLD differs across transplant centers and is influenced by factors such as 

the type of organ transplanted, the degree of HLA mismatch in allogeneic HSCT, the use of 

specific immunosuppressive regimens, the presence of other risk factors, and individual 

patient characteristics (Bustami et al. 2004; Dharnidharka 2005; Dierickx and Habermann 

2018; Dierickx et al. 2015; Funch et al. 2005; Kirk et al. 2007; Reshef et al. 2011; Savani et 

al. 2009; Vincenti et al. 2007). 

EBV is known to have a significant influence on the development of early-onset PTLD 

through various mechanisms. In particular, the majority of early-onset PTLD cases are 

associated with EBV in both SOT and HSCT patients. The incidence of PTLD follows a 

bimodal distribution, with a rise in incidence of SOT PTLD after 5 years of transplantation 

(late-onset PTLD). However, it should be noted that late-onset PTLD cases may often be 

EBV-negative (Curtis et al. 1999; Dharnidharka 2018; Dierickx et al. 2015; Landgren et al. 

2009; Luskin et al. 2015). 

The manifestation of symptoms and signs depends on the location of the lymphoid masses, 

and diagnosis typically requires histopathology, supported by imaging techniques (Capello et 

al. 2005; Dharnidharka 2018; Glotz et al. 2012). Recipient EBV seronegativity (Raab-Traub 

2012) and the intensity of immunosuppression are among the major risk factors (Grulich et al. 

2007). Monitoring EBV levels in blood for pre-emptive intervention has emerged as the 

preferred strategy for PTLD prevention (Green 2001).  

The treatment of established PTLD involves reducing immunosuppression, administering 
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rituximab (a B-cell-specific antibody against CD20) (Khalil et al. 2018), chemotherapy, and 

EBV-specific cytotoxic T cells.  

Despite these interventions, mortality and morbidity rates remain high, and patient outcomes 

depend on the severity of the presentation, treatment-related complications, and the risk of 

allograft loss. Innovative treatment options hold promises for improving outcomes in the 

future. 

The understanding of PTLD pathogenesis is incomplete. The cause of EBV-negative PTLD 

and non-B cell PTLD is unknown, and the factors that influence EBV-positive PTLD are not 

clear. It is also unclear whether the cumulative immunosuppression burden that triggers 

PTLD is related to maximal intensity at a point in time or based on a high burden over some 

period of time. Developing biomarkers to monitor immunosuppression may help prevent 

PTLD and improve therapy. Achieving transplant tolerance may also confer tolerance to EBV, 

which could be a very adverse outcome. Future studies of PTLD may unlock important 

pathways in other major disciplines of medicine and biology. 

 

Table.2 Latent viral protein expression patterns in EBV-associated malignancy. 

 

1.17 RAB11FIP1 

RAB11FIP1 (also known as Rab-coupling protein, RCP) is a member of the Rab11 

interacting proteins (RAB11FIPs) that influences Rab11-mediated recycling of vesicles and is 

involved in endosomal trafficking and receptor sorting (Baetz and Goldenring 2013; Jing et al. 

2010; Rainero et al. 2012). Owing to the highly conserved C-terminal RBD (Rab11-binding 

domain), RAB11FIPs were initially characterized by their ability to bind Rab11 subfamily 

members. Rab11 is a small GTPase that plays a role in regulating membrane traffic from the 

endocytic recycling compartment, also known as recycling endosome (ERC) to either the 

plasma membrane or the trans-Golgi network (TGN) (Horgan and McCaffrey 2009).  

Tumor type EBV protein expression 

Burkitt lymphoma EBNA1 

Nasopharyngeal carcinoma EBNA1, LMP2 

Hodgkin lymphoma EBNA1, LMP1, LMP2 

Gastric carcinoma EBNA1, LMP1, LMP2 

Diffuse large B-cell lymphoma EBNA1, LMP1, LMP2 

Post-transplant lymphoproliferative EBNA1, 2, 3A, 3B, 3C, LP, LMP1, LMP2 
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Altogether, the RAB11FIP family has five members and is subdivided into Class I and Class 

II, based on domain organizations. Class I RAB11FIPs has three members, RAB11FIP1, 

RAB11FIP2, and RAB11FIP5. Class II RAB11FIPs consist of RAB11FIP3 and RAB11FIP4. 

Class I RAB11FIPs have a C2 domain in NH2-terminal and associate with membranes 

through lipid binding (Lindsay and McCaffrey 2004; Machesky 2019). Class II RAB11FIPs 

have an ezrin-radixin-moesin domain at the C-terminal and a helix-loop-helix structural 

domain at the NH2-terminal region (Lindsay and McCaffrey 2004).  

RAB11FIPs bind and are localized to the ERC under steady-state conditions. Studies have 

identified that RAB11FIPs play key roles in the regulation of multiple distinct membrane 

trafficking events, which are currently subgrouped into three categories: recycling of cargoes 

to the cell surface, delivery of membrane to the cleavage furrow/midbody during cell division, 

association between Rab11 and molecular motor proteins (Horgan and McCaffrey 2009). 

Class I RAB11FIPs have been associated with the trafficking of multiple cargoes, for 

example, GLUT4-containing vesicles (Bruno et al. 2016), the water channel protein AQP2 

(Nedvetsky et al. 2007), the chemokine receptor CXCR2 (Fan et al. 2003), and different 

integrin complexes (Eva et al. 2010). Class II RAB11FIPs, RAB11FIP3 and RAB11FIP4, 

have been shown to play key roles during cytokinesis during which they couple Rab11 and 

Arf6 during cell division (Ai and Skop 2009). RAB11FIP1 proteins segregate into distinct 

compartments within plasma membrane recycling systems (Horgan and McCaffrey 2009). 

Multiple RAB11FIP1 splice variants have been identified (Jin and Goldenring 2006). 

RAB11FIP1A was first discovered as an interactor of Rab11 (Hales et al. 2001), and 

RAB11FIP1C is an 80-kDa protein that interacts with GTP-bound Rab4 (Lindsay et al. 2002). 

RAB11FIP1 possesses a homologous C2 domain and a Rab binding domain (RBD) near the 

amino-terminus and the carboxyl terminus, respectively (Prekeris et al. 2000). RAB11FIP1 

proteins are involved in controlling membrane trafficking along the phagocytic pathway as 

well as early endosomal trafficking into the recycling system (Schafer et al. 2016). Rab4, 

Rab11 and Rab5 have been known to bind RAB11FIP1 through their RBD domain (Lindsay 

et al. 2002). The C2 domain of the class I Rab11FIPs plays an important role in regulating the 

transport of cargo to the plasma membrane. Several studies have demonstrated that the 

expression of RAB11FIPs truncation mutants without C2 domain led to a significant 

inhibition in endosomal recycling (Lindsay et al. 2002; Lindsay and McCaffrey 2002; 

Prekeris et al. 2000). It is thought that the C2 domain of class I RAB11FIPs targets docking 

sites on the plasma membrane that are enriched in phosphatidylinositol-(3,4,5)-triphosphate 

and phosphatidic acid (Lindsay and McCaffrey 2004). 
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An abnormal RAB11FIP1 expression has been observed in several malignancies, including 

head and neck squamous cell carcinoma (Dai et al. 2012), breast cancer (Zhang et al. 2009; 

Zhang et al. 2016), and non-small cell lung carcinoma (NSCLC) (Balsara et al. 1997). Such 

overexpression was correlated with a progression of the disease and reduced survival of 

patients (Cho and Lee 2019). Among breast cancer tumors, expression of RAB11FIP1 was 

highest in estrogen receptor (ER)-positive luminal B type tumors and lowest in ER-negative 

basal-like tumors (Mitra et al. 2016). Recent studies have shown that RAB11FIP1, in 

combination with Rab14, influences human immunodeficiency virus (HIV-1) envelope 

complex incorporation onto particles in relevant human cells (Qi et al. 2013).  

 

1.18 Aim of this study 

EBV lytic replication, more generally described as EBV reactivation has been shown to occur 

in a subset of individuals with a variety of autoimmune diseases and cancers. Thus, 

modulation of EBV reactivation may be a target for disease prevention. Our comprehension 

of the interactions between endogenous cellular factors and the viral latency program, 

governing the expression of viral regulatory switch genes BZLF1 and BRLF1, remains 

constrained. Most experimental procedures that drive latent cells into lytic replication are 

based on treatment with chemicals that might act in a completely unphysiological manner. 

 

Therefore, the objectives of this thesis are: 

1) To use a spontaneously replicating LCL to identify the key cellular genes expressed 

during the spontaneous lytic replication of LCLs. 

2) to explore the mechanisms through which these cellular proteins enhance spontaneous 

EBV replication in B lymphocytes. 
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2. Material and methods 

2.1 Materials 

2.1.1 Cells 

Bacteria 

Strain  Primary 

Use 

Genotype 

E. coli DH5α Molecular 

cloning 

F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 

hsdR17 (rk-, mk+) phoA supE44 λ-thi-1 gyrA96 relA1 

 

Eukaryotic cells 

Name Description 

HEK293 Human embryonic kindey cell line transformed with sheared 

Adenovirus 5 DNA 

Producer cells M81 EBV producer cell line was used in this study. M81 cell line was 

generated by transfecting HEK293 cells with BAC DNA and selecting 

with hygromycin (100 μg/mL) 

B lymphocytes Primary B cells isolated from blood samples 

 

2.1.2 Cell culture media 

Name  Source of supply 

RPMI 1640 Invitrogen 
 

Fetal calf serum (FCS) Biochrom AG 

2.1.3 Plasmids 

Internal lab. Label Description 

p509 A plasmid with a PK5 backbone that contains BZLF1 from the 

B95-8 strain of EBV, controlled by a CMV promoter. 

P2130 A plasmid with a PK5 backbone that contains BRLF1 from the 

B95-8 strain of EBV, controlled by a CMV promoter. 

 

EBV-BACs 

Internal lab. Label Description 

B110 Recombinant M81 wild-type virus 

B1039 A recombinant M81 construct was generated by inserting rat 

CD2 into the BXLF1 locus. 

 

2.1.4 Oligonucleotides 

Aim Name Sequence 

ATF3 
fwd GGGTAACTCATTCGACTGTGGA 
rev ACGGTAACTGCTTTTCCCTGT 

BAX fwd GTTTTCTGACGGCAACTTCAAC 
rev GAAGTCCAATGTCCAGCCCA 

BIN1 fwd CAACACGTTCCAGAGCATCG 
rev CGACCAGCACATCATTGAGG 
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BZLF1 fwd CAGCAGCAGTGGTGTTGG 
rev CGCATTCCTCCAGCGATTC 

CARKD fwd TGCTAAGACTCAGCCAAGCC 
 rev TGTTTTCTGTGGTCCAGCAAG 

CATSPER2 fwd TGCCATTCGTTCACGTCTCA 
 rev TCCGGCCCACAAAGAAAGAG 

CREBRF fwd CACTCTGGGGAAACCTGCTG 
 rev ATCCATTCCGCTTACACTAGGC 

DKK4 fwd TGGACTTCAACAACATCAGGAG 
 rev GGTATTGCAGTCCGTGTCAG 

FAM175A fwd TCCACTGGTTTTAGCCGAGC 
 rev TGCCTGAATCTGTGCTCCTC 

FOS fwd TTCAACGCAGACTACGAGGC 
 rev CGTGGGAATGAAGTTGGCAC 

HILPDA fwd TGAGTTTTGTGGCGGGAAGC 
 rev ATGGCTGAAAGGACCCTACTC 

ING1 fwd CTCGCCTCTGGAAAAAGTGAC 
 rev ACGATCTGGATCTTCTCGTCG 
ING1 probe 5'FAM-TGAAGGAGCTAGACGAGTGC-3'TAMRA 

KIDINS220 fwd GGACAGCTCTTATGTGGGCA 
 rev CGTGCAGCCCAAACTAAAGG 

MAGT1 fwd GCGGTTTTGGTGTGTCTCTG 
 rev ATTTCTCGGTGGGGCTTTCA 

MAL fwd TTCTCCTACATAGCCACTCTGC 
 rev GGGTTTTCAGCTCAAGTTCTACTG 

MBD4 fwd CCCCCACCGTCACCTCTA 
 rev AGCAAGGGATTACATTCACTGC 

MIER2 fwd GCGTCAGACCCCATTTCAGA 
 rev GTGAGGTCGTCAGCAGATGA 

MINDY1 fwd ACTGCCTCCTGTCCATCAAG 
 rev CGCACATTGACATCCAGACC 

MTHFD2 fwd GTTGGCGAGAATCCTGCAAG 
 rev AGGCAACTGAACAAGGAGGC 

MXD1 fwd GCTGAACATGGTTATGCCTCC 
 rev CAACTTCTCCAGGCACAAGC 

NFATC1 fwd ATGGAAGCGAAAACTGACCG 
 rev TTAGAAAAAGCACCCCACGC 

PRMT1 fwd AGCAGTGAGAAGCCCAACG 
 rev GGTTATGAAACATGGAGTTGCGG 

PTGR2 fwd CCGAATGGAAGAAGTCTATTTACCAG 
 rev TTGAGATAGCTGCCAAGGTGT 

RAB11FIP1 fwd AAAAAGTGCTGCTTCGTCCC 
 rev TCCGTACTCGCTGTTCTCTTG 

RAB11FIP3 fwd CTGAAGGCCAACATTGAGCG 
 rev AACTGGTGCCTCTCGTGACT 

RASSF6 fwd GCAAAGGAATGACACGCTGG 
 rev CCTTTGCATGTGGCTTCAGG 

RGS1 fwd TCTGGAAAAACTTCTTGCCAACC 
 rev TAGTCTTCACAAGCCAGCCAG 

RGS2 fwd CACAAGAGCGAGGAGAAGCG 
 rev GGGCTTCCCAGGAGTAGAGG 

SAP130 fwd AAGCAAGAGCCTGTTGTGGT 
 rev TAGAAGGTGGAGCAGGAGCA 

SGK1 fwd TGGGCTACCTGCATTCACTG 
 rev ATACAAGACAGCTCCCAGGC 

SMYD4 fwd ACAGCAGAGACCTTGAGGGA 
 rev CGAGTCCTTTCCCACCAAGT 

TMEM106A fwd AGTTGGTGGCTCTCATTCCC 
 rev ATCAAAGGCCACTGTGGAGG 

USP48 fwd GCTTGGTTGGTATTGGTGAGC 
 rev AAGTAGAGTGCCTGCCGAAG 

WSB1 fwd GTGTTCAGTCGGAGCCAGTA 
 rev GCAGTAGCCAGTAATGCTCCA 

ZNF84 fwd CACAGTTTTGGGGCAGAAGC 
 rev TAGCTGCCACTCCTTTTGGG 

ZNF483 fwd GTTGGTGCTGTTTGCGGATG 
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 rev AGTACAGTCCACCAACAGGC 
HPRT fwd TGCTGAGGATTTGGAAAGGG 

 rev ACAGAGGGCTACAATGTGATG 
TFRC fwd AATCCTGGGGGTTATGTGGC 

 rev GGTGATTTTCCCTGCTCTGAC 
 

2.1.5 Antibodies 

Name Supplier  

rat CD2 Hybridoma supernatant 

α-gp350 Supernatant from hybridoma clone 72A1 

Anti-rabbit lgG (HRP, secondary antibody) Cell Signaling 

Anti-mouse lgG (HRP, secondary antibody) Promega 

LMP1 Hybridoma supernatant 

BZLF1 Hybridoma supernatant 

RAB11FIP1 Cell Signaling 

Rab9 Santa Cruz Biotechnology 

Syntaxin7 Santa Cruz Biotechnology 

Rab7 Santa Cruz Biotechnology 

Lamin A Santa Cruz Biotechnology 

Vinculin Santa Cruz Biotechnology 

Tubulin Sigma 

 

2.1.6 Enzymes 

Name Company 

Phusion High-Fidelity DANN polymerase Thermo Scienfitic 

Restriction Enzymes Fermentas, New England Biolabs 

Alkaline Phosphatase Roche 

T4 DNA Polymerase Fermentas 

RNase A Roche 

DNaseI Fermentas 

Proteinase K  Roche 

AMV Reverse Transcriptase Roche 

RNAse inhibitor Roche 

T4 DNA Ligase Fermentas 

Taqman Universal Master Mix Life technologies 
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2.1.7 Chemicals, reagents, and kits  

Name Source of supply 

Acrylamide: 30% stock, with 0-8% bisacrylamide Roche 

Absolute Ethanol Sigma 

Acetic Acid  Sigma-Aldrich 

Agarose Sigma-Aldrich 

Bromphenol blue  Serva 

Chloroform  Carl Roth 

DMSO  Sigma-Aldrich 

Dynabeads CD19 Pan B ThermoFischer 

DETACHaBEAD CD19 ThermoFischer 

dNTP mix (10mM) Invitrogen 

Ethanol Sigma-Aldrich 

Ethidiumbromide Carl Roth 

Fetal Bovine Serum Biochrom 

Glycerol VWR International 

Glycine GERBU 

GlycoBlue Invitrogen 

GlycoBlue Invitrogen 

Hygromycin B Invitrogen 

Isopropanol Sigma aldrich 

Metafectene  Biontex Laboratories 

PBS tablets for cell culture Gibco 

Phenol Carl Roth 

Potassium acetate (KAc)  Carl Roth 

Plasmid Midi Kit  QIAGEN 

Protease inhibitor cocktail Roche 

Page Ruler Prestained Protein Ladder Fermentas 

Phenol/Chloroform/Isoamylalcohol Roth 

RNase inhibitor (RNasin) Promega 

Roti-Phenol Roth 

RNase free water Invitrogen 

Taqman microRNA Reverse Transcription Kit Applied Biosystems 
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TRIzol reagent Life Technologies 

Tryptone Sigma-Aldrich 

Yeast extract Sigma-Aldrich 

1 kb DNA Ladder Life Technologies 

1-butanol  AppliChem 

3 M sodium acetate, pH 5.5, Rnase free Invitrogen 

4% Paraformaldehyde (PFA) AppliChem 

6x DNA loading dye Thermo Scientific 

10 bp DNA ladder  Invitrogen 

 

 

  2.1.8 Buffers and solutions 

Buffer Composition 

Antigen binding and 

washing 

PBS+0.1% Tween 20 

Blocking  buffer 5% Skim milk powder in PBST 

Blotting buffer 25 mM Tris base, 150 mM Glycine and 20% Methanol 

DNA gel extraction buffer 300mM NaCl, 10mM Tris (pH 8.0), 1mM EDTA 

DNA loading buffer 0.25% Bromphenolblue, 40% (w/v) Sucrose, dissolved in 

H2O 

ECL reagents Enhanced Luminol Reagent and Oxidizing Reagent, store 

at 4°C 

LB medium (2:1:2) Tryptone, Yeast extract, NaCl in H2O pH7.0 

LB agar 15g Bacto-Agar in 1L LB mudium 

Lysis buffer (circle prep) 1% SDS, 2mM EDTA, 50mM NaCl, 40mM NaOH 

Mounting buffer (IF) 90& Glycerol in PBS 

PBS 137mM Nacl, 2.7mM KCl, 10mM Na2HPO4, 2mM 

KH2PO4, pH 7.4 

PBS-T 0.1% Tween-20 in PBS 

SDS loading buffer 100mM Tris-HCl pH=6.8, 4% (w/v) SDS 

(electrophoresis grade), 0.2% (w/v) bromphenol blue, 

20% (v/v) glycerol, 200mM ß-merapto-Ethonal 

Staining buffer (IF) 10% Heat-inactivated goat serum in PBS 
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Stacking gel buffer 2M Tris pH 6.8 

Seperating gel buffer 2M Tris pH 8.9 

1x bloting buffer 25mM Tris, 150mM glycine, 10% MetOH 

2x SDS loading buffer 100mM Tris-HCl pH=6.8, 4% (w/v) SDS 

(electrophoresis grade), 0.2% (w/v) bromphenol blue, 

20% (v/v) glycerol, 200mM ß-merapto-Ethonal 

3% low fat milk 3% low-fat milk power in 1xPBST 

5x RIPA lysis buffer 750mM NaCl, 2.5% NP40, 5% Sodium Deoxycholat, 

0.5% SDS, 25mM EDTA, 100mM Tris HCl pH=7.5 

10x PBST 1.37M Nacl, 27mM KCl, 100mM Na2HPO4, 20mM 

KH2PO4, 1% Tween 20 

10x SDS running buffer 250mM Tris, 1.92M glycine, 1% SDS, pH 8.5-8.8 

 

2.1.9 Consumables, software and equipment 

Name Source of supply 

Software:  

BioRender BioRender 

MacVector Software 15.1.1 MacVector Inc. 

Prism GraphPad 

Consumables:  

Amersham membrane HybondTM ECL GE Healthcare Life Sciences 

Cell culure plates  Techno Plastic Products 

Disposable Scalpel  Feather 

Falcon Tubes (15/50 mL) Techno Plastic Products 

Safe-Lock tubes (0.5/1.5/2.0 mL)  Eppendorf AG 

Electroporation civettes (1 mm)  Carl Roth 

12 well plates  Corning 

Equipment:  

Incubator Hood TH 30  Edmund Buhler GmbH 

Incubator for bacteria (B 5060) Heraeus 

Hera Cell 150 incubator Thermo Scientific 

Light inverted microscope, DMIL-Led Leica 
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Fluorescent microscope DM5000B Leica 

pH-meter 766  Knick 

Sonicator UW2070 Bandelin Electronics 

Step One Plus™ qPCR machine system Applied Biosystems 

Applied Biosystems 7300 Real-time PCR UVP 

Magnetic rack Applied Biosystems  

Nanodrop GE Healthcare Life Sciences 

 

 

2.2 Methods 

2.2.1 Culture conditions of bacteria 

In order to grow E. coli strains, two different methods were used: shaking in low-salt Luria-

Bertani (LB) medium or on LB-agar plates in an incubator, both supplemented with 

ampicillin (100 µg/ml) for culturing. The optimal temperature for bacterial growth was 

maintained at 37°C, except under special circumstances where other conditions were 

necessary. To ensure that the bacterial strains were preserved for future use, 10% glycerol 

was added before freezing the samples at -80°C, allowing for long-term storage. 

 

2.2.2 Sequencing of plasmid DNA 

Eurofins MWG Operon (Ebersberg, Germany) conducted the plasmid DNA sequencing. The 

samples that were sent for sequencing underwent a preparation process, which involved 

mixing 13.5 μL of template DNA (100 ng/μL) with 1.5 μL of the appropriate oligonucleotide 

(10 mM). The sequencing results were thoroughly analyzed with the help of MacVector 

software version 15.1.1, ensuring accurate and reliable interpretation of the data obtained. 

 

2.2.3 Transformation of bacteria by heat shock of E. coli DH5α 

To transform competent E. coli DH5α, a heat shock method was employed. First, the 

chemically competent cells were thawed on ice and mixed with 10 μL of ligation mixture on 

ice for 5 minutes. The ligation mixture contained the plasmid DNA of interest as well as other 

necessary components for successful transformation.  Next, the cell-DNA mixture was 

incubated at 42°C for 2 minutes. The transformed cells were then mixed with 600 μL of LB 
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medium and incubated at 37°C with shaking at 180 rpm for 15-30 minutes after incubation, 

the cells were centrifuged at 3000 rpm for 10 minutes and the culture supernatant was 

removed. The pelleted bacterial cells were then resuspended on LB agar plate containing the 

appropriate antibiotic and incubated overnight. 

 

2.2.4 HEK 293 cells transfection 

To initiate the transfection process, cells were seeded at a concentration of 1.5 x 105 cells per 

well on a 12-well plate in 1 ml of RPMI medium containing 10% FBS, without any 

antibiotics. After three days, the transfection mixture was carefully prepared by resuspending 

600 ng of candidate plasmid DNA and 500 ng of BZLF1 DNA in 100 µl of RPMI without 

any additions. 3.5 µl of Metafectene was also added and resuspended in 100 µl of RPMI 

without any additions. The two mixtures were combined gently by pipetting a few times and 

left to incubate at room temperature for 25 minutes. The plasmid-Metafectene mixture was 

then dropwise added to the cells and incubated at 37°C for 24 hours. Following this, the 

medium of the transfected cells was carefully removed, and the cells were collected for 

further analysis. 

 

2.2.5 LCLs transfection 

The introduction of plasmids into LCLs was achieved using the Neon Transfection System. 

The cells were carefully washed three times with PBS that did not contain Ca2+ and Mg2+ to 

remove any potential contaminants that could interfere with the transfection. They were then 

resuspended with buffer T to ensure optimal conditions for electroporation. The concentration 

of LCLs was determined to be 2.0x 107 cells/mL in a 1.5 mL tube to allow for efficient 

transfection.  Appropriate amount of plasmid DNA in deionized water at concentration of 3-5 

μg/μL was added into the 1.5 mL tube containing the cells. The cells and plasmid DNA were 

combined by gentle pipetting, ensuring that the mixture was homogenous before being 

subjected to electroporation.  To perform electroporation, the mixture was transferred into the 

electroporation cuvette, and the cuvette was loaded into the Neon Transfection System. The 

parameters for the electroporation were set to 1.1 KV of pulse voltage, 30 ms of pulse width 

and 2 of pulse number. The transfected cells were then collected and used for downstream 

applications.  
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2.2.6 Immunofluorescence staining  

To prepare the cells for staining, a fixative solution of 4% paraformaldehyde in PBS was used 

to immobilize the cells for 20 minutes at room temperature. Subsequently, the fixed cells 

were permeabilized with a solution of PBS containing 0.5% Triton X-100 for 2 minutes, with 

the exception of samples treated with an antibody specific for the viral glycoprotein gp350. 

To visualize the viral glycoprotein, the cells were incubated with the primary antibody at 

37°C for 30 minutes, followed by washing in PBS three times. The cells were then incubated 

with a secondary antibody conjugated to Cy-3 for 30 minutes at 37°C. Once the staining was 

complete, the slides were embedded in 90% glycerol and stored at 4°C. To visualize the 

staining, pictures were taken with a camera attached to a fluorescence microscope (Leica). 

 

2.2.7 Alkaline lysis minipreparation of plasmid  

To obtain small quantities of DNA, an alkaline lysis minipreparation of plasmid was 

performed. First, bacteria were cultured on antibiotic agar plates overnight at 37°C. The 

resulting bacterial pellet was then resuspended in 200 μL of TE buffer containing 50 μg/mL 

of RNase. The bacterial suspension was then transferred to a clean 1.5 mL eppendorf tube 

and mixed with a freshly prepared lysis buffer consisting of 1% SDS and 0.2 M NaOH in 

water. After gently inverting the tube two times, the mixture was incubated at room 

temperature for 2 minutes.  Next, a 200 μL aliquot of 3 M Potassium Acetate was added to 

the lysed cells, and the tube was inverted two times before being incubated on ice for 10 

minutes. The mixture was then centrifuged at 13,000 x g for 10 minutes, and the resulting 

supernatant was transferred to a clean tube and centrifuged again. The supernatant was then 

mixed with 350 μL of isopropanol and the DNA was allowed to precipitate on ice for 10 

minutes before being pelleted at 13,000 x g for 10 minutes.  After removing the supernatant, 

the pellet was washed in 1 mL of 80% ethanol, air-dried for 5 minutes, and then resuspended 

in 50 μL of TE buffer. The resulting DNA was stored long-term at -20°C.  

 

2.2.8 Restriction digestion 

The experiment utilized restriction enzymes obtained from ThermoFisher Scientific, and all 

digestions followed the manufacturer's instructions. To minimize the occurrence of star 

activity due to excessive levels of glycerol, the restriction enzymes never made up more than 

1/10 of the total reaction mixture. 
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2.2.9 Virus production  

Cell lines stably transfected with BAC DNA were used to produce virus. These cells were 

continuously maintained with 100 μg/ml Hygromycin B selection in order to keep EBV BAC 

inside the cells in the long term. Viable cells were plated at 3.5 x 105 in a 6 well plate and 

incubated overnight at 37°C. EBV producer cell lines were transfected with 0.5 μg expression 

plasmids of the BZLF1 (p509) and BRLF1 (p2130) to induce lytic replication for virus 

production. Transfection mixes were set-up mixing 100 μL of RPMI 1640 containing DNA 

and 100 μL of RPMI 1640 containing metafectene. Transfection mixes were incubated at 

room temperature for 20 minutes and added to cells in a drop-wise fashion. Cells were 

incubated for 8 to 12 hours, and the metafectene-containing medium was replaced with fresh 

RPMI 1640 supplemented with 10% FBS. The cells were incubated at 37°C for three days 

and supernatants were collected. The supernatants were centrifuged at 400 x g for 10 minutes 

and filtered through a 0.44 μm cellulose filter and stored at 4 °C. 

 

2.2.10 RNA extraction  

To extract RNA from each sample, the TRIzol reagent was used. The cells were first pelleted 

and then lyzed with 1 ml TRIzol, followed by extraction with 0.2 ml CHCl3. After shaking 

the TRIzol lysate vigorously for at least 30 seconds at room temperature and incubating it for 

2 minutes, the samples were centrifuged at 12000 g for 15 minutes at 4°C (cold room). The 

upper colorless aqueous phase was carefully transferred into a new tube containing 500 µl of 

2-Propanol (iso-PrOH) and mixed by inverting the centrifuge tube. RNA was then 

precipitated at -20°C for at least 20 minutes and pelleted at 12000 g for 10 minutes at 4°C 

(cold room). The supernatant was removed, and the pellet was washed with 75% Ethanol 

(EtOH; prepared with nuclease-free water) and centrifuged at 8000 g for 5 minutes at 4°C 

(cold room). The RNA pellet was resuspended in 40 µl of pre-heated nuclease-free water 

(95°C) and incubated at 60°C for 10 minutes with vortex to dissolve the RNA pellet 

completely. Finally, the RNA concentration was determined at OD260 nm in a nanodrop 

photo spectrometer and stored at -80°C. This protocol is a modified version of the one shared 

in the F100 DKFZ folder. 

 

2.2.11 SYBR Green real-time PCR 

To prepare the cDNA, a reverse transcription reaction was performed on total RNA extracted 

from LCLs using AMV-reverse transcriptase (Roche) and a mix of random hexamers. 500 ng 
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of total RNA was used as input for the reverse transcription reaction. 

An example is given below for a 20 µl reaction containing the following components: 

4 µl   5x RT buffer  

2 µl   2mM dNTPs  

2 µl   random hexamers 

4 µl   MgCl2 

0.8 µl   AMV reverse transcriptase 

1 µl  RNA inhibitor 

1.2 µl   water 

15 µl in total Mix 

A total of 5 µl of RNA sample was added to the master mix and allowed to incubate on ice 

for 5 minutes. Subsequently, the RT reaction was initiated and run according to the following 

program: 

25 ˚C  10 min 

42 ˚C  60 min  

90˚C  5 min 

4˚C  hold 

After completing the reverse transcription reaction, the final cDNA should be stored at -20 ˚C 

until needed. To use the cDNA in a PCR reaction, add 80 µl of water and use 5 µl of the 

resulting solution per reaction. Here's an example of a 20 µl reaction containing the required 

components: 

10 µL   2×Power SYBR green PCR Mix  

1 µL  Forward primer (target gene) 

1 µL  Reverse primer (target gene) 

3 µL   water 

+5.0 µL  cDNA sample 

20 µL in total  

Consider adding an Internal Reference PCR, such as GAPDH, to the protocol 

10 µL   2x Power SYBR green PCR Mix  

1 µL  forward primer GAPDH (10µM) 

1 µL  reverse primer GAPDH (10µM) 

3 µL   water 

+5.0 µL  cDNA sample 
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20 µL in total       

The qPCR was conducted using the following parameters: 

50 °C for 2 min (initial denaturation) 

95 °C for 10 min (denaturation) 

40 cycles:  

95 °C for 15 s 

60 °C for 1 min 

The relative expression levels of the qPCR results were obtained using the 2-∆∆Ct method, 

which is a modified version of the protocol shared in the F100, DKFZ folder. 

 

2.2.12 Cell culture conditions 

To ensure optimal growth and viability, all eukaryotic cells used in this study were cultured in 

incubators maintained at 37°C with a stable atmosphere of 100% humidity and 5% CO2. 

LCLs were cultured in RPMI supplemented with 10% FBS and were regularly split at a ratio 

of 1:5 or 1:10 depending on their growth rate and overall state. Adherent HEK293 cells were 

also cultured in RPMI with 10% FBS, while HEK293 cells that stably transfected with 

recombinant EBV were supplemented with hygromycin (100 µg/mL) in their culture medium. 

When HEK293 cells reached about 80% confluence, they were split at a ratio of 1:10 using 

0.05% trypsin at 37°C for 1 min. These stringent culture conditions were necessary to 

maintain the integrity and functionality of the cells and ensure reliable and reproducible 

results. 

 

2.2.13 Determination of virus titre by quantitative PCR (qPCR) 

The virus supernatants underwent qPCR analysis to determine their titre. Prior to qPCR, the 

supernatants underwent treatment with DNaseI and Proteinase K. DNaseI was used to 

remove free-floating viral DNA, while Proteinase K was used to release virus-associated 

DNA from capsids. For DNaseI digestion, 45 μL of virus supernatant was mixed with 5 μL of 

10X reaction buffer (with MgCl2) and 1 unit of RNase-free DNaseI, followed by incubation 

at 37°C for 1 hour and 70°C for 10 minutes. For Proteinase K treatment, 5 μL of DNaseI-

treated supernatant was mixed with 5 μL of Proteinase K (100 μg/mL), incubated at 50°C for 

1 hour, and then at 75°C for 20 minutes. After Proteinase K treatment, 90 μL of dH2O water 

was added to each sample. To quantify the amount of virus genomes, qPCR was performed 

using primers that target the EBV DNA polymerase gene (BALF5). The following reaction 
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mixture was set up for each sample: 

12,5 μL TaqMan Fast PCR Master mix (2x) 

2.5 μL Forward primer 

2.5 μL Reverse primer 

1.0 μL Probe 

1.5 μL H2O 

5 μL DNaseI and Proteinase K treated sample 

25 μL Total 

The following thermocycling conditions were utilized for all samples: 

Step 1- 50°C 2 minutes 

Step 2- 95°C 10 minutes 

Step 3- 95°C 15 seconds 

Step 4- 60°C 1 minute 

The genomes per milliliter of virus supernatant were determined using the threshold cycle (Ct) 

values. This was accomplished by employing a standard curve, which established the linear 

correlation between Ct values and genome/mL. 

 

2.2.14 Western Blot 

To extract proteins from cells, a standard RIPA buffer was used on ice, which contained NaCl, 

NP-40, Sodium deoxycholate, SDS, EDTA, Tris-HCl pH7.5, and a proteinase inhibitor 

cocktail from Roche. The genomic DNA was sheared by performing sonication. The amount 

of proteins was measured by a Bradford assay, and then the proteins were denatured in 

Laemmli buffer, supplemented with β-mercaptoethanol, for 10 minutes at 95°C prior to 

separation on SDS-polyacrylamide gels for SD-PAGE. The electroblotting of proteins onto a 

wet 0.45 nm nitrocellulose membrane was performed at 25V for 90 minutes, followed by 

incubation in PBST-milk 5% for 60 minutes. The primary antibody was added against the 

target protein, and the membrane was incubated at 4°C overnight. Both primary and 

secondary antibodies were diluted in blocking buffer based on the suggested dilution rate of 

the purchased antibody sheets. After washing extensively in PBST, the blot was incubated 

with a suitable secondary antibody coupled to horseradish peroxidase for 1 hour, followed by 

three washes with PBST to remove unbound antibodies. Finally, bound antibodies were 

detected using the ECL detection reagent from Perkin Elmer. 
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2.2.15 Microarray analysis 

For the microarray analysis, three independent samples of HEK 293 cells transfected with 

empty vector and RAB11FIP1 RBD domain deletion were utilized. To isolate RNA, each 

sample was treated with a TRIzol reagent and DNase to remove genome DNA and stored in a 

1.5ml-tube on dry ice. A minimum concentration of 50 ng/μl and total volume of 10 μl were 

required for each sample. The samples were then sent to the Core Facility in DKFZ for 

further analysis. At the Core Facility, the experimental design, incoming QC to ensure quality 

and concentration of all samples, labeling and hybridization to the microarrays, quality 

monitoring at all steps, and basic data analysis were carried out. The IIIumina HT12 platform 

was utilized for the RNA sample analysis. 

 

2.2.16 Proteomic analysis 

Proteomic analyses were carried out at the DKFZ Genomics and Proteomics Core Facility. 

The samples were prepared and sent to the Core Facility for additional processing, and Dr. 

Martin Scheider provided the following techniques. 

 

2.2.17 Sample Preparation 

Proteins (10 µg) were run for 0.5 cm into an SDS-PAGE and the entire piece was cut out and 

digested using trypsin according to Shevchenko et al.  

 

2.2.18 MS method Orbitrap Exploris 480 

A LC-MS/MS analysis was carried out on an Ultimate 3000 UPLC system (Thermo Fisher 

Scientific) directly connected to an Orbitrap Exploris 480 mass spectrometer for a total of 

150 min. Peptides were online desalted on a trapping cartridge (Acclaim PepMap300 C18, 

5µm, 300Å wide pore; Thermo Fisher Scientific) for 3 min using 30 µl/min flow of 0.05% 

TFA in water. The analytical multistep gradient (300 nl/min) was performed using a nanoEase 

MZ Peptide analytical column (300Å, 1.7 µm, 75 µm x 200 mm, Waters) using solvent A (0.1% 

formic acid in water) and solvent B (0.1% formic acid in acetonitrile). For 132 min the 

concentration of B was linearly ramped from 4% to 30%, followed by a quick ramp to 78%, 

after two minutes the concentration of B was lowered to 2% and a 10 min equilibration step 

appended. Eluting peptides were analyzed in the mass spectrometer using data depend 

acquisition (DDA) mode. A full scan at 120k resolution (380-1400 m/z, 300% AGC target, 45 
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ms maxIT) was followed by up to 2 seconds of MS/MS scans. Peptide features were isolated 

with a window of 1.4 m/z, fragmented using 26% NCE. Fragment spectra were recorded at 

15k resolution (100% AGC target, 54 ms maxIT). Unassigned and singly charged eluting 

features were excluded from fragmentation and dynamic exclusion was set to 35 s. 

 

2.2.19 Data analysis 

Data analysis was carried out by MaxQuant (version 2.1.4.0) using an organism specific 

database extracted from Uniprot.org (human containing 79038 entries from 03.02.2023), if 

not described otherwise default settings were used.  Identification FDR cutoffs were 0.01 on 

peptide level and 0.01 on protein level. Match between runs (MBR) option was enabled to 

transfer peptide identifications across RAW files based on accurate retention time and m/z. 

Fractions were set in a way that MBR was only performed within each condition. 

Quantification was done using a label free quantification approach based on the MaxLFQ 

algorithm. A minimum of 2 quantified peptides per protein was required for protein 

quantification. 

In addition, iBAQ-values were generated via MaxQuant. 

 

2.2.20 Statistical analysis  

RNA expression files were all analyzed using the Limma package in R software (R version 

4.2.2). After quality control and normalization, differential gene expression analysis was 

performed using the Limma package. Genes with an adjusted p-value < 0.05 and a log2 fold 

change > 1.5 (log2 fold change>1.4 in RAB11FIP1C transfection analysis) were considered 

as differentially expressed. To further understand the biological significance of the 

differentially expressed genes, KEGG enrichment analysis was conducted using the 

clusterProfiler package in R. Significantly enriched pathways and functions were identified 

using a threshold of p-value < 0.05. In addition, to explore specific pathways of interest, gene 

set enrichment analysis (GSEA) was performed using the GSEAbase package in R. Gene set 

of each pathway from the KEGG database were used as input, and the result of the 

endocytosis pathway analysis were visualized using a GSEA plot, which displayed the 

enrichment score for the gene set along with a running enrichment score (RES) curve and a 

normalized enrichment score (NES) that took into account the size and variability of the gene 

set. 

Statistical analysis was performed using GraphPad Prism 5 software, unless otherwise 
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specified. Paired student t-tests were used for single comparisons, while One- or Two-way 

ANOVAs were utilized for multiple comparisons with default settings. 
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3. Results 

3.1 Selection of replicating LCLs 

M81 is an EBV strain derived from a NPC case and this strain induces a spontaneous virus 

replication in LCLs. In this study, a recombinant M81 EBV (B1039) was used to select the 

replicating LCLs. It contained a rat CD2 gene that was inserted into BXLF1 gene of the M81 

EBV genome (Fig.4 A). Rat CD2 becomes transactivated under the early lytic viral EA-D 

promoter when LCLs are reactivated. Thus, CD2 is expressed on the cell surface of 

replicating cells, which can then be pulled down by a monoclonal antibody (OX34) coupled 

with anti-mouse lgG Dynabeads. 
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Fig.4 (A) General structure of the recombinant virus B1039: the rat CD2 gene is cloned under 

the control of an EA-D promoter that was inserted into the BXLF1 gene of the M81 genome 

(nucleotide 131044 to nucleotide 133362) by homologous recombination using a linear 

vector that included the kanamycin resistance cassette as a selection marker. Rat CD2 

becomes transactivated in LCLs that initiate lytic replication. (B) Schematic representation of 

the workflow: the recombinant virus B1039 was used to infect B cells and the LCLs were 

then cultured for expansion. OX34 was used to attach the replicating LCLs and then beads 

were used to separate replicating LCLs from latent LCLs. (C) BZLF1 was stained in the non-

selected LCLs, the rat CD2 enriched LCLs, and the rat CD2 negative LCLs. (D) RT- qPCR 

and Western blot were performed to detect BZLF1 changes in rat CD2-selected and rat CD2-

negative LCLs. 

 

LCLs were established by infecting primary B-cells with recombinant EBV (B1039). Then 

LCLs were expanded before being separated into replicating LCLs latent LCLs using the rat 

CD2 antibody (Fig.4 B). A BZLF1 staining was performed to detect the results of the 

enrichment procedure for infected cells undergoing replication (Fig.4 C). These cells were 

successfully enriched after selection with the rat CD2-specific antibody. Conversely, cells that 

were not selected by this antibody contained far fewer replicating cells when compared to 

untreated LCLs. Then RT-qPCR and Western blot were performed to detect BZLF1 mRNA 

level and protein level changes (Fig.4 D). The results revealed that in rat CD2 positive cells, 

BZLF1 mRNA and protein levels were significantly higher than in rat CD2-negative cells. 

Therefore, replicating cells can be efficiently separated from latently infected cells by 

selecting rat CD2. The purified replicating cells were then be subjected to protein and RNA 

extraction and analysis using microarrays combined to western blots (as exemplified in Fig.5).   

 

Fig.5 Workflow of various methodologies used to identify and characterize the events during 

EBV reactivation (Created with Biorender.com). Extracted samples of rat CD2-positive LCLs 
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and rat CD2-negative LCLs were subjected to a DNA microarray analysis to detect changes 

in cellular genes during EBV reactivation. Candidate cellular genes identified by this strategy 

were selected based on their fold changes and functions, then RT-qPCR was used to confirm 

their changes. Thereafter, the selected genes were cloned into a vector that encodes a 

tetracyclin-inducible promoter. These cloned genes were transfected into LCLs to evaluate 

their effects on spontaneous replication. Finally, the molecular impacts of these genes on 

EBV replication were investigated. 

 
3.2 DNA Microarray analysis 

A DNA microarray assay was performed to identify changes in the expression of cellular 

genes during LCL reactivation. To this end, replicating LCLs were separated from latent 

LCLs by rat CD2 selection. Then, synthesized cDNA from the rat CD2 positive and rat CD2 

negative samples were subjected to DNA microarray. A total of three biological replicates 

were analyzed. The results of DNA microarray revealed that many genes were down 

regulated and upregulated (Fig.6). The genes with a fold change above 2 were selected for 

further confirmation. 
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Fig.6 (A) Schematic representation of the workflow. Gene expression profiling was 

performed on reverse-transcribed mRNA from rat CD2+ and rat CD2- LCLs in three 

independent biological replicates. (B) Volcano plot representation of the differentially 

expressed transcripts. A two-tailed paired t-test was performed. Significantly upregulated 

(blue) or significantly downregulated (red) genes were selected when their p value was <0.05 

(horizontal dotted line) and the absolute fold change versus the negative control was >2 

(vertical dotted lines).  
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3.3 RT-qPCR analysis 

Following the initial analysis using DNA microarray, the genes displaying a fold change 

above 2 were selected for further confirmation through RT-qPCR (Fig.7). Among the 31 

candidate genes identified through the DNA microarray, the ones showing a significant 

upregulation of 2.5-fold change, as confirmed by qPCR results, were selected for further 

investigation. The aim was to explore the potential effects of these candidate genes on the 

replication process. 

      

 

Fig.7 Results of RT-qPCR-based expression studies. The candidate cellular genes were 

selected based on their fold changes and functions from DNA array results. RT-qPCR were 

performed to confirm their fold changes in LCLs undergoing replication. A total of three 

biological replicates were tested. 

 

The candidate genes from DNA array and RT-qPCR are summarized in Table.3. Their 

functions and fold changes are also displayed. 

 

 

Table.3: Cellular genes fold change in LCLs undergoing EBV lytic replication.  

Gene Description Fold change Fold change 
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name compared to 

nonlytic cells 

(Agilent DNA 

arrays) 

compared to 

nonlytic 

cells(qPCR) 

 

FOS Interacting selectively with DNA of a 

specific nucleotide composition 

-2,96±0,86 -8,91±7,84 

RGS1 Increases the activity of a GTPase, an 

enzyme that catalyzes the hydrolysis of GTP  

-4,39±1,15 7,70±10,69 

RGS2 Increases the activity of a GTPase, an 

enzyme that catalyzes the hydrolysis of GTP 

-2,20±1,34 -7,04±3,07 

RASSF6 Interacting selectively with any protein or 

protein complex  

13,95±2,25 -1,86±0,49 

BAX Interacting selectively with an identical 

protein to form a  

-3,74±1,42 -1,78±0,65 

SGK1 Catalysis of the transfer of a group 4,60±0,91 -1,89±3,02 

USP48 Catalysis of the reaction 4,25±0,88 -1,33±0,09 

HILPDA Hypoxia-inducible lipid droplet-associated 

protein (HILPDA) 

-6,94±1,70 -1,10±2,28 

FAM175A Interacting selectively with any protein or 

protein complex  

6,14±3,73 -0,81±1,87 

MBD4 Catalysis of the hydrolysis of ester linkages 

within deoxyribonucleic acid  

4,37±2,44 

 

-0,52±1,58 

 

PRMT1 Catalysis of the transfer of a methyl group to 

the nitrogen atom of an acceptor molecule  

-2,62±0,37 

 

-0,97±1,84 

 

PTGR2 Interacting selectively with zinc (Zn) ions  11,79±6,13 -0,15±1,83 

MAGT1 Catalysis dolichyl diphosphooligosaccharide 

+ protein L-asparagine  

5,77±3,20 

 

0,23±1,46 

 

MTHFD2 Catalysis of the hydrolysis of various bonds -3,54±0,64 0,44±1,41 

ZNF84 Interacting selectively with zinc (Zn) ions  6,13±1,49 1,66±0,13 

MINDY1 Has exodeubiquitinase activity and has a 

preference for long polyubiquitin chains 

6,22±3,74 1,98±0,94 

TMEM10

6A 

May play a role in inhibition of proliferation 

and migration 

7,10±4,78 2,10±1,46 

SAP130 Catalysis of the hydrolysis of terminal 1,4-

linked alpha-D-glucose residues  

4,64±0,64 2,44±1,65 

DKK4 Catalysis or binding, describing the actions 

of a gene product at the molecular level. 

7,02±2,81 2,48±2,27 

ZNF483 The function of binding to a specific DNA 

sequence in order to modulate transcription 

4,74±2,72 3,35±0,93 

BIN1 Interacting selectively with any protein or 

protein complex 

14,74±1,07 3,74±0,27 

WSB1 Elemental activities, such as catalysis or 

binding 

4,09±0,83 3,97±4,19 

RAB11FI

P3 

Plays a role in cytokinesis, endosomal 

recycling 

7,89±1,63 4,34±1,82 

RAB11FI

P1 

Interacting selectively with any protein or 

protein complex 

4,08±0,67 4,87±2,75 

CREBRF The function of binding to a specific DNA 

sequence in order to modulate transcription 

3,94±0,84 5,46±3,11 

MXD1 The function of binding to a specific DNA 3,96±0,40 6,16±1,09 
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sequence in order to modulate transcription 

CARKD NAXD (NAD(P)HX Dehydratase 4,78±0,94 6,59±4,22 

KIDINS2

20 

scaffold for MAPK-cascade, enhancement 

of JAK/STAT with SNTA1 activates p21 

4,88±1,12 8,77±1,91 

SMYD4 Interacting selectively with zinc (Zn) ions 5,19±0,48 9,27±1,87 

NFATC1 Nuclear factor of activated T cells, 

cytoplasmic 1 

4,20±0,41 10,64±0,22 

ING1 Elemental activities, such as catalysis or 

binding 

4,99±0,97 10,80±2,20 

(The expression fold change between cells undergoing lytic replication and the controls is 

provided along with the mean value and standard deviation of three independent experiments 

conducted with separate samples.) 

 

3.4 Cotransfection of selected genes with BZLF1 in M81 producer cells 

The first step in studying the effects of the selected genes on the replication process was to 

transfect them into B110 293 cells, which are M81 EBV producer cells. However, it was 

found that none of these genes induced lytic replication in B110 293 cells when tested alone. 

To further investigate the potential effects of these candidate genes on the replication process, 

they were co-transfected with BZLF1 into B110 293 cells. The aim was to examine any 

changes in the expression of BZLF1, gp350 and gp220 proteins induced by these genes, and 

to gain a better understanding of how these genes may impact the replication process. 

When introduced along with BZLF1, the genes BIN1, MXD1, SMYD4, WSB1, ZNF483, 

RAB11FIP1, RAB11FIP3, and KIDINS220 were observed to have an enhancing effect on the 

expression of BZLF1. Similarly, with regards to gp350 and gp220, the genes BIN1, MXD1, 

SMYD4, WSB1, ZNF483, CARKD, CREBRF, RAB11FIP1, KIDINS220, and ING1 

demonstrated increased effects on the expression of gp350 and gp220 when co-transfected 

with BZLF1 (Fig.8). These findings suggest a potential role for these genes in regulating the 

replication process of EBV. 
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Fig.8 This figure shows the results of the co-transfection experiment, where 500ng of BZLF1 

was co-transfected with 600ng of candidate target genes into B110 293 cells. After 24 hours, 

cells were collected and subjected to western blot analysis to detect the expression of BZLF1. 

The results demonstrate the effects of the candidate genes on BZLF1 expression. The 

expression levels of BZLF1, gp350, and gp220 were normalized to vinculin expression for 

accurate comparison. Additionally, the fold change of BZLF1, along with the combined 

gp350 and gp220, resulting from the overexpression of target genes was provided beneath the 

blot for clarity.The figure includes representative western blot images and quantification of 

protein expression levels. The data supports the conclusion that some of  the candidate genes 

have an impact on the replication process in EBV-infected cells. 

 

3.5 Electroporation of candidate genes into LCLs to study their effects on BZLF1 

expression  

The selected genes described above were cloned into a vector containing multiple genetic 

elements such as OriP, the latent origin of EBV replication GFP, NGFR, rat CD2, and the 

gene of interest whose expression was driven by a tetracycline-inducible promoter. The 

presence of OriP on the plasmid allows its attachment to the host genome. LCL cells 

transfected with this plasmid were then selected twice by using the antibody against rat CD2 

and induced to express the genes of interest using tetracycline. LCLs expressing the target 

genes were collected after 3 days to evaluate their impact on BZLF1 expression. 

Based on the findings of the study, it was observed that the expression of certain genes had 

varying effects on the expression of BZLF1. Specifically, the expression of WSB, CREBRF, 



52 
 

and DKK4 resulted in a slight decrease in BZLF1 expression. On the other hand, the 

expression of BIN1, RAB11FIP1, and RAB11FIP3 led to an increase in BZLF1 expression 

(Fig.9). These results provided insight into the potential roles of these genes in the replication 

process of EBV.  

Due to the promising up-regulation of BZLF1 expression shown after RAB11FIP1 expression, 

it was selected as a prime candidate for further investigation of its effects on BZLF1 

expression. 

 

 
Fig.9 The schematic graph shows the structure of the vector used to electroporate LCLs and 

the elements it encodes. The vector encodes GFP, NGFR, rat CD2, and a tetracycline-

inducible promoter to drive the expression of candidate genes. To further examine the long-

term effects of candidate target genes on BZLF1 expression in LCLs, the genes of interest 

were cloned into this vector, which was then used for electroporation of the LCLs. After 

selection of the transfected cells using rat CD2, tetracycline was used to induce the 

expression of the target genes. Three days later, the LCLs with the target genes were 

collected to detect their effects on BZLF1 expression. The expression levels of BZLF1 were 

normalized to tubulin expression for accurate comparison. Additionally, the fold change of 

BZLF1 resulting from the overexpression of target genes was provided beneath the blot for 

clarity. 

 

3.6 Identification of differentially expressed genes and pathways in EBV replication 

using KEGG analysis 

To identify signaling pathways differentially regulated by EBV replication, the global results 

of the DNA array data was analysed by multiple programs. Pathway enrichment analysis was 

performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 
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Differentially expressed genes identified by DNA microarray were mapped onto the KEGG 

(Fig.10). The analysis of gene expression changes in LCLs during replication reveals 

significant alterations in key genes involved in the HSV-1 pathway, which encompasses the 

complex interplay between viral and host factors necessary for the virus to successfully infect, 

replicate, and persist within host cells. 

For instance, the protein SP100 (Speckled 100) has been identified as having a pivotal role in 

HSV-1 replication (Everett et al. 2008). HSV-1 can disrupt the TSC1/TSC2 complex, leading 

to the activation of the mTOR pathway, which promotes cell growth and creates a favourable 

environment for viral replication and spread (Minami et al. 2007). However, the specific 

functions of SP100 and the TSC1/TSC2 complex in EBV replication have not been explored 

yet. 

These results suggest that these enriched pathways may play important roles in the biological 

processes affected by the replication of LCLs, and provide valuable insights into the 

underlying mechanisms of these processes. 

 

 

 

Fig.10 Bar chart depicting the results of the KEGG pathway enrichment analysis of 

differentially expressed genes in latent and replicating LCLs. The presented bar graph 

displays the top 20 KEGG enrichment pathways from the analysis of differentially expressed 

genes (DEGs) between latent LCLs and replicating LCLs. The x-axis represents the numbers 

of DEGs mapped to each pathway, while the y-axis lists the enriched KEGG pathways. 
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Bubble chart for KEGG enrichment of cluster-specific marker gene transcripts that are 

upregulated in LCLs replication. The size of each circle next to the pathway name represents 

the number of DEGs mapped to that pathway. The x-axis represents the ratio of numbers of 

DEGs in each pathway to the total number of DEGs. The colour of each bar indicates p 

values, with redder shades indicating lower p values.   

 

3.7 GSEA analysis of endocytosis pathway in LCLs: comparison of latent and 

replicating LCLs  

Among the tested genes, RAB11FIP1 exhibited the most significant effect on the expression 

of BZLF1. This gene is recognized for its role in regulating endocytosis and is a Rab GTPase 

effector that plays a role in regulating endocytic recycling. It has been shown to regulate 

endocytosis of several membrane receptors, including transferrin receptor, EGFR, and β1-

integrin (von Grabowiecki et al. 2021). Therefore, a GSEA analysis for the endocytosis 

pathway was conducted between replicating LCLs and latent LCLs, using the gene set 

compiled from previously published KEGG data (Fig.11). The colors indicate upregulated 

(red) and downregulated (blue) genes. Interestingly, the replication of LCLs did not appear to 

have any significant effect on the endocytosis pathway, as indicated by a non-significant p-

value of 0.3018. 

 

                             
 
Fig.11 GSEA analysis of endocytosis pathway in replicating vs. Latent LCLs with non-

significant effect on replication. 

 

3.8 The expression of RAB11FIP1 was found to be altered in replicating LCLs 

I first monitored expression of the two main RAB11FIP1 isoforms (Fig.12 A), RAB11FIP1C 

and RAB11FIP1B, after transfection into HEK293 cells. After 24 hours, the expression of 

each isoform was detected by Western blot analysis. The size of RAB11FIP1C is 

approximately 85kDa, and the size of RAB11FIP1B is approximately 280kDa (Fig.12 B). 
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This information is important for subsequent experiments that investigate the effects of these 

isoforms on gene expression.  

 

(A) 

 
 
(B) 

 
 
 
Fig.12 The proteins RAB11FIP1C and RAB11FIP1B have been FLAG-tagged to facilitate 

observation of their respective sizes via western blot analysis. (A) This figure depicts a 

schematic representation of the structure of RAB11FIP1C and RAB11FIP1B, two main 

isoforms of RAB11FIP1. Both contain several functional domains, including a coiled-coil 

domain, a C2 domain, and a RBD domain, which are involved in various cellular processes. 

In contrast, RAB11FIP1C has a shorter length and lacks the D3 domain.  (B) This figure also 

depicts the results of a Western blot analysis performed on HEK 293 cells to determine the 

RAB11FIP1C and RAB11FIP1B. The bands observed on the blot correspond to the size of 

the RAB11FIP1C and RAB11FIP1B isoforms, allowing for the identification and localization 

of the endogenous RAB11FIP1 proteins.  
 

The current study aimed to investigate the effects of RAB11FIP1C and RAB11FIP1B on the 

expression of BZLF1. To achieve this, B110 293 cells were co-transfected with 500ng 

BZLF1 and 600ng of either RAB11FIP1C or RAB11FIP1B, and the levels of BZLF1 were 

measured using Western blotting after 24 hours. According to the quantification results from 
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the Western blot analysis, both RAB11FIP1C and RAB11FIP1B exhibited a substantial 

impact on BZLF1 expression, leading to an approximate 3-fold increase (Fig.13). These 

findings suggest that RAB11FIP1 may play a crucial role in regulating the lytic cycle of EBV. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.13 This figure displays the results of a Western blot analysis of B110 293 cells co-

transfected with BZLF1 and RAB11FIP1C or RAB11FIP1B. The analysis shows the effects 

of RAB11FIP1C and RAB11FIP1B on the expression of BZLF1.The graph presents the 

quantification results of the Western blot analysis, indicating the effects of RAB11FIP1C and 

RAB11FIP1B on BZLF1 expression. The expression levels of BZLF1 were normalized to 

tubulin expression for accurate comparison. Both RAB11FIP1C and RAB11FIP1B were 

found to upregulate the expression of BZLF1 with an approximate 3-fold change.  A one 

sample t test (µ=1) was performed, and the p-value is indicated above the comparison. 

P<0.05 was considered statistically significant.  

 

 

To further investigate the increase in BZLF1 expression observed in B110 293 cells after 

RAB11FIP1C transfection, a comparison of expression levels for RAB11FIP1B and 

RAB11FIP1C was conducted in latent and replicating cells derived from LCLs infected with 

the recombinant virus expressing CD2 under the regulation of the EA promoter. The higher 

expression levels of both proteins in replicating cells compared to latent cells confirms a 

potential link between RAB11FIP1B and RAB11FIP1C expression and the induction of EBV 

replication (Fig.14). These findings are consistent with results obtained from earlier analyses, 

such as DNA microarray and RT-qPCR, which have also shown increased expression of 
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RAB11FIP1B and RAB11FIP1C in replicating LCLs. Overall, these results provide 

important insights into the potential mechanisms underlying EBV replication and shed light 

on the role of RAB11FIP1B and RAB11FIP1C in this process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14  This figure displays the Western blot analysis of the expression levels of 

RAB11FIP1B, RAB11FIP1C, and LMP1 in both latent and replicating LCLs. The expression 

levels of BZLF1 were normalized to tubulin expression for accurate comparison. The 

quantification of RAB11FIP1B, RAB11FIP1C, and LMP1 expression changes is presented in 

this panel. A one sample t test (µ=1) was performed, and the p-value is indicated above the 

comparison. P<0.05 was considered statistically significant.  

 

 
In light of the fact that both RAB11FIP1C and RAB11FIP1B were found to be capable of 

upregulating BZLF1 expression, and since RAB11FIP1C is the predominant isoform 

expressed in LCLs, the research further focused mainly on investigating the role of 

RAB11FIP1C in regulating BZLF1. Here the expression of RAB11FIP1C in B110 293 cells 

was monitored after BZLF1 induction over a period of 5 days. It was observed that the 

expression of RAB11FIP1C gradually increased over time (Fig.15). This fits with a 

significant role for RAB11FIP1C in facilitating EBV replication. 
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Fig.15 The figure depicts the changes in RAB11FIP1C expression levels over a period of 5 

days, both with and without the induction of BZLF1. The bar above the western blot signifies 

the increasing amount of RAB11FIP1C. 

 

To determine whether downregulation of RAB11FIP1C would alter the expression of BZLF1, 

shRNA targeting RAB11FIP1C was transfected into B110 293 cells. After 2 days, BZLF1 

was transfected into the same cells, followed by cell collection 1 day later for Western blot 

analysis to assess changes in BZLF1 expression. This assay showed a down regulation of 

BZLF1 expression after RAB11FIP1C knockdown, confirming that this protein potentiates 

BZLF1 expression (Fig.16).  
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Fig.16 The figure illustrates the alteration in BZLF1 expression resulting from a two-day 

transfection of RAB11FIP1C shRNA in B110 293 cells. The expression levels of 

RAB1FIP1C and BZLF1 were normalized to tubulin expression for accurate comparison. The 

graph presents the quantification results, showing the fold change in BZLF1 expression upon 

a two-day transfection of RAB11FIP1C shRNA in B110 293 cells. A one sample t test (µ=1) 

was performed, and the p-value is indicated above the comparison. P<0.05 was considered 

statistically significant.  

 
3.9 RAB11FIP1C modulates gene expression independently of EBV: evidence from co 

transfection experiments in HEK293 cells 

To investigate whether the ability of RAB11FIP1C to potentiate BZLF1 expression extended 

to other genes, RAB11FIP1C was co-transfected with GFP into HEK 293 cells, with a total of 

600ng of RAB11FIP1C and 500ng of GFP being used. After 24 hours, cells were collected 

for western blot analysis to determine if there was any change in GFP expression (Fig.17). 

 

 

 

 

 

 

 

 

 

 

 

Fig.17 This figure illustrates the outcome of a Western blot analysis conducted on HEK293 

cells co-transfected with vector and RAB11FIP1C along with GFP for 24 hours. The 

expression levels of GFP were normalized to vinculin expression for accurate comparison. 

The graph depicts the quantification of Western blot analysis performed on three replicates of 

HEK 293 cells co-transfected with vector and RAB11FIP1C along with GFP. A one sample t 

test (µ=1) was performed, and the p-value is indicated above the comparison. P<0.05 was 

considered statistically significant.  

 

 

The results of the experiment showed that GFP expression was increased in cells co-

transfected with RAB11FIP1C, indicating that the increasing effects of RAB11FIP1C were 

not limited to EBV proteins. This suggests that RAB11FIP1C may have a general effect on 

protein expression and is not specific to EBV replication (Fig.18). 
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Fig.18 This figure shows the results of a Western blot analysis performed on HEK 293 cells 

co-transfected with vector and RAB11FIP1C, along with rat CD2 under the control of the 

EF1alpha promoter and the CAG promoter. The expression levels of CD2 were normalized to 

vinculin expression for accurate comparison. The graph displays the quantification results 

obtained from three replicates of co-transfection of vector and RAB11FIP1C along with rat 

CD2 using the EF1alpha promoter and CAG promoter into HEK293 cells. A one sample t test 

(µ=1) was performed, and the p-value is indicated above the comparison. P<0.05 was 

considered statistically significant.  

 

 
The regulation of gene expression is a complex process that involves various factors, 

including promoters. Therefore, two different promoters of CD2, namely EF1alpha promoter 

and CAG promoter, were co-transfected with RAB11FIP1C into HEK 293 cells. It was 

observed that CD2 expression decreased significantly when co-transfected with 

RAB11FIP1C. Interestingly, the two different promoters did not alter the decreasing effect of 

RAB11FIP1C on CD2 expression, indicating that the effect of RAB11FIP1C is not dependent 

on the type of promoter used. 

The results suggest that RAB11FIP1C can have both stimulating and dampening effects on 

gene expression, and these effects are not limited to specific promoters. 

 

 
3.10 Relationship between LMP1 and RAB11FIP1 

Latent membrane protein 1 (LMP1), an EBV oncoprotein activates several signaling 
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pathways, such as cell death and survival, cell motility, and dynamics of actin filaments 

(DeKroon et al. 2018).  

LMP1 has been reported to impact the recycling endosome by activating 

Rab11/RAB11FIP1(DeKroon et al. 2018). Furthermore, many studies have demonstrated that 

LMP1 can influence cellular biological characteristics and gene expressions. Specifically, 

LMP1 has been found to impact proteasome subunits, conjugating enzymes, ubiquitin-

specific peptidases, vesicle trafficking proteins, and mitogen-activated protein kinase 

signaling proteins (Mainou et al. 2005). Recent research has suggested that the activation of 

the canonical NF-κB pathway by the carboxy-terminal activation domain 2 (CTAR2) of 

LMP1 is primarily responsible for the majority of LMP1-induced effects on cellular 

transcription (Edwards et al. 2015; Gewurz et al. 2011). In contrast, CTAR1 activates the 

noncanonical NF-κB pathway and induces minimal changes in gene transcription (Edwards et 

al. 2015; Luftig et al. 2004). Nevertheless, CTAR1 has a significant impact on cellular 

biological properties and can activate phosphatidylinositol 3-kinase (PI3-kinase)/Akt and 

induce the expression of epidermal growth factor receptor (EGFR) (Edwards et al. 2015; 

Mainou et al. 2005).  The impact of LMP1 on the cellular proteome is achieved by altering 

the levels of certain proteins through the proteasome-mediated mechanism. Upon analyzing 

the effects of LMP1 on vesicle trafficking pathways, it was found that the regulation of 

numerous signaling complexes is also influenced by its ability to impact vesicle formation 

and trafficking. 

To investigate the effects of LMP1 on RAB11FIP1C expression, the same amount of empty 

vector and LMP1-encoding plasmid were co-transfected with RAB11FIP1C into HEK293 

cells. After 24 hours, cells were collected and lysed for western blot analysis. Our results 

showed a significant increase in RAB11FIP1C expression in cells co-transfected with LMP1 

compared to cells co-transfected with the empty vector (p<0.01), suggesting that LMP1 may 

upregulate RAB11FIP1C expression in HEK293 cells (Fig.19). 
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Fig.19 This figure demonstrates the effect of LMP1 on RAB11FIP1C expression. LMP1was 

co-transfected with RAB11FIP1C or control vector in HEK 293 cells.  As determined by 

Western blot analysis, LMP1 increased RAB11FIP1C expression.  The expression levels of 

RAB11FIP1C were normalized to vinculin expression for accurate comparison. The 

quantification of the Western blot analysis is presented in the graph, showing the fold change 

in RAB11FIP1C expression in the presence of LMP1 compared to the control. A one sample 

t test (µ=1) was performed, and the corresponding p-value is shown above the comparison. A 

p-value less than 0.05 was deemed statistically significant. 

 

In contrast, to explore the impact of RAB11FIP1C on LMP1 expression, equal quantities of 

vector and RAB11FIP1C were co-transfected with LMP1 into HEK 293 cells. Following a 

24-hour incubation period, the cells were collected and subjected to western blot analysis to 

evaluate the effects of RAB11FIP1C on LMP1 expression (Fig.20). The statistical analysis 

revealed a significant decrease in LMP1 expression by RAB11FIP1C (p<0.5), indicating that 

RAB11FIP1C may play a role in modulating LMP1 expression. 

 

 

 

Fig.20 This Western blot analysis depicts the impact of co-transfecting different quantities of 

vector and RAB11FIP1C, along with LMP1, into HEK293 cells. The varying expression 

levels were determined by Western blot analysis, and the results illustrate that LMP1 

expression decreased as the amount of RAB11FIP1C increased, suggesting that 
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RAB11FIP1C has a negative regulatory effect on LMP1 expression. The expression levels of 

LMP1 were normalized to vinculin expression for accurate comparison. The graph shows the 

fold change of LMP1 expression in the presence of RAB11FIP1C compared to the control, 

indicating that LMP1 expression was significantly decreased in the presence of RAB11FIP1C. 

A one sample t test (µ=1) was performed, and the corresponding p-value is shown above the 

comparison. A p-value less than 0.05 was deemed statistically significant. 

 

To investigate the effect of LMP1 on the transcriptional level of RAB11FIP1C, equal 

amounts of empty vector and LMP1 were co-transfected into HEK 293 cells along with 

RAB11FIP1C. After 24 hours, cells were collected, and RT-qPCR was performed (Fig.21). 

The results showed no significant change in the mRNA level of RAB11FIP1C (p>0.05). 

 

 

Fig.21 The graph depicts the quantification results of the RT-qPCR analysis of the effects of 

LMP1 overexpression on the transcriptional level of RAB11FIP1C. The results show that 

there was no significant change in the mRNA level of RAB11FIP1C in the presence of LMP1, 

as determined by a one sample t test (µ=1). 

 

3.11 Investigating the role of RAB11FIP1C domains in regulating viral gene expression 

in B110 293 cells 

In order to further investigate the specific domain of RAB11FIPC that may be involved in the 

regulation of the observed decreasing and increasing effects on LMP1 and BZLF1 expression, 

a more targeted approach was employed. Specifically, two truncated versions of 

RAB11FIP1C, namely RAB11FIP1C ∆RBD and RAB11FIP1C ∆RBD ∆C, were generated 

and co-transfected with LMP1 and BZLF1 into B110 293 cells. The RAB11FIP1 ∆RBD lacks 

the RAB binding domain, which is known to be important for RAB11 binding, while the 

RAB11FIP1 ∆RBD ∆C lacks both the RAB binding domain and the C-terminal domain. By 
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comparing the effects of these truncated versions with the full-length RAB11FIP1C on LMP1 

and BZLF1 expression, a better understanding of the specific regions of RAB11FIP1C that 

are responsible for its observed effects on viral gene expression can be gained (Fig.22). 

Upon investigating the role of different domains of RAB11FIP1C in regulating the expression 

of LMP1, it was observed that even when co-transfected with RAB11FIP1C ∆RBD, there 

was still a significant decrease in LMP1 expression. However, when RAB11FIP1 ∆RBD ∆C 

was co-transfected, the observed decrease in LMP1 expression was no longer present. This 

suggests that the presence of the C-terminal domain of RAB11FIP1 is necessary for the 

observed effects on LMP1 expression. Further analysis of the specific regions within the C-

terminal domain responsible for these effects may provide valuable insights into the precise 

mechanism of action of RAB11FIP1C in regulating viral gene expression. 

 

Fig.22 This figure depicts the effects of co-transfecting RAB11FIP1C and its truncated 

variants, RAB11FIP1C ∆RBD and RAB11FIP1 ∆RBD ∆C, with LMP1 into B110 293 cells. 

The graph quantifies the co-transfection results of RAB11FIP1C and its truncation variants, 

RAB11FIP1C ∆RBD and RAB11FIP1 ∆RBD ∆C, with LMP1 into B110 293 cells. The 

expression levels of LMP1 were normalized to vinculin expression for accurate comparison. 

Statistical significance is indicated by asterisks denoting the p value. 

 

Similar results were obtained after co-transfection of truncated versions of RAB11FIP1C 

together with BZLF1 into B110 293 cells. Here again, deletion of the RBD domain, did not 

impair RAB11FIP1C’s ability to increase BZLF1 expression. However, when RAB11FIP1C 

∆RBD ∆C was co-transfected, the observed increase in BZLF1 expression was significantly 
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reduced. This points towards the C region as being essential to modulate BZLF1 and LMP1 

expression, albeit in opposite directions (Fig.23).  

 
 

 

Fig.23 This figure shows the effects of co-transfecting B110 293 cells with BZLF1 and 

RAB11FIP1C, as well as its truncated forms, RAB11FIP1C ∆RBD and RAB11FIP1C ∆RBD 

∆C. The graph illustrates the quantification of the co-transfection results on BZLF1. The 

expression levels of BZLF1 were normalized to vinculin expression for accurate comparison. 

The significance level of the data is indicated by asterisks, representing the p value. 

 

3.12 A time course study reveals optimal time point for RAB11FIP1C's contribution to 

the regulation of BZLF1 expression. 

To further explore the potential role of RAB11FIP1C in regulating BZLF1 expression, a time 

course study was conducted to examine whether its increasing effects on BZLF1 expression 

were sustained over time. B110 293 cells were co-transfected with RAB11FIP1C and BZLF1 

for 24, 36, and 48 hours, respectively. Subsequently, cells were collected and subjected to 

detection to evaluate the effects of RAB11FIP1C on BZLF1 expression at each time point. 

By analyzing the temporal changes in the effects of RAB11FIP1C on BZLF1 expression, a 

better understanding of the optimal time point for RAB11FIP1C in the regulation of BZLF1 

may be achieved (Fig.24). The results indicated that the peak contribution of RAB11FIP1C to 

BZLF1 expression occured at 24 hours. Subsequently, the presence of RAB11FIP1C no 
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longer significantly contributed to BZLF1 expression. Therefore, the 24-hour time point was 

selected for further investigation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.24  This figure depicts the co-transfection experiment of RAB11FIP1C with BZLF1 into 

B110 293 cells at different time points, namely 24, 36, and 48 hours. The results indicate that 

RAB11FIP1C overexpression leads to an increase in BZLF1 expression at 24 hours post-

transfection, but this effect diminishes over time, with no significant increase observed at 36 

or 48 hours.  This graph represents the quantification results of BZLF1 fold change in 

response to RAB11FIP1C overexpression at the different time points. The expression levels 

of RAB11FIP1C were normalized to tubulin expression for accurate comparison. The 

statistical significance of the results is indicated by p values, with a significant difference (p < 

0.05) and "ns" indicating no significance (p > 0.05).  

 

 

3.13 Comparison of cellular transcripts in vector versus RAB11FIP1C ∆RBD 

transfected HEK293 cells 

In the study, as it was observed that the RAB11FIP1C exhibited an increase in BZLF1 

expression in B110 293 cells, with the effect being the most pronounced at 24 hours.  These 

findings suggest that RAB11FIP1C may play a crucial role in regulating BZLF1 expression, 

and the RBD domain may not be necessary for this effect. To further investigate this 

phenomenon, RAB11FIP1C ∆RBD was overexpressed in HEK 293 cells to detect whether it 

may cause changes in cellular transcripts, leading to an increase in BZLF1 expression. In this 

experiment, 600ng of RAB11FIP1C ∆RBD was transfected into 293 cells. After 24 hours, 

cells were collected for DNA microarray analysis. The resulting heatmap generated from the 
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DNA microarray revealed that there were barely any gene changes when RAB11FIP1C 

∆RBD was overexpressed (Fig.25). This finding suggests that the up regulation of BZLF1 is 

not due to the transcriptional change incurred by the overexpression of RAB11FIP1C ∆RBD. 

These findings suggest that RAB11FIP1C may play an important role in regulating the lytic 

cycle of EBV through mechanisms other than transcriptional regulation. 

 

 
Fig.25 This heatmap presents the transcriptome analysis results of RNA samples extracted 

from HEK 293 cells that were transfected with either vector or RAB11FIP1C ΔRBD. 

Differential gene expressions were determined using log2Fold Change and a P value 
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threshold of less than or equal to 0.05. Genes with log2Fold values greater than or equal to 

1.4 were considered up-regulated and shown in red, while those with log2Fold values less 

than or equal to -1.4 were considered down-regulated and shown in blue. The analysis 

revealed the impact of RAB11FIP1C ΔRBD on gene expression in HEK 293 cells. 

For a deeper investigation into the potential signaling pathways influenced by RAB11FIP1C 

∆RBD overexpression, an analysis of the differentially expressed genes detected via DNA 

microarray was performed, and these genes were subsequently aligned with the KEGG 

pathway database (Fig.26). However, our findings revealed that barely any genes were 

enriched in any pathway. These results suggest that the overexpression of RAB11FIP1C 

∆RBD may not have a significant impact on specific signaling pathways. Further 

investigation is needed to elucidate the underlying mechanisms of the observed effects of 

RAB11FIP1C ∆RBD overexpression. 

 

 

Fig.26 In this figure, a bar chart is presented, showing the top 20 KEGG enrichment 

pathways in the differentially expressed genes between control and RAB11FIP1C ΔRBD 

over-expressed HEK 293 cells. The x-axis represents the number of differentially expressed 

genes mapped to each pathway, while the y-axis lists the enriched KEGG pathways. This 

bubble chart is presented to show the KEGG enrichment of cluster-specific marker gene 

transcripts that are upregulated in RAB11FIP1C ΔRBD over-expressed HEK 293 cells. The 

size of each circle next to the pathway name represents the number of differentially expressed 

genes mapped to that pathway. The x-axis represents the ratio of the number of differentially 

expressed genes in each pathway to the total number of differentially expressed genes. The 

colour of each bar indicates the p-value, with redder shades indicating lower p-values.  



69 
 

3.14 Proteomic analysis of RAB11FIP1C ΔRBD overexpression in HEK 293 cells 

Following the observation that overexpression of RAB11FIP1C ΔRBD in HEK 293 cells did 

not lead to any significant changes in transcriptional levels, a proteomic analysis was carried 

out to detect possible alterations in cellular protein levels that could play a role in EBV 

replication. Specifically, HEK 293 cells were transfected with RAB11FIP1C ΔRBD or with 

an empty vector control to investigate any changes in protein levels. The objective was to 

identify specific molecular events induced by RAB11FIP1C ΔRBD overexpression that may 

be involved in the process of EBV replication. Despite performing a comprehensive 

proteomic analysis, it was surprising to discover that the overexpression of RAB11FIP1C 

ΔRBD did not result in any significant changes in the cellular proteome (Fig.27). However, a 

small subset of genes did display minor alterations. The genes with the most significant 

changes in expression have been compiled and presented in Table 4, along with their 

corresponding fold changes and functional associations. 
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Fig.27 provides a visual representation of the differential gene expressions determined based 

on log2Fold Change and P value less than <0.05. The analysis provides a comprehensive 

overview of the impact of RAB11FIP1C ΔRBD on protein expression in HEK 293 cells. 

 

Table.4: Gene expression changes induced by RAB11FIP1C ΔRBD overexpression. 

Gene 

name 

Regulation Fold 

change  

Description 

LAMP2  up 1.57 Encodes a lysosomal membrane protein that is 

involved in the transport of lysosomal enzymes. 

DNAJC5  up 1.57 Plays a role in the regulation of synaptic vesicle 

endocytosis and recycling. 

F11R  

 

up 

 

1.23 

 

Encodes a cell adhesion molecule that is involved in 

the regulation of tight junctions and the maintenance 

of epithelial integrity. 

FAM192A  

 

up 

 

1.21 

 

The function of this gene is not well understood, but it 

has been suggested to play a role in cell proliferation 

and differentiation. 

MARCKS up 

 

1.33 

 

Regulates cell motility, adhesion, and signaling by 

interacting with the plasma membrane and 

cytoskeleton. 

CLIP1  up 1.57 Binds to microtubules and regulates their dynamics. 

GAR1  up 1.30 Encodes a protein that is involved in the assembly and 

processing of ribosomes. 

TAF6L  

 

up 

 

1.18 

 

Part of the transcription factor IID complex, which is 

involved in the initiation of transcription by RNA 

polymerase II. 

KIAA159

8  

 

up 

 

1.62 

 

The function of this gene is not well understood, but it 

has been suggested to play a role in the regulation of 

transcription. 

RCOR1  up 1.29 Plays a role in gene regulation by acting as a 

transcriptional co-repressor 

SF3B5  up 1.32 

 

Part of the spliceosome, a complex that is involved in 

the processing of pre-mRNA into mature mRNA. 

FLNA  

 

down 

 

-1.46 

 

Encodes filamin A, a protein involved in linking the 

actin cytoskeleton to the cell membrane and 

organizing cellular structures. 

CYB5B  down -1.52 Encodes a cytochrome b5 protein involved in lipid 

metabolism and electron transfer reactions. 

SPTAN1  down -1.94 Encodes alpha-II spectrin, a protein involved in 

cytoskeletal organization and stability. 

COX6B1  down -1.31 

 

Encodes a subunit of cytochrome c oxidase, which is 

important in the electron transport chain for cellular 

respiration. 

CHMP7  down -1.30 Encodes a protein involved in endosomal sorting and 

transport. 

ACTA1  

 

down 

 

-1.49 

 

Encodes alpha-skeletal muscle actin, a protein 

involved in muscle contraction and cytoskeletal 

organization. 

IQGAP3  

 

down 

 

-1.19 

 

Encodes a protein that interacts with a variety of 

cellular components and is involved in cytoskeletal 
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organization, cell adhesion, and signaling. 

RAB9A  down -1.48 Encodes a protein involved in regulating intracellular 

vesicular transport and protein trafficking. 

UBE2D2; 

UBE2D3  

down -1.58 

 

Encode ubiquitin-conjugating enzymes, which play a 

role in protein degradation and regulation. 

DDX11  down -1.24 Encodes a DNA helicase that also plays a role in DNA 

repair and replication. 

RPL22  

 

down 

 

-1.33 

 

Encodes a ribosomal protein that is part of the large 

subunit of the ribosome and plays a role in protein 

synthesis. 

PDP1  

 

down 

 

-1.31 

 

Encodes a pyruvate dehydrogenase phosphatase that 

regulates the activity of the pyruvate dehydrogenase 

complex in cellular energy metabolism. 

HLTF  down -1.27 Encodes a DNA helicase that plays a role in DNA 

repair and replication. 

HIST1H3

A  

down -1.40 Encodes a histone protein that plays a role in DNA 

packaging and gene expression regulation. 

The table presents a summary of the genes that were minimally affected upon overexpression 

of RAB11FIP1C ΔRBD, along with their corresponding fold change and functional 

annotations. 

 

 

3.15 BioID-based map of human cell identifies potential candidates for RAB11FIP1C 

interaction 

A community resource called humancellmap.org has been created based on this dataset, 

which provides online tools for localization analysis of user BioID data and offers insights 

into the results obtained from BioID experiments. The authors of this study  (Go et al. 2021) 

presented a BioID-based map of a human cell and defined the intracellular locations of 

thousands of unique proteins. This map exceeded the specificity of previous approaches and 

enabled the discovery of proteins crucial for mitochondrial homeostasis.  

Utilizing this data source, a list of potential candidates was generated with the aim of 

identifying proteins that could potentially interact with RAB11FIP1C (Table.5).  
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Table.5:  Summary table of the publicly available Bio-ID interactome dataset for 

RAB11FIP1 from Cell Map, showing average spectral counts (SC) and SAINT score for 

interactors (https://cell-map.org/; Table 5). 

 

Syntaxin7, Rab9, and Rab7 are important proteins involved in intracellular trafficking and 

lysosomal biogenesis. Syntaxin7 is a SNARE protein that mediates the fusion of late 

endosomes with lysosomes, while Rab9 and Rab7 are small GTPases that regulate the 

transport of endocytic vesicles from early to late endosomes and from late endosomes to the 

trans-Golgi network, respectively. These proteins were selected due to their known 

involvement in vesicle trafficking and the endocytic pathway, which may be critical for the 

replication of LCLs.  

The expression levels of Syntaxin7, Rab9, and Rab7 were analyzed in both replicating and 

latent LCLs to investigate any potential changes (Fig.28). However, the results did not reveal 

any significant changes between the two groups, indicating that these proteins may not play a 

major role in regulating the transition from latent to replicating state in LCLs. 

 

 

https://cell-map.org/
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Fig.28 The expression changes of Syntaxin7, Rab9, and Rab7 were examined in both latent 

and replicating LCLs. The expression levels of Syntaxin7, Rab9, and Rab7 were normalized 

to vinculin expression for accurate comparison.  The quantification results of Syntaxin7, 

Rab9, and Rab7 were presented for both latent and replicating LCLs. ("ns" was used to 

indicate the cases where there was no significant difference between the two groups.) 

 

 

3.16 RAB11FIP1C transfection leads to increased BZLF1 expression in B110 293 cells 

independently of cell proliferation 

B110 293 cells were co-transfected with vector and RAB11FIPC1, and immunofluorescence 

was performed to quantify the variations in BZLF1 protein expression.. The results showed a 

significant increase in the BZLF1 expression rate (Fig.29 A and B). To determine if the 

upregulation of BZLF1 was due to a change in its transcriptional level induced by 

RAB11FIP1C overexpression, BZLF1 was co-transfected with vector and RAB11FIP1C into 

B110 293 cells. The expression of BZLF1 was then measured using RT-qPCR to determine if 

there was any change in its transcriptional level in response to RAB11FIP1C overexpression. 

Surprisingly, the results showed that there was no significant change in the transcriptional 

level of BZLF1 in response to RAB11FIP1C overexpression, suggesting that the increase in 

BZLF1 expression was not caused by RAB11FIP1C did not result from variations in 

transcription . 

Previous studies have reported that RAB11FIP1 recruitment to the midbody is crucial for 

proper Rab35 function in actin removal during cytokinesis. In the absence of Rab11FIP1C, 

Rab35 drops from the midbody, leading to defects in cytokinesis, such as cytokinetic delays 

and binucleation due to the overaccumulation of actin at the intercellular bridge (Iannantuono 
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and Emery 2021). Thus, to determine whether the observed increase in BZLF1 expression 

was due to an increase in cell numbers after RAB11FIP1C transfection, cell numbers were 

counted for both control and RAB11FIP1C transfected B110 293 cells. However, the results 

indicated that there was no significant increase in cell number, suggesting that the observed 

increase in BZLF1 expression was not simply a result of increased cell proliferation (Fig.29 

C and D). 

 

Fig.29 (A) BZLF1 staining was performed 24 hours after co-transfection with BZLF1 into 

B110 293 cells. (B) Panel B shows the quantification of BZLF1 positive cells in B110 293 

cells that were transfected with Vector + BZLF1 and RAB11FIP1C + BZLF1, respectively. 

(C) The mRNA level of BZLF1 was detected by RT-qPCR in panel C to determine if there 

were any transcriptional effects of BZLF1. (D)   In panel D, cells were counted to determine 

whether RAB11FIP1C could increase the population after its transfection into B110 293 cells. 

A p-value less than 0.05 was deemed statistically significant and "ns" indicates not 

significant). 

 
3.17 Suppression of autophagy inhibits BZLF1 expression as well as RAB11FIP1C 

Autophagy, a cellular process responsible for the degradation and recycling of damaged or 

unnecessary cellular components, plays a vital role in maintaining intracellular balance. 

Endosomes play a role in the regulation of autophagy by influencing the trafficking and 

fusion events involved in autophagosome formation. Because RAB11FIP1C is involved in 

the transportation of endosomes, my hypothesis was that RAB11FIP1C prevented endosome 

degradation and promoted recycling. This, in turn, would reduce the fusion of endosomes 

with autophagosomes and subsequently leads to decreased degradation of BZLF1.To 

investigate the potential degradation of BZLF1 through autophagy, an autophagy inhibitor 

known as MRT68921 was used to assess its impact on BZLF1 levels change. MRT68921 has 

been documented to exhibit inhibitory effects on autophagy by targeting specific proteins 

involved in the process, such as ULK1 and ULK2 (Unc-51-like autophagy-activating kinases). 
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Through the inhibition of these proteins, MRT68921 interferes with the initiation of 

autophagy, leading to disruption of the autophagy process. Unexpectedly, the administration 

of the autophagy inhibitor MRT68921 resulted in a reduction in the expression level of 

BZLF1(Fig.30). These findings suggest that the degradation of BZLF1 probably does not 

occur through modulation of the autophagy process. 

 

 

 

 
 

Fig.30 The figure illustrates the change in BZLF1 expression following a 24-hour treatment 

of MRT68921. The expression levels of BZLF1 were normalized to vinculin expression for 

accurate comparison. The graph presents the results of BZLF1 quantification upon a 24-hour 

treatment of MRT68921 and its resulting fold change in expression. The significance level of 

the data is indicated the corresponding p-value. 

 

The impact of the autophagy inhibitor MRT68921 on the expression of RAB11FIP1C was 

also investigated. Interestingly, the expression of RAB11FIP1C was also found to decrease 

upon treatment with MRT68921(Fig.31). Based on my previous experimental findings, it 

appears that elevated expression of RAB11FIP1C plays a role in upregulating BZLF1, while 

a decrease in RAB11FIP1C expression leads to a subsequent reduction in BZLF1 levels.  

Therefore, the downregulation of BZLF1 induced by MRT68921 could also be attributed to 

the decrease of RAB11FIP1C. 
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Fig.31 The figure illustrates the change in RAB11FIP1C expression following a 24-hour 

treatment of MRT68921. The expression levels of RAB11FIP1C were normalized to vinculin 

expression for accurate comparison. The graph presents the quantification results of the fold 

change in RAB11FIP1C expression upon a 24-hour treatment of MRT68921. The 

significance level of the data is indicated the corresponding p-value. 

 

3.18 The role of RAB11FIP1C and its C2 domain in cellular localization and EBV 

replication 

In the present study, it was found that the C2 domain of RAB11FIP1C plays a crucial role in 

both its enhancing and inhibitory effects. C2 domains, which are approximately 130 amino 

acid motifs, are present in numerous proteins involved in cell signaling, such as 

phosphoinositide-3-kinase (PI-3-kinase) and PTEN, as well as membrane trafficking proteins 

like rabphilin-3A and synaptotagmin. These domains were initially discovered in protein 

kinase C (PKC) (Cho 2001). Multiple research studies have provided evidence showing that 

the expression of truncated versions of RAB11FIPs, lacking their C2 domains, leads to a 

notable decrease in the rate of endosomal recycling. The recycling of transferrin to the plasma 

membrane is hindered, implying a key regulatory role of the C2 domain in class I Rab11FIPs 

for the transportation of ligands and their receptors back to the plasma membrane (Lindsay et 

al. 2002; Lindsay and McCaffrey 2002; Prekeris et al. 2000). 

C2 domains exhibit a preference for binding to PtdIns(3,4,5)P3 and phosphatidic acid (PA). 

Stimulation of A431 cells with epidermal growth factor (EGF) or with a phorbol ester leads 

to the synthesis of PtdIns(3,4,5)P3 or PA, followed by relocation of endogenous 

RAB11FIP1C from the endosomal-recycling compartment (ERC) to the plasma membrane. 

This translocation is effectively blocked when cells are pre-treated with wortmannin, a PI3K 

inhibitor. Notably, the presence of the C2 domain within RAB11FIP1C is of utmost 

importance for this plasma membrane translocation event. Truncation mutants lacking this 
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domain fail to undergo translocation even when subjected to the same treatments in cells 

(Lindsay and McCaffrey 2004). 

The quantification of RAB11FIP1C's distinct morphological features was conducted in latent 

and replicating LCLs. In LCLs, around 45% of cells showed RAB11FIP1 localized in the 

perinuclear region, forming a characteristic dot-like formation. However, during replication, 

there was a significant change in the formation of RAB11FIP. Specifically, the dot-like 

formation observed in LCLs became more diffuse in replicating LCLs. These findings 

suggest that the behavior of RAB11FIP1 is affected by EBV replication and could potentially 

play a role in the regulation of cellular processes during this stage of EBV replication (Fig.32 

and 33). 

 

 

 

Fig.32 The images presented here depict the staining results of RAB11FIP1 (shown in green) 

and BZLF1 (shown in red), with the nuclei labelled using DAPI (shown in blue). 

 

 

 

Fig.33 The image displays the counting results of RAB11FIP1 formations in LCLs, 

categorized as Dots-like and Non-dots-like. The image also presents the counting results of 
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RAB11FIP1C formations in replicating LCLs, classified as Dots-like and Non-dots-like. The 

significance level of the data is indicated by asterisks, representing the corresponding p-value. 

 

3.19 The role of RAB11FIP1C and its C2 domain in cellular localization and EBV 

replication 

Therefore, the effects of wortmannin, a PI3K inhibitor, on RAB11FIP1C and BZLF1 was 

investigated. Treatment with the PI3K inhibitor resulted in a slight decrease in the expression 

of RAB11FIP1C and a significant reduction in BZLF1 expression (Fig.34). 

 

 

 

 

Fig.34 The figure depicts the change in BZLF1 expression observed in LCLs following 

treatment with wortmannin. The expression levels of RAB11FIP1C and BZLF1 were 

normalized to tubulin expression for accurate comparison. The graph displays the 

quantification data, presenting the fold change in BZLF1 expression after a 24-hour 

wortmannin treatment in LCLs. The significance level of the data is indicated the 

corresponding p-value. 

 

To further investigate the potential involvement of the AKT/PI3K pathway in EBV 

replication, Recilisib, an activator of AKT and PI3K, was utilized. However, the results 

depicted in the graph indicate that treatment of LCLs with Recilisib for a 24-hour incubation 

period did not induce any significant changes in the expression levels of RAB11FIP1C and 

BZLF1 (Fig.35). 
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Fig.35 The figure illustrates the alteration in BZLF1 expression observed in LCLs upon 

treatment with Recilisib. The expression levels of RAB11FIP1C and BZLF1 were normalized 

to tubulin expression for accurate comparison. The graph showcases the quantified results, 

demonstrating the fold change in BZLF1 expression following a 24-hour treatment of 

Recilisib in LCLs.  

 

EGF triggers the activation of PI3K, subsequently leading to the activation of AKT. Through 

its activation, AKT plays a crucial role in governing a wide range of cellular processes by 

phosphorylating specific target proteins (Liu et al. 2009).Then the effects of EGF treatment 

on HEK293 cells were assessed by performing staining for RAB11FIP1 to observe any 

alterations in its formation. Staining was conducted at 15, 30 minutes and 3-hour time points. 

The results of the staining revealed significant changes in the intensity and distribution of 

RAB11FIP1. Specifically, the staining intensity of RAB11FIP1 exhibited a stronger signal, 

indicating an upregulation. Additionally, the formation of RAB11FIP1 shifted from its 

original perinuclear localization to the plasma membrane (Fig.36). These observations 

provide compelling evidence of the dynamic changes induced by EGF treatment in the 

localization and abundance of RAB11FIP1. 
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Fig.36 These images illustrate the staining outcomes of RAB11FIP1, visualized in green, 

captured at various time intervals. Additionally, the nuclei are clearly labelled using DAPI, 

indicated by blue coloration. 

 

After transfecting BZLF1 into B110 293 cells, 500 ng of EGF was added 12 hours later. 

Following a 12-hour incubation, cells were collected for Western blot analysis. The results 

revealed an increase in BZLF1 expression upon EGF treatment (Fig.37). 
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Fig.37 The figure demonstrates the change in BZLF1 expression observed in B110 293 cells 

following EGF treatment. The expression levels of RAB11FIP1C and BZLF1 were 

normalized to tubulin expression for accurate comparison. The graph displays the 

quantification data, presenting the fold change in BZLF1 expression after a 24-hour EGF 

treatment in B110 293 cells. The significance level of the data is indicated the corresponding 

p-value. 
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4. Discussion 

 

The M81 strain, isolated from a patient with nasopharyngeal carcinoma, has been previously 

found to induce robust spontaneous virus production in infected B cells. Moreover, it has 

been observed that M81 lytic replication is closely associated with chromosome instability, 

indicating a direct link between the two phenomena. As such, investigating the mechanisms 

that underlie M81's ability to replicate is crucial for understanding its oncogenic properties. 

However, despite its significance, much less is known about the spontaneous replication of 

M81 compared to replication induced by chemical agents. Thus, there is a need for further 

research to elucidate the mechanisms involved in M81's spontaneous replication, which may 

shed light on the development and progression of virus-associated malignancies. 

Understanding the mechanisms of EBV replication is important for developing treatments for 

EBV-associated diseases, as well as for developing vaccines to prevent infection with this 

virus. 

However, lytic replication of Gammaherpesviruses is notoriously difficult to study as there 

are no fully permissive cellular systems available. For this reason, all investigators in the field 

use rare cell lines that support virus replication but are completely artificial. For the first time 

in our lab, a physiological experimental system has been developed in infected primary B 

cells, in which replicating cells are rescued using the CD2 purification system encoded onto 

the virus. However, only 5% of the infected B cells produce the virus and their purification is 

very time- and work intensive. Moreover, investigators in the laboratory have developed a 

very complex plasmid that allows expression of transgenes in infected B cells. This plasmid 

remains as an episome in infected B cells independently of the viral genome and requires an 

origin of replication as well as two surface markers, an inactive rat CD2 or an inactive NGF-

receptor. This very complex system is necessary because EBV-infected B cells are difficult to 

transfect and the small percentage of the cell population that receives the plasmid needs to be 

sequentially purified by antibodies specific to CD2 or to the NGF-receptor. As previously 

mentioned, only approximately 1% to 5% of the LCL population consists of actively 

replicating cells. Consequently, the effects of the candidate genes can only be very limited 

when studying the whole population. They remain nevertheless substantial. Moreover, taking 

the low number of replicating cells into consideration, the candidate genes are expected to 

have a notably more substantial impact in replicating cells than what is currently observed in 

the blots. Thus, not all experiments can be performed in LCLs and need to be performed in 

B110 293 cells. Another advantage of the B110 293 cells is that we can initiate the EBV lytic 
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replication with high efficiency by co-transfecting BZLF1, which is not possible with the 

LCLs. Thus, our experiment systems go well beyond the state-of-the-art in the field and allow 

identification of previously unknown molecular mechanisms, but they need to be completed 

with more conventional experimental systems.  

 

4.1 Exploring cellular genes and their role in EBV replication  

To explore the replicating process of LCLs and identify the cellular genes involved, the 

following experimental strategy was employed. The rat CD2 gene was introduced into the 

BXLF1 gene of EBV M81 genome, enabling the isolation of replicating LCLs from latent 

LCLs. A comparative analysis was performed between replicating and latent EBV-infected B 

cells to identify cellular genes specifically associated with LCL replication. This comparative 

study offered an opportunity to explore the changes in gene expression patterns during the 

replication process, thereby gaining valuable insights into the functional roles of these genes 

in LCL replication. 

The study initially focused on cellular genes that exhibited significant changes in DNA 

microarray assays, that could be confirmed by qPCR. These candidate genes were then 

transfected into B110 293 cells to investigate whether they could trigger the initiation of EBV 

replication. However, this functional approach showed that they cannot induce EBV 

replication in isolation. Therefore, they were subsequently co-transfected with BZLF1 to 

assess their impact on BZLF1 expression and on the whole replication cycle as assessed by 

gp350 expression. Furthermore, the genes were stably transfected into LCLs to evaluate their 

effects on spontaneous production of BZLF1. Interestingly, the study identified RAB11FIP1 

as a crucial component influencing the replication process of EBV. This discovery prompted 

further exploration into the specific mechanisms by which RAB11FIP1 may contribute to 

driving viral replication, leading to a comprehensive investigation and subsequent discussion. 

4.2 Genes that exhibited differential expression were evaluated using bulk RNA-seq 

analysis 

There are two types of EBV, Type 1 (T1) and Type 2 (T2), that infect humans and cause 

different phenotypes in B cells due to substantial differences in their EBNA2 and 

EBNA3A/B/C latency proteins. In vitro experiments have shown that T1 EBV is more 

efficient at transforming B cells, while B cells infected with T2 EBV exhibit higher levels of 

lytic activity.  In a recent study (Bristol et al. 2022), the researchers used bulk RNA-seq to 

analyze the gene expression of both cellular and viral genes in early-passage lymphoblastoid 
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cell lines (LCLs) infected with either T1 or T2 EBV strains. The analysis revealed that T2 

LCLs exhibit distinct gene expression profiles compared to T1 LCLs and our focus shifted 

towards identifying genes that showed upregulation in both this screening process and our 

study. The examination of our DNA micro array results indicated an upregulation of the 

following genes: NFATC1, BIN1, MXD1, WSB1, SMYD4, ZNF483, CARKD, CREBRF, 

RAB11FIP1, RAB11FIP3, KIDINS220, ING1, and DKK4 were upregulated. Within this list, 

RAB11FIP1 and DKK4 were upregulated both in our screen and in T2 EBV-infected LCLs 

compared to T1 EBV-infected LCLs, with adjusted p-values of 0.054 and 0.060, respectively. 

Thus, RAB11FIP1 may play a crucial role in the replication process of T2 LCLs and of M81 

LCLs.  Notably, another study found that RAB11FIP1 remains continuously activated upon 

treatment with thapsigargin, a chemical agent that induces EBV lytic replication (Taylor et al. 

2011) (Fig.38). Altogether, these data suggested that the elevated expression of RAB11FIP1 

is an important event during EBV lytic replication in multiple cellular systems. 

 

                                          

Fig. 38 The authors utilized bulk RNA-seq data to compare the gene expression patterns of 

T1 EBV- and T2 EBV-infected LCLs. Their goal was to identify the specific cellular gene 

expression program that is associated with the lytically-infected cell population(s). The bulk 

RNA-seq data was used to summarize the observed changes in upregulated candidate genes 

from the RT-qPCR results. The adjusted p-values for the differentially expressed genes were 

also reported (https://doi.org/10.1371/journal.ppat.1010453). 

 

4.3 Enhanced BZLF1 expression by RAB11FIP1 is independent of transcription and 

translation  

In this study, it was observed that both RAB11FIP1C and RAB11FIP1B exhibited increased 

https://doi.org/10.1371/journal.ppat.1010453
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expression levels in replicating LCLs. This suggests that their higher expression potentially 

plays a facilitative role in the replication process. Transfecting either RAB11FIP1C or 

RAB11FIP1B along with BZLF1 resulted in an elevation of BZLF1 expression. Given that 

RAB11FIP1C is the predominant isoform expressed in LCLs, its specific role in the 

regulatory process was further investigated. RAB11FIP1C has the ability to upregulate the 

expression of genes such as BZLF1 and GFP, while also downregulating the expression of 

others, such as LMP1.  

The functional roles of different domains of RAB11FIP1C isoform were investigated by 

analyzing the effects of forms of the proteins that lack the RBD and/or the C2 domain. These 

truncated forms were co-transfected with LMP1 and BZLF1 to assess their impact on gene 

upregulation and downregulation. Based on the findings, it was observed that the ability of 

RAB11FIP1C to modulate the expression of other proteins was primarily influenced by the 

C2 domain rather than the RBD domain. For a detailed examination of the effects of the 

RAB11FIP1C isoform without the RBD domain on transfected cells, alterations in 

transcriptional levels resulting from its overexpression were assessed. Surprisingly, the 

overexpression of the RAB11FIP1C isoform lacking the RBD domain had minimal effects on 

transcriptional level changes. This observation suggests that the upregulation of BZLF1 may 

not be attributed to transcriptional modifications caused by the overexpression of 

RAB11FIP1C RBD deletion isoform. 

Subsequently, the RAB11FIP1C isoform lacking the RBD domain was once again 

overexpressed in HEK293 cells to investigate potential alterations in cellular proteomics. 

This analysis aimed to identify any cellular proteomic changes that could potentially 

contribute to the expression of BZLF1. Here again, the overexpression of the RAB11FIP1C 

isoform lacking the RBD domain did not induce any significant changes in cellular 

proteomics.  

Consequently, a BioID-based mapping strategy was utilized to uncover potential protein 

interactions associated with RAB11FIP1C. Notably, the expression of Syntaxin7, Rab9, and 

Rab7, key proteins involved in intracellular trafficking and lysosomal biogenesis, was 

examined in replicating LCLs. However, Western blot analysis revealed that their expression 

levels in replicating LCLs remained unchanged when compared to latent LCLs. 

RAB11FIP1 actively participates in the intricate dynamics and crucial functions of 

endosomes within the cell. Moreover, endosomes and autophagy exhibit a close 

interconnection, working in coordination to regulate various cellular processes. To investigate 

whether BZLF1 undergoes degradation through this pathway, an autophagy inhibitor was 
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employed. Surprisingly, treatment with this inhibitor resulted in a decrease in both BZLF1 

levels and the expression of RAB11FIP1C.  

The findings suggest that BZLF1 is not subjected to degradation via the autophagy pathway. 

Additionally, the downregulation of RAB11FIP1C using its specific shRNA leads to a 

decrease in BZLF1 expression. Therefore, it can be inferred that the inhibitory effects of the 

autophagy inhibitor on BZLF1 expression are likely mediated by its suppression of 

RAB11FIP1C. 

 

4.4 The role of RAB11FIP1 in endosomal recycling and its intriguing distribution 

patterns in LCLs 

In eukaryotic cells, the internalization of cell surface proteins occurs through the essential 

process of endocytosis. Once internalized, these proteins are directed to specialized 

organelles known as early or sorting endosomes (EEs). Within these multifunctional 

organelles, a critical decision is made regarding the fate of the proteins: either they are 

recycled back to the plasma membrane or transported to late endosomes and lysosomes for 

degradation. Many ligands, receptor-ligand complexes, and other substances that are meant to 

be degraded are transported from sorting endosomes to late endosomes, and ultimately to 

lysosomes, where they are broken down by hydrolytic enzymes. The precise mechanisms 

underlying the sorting and recycling of endocytosed proteins remain largely elusive, despite 

their fundamental importance in maintaining proper cellular function and promoting growth 

(Mellman 1996; Robinson et al. 1996). 

RAB11FIP1 is an important protein involved in regulating endosomal recycling, a critical 

process for the transportation and sorting of various molecules within cells (Jin and 

Goldenring 2006; Peden et al. 2004). Recent research has indicated that RAB11FIP1 may 

also play a key role in virus-host interactions, particularly in the entry and replication of 

certain viruses such as influenza virus and HIV (Bruce et al. 2010; Fernandez-de Céspedes et 

al. 2022). Studies have shown that RAB11FIP1 interacts with the HIV envelope protein, 

facilitating the movement of the virus from endosomes to the plasma membrane (Qi et al. 

2013).  

Notably, RAB11FIP1 plays a critical role in intracellular sorting processes by 

accommodating various cargo, such as receptor tyrosine kinases, integrins, and other 

membrane receptors or molecules. In particular, the RAB11FIP1-Rab11 complex assumes a 

pivotal role in controlling the sorting of transferrin receptors. This dynamic complex 
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facilitates the transition of transferrin receptors from the degradative pathway to the recycling 

pathway, ensuring their proper cellular recycling and function (Peden et al. 2004). 

The subcellular localization of RAB11FIP1C in LCLs was investigated, demonstrating its 

distribution in two distinct regions. It was primarily observed in the perinuclear region, while 

also exhibiting cytoplasmic localization near the membrane. This localization pattern was 

confirmed by the colocalization analysis with markers such as Lamin A and CD27. 

The positioning of RAB11FIP1C within LCLs displays distinct patterns, which are associated 

with its formation. In the perinuclear region, RAB11FIP1C exhibits a dot-like configuration, 

whereas its relocation to the membrane results in a more diffuse distribution. Previous studies 

have proposed that these changes in formation are reliant on the C2 domain of RAB11FIP1C. 

Our findings align with this notion, as the C2 domain-dependent effects of RAB11FIP1C on 

BZLF1 expression were observed, emphasizing the significance of this domain in mediating 

its regulatory role. 

Furthermore, the distribution of RAB11FIP1 throughout the cytoplasm appeared to be well-

balanced, as indicated by a relatively stable ratio of dot-like formations to non-dot-like 

formations. In the context of replicating LCLs, a noticeable change occurred in the dot-liking 

formation ratio of RAB11FIP1, demonstrating a significant decrease compared to latent 

LCLs. This shift was accompanied by a distinct alteration in the subcellular localization 

pattern of RAB11FIP1. Specifically, RAB11FIP1 underwent a transition from dot-like 

formations primarily located in the perinuclear region to a more diffused distribution 

throughout the cytoplasm. These observations indicate a dynamic reorganization of 

RAB11FIP1 within replicating LCLs, suggesting its involvement in specific cellular 

processes associated with LCL replication. 

 

4.5 Interplay of RAB11FIP1, PI3K/AKT, mTOR, and EGFR Signaling in EBV 

replication 

One study has proposed a potential link between the positional shift of RAB11FIP1 and its 

involvement in the PI3K/AKT pathway. Furthermore, multiple studies have demonstrated the 

impact of the mTOR pathway on the replication of EBV. Inhibition of mTOR signaling has 

emerged as a promising strategy to effectively suppress the lytic replication of EBV in 

infected cells (Adamson et al. 2014; Wang et al. 2020). The combination of rapamycin, a 

specific inhibitor of the mTOR pathway, with inhibition of PI3K and Akt has demonstrated 

synergistic effects in reducing the growth of EBV positive PTLD cells (Furukawa et al. 2013; 
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Sang et al. 2019).  

In this study, LCLs were treated with both a PI3K/AKT pathway activator and an inhibitor to 

assess the impact on BZLF1 and RAB11FIP1C.The inhibition of the PI3K/AKT pathway led 

to a decrease in BZLF1 expression, accompanied by a reduction in RAB11FIP1C levels. 

Conversely, treatment with the PI3K/AKT pathway activator did not result in any noticeable 

changes in BZLF1 and RAB11FIP1C expression. 

Previous studies have noted the ability of EGF to induce changes in the localization of 

RAB11FIP1C, prompting an investigation into its functional effects in the present study. 

Intriguingly, upon treating HEK 293 cells with EGF, substantial alterations were observed in 

both the position and intensity of RAB11FIP1, underscoring the dynamic nature of its cellular 

behavior in response to EGF stimulation. Additionally, when BZLF1 was transfected into 

B110 293 cells and subjected to EGF treatment to explore its impact on BZLF1 expression, a 

noteworthy outcome emerged with an increase in BZLF1 expression levels. These findings 

shed light on the intricate relationship between EGF, RAB11FIP1C, and BZLF1, highlighting 

the potential regulatory role of EGF in modulating BZLF1 expression. 

EGF and estrogens are recognized as important mitogens that play a role in promoting 

cellular proliferation, particularly in the breast and reproductive tract (O'Malley et al. 1991). 

In the context of breast cancer, the expression of RAB11FIP1 varies among different tumor 

subtypes, with the highest levels observed in estrogen receptor (ER) positive luminal B 

tumors and the lowest levels in ER-negative basal-like tumors. Interestingly, studies have 

demonstrated that estrogen can upregulate both EGF and its receptor levels in the uterine 

environment (Das et al. 1994; DiAugustine et al. 1988; Mukku and Stancel 1985). 

Intriguingly, the excessive production of estrogen within the tumor, driven by the enzyme 

aromatase, may exert stimulatory effects on BZLF1 expression and trigger the reactivation of 

EBV, thereby potentially contributing to the progression NPC (Dochi et al. 2022). 

In NPC, it has been observed that EGFR is highly expressed in epithelial cells (Miller et al. 

1995). Interestingly, RAB11FIP1C plays a crucial role in the cellular process of recycling the 

EGFR/α5β1-integrin complex, directing it back to the plasma membrane and thereby 

promoting cell invasion (Caswell et al. 2007). Notably, in breast cancer, overexpression of 

RAB11FIP1 has been shown to enhance extracellular signal-regulated kinase (ERK) 

phosphorylation and activate Ras, emphasizing its impact on intracellular signaling.  

Furthermore, an intriguing finding from the study revealed that RAB11FIP1C can form a 

complex with the H-RAS proto-oncogene, resulting in the potent activation of the 

downstream target MAPK (Zhang et al. 2009). These signaling pathways have implications 
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for EBV-related processes. Inhibitors targeting the ERK and nuclear factor (NF)-κB 

pathways have demonstrated the ability to impede both EBV transmission and lytic induction 

(Nanbo et al. 2012). Additionally, it has been demonstrated that activated RAS plays a crucial 

role in the disruption of viral latency induced by BRLF1 and BZLF1, occurring at a stage 

downstream of the transcription of BZLF1 and BRLF1 (Darr et al. 2001). The initiation of 

EBV reactivation cascade involves the activation of protein kinase C (PKC) by TPA, 

subsequently stimulating the mitogen-activated protein kinase (MAPK)/extracellular signal-

regulated kinase (ERK) pathway (Davies et al. 1991; Liu et al. 1997).  These interconnected 

findings highlight the intricate relationships between EGFR, RAB11FIP1C, intracellular 

signaling pathways, and EBV reactivation. 

 

5. Summary 

In replicating LCLs, both isoforms of RAB11FIP1 exhibited increased expression compared 

to latent LCLs. Notably, both RAB11FIP1C and RAB11FIPB were found to enhance BZLF1 

expression, and this effect was shown to be dependent on the C2 domain. The increasing 

effects of RAB11FIP1C on BZLF1 were observed regardless of any transcriptional or 

proteomic changes induced by RAB11FIP1.  Furthermore, the dynamic shift in the 

localization of RAB11FIP1 from the perinuclear region to the plasma membrane may 

contribute to an increased presence of EGFR in the plasma membrane. Consequently, the 

activation of MAPK/ERK pathway by EGF triggered by EGF, facilitating the replication of 

EBV.  Moreover, the overexpression of RAB11FIP1 in replicating LCLs has the potential to 

enhance ERK phosphorylation and activate RAS, leading to the activation of the MAPK 

pathway and, consequently, an enhancement of EBV replication.  These interconnected 

findings underscore the multifaceted role of RAB11FIP1 in influencing BZLF1 expression, 

cellular localization, EGFR signaling, and downstream MAPK pathway activation, ultimately 

contributing to the replication of EBV in LCLs. 

 

6. Zusammenfassung  

In replizierenden LCLs zeigten beide Isoformen von RAB11FIP1 im Vergleich zu latenten 

LCLs eine erhöhte Expression. Beachtenswert ist, dass sowohl RAB11FIP1C als auch 

RAB11FIPB die BZLF1-Expression verstärkten und dieser Effekt auf der C2-Domäne 

abhängig war. Die zunehmende Wirkung von RAB11FIP1C auf BZLF1 wurde unabhängig 
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von transkriptionellen oder proteomischen Veränderungen beobachtet, die durch RAB11FIP1 

hervorgerufen wurden. Darüber hinaus kann der dynamische Wechsel der Lokalisierung von 

RAB11FIP1 von der perinuklearen Region zur Plasmamembran zu einer erhöhten 

Anwesenheit von EGFR in der Plasmamembran beitragen. Daraus resultiert die Aktivierung 

des MAPK/ERK-Signalwegs durch EGF, der die Replikation des EBV erleichtert. Darüber 

hinaus hat die Überexpression von RAB11FIP1 in replizierenden LCLs das Potenzial, die 

Phosphorylierung von ERK zu verstärken und RAS zu aktivieren, was zur Aktivierung des 

MAPK-Signalwegs und somit zur Verbesserung der EBV-Replikation führt. Diese 

verbundenen Erkenntnisse unterstreichen die vielschichtige Rolle von RAB11FIP1 bei der 

Beeinflussung der BZLF1-Expression, der zellulären Lokalisierung, der EGFR-Signalgebung 

und der Aktivierung des nachgeschalteten MAPK-Signalwegs, was letztendlich zur 

Replikation von EBV in LCLs beiträgt. 
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