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ABSTRACT 

Epstein-Barr virus (EBV) is linked to lymphoma and epithelioma but lacks drugs specifically 

targeting EBV-positive tumors. BamHI A Rightward Transcript (BART) miRNAs are expressed 

in all EBV-positive tumors, suppressing both lytic infection and host cell apoptosis. We 

identified suberoylanilide hydroxamic acid (SAHA), an inhibitor of histone deacetylase 

enzymes, as an agent that suppresses BART promoter activity and transcription of BART 

miRNAs. SAHA treatment demonstrated a more pronounced inhibition of cell proliferation in 

EBV-positive cells compared to EBV-negative cells, affecting both p53 wild-type and mutant 

gastric epithelial cells. SAHA treatment enhanced lytic infection in wild-type EBV-infected 

cells, while also enhancing cell death in BZLF1-deficient EBV-infected cells. It reduced BART 

gene expression by 85% and increased the expression of proapoptotic factors targeted by BART 

miRNAs. These findings suggest that SAHA not only induces lytic infection but also leads to 

cell death by suppressing BART miRNA transcription and promoting the apoptotic program. 

 

Highlights  

The Epstein-Barr virus (EBV) gives rise to tumors from latently infected cells. Among the 

approximately 10 latent EBV genes, BART miRNAs are consistently expressed regardless of the 

type of latency. BART miRNAs constitute a cluster of 40 miRNAs located in the BamHI-A 
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rightward transcripts (BART) region of the genome. These BART miRNAs are known to play 

roles in cell proliferation, differentiation, apoptosis induction, immune evasion, and so on. Our 

research focused on the BART promoter, which commonly controls the expression of every 

BART miRNA. We discovered that SAHA can inhibit BART promoter activity. Treatment of 

EBV-positive gastric epithelial cells with SAHA led to both lytic infection and apoptotic cell 

death. Interestingly, even in cells infected with EBV lacking the BZLF1 gene, which doesn’t 

induce lytic infection, SAHA treatment induced cell death in virus-infected cells. Therefore, by 

targeting the expression of BART miRNAs, we might develop novel drugs to combat EBV 

infection.  

 

1. Introduction 

Epstein–Barr virus (EBV) is a ubiquitous gamma herpes virus with two life cycles: a lytic 

infection with rapid replication of the viral genome, and a latent infection where only a limited 

number of viral genes are expressed, causing an increase in the number of viral genomes in line 

with the amount of cell division (Murata et al., 2021). While many infected individuals remain 

asymptomatic throughout their lives, some show a severe acute infection (called infectious 

mononucleosis) and others may develop lymphoma or epithelial tumors due to continuous EBV 

infection (Young et al., 2016, Münz, 2019). 
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In EBV-associated cancers, specific viral latent genes play multiple roles in tumor 

formation. Among these genes, EBV nuclear antigen 1 (EBNA1) is consistently expressed in all 

tumor cells. Additionally, EBV-encoded small RNA (EBER) and BamHI A rightward transcript 

(BART), which are not translated into proteins, are also expressed (iizasa et al., 2012, Marquitz, 

2015). In particular, significant attention has been directed towards the 40 microRNAs 

(miRNAs) encoded within the intron of the BART gene. These miRNAs are noteworthy due to 

their ability to suppress apoptosis, immune reactions, and lytic infections, potentially 

contributing to tumor formation and maintenance (Cai et al., 2006, Klinke et al., 2014, iizasa et 

al., 2020, De Re et al., 2020). Specifically, BART miRNA expression is higher in epithelial 

tumors compared to B lymphomas (Qiu et al., 2011, Yang et al., 2013). 

BART miRNAs play a role in the development of EBV-related epithelial cancers through 

targeting apoptosis-inducing factors such as castor zinc finger 1a (CASZ1a), octamer-binding 

transcription factor 1 (OCT1), tumor protein p53-inducible nuclear protein 1 (TP53INP1), and 

AT-rich interaction domain 2 (ARID2) (Kang et al., 2015). These BART miRNAs suppress 

apoptosis through affecting multiple pathways. In addition, we have observed that miR-

BART22-3p reduces the expression of N-myc downstream-regulated gene 1 (NDRG1), 

contributing to the malignant phenotype of nasopharyngeal carcinomas (Kanda et al., 2015). It 

has been demonstrated that not only miR-BART22-3p but also multiple other BART miRNAs 
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target NDRG1(Kanda et al., 2015). Considering that several BART miRNAs often converge on 

a single gene, it is implied that suppressing the entire transcription of the BART gene may be a 

more effective strategy to exert potent anti-tumor activity (Iizasa et al., 2020). 

BART miRNA expression is regulated by two promoters, P1 and P2 (De Jesus et al., 2003, 

Chen et al., 2005), with reduced DNA methylation observed in epithelial cells compared to B 

cells (Kim et al., 2011). Consequently, these promoters are more active in epithelial cells, 

resulting in increased miRNA expression. Monitoring the transcriptional activity of the BART 

promoter facilitates the screening of inhibitors for BART miRNA transcription. Through a 

luciferase assay system, we have identified several potential drugs among 1,200 FDA-approved 

compounds that may effectively inhibit BART promoter transcription. 

Suberoylanilide hydroxamic acid (SAHA, Vorinostat) is a histone deacetylase (HDAC) 

inhibitor used to treat cutaneous T-cell lymphoma. A previous study has suggested that SAHA 

enhances the expression of the EBV immediate-early gene BamHI Z fragment leftward open 

reading frame 1 (BZLF1), which triggers lytic infection (Countryman et al., 1985, Hui et al., 

2010, Daigle et al., 2011). During lytic infection, massive EBV replication induces apoptosis in 

infected cells (Murata et al., 2021, Kawanishi et al., 1993). Consequently, agents stimulating 

lytic EBV infection hold promise as targeted therapeutic drugs for EBV-associated cancers. 

However, in EBV-associated cancer cells, viral genomes sometimes become deficient as the 
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host cell progresses in malignancy (Okuno et al., 2019). Tumor cells carrying defective viruses 

that lack the ability to switch from latent to lytic infection may not respond to tumor lysis 

therapy. Therefore, drugs that selectively target and harm EBV-infected cells should not induce 

lytic infection. 

In our study, SAHA was identified as a drug capable of suppressing the activity of the 

BART gene promoter. Intriguingly, SAHA was observed to selectively enhance cell death in 

EBV-positive cells, both in the presence and absence of lytic infection induction. 

 

2. Materials and Methods 

2.1. Cell culture and Virus 

The AGS cells with wild-type p53, which originated from a human gastric cancer, were 

purchased from the American Type Culture Collection (Manassas, VA). The MKN28 cells with 

mutated p53 were obtained from the National Institute of Biomedical Innovation, Health and 

Nutrition, JCRB Cell Bank (Matozaki et al., 1992) (Supplementary 1). Recombinant Epstein–

Barr virus carrying enhanced green fluorescent protein (eGFP) and a neomycin resistance gene 

inserted into the BXLF1 thymidine kinase gene region of the virus (eGFP-EBV) was used to 

infect each cell line. The infectivity and proliferative capacity of eGFP-EBV were comparable to 

the parental Akata EBV strain (Maruo et al., 2001). AGS BZLF1-KO EBV cells were established 
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through infecting AGS cells with a virus produced by introducing the BZLF1 gene into Akata 

cells persistently infected with BZLF1-KO EBV (Katsumura et al., 2009).  

These cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO) 

supplemented with 10% fetal bovine serum (FBS, ThermoFisher Scientific, Waltham, MA), 100 

units/mL of penicillin and 100 μg/mL of streptomycin (Nacalai, Kyoto, Japan) at 37 °C in a 5% 

CO2 incubator. AGS and MKN28 cells were infected with eGFP-EBV, then selected through 

culturing in medium containing 420 and 560 µg/mL G418 (Promega, Madison, WI), respectively. 

Persistently EBV-infected AGS EBV cells and MKN28 EBV cells were established. 

 

2.2. Promoter assay 

The BART promoter (Kim et al., 2019) was cloned and inserted into pNL1.1 (Promega), 

which had been digested with KpnI and HindIII. The secreted NanoLuc (secNL) gene (hall et al., 

2012, Nishitsuji et al., 2018) (provided by Dr. Nishitsiuji at Fujita Medical University) was 

amplified using KOD One polymerase (TOYOBO, Osaka, Japan) and specific primers (F:5’-

GTTGTTCCTCAAGCTTGCCACCCATGGGAGTCAAAGTTTGTTTGCCCTGATCTG-3’; 

R: 5’-TCGCGTCGACTAAGATACATTGATGAGTTTGGACAAACACAACTAGAATGCA-

3’). The pNL1.1 vector was digested with HindIII and XbaI, and the NanoLuc gene was replaced 

with the secNL gene using the In-Fusion Snap Assembly Master Mix (Takara Bio, Shiga, Japan). 
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Moreover, the vector was digested with BamHI and SalI, and the bleomycin resistance gene, 

which was PCR amplified from pENTR_H1 (ThermoFisher) using specific primers (F: 5’-

TCGCGGATCCGTGTGTCAGTTAGGGTGTGGAAAGTCC-3’; R: 5’-TCGCGTCGACTA 

AGATACATTGATGAGTTTGGACAAACACAACTAGAATGCA-3’), was incorporated. 

The created vector was transferred into AGS cells, and stable expression clones were selected 

using zeocin (ThermoFisher). The AGS cells expressing secNL regulated by the BART promoter 

were seeded at 6.25 × 103 cells/well in a 96-well plate, and the next day, 0.1% dimethyl sulfoxide 

(DMSO, Nacalai), 2.5 μM SAHA, dasatinib, rapamycin, topotecan or ganciclovir (Selleck 

Chemicals, Houston, TX) dissolved in DMSO was added. After 48 hours of drug treatment, the 

culture supernatants were collected, and the luciferase activity was measured using the NanoGlo 

Luciferase Assay (Promega) and the GloMax Navigator System (Promega). 

 

2.3. Cell proliferation assay 

Cells were seeded at 6.25 × 103 cells/well in a 96-well plate, and the next day, SAHA 

dissolved in DMSO was added. The DMSO concentration in the culture medium was set at 0.1%. 

After 48 hours, 10 μL of CCK-8 (Ishiyama et al., 1996) (DOIJNDO, Kumamoto, Japan) was 

added to 100 μL of culture medium, and the absorbance at 450 nm was measured using a DTX880 

(Beckman Coulter, Brea, CA). Cell viability was calculated as 100% of the absorbance of cells 
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treated with DMSO alone (the control experiment). The 50% inhibitory concentration (IC50) was 

calculated using Graphpad Prism (ver. 10.0.3) (Graphpad Software, Boston, MA). 

 

2.4. Apoptosis assay 

AGS, AGS EBV, and AGS EBV BZLF1-KO cells were seeded at 2.5 × 105 cells/well in 6-

well plates and cultured at 37 °C with 5% CO2. The cells were treated with 2.5 μM SAHA in 

0.1% DMSO for 48 hours. Apoptosis was detected using eBioscience the Annexin V Apoptosis 

Detection Kit APC (ThermoFisher), eBioscience 7-AAD Viability Stainig Solution 

(ThermoFisher), and a Cytoflex Flow Cytometer (Beckman Coulter) (Supplementary 2). 

Annexin V+/7-aminoactinomycin D (7-AAD)-positive cells were considered to be in early 

apoptosis, and Annexin V+/7-AAD+ cells were considered to be in late apoptosis (Schmid et al., 

1994). The sum of the number of cells in early and late apoptosis was recorded as the total number 

of apoptotic cells. 

 

2.5. Quantitative polymerase chain reaction (PCR) 

Cells were seeded at a density of 1.1 × 106 cells in a 10 cm dish and treated with 2.5 μM 

SAHA in 0.1% DMSO for 48 hours. Genomic DNA was extracted from these cells using the 

GeneElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich) according to the 
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manufacturer's instructions. The specific primers for the BamHI W region of the EBV genome 

(F: 5’-CCCAACACTCCACCACACC-3’; R: 5’-TCTTAGGAGGCTGTCCGAGG-3’), human 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene (F: 5’-TGTGCTCCCACTCCTG 

ATTTC-3’; R: 5’-CCTAGTCCCAGGGCTTTGATT-3’) and dual-quenched fluorescent DNA 

probes (BamHI W: 5’-FAM/CACACACTA/ZEN/CACACACCCACCCGTCTC/IBFQ-3’; 

GAPDH: 5’-FAM/CGGTCACAA/ZEN/TCTCCACGC/IBFQ-3’) were purchased from 

Integrated DNA Technologies (IDT) (Coralville, IA). 

Quantitative PCR (qPCR) was performed using the SsoAdvanced Universal Probe Supermix 

(Bio-Rad Laboratories, Hercules, CA) and a CFX Connect Real-Time PCR Detection System 

(Bio-Rad) (Gelmini et al., 1997, Kartika et al., 2020). GAPDH was used as an internal control for 

normalization. 

 

2.6. Reverse transcription-qPCR (RT-qPCR) 

Approximately 1.1 × 106 cells were seeded into a 10 cm dish and treated with either 0.1% 

DMSO or 2.5 μM SAHA for 48 hours. Following the standard protocol, total RNA was extracted 

using ISOGEN (Nippon Gene, Tokyo, Japan). A portion of total RNA was used to synthesize 

complementary DNA (cDNA) using SuperScript III Reverse Transcriptase (ThermoFisher). The 

remaining portion was used to synthesize cDNA for the detection of mature miRNA using the 
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Mir-X™ miRNA First-Strand Synthesis kit (Mir-X™ miRNA, TaKaRa) (Supplementary 2). 

Gene expression was measured using the primers indicated below (Table 1). The reverse primer 

for mature miRNAs used the mRQ3’ primer included in the Mir-X™ miRNA kit. The U6 primer 

that was also used was included in the Mir-X™ miRNA kit. PCR products were detected using 

the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and a CFX Connect Real-Time 

PCR Detection System. The amplification of the target genes was repeated for 40 cycles with a 

program of 2 minutes at 98 °C, 10 seconds at 95 °C, and 30 seconds at 60 °C. The expression 

levels of GAPDH or U6 were used as internal standards. Additionally, the expression levels of 

viral genes were corrected based on the copy number of the viral genomic DNA. 

Table 1. RT-qPCR primer sequences. 

Gene Name Forward primer (5'- -3') Reverse primer (5'- -3') 
BART GGCTGTTCCTGAACGACGAG CTATAGGCGCATCCTGCTGA 

miR-BART4-5p GACCTGATGCTGCTGGTGTGCT mRQ 3'primer 
miR-BART20-5p TAGCAGGCATGTCTTCATTCC mRQ 3'primer 

BZLF1 TCCGACTGGGTCGTGGTT GCTGCATAAGCTTGATAAGCATTC 
BALF5 TAGGGCCAGTCAAAGTTG ACCTGCGAAGACATAGAG 
BALF4 AACCTTTGACTCGACCATCG ACCTGCTCTTCGATGCACTT 
EBNA1 GGTCGTGGACGTGGAGAAAA GGTGGAGACCCGGATGATG 
EBER1 CTACGCTGCCCTAGAGGTTTT CAGCTGGTACTTGACCGAAGA 
CASZ1a GGATGCTGAGACAGATGAGTGC CTGTCGGCATAGAGATGGTGTT 
OCT1 ATGAACAATCCGTCAGAAACCAG GATGGAGATGTCCAAGGAAAGC 
ARID2 CAGTGTGTCGGATTATCTGCG GCATGACGTGCTTGCTTTCATT 

TP53INP1 TTCCTCCAACCAAGAACCAGA GCTCAGTAGGTGACTCTTCACT 
5.8S rRNA GTCTACGCCATACCCT AAAGCCTACAGCACCCGTA 

 

2.7 Western Blotting 
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Approximately 1 × 106 cells were seeded into a 10 cm dish and treated with 0.1% DMSO or 

2.5 μM SAHA. After 16 or 48 hours, the cells were lysed using RIPA buffer (ThermoFisher 

Scientific) supplemented with protease inhibitor (cOmplete mini, Sigma-Aldrich). Protein 

samples (5 μg) were electrophoresed using 15% SDS-PAGE, then transferred to a PVDF 

membrane (Merk Millipore, Brea, CA). The PVDF membrane was treated with Block ACE (KAC, 

Amagasaki, Japan) to prevent non-specific antibody binding. Subsequently, specific antibodies 

for TP53INP1 (EPR17974, Abcam, Danvers, MA), caspase-3 (W20054B; Biolegend, San Diego, 

CA), cleaved caspase-3 (Asp175) (5A1E; Cell Signaling Technology (CST), Danvers, MA) and 

GAPDH (EPR16891; Abcam) were incubated with the PVDF membrane. After washing, the 

membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-rat IgG 

(Proteintech, Chicago, IL) or HRP-conjugated anti-rabbit IgG (CST). Specific antibody–antigen 

reactions were visualized using Immobilon (Merk Millipore) and detected with X-ray film. 

GAPDH expression levels were used as an internal standard. 

 

2.8. DNA sequencing  

Using cDNA synthesized from total RNA derived from MKN28 cells as a template, DNA 

was amplified by the MJ Research PTC-200 (Bio-Rad) machine using the primer set 5’-

ACCTATGGAAACTACTTCCTGAAA-3’ and 5’-GCAGGCCAACTTGTTCAGTG-3’ and 
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KOD One polymerase. The amplified PCR product was used as a template for sequencing 

reactions with PCR primers or sequencing primers (5’-GTGTAACAGTTCCTGCATGGG-3’ or 

5’-CAAAGCTGTTCCGTCCCAGT-3’) and BigDye Terminator v 3.1 (ThermoFisher), and 

analyzed with the 3500 Genetic Analyzer (ThermoFisher). The obtained results were analyzed 

using Snapgene Viewer (GSL Biotech, San Diego, CA) (Supplementary 1).  

 

2.9. miRNA reporter assay  

Using DNA extracted from AGS cells as a template, DNA was amplified with TP53INP1 

3’untranslated region (3’UTR) specific primers (5’-TAGGCGATCGCTCGAGAGCTTGTTTT 

CTTGAGCCACGGTCT-3’ and 5’-TTGCGGCCAGCGGCCGCGATTGAAAACTGTAACTC 

CAGGTAGTGCAA-3’) and KOD One polymerase using the MJ Research PTC-200. Using the 

In-Fusion Snap Assembly Master Kit (TaKaRa), the amplified PCR product containing a miR-

BART22-3p binding site was inserted into the Not I-Xho I digested psiCHECK-2 vector 

(Promega) which includes both Renilla and firefly luciferase reporter genes to construct the 

psiCHECK-2 TP53INP1 3’UTR vector. AGS cells or AGS EBV cells were seeded at 5 x 104 

cells/well in each well of a 24-well plate. After 24 hours, 20 ng of vector alone, or 20 ng of vector 

with 20 nM negative control (mG/ZEN/mCmGmUmAmUmUmAmUmAmGmCmCmGmAm 

UmUmAmAmCmG/3ZEN/-3’), or miR-BART22-3p inhibitor (5’-mA/ZEN/ mCmUmAmCmU 
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mAmGmAmCmCmAmUmGmAmCmUmUmUmGmUmA/3ZEN/-3’, synthesized by IDT), was 

introduced using Lipofectamine 2000 (ThermoFisher). After 48 hours of gene introduction, 

luciferase enzyme activity was quantified using the Dual-Luciferase Kit (Promega) and the 

GloMax Navigator (Promega). The enzyme activity values were normalized to the negative 

control values, and then the measurements of AGS EBV cells were compared with those of EBV-

negative AGS cells. 

 

2.10. Statistical analysis 

The Mann-Whitney U test was employed to analyze whether there was a difference between 

two independent groups. The data were presented as mean ± standard deviation (SD). Statistical 

significance was set at p < 0.05. 

 

3. Results 

3.1. SAHA suppresses the activity of the BART gene promoter and inhibits the expression of 

BART miRNAs 

It has been reported that dasatinib (Kotaki et al., 2020, Dargart et al., 2012), SAHA (Hui et 

al., 2012), rapamycin (Nepomuceno et al., 2003, Adamson et al., 2014), topotecan (Kawanishi, 

1993, Wang et al., 2009), and ganciclovir (Hui et al., 2010, Westphal et al., 1999) have anti-EBV 
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activity. This study examined the impact of these drugs on BART promoter activity. Dasatinib 

and SAHA decreased BART promoter activity by less than 0.5-fold, while topotecan exhibited 

an increase of more than 1.5-fold (Fig. 1A). To evaluate the effect on EBV-positive cells, the 

expression of miR-BART4-5p was assessed after treatment with dasatinib and SAHA using RT-

qPCR (Supplementary 3A). Dasatinib reduced the expression of miR-BART4-5p to 30% (Fig. 

1b), while SAHA decreased it to 7% (Fig. 1C). Moreover, SAHA also reduced the expression of 

miR-BART20-5p to 11% (Fig. 1C). Primers designed to amplify transcripts (BART, RPMS1, 

BRAF0, RK-BARF0, and miR-BARTs) regulated by the BART promoter (Edwards et al., 2008) 

were employed to measure BART transcript levels using the RT-qPCR method (Supplementary 

3B). Following SAHA treatment, a time-dependent reduction in the expression of BART 

transcripts was observed (Fig. 1D, black circle). Additionally, the expression of miR-BART4-

5p decreased after SAHA treatment (Fig. 1D, white circle). These findings indicate that SAHA 

not only suppresses BART promoter activity but also inhibits BART miRNA expression. 

 

3.2. SAHA induces cell death in EBV-positive cells in a p53-independent manner 

The impact of SAHA on EBV-positive epithelial cancers has been investigated using AGS, 

HK1, HONE1, and C666-1 cells with wild-type p53, yet the effects of SAHA on cells with mutant 

p53 remain unknown (Hui et al., 2010, Hui et al., 2012). The IC50 of SAHA was 3.9 μM for AGS 
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cells with wild-type p53 and 1.4 μM for AGS EBV cells, showing a 2.8-fold increase in drug 

sensitivity upon EBV infection (Fig. 2A, left). In the MKN28 cell line, isoleucine at position 251 

of the TP53 gene was replaced with leucine by the substitution from adenine to cytidine as 

reported previously (Matozaki et al., 1992) (Supplementary 1).As for cells with a p53 mutation, 

the IC50 of SAHA was 4.9 μM in MKN28 cells, whereas, it was 2.6 μM in MKN28 EBV cells, 

indicating a 1.9-fold increase in drug sensitivity due to EBV infection (Fig. 2A, right). The 

treatment of MKN28-EBV cells with SAHA reduced the expression of BART transcripts to 5% 

of that of the untreated cells (Supplementary 4). Furthermore, the treatment of AGS EBV cells 

with SAHA significantly elevated the expression levels of the immediate early gene BZLF1 and 

early gene BALF5 by more than 20-fold, and late gene BALF4 by approximately 8-fold (Fig. 2B). 

EBV genome copies began to rise 24 hours after SAHA treatment, escalating by 12 and 23 times 

after 48 and 72 hours, respectively (Fig. 2C). The increase in EBV copy number with SAHA 

treatment was 11-fold in our experiments, compatible with the 8-fold increase in a previous report 

(Hui et al., 2010). These findings indicate that SAHA treatment induces cell death specifically in 

EBV-positive cells, regardless of p53 mutation. Therefore, the viral status of EBV-positive cells 

moves from latent to lytic infection. 

 

3.3. SAHA induces EBV-positive cell-specific cell death independent of lytic infection induction 
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As the enhanced cell death observed in the SAHA-treated EBV-positive cells could be 

attributed to the induction of lytic infection, experiments were performed using AGS BZLF1-KO 

EBV cells, in which EBV never shifts to lytic infection. The IC50 for SAHA was 3.9 μM for AGS 

cells and 1.7 μM for AGS BZLF1-KO EBV cells, indicating that AGS BZLF1-KO EBV-infected 

cells were 2.3-fold more sensitive to SAHA than uninfected AGS cells (Fig. 3A). AGS BZLF1-

KO EBV cells showed approximately 30% lower expression of the early BALF5 and late BALF4 

genes after 48 hours of SAHA treatment, compared to AGS EBV cells (Fig. 3B). After 72 hours 

of treatment with SAHA, the number of BZLF1-KO EBV genome copies increased by only 1.5 

times (Fig. 3C).  

To determine the extent to which SAHA treatment induces apoptosis in cells, the number of 

cells stained with 7-AAD and Annexin V was measured using a flow cytometer. A population of 

cells exhibiting forward scatter and side scatter within a certain range was gated and extracted 

(Supplementary 2A), and the number of cells undergoing early and late apoptosis within this 

population was counted (Supplementary 2B). The same experiment was repeated three times, 

and the sum of the cells undergoing early and late apoptosis was calculated, with the mean value 

and standard deviation presented (Fig. 3D). The total number of apoptotic cells in the AGS cells 

treated with SAHA increased by 1.9 times, from 3.4% to 6.5% (Fig. 3D). Conversely, the total 

number of apoptotic cells in the AGS EBV cells treated with SAHA increased by 3.7 times, from 
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7.7% to 28.4 % (Fig. 3D). The treatment with SAHA for 48 hours elevated the number of cells 

in early apoptosis by 3.6 times, from 6.9% to 24.8%, in AGS BZLF1-KO EBV cells (Fig. 3D). 

Compared to AGS cells, AGS EBV cells or AGS BZLF1-KO EBV cells exhibited a higher 

frequency of apoptosis upon SAHA treatment. However, there was no significant difference in 

the frequency of apoptosis between AGS EBV cells and AGS BZLF1-KO EBV cells (Fig. 3D). 

These findings indicate that SAHA induces apoptosis in EBV-infected cells without 

triggering lytic infection. 

 

3.4.  SAHA suppresses the transcription of BART miRNAs and enhances the expression of 

BART miRNA target genes 

As SAHA induced cell death in EBV-positive cells under conditions that did not induce lytic 

infection (Fig. 3B and 3C), we investigated the changes in the expression of viral latent genes 

associated to the SAHA treatment. In AGS EBV cells treated with SAHA, the expression of the 

latent genes BART, EBNA1, and EBER1 decreased by 85%, 15%, and 22%, respectively, 

compared to untreated cells (Fig. 4A, left). In SAHA-treated AGS BZLF1-KO EBV cells, the 

expression of BART and EBER1 decreased by 66% and 25%, respectively, compared to untreated 

cells. However, the expression of EBNA1 was not significantly different between SAHA-treated 

and untreated AGS BZLF1-KO EBV cells (Fig. 4A, right).  
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The BART miRNAs target genes involved in promoting apoptosis include CASZ1a, OCT1, 

TP53INP1, and ARID2 (Kang et al., 2015). The 3’UTR region of the TP53INP1 gene, which 

contains the target site for miR-BART22-3p, was inserted downstream of the firefly luciferase 

gene to create the psiCHECK-2-TP53INP1 3’UTR vector. When this miRNA assay vector was 

introduced into AGS cells and EBV AGS cells, the luciferase activity in EBV AGS cells was only 

40% of that in AGS cells (Supplementary 5, left). Furthermore, when the miRNA assay vector 

and the miR-BART22-3p inhibitor were simultaneously introduced into the cells, the luciferase 

activity in EBV-positive cells increased 7-fold compared to EBV-negative cells (Supplementary 

5, right). In AGS EBV cells which produce BART miRNAs, the expression of these apoptosis-

inducing genes significantly decreased, ranging from 43% to 87%, when compared to non-

infected AGS cells (Fig. 4B). To the contrary, when AGS EBV cells were treated with SAHA for 

16 hours, the expression of CASZ1a, OCT1, and TP53INP1 increased by 1.9-fold, 1.5-fold, and 

1.3-fold, respectively, compared to untreated cells, while ARID2 was reduced to 50% of the level 

expressed in untreated cells (Fig. 4C, middle). The SAHA treatment increased the expression of 

OCT1 and TP53INP1 in BZLF1-KO EBV-infected cells similar to wild-type EBV-infected cells 

(Fig. 4C, left). On the other hand, the SAHA treatment did not increase the expression of OCT1 

or TP53INP1 in uninfected AGS cells (Fig. 4C, right). 
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Furthermore, in AGS EBV cells treated with SAHA, TP53INP1 protein expression increased 

at 16 hours and 48 hours, but the expression was stronger at 16 hours than at 48 hours. The 

expression of active caspase-3, a marker of apoptosis, was observed at a slightly higher level at 

16 hours and more strongly at 48 hours after SAHA treatment (Fig. 4D). Similarly, in AGS EBV 

BZLF1 KO cells treated with SAHA, the increased levels of TP53INP1 and active caspase-3 were 

stronger at 16 hours than at 48 hours (Supplementary 6). These findings suggest that SAHA 

induces cell death through suppressing the expression of viral miRNAs and promoting the 

expression of genes that induce apoptosis. 

 

4. Discussion 

We discovered that SAHA, which is clinically used as an HDAC inhibitor, inhibits BART 

promoter activity. The treatment of nasopharyngeal cancer cells with SAHA enhanced the 

expression of EBV lytic genes and induced cell death in infected cells (Hui et al., 2010). SAHA 

also increased cell death in SNT13, SNT16, and KAI3 cells derived from EBV-positive NK/T 

lymphomas; however, SAHA did not induce lytic infection in SNT16 and KAI3 cells (Siddiquey 

et al., 2014). We showed that SAHA significantly increased cell apoptosis in gastric epithelial 

cells infected with BZLF1-KO EBV, which never undergo lytic infection, compared to uninfected 
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gastric epithelial cells (Fig. 3). These findings suggest that the cytotoxic effect of SAHA on EBV-

positive cells involves a different mechanism than the induction of EBV lytic genes.  

Our study revealed that treating cells with SAHA reduced the expression of the BART gene 

in EBV BZLF1-KO-infected gastric epithelial cells (Fig. 4A, right). BART miRNAs are known 

to exhibit anti-apoptotic functions (Kang et al., 2015; Lin et al., 2015; Min et al., 2020). 

Conversely, apoptotic signals have been reported to induce the expression of EBV lytic infection 

genes (Murata et al., 2021). Therefore, we hypothesize that SAHA induces apoptosis in infected 

cells through the suppression of BART promoter activity, even when the expression of EBV lytic 

infection genes is not induced. The detailed analysis of BART promoter activity and experiments 

involving the suppression of BART promoter activity using CRISPR interference will be 

necessary to elucidate this molecular mechanism (Kim et al., 2019; Mandegar et al., 2016).  

In EBV infection, infected cells receive signals that trigger apoptosis. However, EBV latent 

genes provide rescue signals to stressed cells, preventing apoptotic cell death (Iizasa et al., 2012, 

Tsao et al., 2017). The BART miRNAs expressed during latent infection suppress the activity of 

various apoptosis-inducing genes (Kang et al., 2015, Lin et al, 2015, Min et al., 2020). As EBV-

infected epithelial cells have higher BART miRNA expression compared to B lymphoma cells 

(Marquitz et al., 2015), the strong suppression of BART miRNA expression by SAHA may 

induce apoptosis in EBV-positive epithelial cancers. miRNAs strongly suppress protein 
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expression despite not strongly inhibiting messenger RNA (mRNA) expression (Bartel 2018). 

Upon SAHA treatment, the expression of CASZ1a and TP53INP1 decreased by more than 50% 

in EBV-infected cells compared to uninfected cells (Fig. 4B). Because miRNAs promote the 

degradation of mRNA by de-polyadenylating the targeted mRNA (Bartel 2018), mRNAs with 

shorter polyA tails are more susceptible to miRNA-mediated degradation (Eulalio et al., 2009). 

Additionally, the expression of p53 is strongly suppressed by deadenylation (Zhang et al., 2015). 

These reasons suggest that the expression of CASZ1a and TP53INP1 was inhibited by more than 

50% due to miRNA activity. 

On the other hand, the expression of EBNA1 and EBER, which were latent EBV genes, was 

hardly affected by SAHA treatment (Fig. 4A). In EBV-positive gastric cancer cells, EBNA1 is 

continuously expressed through the activity of the Q promoter (Tao et al., 1998), and EBER is 

continuously expressed due to RNA polymerase III activity (Howe & Shu, 1989). It is known that 

housekeeping genes can be continuously expressed, because the lysine residues at the N-terminus 

of histones bound to their promoters are frequently acetylated (She et al., 2009). We assume these 

viral genes may be regulated in a similar manner. 

HDAC inhibitors typically enhance the expression of various genes through preventing 

histones from binding to DNA (Falkenberg & Johnstone., 2014, Seto & Yoshida, 2014). However, 

SAHA, despite being an HDAC inhibitor, has been observed to reduce the expression of viral 
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LMP1 and host c-Myc genes in EBV-positive DLBCL (Shin et al., 2014). Additionally, SAHA 

recruits inhibitors to the promoter of the telomerase reverse transcription enzyme (TERT) and 

suppresses TERT expression in lung cancer cells (Li et al., 2011, Rahman & Grundy, 2011). 

Therefore, even though SAHA is classified as an HDAC inhibitor, it is believed to suppress 

BART gene activity through either increasing the expression of transcriptional inhibitors or 

recruiting these inhibitors to the BART promoter. 

We demonstrated a remarkable similarity in both the IC50 value and the capacity to induce 

apoptosis between wild-type EBV- and EBV BZLF1-KO-infected cells when exposed to SAHA, 

as illustrated in Fig. 2 and Fig. 3. However, SAHA enhanced apoptosis independently of EBV 

lytic infection (Fig. 3B). Furthermore, the rate of apoptosis in SAHA-treated both EBV-infected 

cells and EBV BZLF1-KO-infected cells was similar (Fig. 3D), so we believe that the anti-EBV 

effect of SAHA is likely mediated by the decrease in BART miRNA expression. Consequently, 

SAHA not only triggers cell death in EBV-positive cells through lytic infection, but also amplifies 

apoptosis through suppressing the expression of BART miRNAs. Variants of EBV lacking 

various viral lytic genes have been associated with numerous instances of lymphomas and 

epithelial cancers (Okuno et al., 2019, Kondo et al., 2022, Wongwiwat et al., 2022). Consequently, 

SAHA is anticipated to exhibit potent antitumor effects against EBV-associated cancers in which 

it is difficult to induce apoptosis solely through inducing lytic infection. 
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5. Conclusion 

This study demonstrated that the HDAC inhibitor SAHA induces cell death in EBV-positive 

cells both with and without leading to lytic infection. SAHA was also shown to have efficacy in 

p53 mutant EBV-positive gastric cancer cells. Given that certain EBV-related tumors lack p53 

mutations and are infected with an EBV strain that never exhibits lytic infection, this drug could 

be effective for the treatment of various EBV-associated cancers. 
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Figure legends. 

Fig. 1. SAHA treatment of AGS EBV cells suppresses BART gene expression. A Changes in 

BART promoter activity 48 hours after various drug treatments. Gray squares indicate relative 

luciferase activity less than 0.5; white squares indicate activities stronger than 0.5, but weaker 

than 1.5 ; a black square indicates activity stronger than 1.5. ΒΑRΤ promoter activity in cells 

treated with 2.5 μM dasatinib, SAHA, rapamycin, valproic acid, topotecan, and ganciclovir. The 

promoter activity of control cells treated with DMSO was set to 1.0. B Expression of miR-

BART4-5p in cells treated with dasatinib. White column: control; black bars: 2.5 μM dasatinib. 

The miRNA expression levels were normalized to virus copy number and U6 expression level, 

and the control was set to 1.0. C Expression of miR-BART4-5p and miR-BART20-5p in cells 
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treated with SAHA. White bars: control; black bars: 2.5 μM SAHA. The miRNA expression 

levels were normalized to virus copy number and U6 expression level, and the control was set to 

1.0. D SAHA treatment suppresses BART transcripts and miR-BART4-5p expression over time. 

The expression levels of genes in AGS EBV cells 6 hours after drug treatment were normalized 

to virus copy number and set to 1. A - D RT-qPCR was performed after 48 hours of drug treatment. 

Black circles: BART transcripts; white circles: miR-BART4-5p. *p < 0.05. **p < 0.01. 

 

Fig. 2. SAHA treatment induces lytic infection and triggers apoptosis in EBV-positive cells. 

A EBV-positive cells treated with SAHA undergo cell death in a p53-independent manner. Open 

square: uninfected cells; closed square: EBV-positive cells. Left: AGS cells harboring wild-type 

p53; right: MKN28 cells harboring mutant p53. The survival rates of DMSO-treated cells were 

defined as 100%. B Expression of viral lytic genes in SAHA-treated AGS EBV cells: immediate 

early (BZLF1), early (BALF5), late (BALF4). White bars: control (DMSO); black bars: 2.5 μM 

SAHA. The expression level of the gene in EBV-positive cells treated with DMSO was set to 1. 

C Relative EBV copy number in AGS EBV cells treated with SAHA. The virus copy number of 

AGS EBV cells treated with DMSO was set to 1. A and B Cell proliferation assay, RT-qPCR, 

and apoptosis assays were performed 48 hours after drug treatment. All results were obtained 

from three different samples. *p < 0.05. **p < 0.01. 

 

Fig. 3. SAHA treatment induces apoptosis in EBV-positive cells without activating lytic infection. 

A AGS BZLF1-KO EBV cells become more apoptotic than uninfected AGS cells after SAHA 

treatment. Open squares: uninfected cells; closed squares: BZLF1-KO EBV-positive cells. The 

survival rate of cells treated with DMSO was defined as 100%. B Expression of viral lytic genes 

in SAHA-treated AGS BZLF1-KO EBV cells: early (BALF5), late (BALF4). White bars: control 

(DMSO); black bars: 2.5 μM SAHA. The expression level of the gene in AGS BZLF1-KO EBV 

cells treated with DMSO was set to 1.0. C Relative EBV copy number in AGS BZLF1-KO EBV 
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cells treated with SAHA. The virus copy number of AGS BZLF1-KO EBV cells treated with 

DMSO was set to 1.0. D SAHA treatment enhances apoptosis in AGS EBV cells and AGS 

BZLF1-KO EBV cells compared to uninfected AGS cells. Apoptosis was defined as the sum of 

the number of cells in early apoptosis and late apoptosis. White bars: control (DMSO); black bars: 

2.5 μM SAHA. A, B, and D Cell proliferation assay, RT-qPCR, and apoptosis assays were 

performed 48 hours after drug treatment. All results were obtained from three different samples. 

*p < 0.05. **p < 0.01. ns: not significant. 

 

Fig. 4. SAHA treatment enhances the expression of BART miRNA target genes in EBV-positive 

cells. A Changes in latent gene expression in EBV-positive cells with SAHA treatment. Left: 

AGS EBV cells; right: AGS BZLF1-KO EBV cells. White bars: control (DMSO); black bars: 2.5 

μM SAHA. The quantification of messenger RNA levels was conducted using RT-qPCR and the 

level of DMSO-treated control cells was set to 1.0 for normalization. RT-qPCR was performed 

48 hours after drug treatment. B Expression levels of CASZ1a, OCT1, ARID2, TP53INP1 genes 

targeted by BART miRNAs in AGS and AGS EBV cells. White bars: AGS cells; hatched bars: 

AGS EBV cells. Levels of each messenger RNA were quantified with RT-qPCR and the 

expression level of AGS cells was set to 1.0. C Changes in the expression of BART miRNA target 

genes in AGS, AGS EBV, and AGS BZLF1-KO EBV cells after SAHA treatment. Levels of each 

messenger RNA were quantified with RT-qPCR and the level of DMSO-treated control cells was 

set to 1.0. White bars: control (DMSO); black bars: 2.5 μM SAHA. D Expression of TP53INP1 

protein in AGS EBV cells after SAHA treatment. Protein expression was detected through 

Western blotting. The expression level of GAPDH was used as an internal standard. All results 

were obtained from three different samples. *p < 0.05. **p < 0.01. 
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Supplementary  1
Partial DNA sequence of the TP53 gene in MKN28 cells

I251L (A to C mutation)

Wild type p53 
MKN28 p53

N  R  R  P  L  L  T  I  I  T  L  E  D  S
250                                255                               260

Amino acids

AACCGGAGGCCCATCCTCACCATCATCACACTGGAAGACTCC
------------C-----------------------------
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Supplementary  2

A. Two dimensional forward and side distributions of cells treated with 0 or 2.5 µM of SAHA 
by the flow cytometric analysis. The cells sequesterd by the black line were applied for the 
apoptosis assay. B. Histogram data of the apoptosis assay. Vertical axis: 7-AAD; horizontal 
axis: annexin V. Cells in early apoptosis: 7-AAD-/annexin V+; late apoptosis: 7-AAD+/annexin 
V+. 
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Supplementary  3
A. Procedure of the RT-qPCR assay for viral miRNAs. Red: miR-BART4-5p, Green: miR-
BART20-5p. B. Genetic structure of BART transcripts. Arrow: BART transcripts primers.  
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Supplementary  4
Expression of BART transcripts in SAHA-treated and untreated MKN28 EBV cells. **: p < 0.01.   

Supplementary  5

A miRNA reporter assay to measure the viral miR-BART22-3p activity. The psiCHECK-2-
TP53INP1 3’UTR vector was introduced AGS or AGS EBV cells with or without miR-
BART22-3p inhibitor. Both Renilla and firefly luciferase activity were measured and 
normalized relative luciferase activities were calculated. All results were obtained from 
three different samples. The expression level of AGS cells was set to 1.0 .  **: p < 0.01.   
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Supplementary  6
Expressions of apoptosis inducing factors in SAHA treated AGS EBV BZLF1 KO cells 
detected through Western blotting. 


