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Abstract: Epstein-Barr virus (EBV)-encoded RNAs (EBERs) are structurally conserved small, noncoding RNAs consti-

tutively expressed in EBV infection. Although primarily localised in the nucleus, EBERs are found in the cytoplasm 

and exosomes. However, the mechanism(s) of EBERs transport is not known. This study aimed to investigate the 

structural impact of EBER1 on its transport. EBER1 stem-loop (SL) deletion mutants (ΔSL1, ΔSL3 and ΔSL4) were 

created and stably transfected into HEK293T cells. The expression of EBER1 was quantified in total cell, nuclear, cyto-

plasmic and exosomal fractions. The quantification was performed in the presence of physiological expression of 

RPL22 and La, and after silencing them. These proteins are believed to be involved in EBER1 transport and secretion. 

Compared to the wildtype EBER1 transfectants, the expression level of EBER1 gene in all mutants was significantly 

lower in the total cell, cytoplasmic and exosomal fractions. However, ΔSL3 mutant showed significant nuclear reten-

tion. Silencing RPL22 resulted in increased nuclear-cytoplasmic trafficking of EBER1. Silencing La protein did not 

affect EBER1 secretion. Alternatively, the store-operated intracellular Ca2+ was found to correlate with EBER1 expres-

sion in exosomes. Taken together, EBER1 structure and its interaction with RPL22 appeared to be important in the 

nuclear-cytoplasmic transport of the RNA. 
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1. Introduction 

Epstein-Barr virus (EBV) is an oncogenic virus that infects and establishes latency in >90% of the human population 

worldwide [1,2]. EBV infection is divided into lytic and latent infection [1,3]. During latency, up to a dozen viral latent 

products are expressed, namely, six nuclear antigens (EBNAs), three membrane proteins (LMP) and a number of 

noncoding RNAs. Depending on the pattern of latent gene expression, EBV latency is subdivided into four programs 

referred to as latency 0, I, II and III [2]. In type 0 latency, EBV shuts down the production of all its latent products except 

the noncoding RNAs, most notably EBV-encoded RNAs (EBERs) [4–6]. EBERs are two small, structurally conserved 

transcripts that are constitutively expressed at >106 copies per EBV-infected cell [7]. Despite their abundant expression, 

the role of EBERs in EBV biology or associated pathogenesis remains poorly understood. EBERs are believed to be 

involved in many pathogenic processes, including the spread of EBV through improved cell-cell communication via 

exosomes [8]. Although EBERs are primarily localised in the nucleus, a proportion is detected in the cytoplasm and 

exosomes [9,10]. However, the mechanisms involved in the intracellular transport and secretion of EBERs remain to be 

elucidated.  

The transport of EBERs from the nucleus to other subcellular compartments and their extracellular secretion could be 

related to their structure. This is because the structure of an RNA is known to influence its functions [11–13]. For in-

stance, in EBV, mutations in EBER genes were linked to reduced cell proliferation [14]. Likewise, disrupting the struc-

ture of EBER2 abolished more than 20% of its ability to induce gene expression [15]. Similarly, the structure of RNA has 

been shown to affect transport in plants. The systemic transport of potato spindle tuber viroid was influenced by several 
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stem-loops of its RNA [16]. A single-nucleotide mutation in the extracellular NH2-terminal β1 domain of murine class 

II I-A transmembrane glycoprotein caused cytoplasmic accumulation of the glycoprotein and abolished its secretion 

[17]. Thus, the structure of an RNA appears to be important in its intracellular transport and secretion in many different 

biological systems. 

Secondly, the interaction of RNA with proteins is associated with their cellular transport and secretion [8]. EBERs exist 

in cells as ribonucleoproteins, interacting with several cellular proteins. These protein interactions are also linked to the 

biological effects of EBERs [14,18], including conferring resistance to innate immune antiviral processes [19–21], regu-

lating cellular and EBV gene expressions [15,20], and facilitating cell transformation [18,20,22]. For example, the inter-

action of EBER1 with ribosomal protein L22 (RPL22) has been shown to be crucial for EBER1 proliferative advantage 

[14]. Similarly, EBER1 interaction with RPL22 and Lupus antigen (La) is presumed to be responsible for its intracellular 

transport and secretion into exosomes, respectively [8,10]. 

Thirdly, the secretion of vesicles, including exosomes, is one mechanism by which cells maintain homeostasis. This 

physiological process is prone to be hijacked by viruses to promote infection by transmitting pathogen-related mole-

cules [23]. While the mechanism of EBERs secretion into exosomes is not known, it has been suggested that intracellular 

calcium ion ([Ca2+]i) could be involved. This is because the secretion of vesicles can be triggered and controlled by 

Ca2+ release from intracellular Ca2+ stores [24–26]. Furthermore, EBER1 was shown to increase Ca2+ influx in transfected 

cells compared to the control cells [27]. Taking all these observations into consideration, investigating the mechanisms 

of EBERs transport is crucial for a proper understanding of their role in EBV biology and associated diseases. Therefore, 

the aim of this study was to investigate the structural impact and mechanisms of nuclear-cytoplasmic transport and 

secretion of EBER1. 

2. Materials and Methods 

2.1 Generation of EBER1 stem-loop mutants, cloning and transfection 

Sequences corresponding to stem-loop (SL) 1, 3, and 4 were individually deleted from EBER1 to create three mutants: 

∆SL1, ∆SL3, ∆SL4 deletion mutants. EBER1 SL mutants were generated using spliced overlap extension PCR [28]. To 

generate full-length EBER1 mutant, EBER1 outer primers (forward and reverse) (Supplementary Table S1) were used. 

Similarly, the EBER1 outer primers were used for all subsequent PCRs for all mutants and the wildtype. EBER1 outer 

primers were flanked with HindIII and BglII restriction enzymes in the forward and reverse primer, respectively, to 

control the orientation of the insert. Cloning was done using T4 DNA ligase (NEB, UK) according to the manufacturer’s 

instructions. The clones were transfected into HEK293T cells using calcium phosphate [29]. Hygromycin B was used as 

the selection marker. Stable clones were confirmed by RT-PCR and in situ hybridisation [30,31].  

2.2 Determination of plasmid copy number 

Plasmid copy number was determined to account for the number of plasmids present and their gene expression effi-

ciency in the transfected cells. This is important to eliminate (if any) interference of EBER1 copies with its structural 

impact. Both EBER1 and Hygromycin B genes were used in determining the plasmid copy number.  

We made a tenfold serial dilution of the purified EBER1 recombinant plasmid for each construct (wildtype, SL1, SL3, 

SL4) [32]. EBER1 gene was amplified from these plasmid dilutions by qPCR using Power SYBR® Green PCR master mix 

(Applied Biosystems, USA) to generate a standard calibration curve [32]. qPCR reactions were performed in duplicates. 

Melt curve analysis was performed. All dilution(s) with multiple or nonspecific peaks were excluded from the analysis. 

The copies of EBER1 in each plasmid dilution were calculated using Avogadro’s formula [33]. A standard calibration 

graph was then generated by plotting the mean CT values of each plasmid dilution against the LOG10 of its copies.  

Next, EBER1 gene was amplified using qPCR from 10-fold serial dilutions of cDNA and gDNA isolated from the trans-

fected cells. Plasmid copies in the transfected cells were extrapolated from the slope and intercept of the standard cali-

bration graph. The plasmid copy number obtained using cDNA was divided by the plasmid copy number obtained 

using its corresponding gDNA. This ratio was calculated to account for the transcription efficiency.  
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The same plasmid copy number process was repeated by amplifying Hygromycin B gene. Therefore, plasmid copy 

number in each cell line was obtained from the mean copy number calculated from EBER1 gene and Hygromycin B 

gene and presented per microlitre of DNA.  

2.3 Cell culture 

HEK293T cells were cultured in Dulbecco Modified Eagle’s Medium (DMEM), supplemented with 10% FBS, 0.1% Gen-

tamycin, 1% Penicillin-streptomycin (100units/mL and 100 μg/mL, respectively). HEK293T cell lines with stable trans-

fection of pHebo, EBER1 wildtype, or EBER1 deletion mutants, 150 µg/mL of Hygromycin B (Gibco, USA) was added 

to the media. Cells were grown for 2-3 days (>90% confluence) at 37℃, 5% CO2. 

2.4 Isolation and characterization of exosomes 

Exosomes were isolated from cell culture media by differential ultracentrifugation and visualised under transmission 

electron microscopy (TEM) [34]. Biophysical properties of the exosomes were analysed using a Zeta/nanoparticle ana-

lyser (NanoPlus 3, Japan) based on the principles of dynamic light scattering [35,36]. This was done by measuring the 

dynamic light scattering from the exosomal particles. Briefly, exosomes were resuspended in 1 mL 1xPBS, and the par-

ticle sizes (based on both intensity and volume) and polydispersity index were measured for 70 sec at an angle of 45° 

and a temperature of 25℃. Zeta potential was measured at five frequencies, between -1 to +1. Finally, each physical 

property was overlayed to compare the transfectants (wildtype EBER1 and mutants). Exosomal proteins, flotillin 1 and 

CD63, were detected by Western blot using anti-flotillin 1 monoclonal antibody (ab133497, Abcam, UK), and anti-CD63 

monoclonal antibody (ab8219, Abcam, UK), respectively. Similarly, exosomal RNA, RNU6 was amplified by PCR. Pri-

mer details are provided in Supplementary Table S1. 

2.5 Isolation of total and subcellular nucleic acids and qRT-PCR 

 Genomic DNA was isolated using Qiagen DNA extraction kit (QIAamp®, Germany) according to the manufac-

turer’s instructions. RNA was isolated using TRIzol Reagent (Invitrogen, USA) protocols. Subcellular fractions (nucleus 

and cytoplasm) were purified using the method of Greenberg & Bender [37] as previously described [38]. A total of 5 

µg RNA was DNase treated and reverse transcribed to cDNA using Promega A3500 kit (Thermo Fisher Scientific, USA) 

according to the manufacturer’s instructions. A total of 100 ng of gDNA/cDNA was amplified using power SYBR® Green 

PCR master mix (Applied Biosystems, UK) in a 40-cycle reaction using QuantStudioTM 7 Flex System Applied Biosys-

tems, Germany). Melt curve analysis was performed. Spliced and unspliced β–actin was used to check for the quality 

of the fractionation. β–actin and spliced β–actin was used as loading controls and for the normalization of qRT-PCR 

data for total cellular and subcellular, respectively. The list of primers used in this study is presented in Supplementary 

Table S1. 

2.6 Isolation of total and subcellular proteins and Western Blot 

Total cellular proteins were isolated by radioimmunoprecipitation assay (RIPA) buffer. Subcellular proteins were puri-

fied according to the protocol of Baghirova et al. [39]. Since our interest was in the nuclear-cytoplasmic movement of 

EBER1, proteins from the cytosol and membrane-bound organelles were mixed in a 1:1 ratio and used as cytoplasmic 

proteins. Protein concentration was determined using the Bradford assay by measuring the absorbance at 595 nm wave-

length. A total of 25–50 µg of proteins were separated on 10–12 % SDS-polyacrylamide gel electrophoresis (PAGE) and 

transferred onto a nitrocellulose membrane [40]. The membrane was blocked in 5 % BSA and immunoblotted with the 

desired antibody. A horseradish peroxide-conjugated secondary antibody specific to the primary antibody was then 

used for detection. Membranes were developed with ECL Western blotting substrate kit (Azure Biosystems, USA) ac-

cording to the manufacturer’s instructions and imaged (Azure Biosystems, USA). The list of primary antibodies used 

in this study is presented in Supplementary Table S2. 

2.7 In silico prediction of RNA structure and protein-RNA interactions 

2D secondary structures of the EBER1 wildtype and mutants were predicted with minimum free energy using mfold 

server (http://www.unafold.org/mfold/applications/rna-folding-form-v2.php). The mfold structural prediction was 
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then validated by Computational Recognition of Secondary Structure (CROSS). We used the Global-Score consensus, 

specifically trained PARS-Human algorithms [13,41]. The CROSS structure was interpreted as double-stranded regions 

if the score was greater than 0 [41]. In silico interaction of EBER1 with cellular proteins, RPL22 and La, was performed 

using RPISeq (http://pridb.gdcb.iastate.edu/RPISeq/). Furthermore, catRAPID omics were used to compute the interac-

tion propensities of the nucleic acid binding proteomes of EBER1 versus RPL22 and La [41]. The catRAPID analysis was 

computed against the Homo sapiens RNA-binding sub-proteome model.  

2.8 siRNA silencing of RPL22 and La proteins  

A total of 2x105 cells were cultured overnight in 1 mL DMEM (Gibco, USA) supplemented with 10% FBS and Hygro-

mycin B, without the other antibiotics. The cells were then transfected in opti-MEM (Gibco, USA) with either RPL22-

specific or La-specific siRNA (Santa Cruz Biotechnology, USA) for 48 hours following the manufacturer’s instructions. 

Non-silencing siRNA (scrambled) and no siRNA (mock) were used as negative controls. Cells were harvested by cen-

trifugation at 2000 xg for 10 min and resuspended in PBS for the isolation of total and subcellular RNA and proteins. 

Exosomes were isolated from the supernatants of the same cultures using ExoQuick-TC kit (System Bioscience, USA) 

according to the manufacturer’s instructions.  

2.9 Evaluation of the intracellular calcium influx via the SOCE 

Cells were grown in 2.5% FBS-supplemented media for 24 hours and prepared for intracellular Ca2+ ([Ca2+]i) imaging. 

Briefly, cells were washed in physiological saline solution (PSS) and loaded in 1 mL solution of PSS containing 10 mM 

Fluo-8/AM, 0.25% pluronic F-127, and 2 mM probenecid for 1 hour in the dark at room temperature. A standard Ca2+ 

re-addition protocol [42] was used to evaluate the store-operated calcium entry (SOCE) after Ca2+ depletion of the en-

doplasmic reticulum (ER) by inhibiting the SERCA pump with 1 µM thapsigargin. The [Ca2+]i concentration was meas-

ured using a cooled EM CCD camera (Andor Technology, UK) connected to a fluorescence microscope (Zeiss Axiovert 

405M). Data acquisition was performed using iQ 1.8 software (Andor Technology, UK). IgorPro 7 (Wavemetrics, USA) 

was used for data analysis and graphing purposes. 

2.10 Statistical analysis 

Experiments were performed in duplicates and repeated at least three times, unless otherwise stated. Data were ex-

pressed as means ± standard error of the mean (SEM) calculated using Microsoft Excel (Microsoft, USA). The difference 

between wildtype EBER1 and each of the mutants was determined using a two-tailed student t-test assuming equal 

variance. P-values of less than or equal to 0.05 were considered statistically significant and presented in the figures. 

Graphs were generated using Microsoft Excel (Microsoft, Redmond, WA, USA), GraphPad Prism 8 (GraphPad Prism, 

USA) or Igor Pro 7 (Wavemetrics, USA).  

3. Results 

3.1. Prediction of RNA structure, confirmation of mutation and transfection, and determination of plasmid copy number 

Mutations in EBER1 were created by deleting sequences corresponding to SL1, SL3 and SL4 in wildtype EBER1. 

The mutations were confirmed by Sanger sequencing. Multiple sequence alignment revealed the deletion of 22 nt at 

position 13-34, 26 nt at position 59-84, and 43 nt at position 84-126, of ΔSL1, ΔSL3 and ΔSL4 mutants, respectively [43]. 

The mutants were predicted to have similar structural folding to the wildtype EBER1 with their respective SL missing 

(Figure 1). The predicted structure of EBER1 wildtype accurately maps to the chemically-probed established structure 

of EBER1 [44]. Minimum energies of formation were -70.60, -63.10, -57.00 and -53.53 kcal/mol for the wildtype EBER1, 

ΔSL1, ΔSL3 and ΔSL4 mutants, respectively.  

All EBER1 (wildtype and mutants) stable cell lines grew in hygromycin B-supplemented media. EBER1-specific in 

situ hybridisation showed strong nuclear EBER1 signal in the EBV-infected cell line, B95.8 used as positive control (Fig. 

2a). Cells transfected with pHebo (plasmid without the EBER1 insert) and the untransfected cells were clearly negative 

for EBER1 expression (Figure 2b&c). However, cells transfected with EBER1 were positive (Figure 2d, e, f). ΔSL4 mutant 

contains deletion in the probe binding region, so, we could not confirm its transfection using ISH. Therefore, we inde-

pendently verified the transfection by RT-PCR. EBER1 and hygromycin B expression were observed in all EBER1 cell 
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lines (Fig. 2g). pHebo cells expressed hygromycin B but not EBER1 (Figure 2g), indicating the presence of the plasmid 

without EBER1 insert.  

Next, we determined the plasmid copy number in the EBER1 transfected cells. Based on the calibration graphs 

generated using qRT-PCR analysis of the purified plasmids, we extrapolated that there were 0.81, 9.88, 2.49 and 15.13 

EBER1 copies/μL of DNA in the wildtype, ΔSL1, ΔSL3 and ΔSL4 transfected cells, respectively. Since there are differ-

ences in the plasmid copy number, we normalised (by dividing) the subsequent EBER1 quantifications with these copy 

numbers to eliminate (if any) interference of EBER1 copies with its structural impact on its transport. 

. 

 

Figure 1. Predicted secondary structure of EBER1 wildtype and mutants. Stem-loops 1, 3 and 4 were deleted in EBER1 to 

create ∆SL1, ∆SL3 and ∆SL4 mutants, as indicated with dotted lines. The mutants have deletion of sequences correspond-

ing to nucleotide positions 13-34 (22 nt), 59-84 (26 nt), and 84-126 (43 nt) of the EBER1 wildtype. These mutants fold into 

structures similar to the wildtype with the deletion of their respective SL as the most obvious difference. Secondary struc-

tures of EBER1 and its mutants were predicted using the mfold web server and probed at the nucleotide level using Global-

Score CROSS. Double-stranded regions are indicated in red arrows, while green arrows show single-stranded areas. Ar-

rows are displayed at five nucleotides apart, starting from nucleotide position 5. Structures were based on their minimum 

free energies of formation. 
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Figure 2. Confirmation of successful transfection. EBER1 expression in transfected HEK293T cells was confirmed by 

EBER1-specific in situ hybridization. (a) Strong nuclear signal (brown) was observed in EBV infected cell line, B95.8, used 

as a positive control. (b) Untransfected cells or (c) cells transfected with pHebo (plasmid without EBER1 insert) were 

clearly negative for EBER1 expression (blue/purple). Cell transfected with (d) wildtype EBER1 or (e) with ∆SL1 or (f) ∆SL3 

were also clearly positive for EBER1. (g) RT-PCR was used to independently confirm the uptake of the plasmid. No-

template reaction was used as negative control (-C), whereas cDNA from B95.8 cells was used as positive control (+C). 

Total cellular RNA was isolated using the TRIzol method and treated with DNase to prevent DNA contamination. 5 µg of 

the DNase-treated sample was reverse transcribed to cDNA, and 50 ng was used for the RT-PCR to amplify EBER1 gene, 

Hygromycin B gene, and β–actin – housekeeping and loading controls. 

3.2 Characterisation of exosomes and subcellular fractionations  

The exosomal fractions under TEM showed particles of 50-120 nm in size and cup-shaped to round morphol-

ogy, typical of exosomes (Figure 3a&b) [10]. Furthermore, these vesicles expressed exosomal proteins, flotillin 

1 and exosomal RNA, RNU6 (Figure 3c) [45–47]. The physical properties of these particles indicated that they 

have a monodispersed size that peaked between 70-130 nm in diameter (Figure 3d). In addition, they were 

negatively charged, as evidenced by their zeta potentials (Table 1). This corresponds to the net charge of exo-

somes [48]. The polydispersity index and zeta potentials were similar in all cells, with around 0.2 indexes and 

-100 to -300 mV, respectively (Figure 3e). The quality of the subcellular fractionations for RNA isolation was 

confirmed by spliced and unspliced β–actin. Spliced β–actin RNA was amplified in both nuclear and cyto-

plasmic fractions, whereas the unspliced β–actin was found only in the nuclear fraction (Figure 3f). This is in 

line with the general concept that only spliced and mature mRNA is transported to the cytoplasm [49,50]. 

Similarly, the subcellular fractionation for protein isolation was confirmed by Western blotting for Histone 3 

and GAPDH as nuclear and cytoplasmic markers, respectively (Figure 3g). 
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Figure 3. Characterization of exosomes and subcellular fractionations. TEM showed nanovesicles with typical size (50–

120 nm) and exosomal morphology in the extracellular fractions from HEK293T cells transfected with (a) wildtype EBER1, 

(b) ∆SL1 mutant. These vesicles also expressed the exosomal protein, flotillin and the RNA, RNU6 as determined by (c) 

Western blot and RT-PCR respectively. Nanoparticle analysis revealed nanovesicles of (d) 70–130 nm sizes and (e) zeta 

potential of -100 to -300 mV. Subcellular fractionations were of good quality, as shown by the nuclear and cytoplasmic 

markers (f) for RNA and (g) for protein isolation. 
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Table 1. Zeta potentials of exosomes. 

Constructs Zeta potential 

Untransfected -312.44 

pHebo -260.16 

Wildtype EBER1 -214.68 

∆SL1 mutant -198.52 

∆SL3 mutant -180.00 

∆SL4 mutant -190.65 

 

3.3 The conserved structure of EBER1 influences its nuclear-cytoplasmic transport but not its secretion into exosomes 

After normalizing to the plasmid copy number, all three mutants had significantly lower expression of EBER1 

in total cellular, cytoplasmic and exosomal fractions compared to the wildtype (Figure 4a, c, d).  However, in 

the nuclear fraction, ΔSL3 mutant showed significantly increased expression (Figure 4b). Since EBERs are 

primarily localized in the nucleus, we set the nuclear expression as 100% to calculate the relative percentage 

of nuclear-cytoplasmic transport in each cell line. We found that less than 20% of the nuclear EBER1 was 

transported to the cytoplasm (Table 2). Interestingly, the ΔSL3 mutant had the least percentage of nuclear-

cytoplasmic transport (only 9.32%). This indicates that SL3 could be important in the nuclear-cytoplasmic 

trafficking of EBER1. Similarly, the cytoplasmic expression was set at 100% for each cell line to calculate the 

relative percentage of EBER1 secreted into exosomes. Only around 5-6% of cytoplasmic EBER1 were secreted 

out in exosomes, and there was no significant difference between the wildtype EBER1 and the mutants (Table 

2).  

 

 

Figure 4. Structural impact of EBER1 on its transport. qRT-PCR was performed with 100 ng cDNA, (a) total cellular, (b) 

nuclear, (c) cytoplasmic and (d) exosomal expression of EBER1. Experiments were performed in duplicates and repeated 

three times with biological replicates. Relative expression was calculated using the 2-ΔΔCT method. Data are expressed as 

mean (±SEM) and relative to wildtype EBER1. **= p≤0.01 and ***= p≤0.001. 
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Table 2. Percentage of nuclear-cytoplasmic transport and secretion of EBER1. 

Transport Wildtype ∆SL1 ∆SL3 ∆SL4 

Nuclear-cytoplasmic 17.12 11.78 9.32 17.85 

Cytoplasmic-exosomes 5.41 6.76 5.22 5.47 

 

3.4 In silico analysis of EBER1-protein interactions 

In addition to its structure, EBER1 interaction with proteins, particularly RPL22 and La, has been hypothesized 

to be involved in its transport [8,10,51]. In our study design, we cloned the EBER1 gene alone, without any 

other EBV genes. To address if EBER1 directly interacts with these proteins, we performed in silico predictions 

to model for these interactions. RPISeq interaction propensities predicted the interaction of EBER1 (wildtype 

and mutants) with RPL22 protein. By contrast, the interaction with La protein was weakly predicted, espe-

cially in ΔSL1 and ΔSL3 mutants (Table 3). These predictions were validated with catRAPID omics. The ca-

tRAPID algorithm predicted 57 human cellular proteins that possibly interact with EBER1 (Supplementary 

Table S3). Of these, 15 were ribosomal proteins, including RPL22. The analysis predicted RPL22 to bind to 

EBER1 with 99% interaction strength, 91% discrimination power, and a 0.55 Z-score. On the other hand, La 

protein was not among the 57 predicted EBER1-binding proteins.  

Table 3. RPISeq RNA-protein interaction prediction score. 

RNA ID Interaction with RPL22 Interaction with La 

 RF Classifier SVM Classifier RF Classifier SVM Classifier 

Wildtype EBER1  0.55 0.66 0.40 0.45 

∆SL1 mutant  0.55 0.56 0.40 0.37 

∆SL3 mutant  0.50 0.41 0.40 0.28 

∆SL4 mutant  0.50 0.74 0.30 0.50 

 

RPISeq predicts RNA–protein interactions based on two nonredundant benchmark datasets classifiers; Support Vector Machine 

(SVM) and Random Forest (RF). RPISeq generates interaction probabilities that range from 0 to 1, with 0.5 being the threshold that 

indicates the likelihood of interaction between the RNA and the corresponding protein [52]. 

 

3.5 Interaction of EBER1 with RPL22 affects its nuclear-cytoplasmic transport 

To investigate the hypothesised involvement of RPL22 in the transport of EBERs, we silenced the protein using 

siRNA technique. Treating cells with siRNA specific for RPL22 successfully silenced RPL22 protein (Figure 5a, b and 

Supplementary Figure S1a). The total cellular expression of RPL22 after siRNA treatment was observed to correlate 

with EBER1 expression (Supplementary Figure S1a&b). Since we observed a direct correlation of RPL22 and EBER1 

expressions in the whole cell, we then fractionated the cells to investigate if RPL22 silencing affects the subcellular 

distribution of EBER1. We found less than 20% expression of both RPL22 and EBER1 genes in the nucleus of cells trans-

fected with wildtype EBER1 and ΔSL1 (Figure 5c and Table 4). These cells had more than 80% cytoplasmic expression 

of both genes (Figure 5d and Table 4). This correlation suggests that the nuclear-cytoplasmic transport of EBER1 could 

be related to the localization of RPL22. In ΔSL3 and ΔSL4 mutants, however, both genes were expressed at higher levels 

of 80-90% in the nucleus (Figure 5c and Table 4). Surprisingly, these mutants had a high cytoplasmic expression (up to 

40%) of EBER1 gene but not RPL22 (Figure 5d and Table 4). This indicates that although silencing RPL22 protein may 

affect EBER1 transport to the cytoplasm, the structure of EBER1 could also have an impact. So, we compared the cyto-

plasmic expression of EBER1 observed in ΔSL3 and ΔSL4 mutants after RPL22 silencing (Figure 5c) to their expression 

in the presence of normal physiological levels of RPL22 (Figure 4c). We found that the RPL22 silenced cells had increased 
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EBER1 expression in the cytoplasm compared to the physiologically normal cells. This further suggests the involvement 

of RPL22 in the nuclear-cytoplasmic transport of EBER1. Furthermore, there may be an alternative mechanism of EBER1 

transport to the cytoplasm. Since we observed higher expression of EBER1 but not RPL22 in the cytoplasmic fractions 

of SL3 and SL4 mutants. Statistically, the subcellular expression of RPL22 and EBER1 genes showed a direct positive 

correlation in both the nucleus (p=0.0388) and cytoplasm (Supplementary Figure S2).   

 

 

Figure 5. Impact of silencing RPL22 on the subcellular expression of EBER1. (a) Western blot from total cellular proteins, 

where cells were treated with (A) RPL22-specific siRNA, (B) scrambled siRNA (non-RPL22-specific), and (C) negative 

control (no siRNA treatment). qRT-PCR from (b) ImageJ quantification of bands from Western blot. qRT-PCR from (c) 

nuclear RNA and (d) cytoplasmic RNA. Relative expression was calculated using the 2-ΔΔCT method. Experiments were 

performed in duplicates and repeated two times. Data are expressed as mean (±SEM) of the two experiments relative to 

the negative control. 

Table 4. Percentage of nuclear and cytoplasmic expression of RPL22 and EBER1 genes. 

 EBER1 SL1 SL3 SL4 

 RPL22 EBER1 RPL22 EBER1 RPL22 EBER1 RPL22 EBER1 

Nucleus 11.93 17.38 14.90 6.17 80.50 53.56 80.46 57.13 

Cytoplasm 88.07 82.62 85.10 93.83 19.50 46.44 19.54 42.87 

 

3.6 Silencing cellular La protein does not correlate to the expression of EBER1 in the exosomes 

EBER1-La interaction was hypothesised to sort cytoplasmic EBER1 into exosomes [8,10]. Here, we quantified the ex-

pression of EBER1 in the total cellular and exosomal fractions after silencing the La protein using La-specific siRNA. 

siRNA-treated cells had reduced expression of cellular La protein (Figure 6a, and Supplementary Figure S3e); however, 

this did not affect the secretion of the protein into the exosomes (Figure 6b and Supplementary Figure S3f). Similarly, 

qRT-PCR analysis showed that La expression does not directly correlate with EBER1 expression in both cellular and 

exosomal fractions (Figure 6c, d and Supplementary Figure S3a-d).  
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Figure 6. Impact of silencing La protein on EBER1 secretion. Western blot of (a) total cellular proteins, and (b) exosomal 

proteins, where cells were treated with (A) La-specific siRNA, (B) scrambled siRNA (non-La specific siRNA), and (C) 

negative control (no siRNA treatment). qRT-PCR from (c) cellular RNA (d) exosomal RNA. Relative expression to was 

calculated using the 2-ΔΔCT method. Experiments were performed in duplicates and repeated three times. Data are ex-

pressed as mean (±SEM) of the three experiments relative to the negative control. 

3.7 Intracellular influx of [Ca2+]i could be involved in the secretion of EBER1 into exosomes 

Since the previously hypothesised involvement of EBER1-La interaction in the secretion of EBER1 into exosomes did 

not yield a correlation in our hands, we explored the store-operated Ca2+ entry (SOCE) as a potential mechanism con-

trolling the EBER1 secretion. It is known that Ca2+ release from intracellular Ca2+ stores triggers and controls exocytosis 

[24]. Furthermore, EBER1 was shown to increase the store-depletion induced Ca2+ influx into cells [27]. In this study, we 

found a correlation between [Ca2+]i and the exosomal expression of EBER1. Compared to the pHebo negative control 

cells, there was an increased [Ca2+]i entry in cells transfected with the wildtype EBER1, ΔSL3 and ΔSL4 mutants (Figure 

7a, b). This increase in [Ca2+]i is related to the SOCE since it corresponds to increased expression of the endoplasmic 

reticulum (ER) Ca2+ sensor, STIM1 (Figure 7c, d). STIM1 is a gene responsible for triggering SOCE channels after ER 

depletion. Similarly, the expression of SERCA2 Ca2+ pump, a gene that mediates the ER Ca2+ store refilling, was high in 

pHebo compared to the wildtype (Figure 7c, d). ΔSL1 mutant had a lower expression of SERCA2 (Figure 7c, d), implying 

that it may not have a higher Ca2+ ER refilling rate. Thus, ΔSL1 may have higher cytosolic Ca2+, which may lead to the 

increased secretion of cytoplasmic EBER1-containing vesicles into exosomes. This proposed mechanism could be re-

sponsible for the slightly higher percentage of EBER1 secretion in this mutant (Table 2). 
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Figure 7. Evaluation of the intracellular Ca2+ influx via the store-operated Ca2+ channels. (a) Average response of cells to 

extracellular application of 2mM Ca2+-containing PSS after blocking the ER with 1µM thapsigargin. (b) Mean of SOCE 

peaks at single-cell analysis, n≥78. (c) Western blot from total cellular protein. (d)  ImageJ quantification of bands from 

Western blot, n=3. Data are expressed as mean (±SEM) and relative to wildtype EBER1. 

4.0 Discussion 

RNA is a versatile and dynamic macromolecule that encodes for both genetic and functional information. The sequence 

of an RNA determines its secondary structure [13], which in turn can influence its biological functions [11,12]. These 

functions include cellular transport and secretion [16,17]. In this study, we deleted the stem-loop forming sequences of 

EBER1 to investigate the impact of its structure on its intracellular transport and secretion. Notably, all three EBER1 

mutants investigated in this study folded into secondary structures similar to the chemically-probed established struc-

ture of the wildtype EBER1 [44]. The structure of EBERs involves the formation of dsRNA by intramolecular self-com-

plementarity [44], which is conserved in all EBV strains [19]. The conserved structure of these RNAs [19] implies that it 

could be important for their functions. The findings of this study showed that the sequence of EBER1 is indeed im-

portant in its intracellular transport. For example, in ΔSL3 mutant, we observed nuclear retention and a corresponding 

decrease in the percentage of nuclear-cytoplasmic trafficking of the RNA. This could be explained by two possible sce-

narios; the intracellular transport of EBER1 is linked to its conserved structure, and/or the mutation may have led to 

conformational changes in the RNA that affected its binding to protein(s) involved in its transport.   

It is known that EBERs exist as ribonucleoproteins (RNP) [7,53]. Their existence as RNPs has been shown to be linked 

to their various biological functions [18,19]. These functions include conferring resistance to innate immune antiviral 

processes [19,20], facilitating cell transformation [18,20,22], and regulating viral and cellular gene expression [20,54]. 

EBERs have also been reported to relocalize cellular proteins [19,51]. As a result, EBER1-protein interaction was hypoth-

esised to be involved in the transport and secretion of the RNA [8,10]. We tested this hypothesis. We considered the 

transport of EBERs to exosomes as a two-step movement; (1) nuclear-cytoplasmic trafficking and (2) secretion from the 

cytoplasm into exosomes. In EBER1 particularly, these steps were presumed to be facilitated by the interaction of the 

RNA with RPL22 and La. Upon EBV infection, RPL22 translocates from the nucleoli to the nucleoplasm, and the protein 

interacts with EBER1 [8,51]. Therefore, we thought the protein could be involved in the initial steps for the transport of 

EBER1 to the cytoplasm. Subsequently, EBER1-La interaction was hypothesised to facilitate the secretion of cytoplasmic 
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EBER1 into exosomes [8,10]. In addition to the mutations, the two EBER1-binding proteins, RPL22 and La, were silenced 

to shed light on the possible mechanisms involved. 

Given the increased cytoplasmic expression of EBER1 after the silencing of RPL22, our data indicate that EBER1-RPL22 

interaction retains the RNA in the nucleus. Since the cellular function of RPL22 is still not well established, it is chal-

lenging to project the function linked to its interaction with EBER1 and the importance of this interaction in the EBV life 

cycle or associated diseases. Nonetheless, EBER1-RPL22 interaction is shown to be crucial for EBER1-induced prolifer-

ation [14]. Moreover, from our data, the nuclear retention of EBER1 could perhaps be part of the functions of nuclear 

RPL22 and the reason for its relocation to nucleoplasm during EBV infection [20,51]. Thus, it could be that the nuclear 

RPL22 functions as a cell defence mechanism by hindering the spread of pathogen or pathogen-related products. Since 

RPL22 silencing led to varying degrees of increased cytoplasmic expression of EBER1 in the mutants, it could be possible 

that the nuclear-cytoplasmic transport of EBER1 is a combined effect of its structure and interaction with RPL22. In 

ΔSL3 mutant, for instance, silencing RPL22 resulted in approximately 43% EBER1 expression in the cytoplasm as op-

posed to only about 9% in the presence of normal physiological expression of the protein. 

On the EBER1-La interaction, however, our data did not indicate a correlation between silencing cellular La protein and 

the expression of EBER1 in exosomes. This lack of correlation suggests that La protein may not be directly involved in 

the secretion of EBER1 in exosomes. Nevertheless, both La protein and EBER1 were present in the exosomes, as previ-

ously reported [10,53,55]. Alternatively, the two (EBER1 and La) could be sorted independently into exosomes. In their 

study, Baglio and colleagues [53] pointed out the possibility of EBER1 being sorted into exosomes without La. Rather, 

they suggested that EBERs’ interaction with La protein helps the RNA evade cytosolic immune sensors [53].  

As an alternative strategy to understand the mechanism of EBER1 secretion into exosomes, we explored the intracellular 

Ca2+ signalling pathway. Ca2+ release from intracellular Ca2+ stores is known to trigger and control the secretion of ves-

icles [24]. We found that the expression of EBER1 in the exosomes correlated with the levels of SOCE. However, further 

studies are required to understand the role of [Ca2+]i signalling pathway in the secretion of EBER1-containing vesicles. 

Similarly, whether the secretion of La in exosomes has any link to EBER1 secretion or if the two are totally independent 

events also requires further investigations. 

5. Conclusions 

The findings from this study indicate that the conserved structure of EBER1, especially ΔSL3, is crucial in its nuclear-

cytoplasmic trafficking. RPL22 appears to play a role in retaining EBER1 in the nucleus. This could explain why EBERs 

are primarily localized to the nucleus in EBV-infected cells. The findings also indicate that although both EBER1 and La 

are released in exosomes, La does not appear to be directly involved in the secretion of EBER1 in exosomes. We found 

that the intracellular Ca2+ mediated by SOCE correlates with the exosomal expression of EBER1. Hence, cytosolic Ca2+ 

could be involved in sorting/secreting EBERs into exosomes. However, further studies are required to elucidate the 

mechanism(s) involved.  
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proteins that interact with EBER. 
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