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Abstract. Deregulation of microRNA expression plays a 
significant role in several cancer types including Burkitt 
lymphoma (BL). MicroRNA genes may be regulated through 
epigenetic mechanisms, such as specific histone modifications 
and/or DNA methylation of CpG islands in promoter regions, or 
by regions that are located next to microRNA genes. Given the 
regulatory role of MYC in miR‑29 expression, methylation as an 
additional mechanism for miR‑29 silencing was investigated. 
Methylation of miR‑29a/b/c in BL tumour samples and BL cell 
lines (BL41 and Raji) was assessed by pyrosequencing assay. 
BL cells were treated with 5‑aza‑2'‑deoxicitidine (decitabine) 
and evaluated for miR‑29a/b/c expression and methylation 
status. MYC, DNMT1 and DNMT3B protein expression were 
accessed by western blotting. For Epstein‑Barr virus (EBV) 
microRNA (miR)‑BART6 inhibition, the cells were tran-
siently transfected with anti‑BART6‑5p. BL tumour samples 
and BL cell lines presented miR‑29a/b1 and miR‑29b2/c genes 
methylated in CpG sites located in both the promoter and 
enhancer regions. The treatment of BL cells with decitabine 
reduced methylation, induced miR‑29s expression and down-
regulated MYC protein levels in a dose‑dependent manner. 
Notably, inhibition of EBV miR‑BART6‑5p combined with 
decitabine enhanced miR‑29 expression in an EBV‑BL cell 
line. In conclusion, the miR‑29a/b1 and miR‑29b2/c genes have 
methylated CpG sequences at promoter and enhancer regions 
that may contribute to the regulation of miR‑29 expression in 

BL tumours. The present findings indicated interplay between 
MYC and miR‑29 regulation, highlighting the potential role of 
EBV‑miRNAs in miR‑29 regulation for BL pathogenesis.

Introduction

In the last few years, increased evidence strongly indicates 
that altered microRNA (miRNA or miR) expression can 
play a significant role in cancer development and progression 
depending on the tissue type and specific target (1). miRNAs 
are small non‑coding regulatory RNAs (19‑25 nucleotides) 
that bind to specific sites of their target genes and regulate 
post‑transcriptional gene expression (2). To date, the mecha-
nisms regulating normal miRNA expression and triggering their 
deregulation in malignant diseases are poorly understood. The 
primary control of miRNA expression occurs at the transcrip-
tional level. miRNA genes are frequently located in intergenic 
regions, being independently transcribed, or are situated 
within exonic and intronic regions and may share a promoter 
with the host gene, although intragenic miRNA‑specific 
promoters have also been reported (3,4). miRNA genes may 
be regulated through epigenetic mechanisms, such as specific 
histone modifications and/or DNA methylation of CpG islands 
in promoter regions, or by regions that are located next to 
miRNA genes (4). This regulation is tightly controlled and has 
a great impact on the establishment and maintenance of cell 
identity, since miRNAs, together with transcription factors, 
are major regulators of cell phenotype (5). Furthermore, it has 
been proposed that small subsets of miRNAs are capable of 
discriminating cell lines and tissues, reinforcing the impacts 
of these molecules on cell type‑specific networks (6).

Burkitt lymphoma (BL) is a highly aggressive B‑cell malig-
nancy that accounts for 40% of non‑Hodgkin's lymphomas in 
children and adolescents (7). Three clinical variants of BL, 
including endemic, sporadic and HIV‑associated BL, have been 
described. Virtually all endemic BL cases are EBV‑associated, 
whereas less than 30% of sporadic and 30‑40% of AIDS‑related 
BLs are EBV‑positive (8). The tumour is characterized by the 
presence of chromosomal translocations, mainly t(8;14) or, 
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less frequently, t(2;8) or t(8;22), involving the c‑MYC onco-
gene and immunoglobulin genes [IGH (q32), IGK (p12), and 
IGL (q11), respectively] leading to the constitutive activity 
of the c‑MYC promoter (9‑11). Recent studies have revealed 
recurrent mutations in the TCF3, a direct target CCND3. In 
addition, CCND3 mutations were frequent in sporadic BL 
(38%) and HIV‑associated BL (67%) but not endemic BL 
(1.8%), indicating a distinct genetic pathogenesis among BL 
subtypes (12,13). Emerging evidence indicates that abnormal 
modulation of mRNA transcription via miRNAs regulated 
by MYC may be a significant event in BL pathogenesis (14). 
In this context, a signature of miRNAs, including molecules 
regulated by MYC, has been proposed to differentiate BL 
from diffuse large B‑cell lymphoma (DLBCL), with miR‑29b 
being downregulated in BL (15,16). This observation, together 
with the association between miR‑29 and histone marks, that 
are indicative of typical enhancers and super‑enhancers (5), 
indicates that the deregulation of miR‑29 family members 
may play a role in BL pathogenesis. The miR‑29 family has 
been described as a suppressor of tumours regulating multiple 
oncogenic pathways in diverse types of cancer (17‑19). MYC 
also acts in the epigenetic suppression of miR‑29 by inducing 
histone deacetylation and histone trimethylation in B‑cell 
lymphomas (20). Additionally, DNA methylation has been asso-
ciated to transcription regulation of numerous cancer‑related 
genes including certain miRNAs such as miR‑34b, miR‑124a, 
miR‑200, among others (4).

In the present study, the contribution of DNA methyla-
tion to miR‑29 silencing was underlined in BL cell lines and 
tumour samples, targeting both promoters and enhancers using 
pyrosequencing quantitative assays. In addition, the current 
status of the interplay between MYC and miR‑29 regulation 
was reviewed, highlighting the potential role of EBV‑miRNAs 
in miR‑29 regulation for BL pathogenesis.

Materials and methods

Cell lines and treatments. The BL cell lines: Raji (EBV+) 
obtained from the American Type Culture Collection 
(ATCC), Daudi (EBV+) and BL41 (EBV‑) kindly provided by 
Dr Boulanger (Greehey Children's Cancer Research Institute, 
The University of Texas Health Science Center, San Antonio, 
TX, USA), Namalwa (EBV+) kindly provided by Dr Favaro 
(Laboratório de Biologia Molecular e Celular, Hemocentro, 
Unicamp, Campinas, São Paulo, Brazil) and Ramos 
(EBV‑) provided by Professor Andrei Thomas‑Tikhonenko 
(Department of Pathobiology, School of Veterinary Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania, USA) 
were cultured accordingly (21). Mycoplasma contamination 
PCR and short tandem repeat (STR) PCR were performed 
to confirm that the cell lines were mycoplasma‑negative 
and to verify their genotypes. For the experiments, cells 
were treated with DNMT inhibitor [5‑aza‑2'‑deoxycytidine 
(decitabine); Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany] at 1.0, 0.5, 0.25 and 0.125 µM for 24 or 72 h. The 
cells were collected and evaluated for DNA methylation and 
protein expression.

Patients. Formalin‑fixed paraffin‑embedded tumour samples 
from 10  patients with pediatric BL were selected for the 

analysis. The study was approved by the Brazilian National 
Cancer Institute Ethics Research Committee (CEP Registration 
no. 18/09). The diagnosis of BL was confirmed according to 
the criteria described by the 2008 World Health Organization 
(WHO) classification for hematopoietic diseases (22). Portions 
of these data have been previously published (23).

DNA isolation and bisulfite conversion from cell lines and 
tissues of patients. Genomic DNA was extracted with a 
QIAamp DNA FFPE Tissue kit (Qiagen, Inc.) from a tumour 
block fixed in 10% neutral buffered formaline and embedded 
in paraffin (FFPE) using sections of 10 µm. The average period 
of fixation was 24 h at room temperature. DNA from cells 
lines was extracted using the QIAamp DNA kit (Qiagen, Inc.) 
and quantified on a NanoDrop 1000 (Thermo Fisher Scientific, 
Waltham, MA, USA). Bisulfite conversion of 500  ng of 
genomic DNA was performed using the EpiTect Bisulfite Kits 
(Qiagen, Inc.) according to the manufacturer's protocol.

Pyrosequencing assay. The previously bisulfite‑converted 
DNA was amplified using Platinum Taq DNA Polymerase 
(Thermo Fisher Scientific, Inc.) in a 50‑µl final volume 
according to the manufacturer's protocol. The primers utilized 
were designed using PyroMark Assay Design Software  2.0.2 
(Qiagen, Inc.): primer 1, 29b2/c gene forward, AGA​AGG​TAG​
GGT​TGT​AAG​GA and reverse, AAA​TCC​CCA​CTC​TCT​AAC​
CTA​TCT​TTA​T; primer 2, 29b2/c gene forward, TAG​TAA​
ATA​TAT​AAG​TGG​GGG​AAG​AAG​GGG and reverse, TAT​
CAA​AAC​CAA​AAA​CCT​CTA​AAT​AAC​C; primer 1, 29a/b1 
gene forward, GTT​TTT​TAG​AGA​GTT​TTG​GGT​TGT​T and 
reverse, CCT​AAA​ACA​AAA​TCC​CTA​CAA​ATT​TTC​A. The 
fragments amplified with these primer sets contained 5, 6 
and 5  CpG sites, respectively. All reverse primers were 
biotinylated. The sequences for analysis were localized to 
two regions: one in the promoter of the miR‑29b2/c gene 
(Chromosome 1:207823418‑207824167) and the other 
within the promoter flank region of the miR‑29b2/c gene 
(Chromosome 1:207823405‑207824179). Another sequence 
for analysis was located within the enhancer of the miR‑29a/b1 
gene (Chromosome 7:130897044‑130897608). Two percent 
agarose gel electrophoresis was used to confirm DNA 
amplification. Biotinylated PCR products in a total volume 
of 40 µl were immobilized on streptavidin‑coated Sepharose 
beads (GE Healthcare). Pyrosequencing was performed using 
PyroGold PyroMark Q96 reagents in the PyroMark Q96 ID 
(both from Qiagen, Inc.). The percentage of each CpG site was 
generated automatically using the PyroMark Q96 software 
(version1 0.6).

miRNA extraction from BL cell lines and real‑time quantitative 
PCR (qRT‑PCR). Total RNA (including the miRNA) from 
BL41 and Raji cells was extracted using TRIzol™ reagent 
(TRIzolTM; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. The concentration and quality of 
the extracted material was determined with the 260/280 ratio 
using NanoDrop 1000 (Thermo Fisher Scientific Inc.). The 
miRNA expression analyses were assessed by primer‑specific 
TaqMan®  MicroRNA Reverse Transcription (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and hsa_miR‑29a 
(ID 2112), hsa_miR‑29b (ID 413), hsa_miR‑29c (ID 587) and 
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RNU6B (NR_002752) were examined using the StepOne™ 
System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). RNU6B was used to normalize the miRNA expression 
levels. Thermocycling conditions consisted of incubation at 
50˚C for 2 min and 95˚C for 10 min, followed by 40 cycles 
of denaturation at 95˚C for 15 sec, and annealing and exten-
sion at 60˚C for 1 min. To calculate the relative expression, 
the 2‑ΔΔCq method was applied (24). Duplicate reactions were 
performed in all PCR assays.

Western blotting. Western blot assays were performed as 
previously described  (23), using the following antibodies: 
anti‑c‑Myc (dilution  1:250; clone  no.  9E10; Calbiochem; 
cat. no. OP10), anti‑DNMT1 (dilution 1:1,000; clone no. H‑300; 
Santa Cruz Biotechnology, Inc; cat.  no.  SC‑13032) and 
DNMT3B (dilution 1:1,000, clone no.  52A1018, Imgenex; 
cat.  no.  IMG‑184A). β‑actin (dilution 1:1,000; clone  B‑6; 
cat. no. A5441) and HSC‑70 (dilution 1:1,000; cat. no. sc‑7298; 
both from Santa Cruz Biotechnology, Inc.) antibodies were 
used as loading controls. Mouse and rabbit secondary anti-
bodies (dilution 1:10,000; cat. no. A9169) were purchased from 
GE Healthcare. The blots were developed using the c‑Digit 
imaging system (LI‑COR Biosciences) and analysed by Image 
Studio Lite version 3.1.

Transfection of an inhibitor of EBV‑miR‑BART6‑5p. The 
Cy3‑labbed control siRNA (Ambion; Thermo  Fisher 
Scientific, Inc.) was used to monitor the efficiency of the 
transfection assay with Lipofectamine 2000 or RNAiMAX 
(both from Invitrogen; Thermo Fisher Scientific, Inc.). Raji 
cells (1x105) were transfected with Cy3‑labeled siRNA 
(200  nM), washed with phosphate‑buffered saline and 
analysed by a CyAn ADP analyzer flow cytometer and 
Summit v4.3 software (both from Beckman Coulter, USA). 
Next, Raji cells were transfected with 100 nM of an inhibitor 
of BART6‑5p antagomir (cat.  no.  4464084) or the mimic 
negative control (cat.  no.  4464058) (Life Technologies; 
Thermo Fisher Scientific, Inc.) utilizing the method derived 
from Mazzoccoli et al (21). Then, the cells were treated with 
decitabine (1.0 µM) and after 72 h, the cells were harvested, 
and miRNA was extracted and quantified as aforementioned.

Statistical analysis. Comparisons among groups were 
performed using Kruskal‑Wallis and Dunnett's post hoc test. 
P‑values <0.05 were considered to indicate a statistically 
significant difference, and analysed using GraphPad Prism 
software (PRISM 5.0; GraphPad Software Inc.).

Results

miR‑29a/b1 and miR‑29b2/c genes are epigenetically silenced 
by methylation at promoter and enhancer regions in BL cells. 
To confirm previous research that revealed methylation in 
miR‑29a/b1 and miR‑29b2/c by MSP assays in BL cell lines, 
the miR‑29 promoter and enhancer regions were explored using 
the pyrosequencing method for investigation of BL tumour 
samples. Data of BL patients are described in Table  I. 
Quantitative pyrosequencing methylation analysis of five CpG 
sites for miR‑29a/b1 enhancer region and six CpG sites for 
miR‑29b2/c promoter region demonstrated high levels of DNA 
methylation in 10/10 and 7/10 BL tumour samples, respec-
tively as depicted (Fig. 1). The mean of methylation levels in 
CpG sites was 92.8% in miR‑29a/b1 enhancer and 64% in 
miR‑29b2/c promoter in BL tumour samples. Additionally, the 
high methylation level observed in BL tumour samples could 
explain the low miR‑29s levels reported previously by our 
group (23). In Raji and BL41 cell lines the results also revealed 
mean methylation levels of 96 and 99% in CpG sites located in 
miR‑29a/b1 enhancer and 89 and 91% in miR‑29b2/c promoter 
flanking regions, respectively (Fig. S1A and C). Notably, the 
mir‑29b2/c promoter from Raji cells revealed lower mean 
methylation levels (63%) than in BL41 cells (92%) at six evalu-
ated CpG sites (Fig. S1B). Thus, using BL tumour tissues 
analysed by pyrosequencing, it was concluded that silencing 
by methylation can work together with other mechanisms to 
potentiate the suppression of miR‑29 in BL cells (20).

The treatment of BL cells with DNA‑demethylating agent 
decitabine reverses methylation and induces miR‑29 expres‑
sion. Since tumour suppressive miRNAs are inactivated 
in cancer cells by aberrant DNA methylation at promoter 
regions, resulting in suppression, the effects of demethylating 
agent decitabine was investigated on the miR‑29 methylation 

Table I. Clinical and biological features of BL patients.

Patient	 Sex/Age	 Initial site of disease	 Stage	 LDH (U/l)	 EBV (ISH)	 Follow‑up

  1	 F/2	 Abdomen	 III	 394	 Positive	 Alive
  2	 M/5	 Abdomen	 III	 595	 Positive	 Dead
  3	 M/6	 Abdomen	 III	 510	 Positive	 Alive
  4	 M/3	 Abdomen and testicle	 III	 845	 Positive	 Dead
  5	 M/5	 Abdomen	 III	 929	 Positive	 Alive
  6	 F/6	 Abdomen	 III	 536	 Negative	 Alive
  7	 M/9	 Cervical mass	 IV	 2,438	 Negative	 Dead
  8	 M/11	 Abdomen	 III	 1,205	 Positive	 Alive
  9	 M/5	 Cervical mass	 I	 453	 Positive	 Alive
10	 M/2	 Abdomen	 III	 621	 Positive	 Alive

BL, Burkitt lymphoma; LDH, lactate dehydrogenase; EBV, Epstein‑Barr virus; ISH, in situ hybridization.
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and expression levels in BL cells. After 24 h with 1.0 µM 
decitabine, the miR‑29 promoter and enhancer regions were 
demethylated in both BL cell lines. In BL41 cells, the mean 
of cells that were methylated in CpG sites dropped 22% in the 
miR‑29a/b1 enhancer, 21% in the miR‑29b2/c promoter and 

56% in the miR‑29b2/c promoter flank in comparison to the 
control. As for Raji cells, the mean of methylation levels in 
CpG sites dropped 40% in the miR‑29a/b1 enhancer, 21% in 
the miR‑29b2/c promoter and 20% in the miR‑29b2/c promoter 
flank in comparison to the control (Fig. S1). Similar results 

Figure 1. Quantitative pyrosequencing analysis reveals methylation on miR‑29a/b1 enhancer and miR‑29b2/c promoter regions in BL tumour samples. The 
genomic locations of pyrosequencing assays and representative pyrograms in BL tumour samples are depicted. (A) miR‑29a/b1 enhancer region, (B) miR‑29b2/c 
promoter region. The percentage of methylation at each CpG site is represented in shaded areas. Mean and standard deviation are presented in the box at the 
bottom of each pyrogram. BL, Burkitt lymphoma.
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were observed at 72 h, even using lower decitabine concentra-
tions (Fig. S2). In addition, the miR‑29 expression levels were 
upregulated by decitabine treatments (0.5, 0.25 and 0.125 µM) 
at 72 h in BL41 cells (Fig. 2A) but not in Raji cells (Fig. 2B). 
Similar results only for the high‑decitabine concentration were 
reported previously by our group using a non‑quantitative 
methylation‑specific PCR assay (MSP) (21).

DNA methyltransferase inhibitor, decitabine, downregulates 
MYC protein levels in a dose‑dependent manner. Given that 
MYC is involved in miR‑29 regulation, we further evaluated 
the effect of decitabine on MYC protein expression. Upon 24 
and 72 h of decitabine treatment (1.0 µM), MYC expression 
levels were reduced in BL41 cells (Fig. 3A). Notwithstanding 
the variations observed on MYC expression levels in the 
control (without treatment of decitabine), these variations were 
expected due the prolonged cell culture (24 to 72 h), since the 
medium was not replaced during the assay. The cell cycle status 
and the concentration of fetal bovine serum, for example, may 
contribute to the stabilization of mRNA and protein levels. In 
addition, a slight decrease in the level of β‑actin was detected 
in the presence of decitabine. However, this variation did not 
have impact on MYC expression analysis (Fig. 3A). A similar 
result was observed in Raji cells at 24  h after decitabine 
treatment (Fig. 3B). These data indicated that demethylation 
induced by decitabine may affect other genes or miRNAs that 
target the MYC regulatory network (25). However, lower doses 
of decitabine reduced DNMT1 expression in BL41 and Raji 
cells with no effects on MYC protein levels (Fig. 3C and D).

EBV‑miR‑BART6‑5p inhibition modulates miR‑29 expression 
in BL cells treated with decitabine. It has been reported that 
EBV regulates the expression of non‑coding RNA in gastric 
carcinoma (GC). The methylation of both viral and host DNA 
is one of the major mechanisms involved in EBV‑associated 
GC tumour development (26). These studies indicate that EBV 
infection alters the host miRNA profile. In our study, despite 
the demethylation of miR‑29 promoter CpG sites observed in 
Raji, an EBV‑positive cell line, an increase in the expression 

levels was not detected (Fig.  2B). Therefore, whether the 
observed lack of miR‑29 expression could be related to the 
expression of EBV‑miRNAs was investigated since it has been 
reported that an EBV‑miRNA, miR‑BART6‑5p, suppresses 
Dicer expression by binding to four target sites that are present 
within the 3'‑UTR of human Dicer (27). Then, miR‑BART6‑5p 
expression was silenced and the effect of decitabine on miR‑29 
expression levels was examined. The transfection efficiency 
assay was confirmed in the Raji cell line using Cy3‑labeled 
control siRNA as revealed in Fig. S3.

Suppression of miR‑BART6‑5p by antagomir followed 
by decitabine treatment was associated with an increase of 
miR29a/b/c expression levels in comparison to only antagomir 
(Fig. 4A). There was no difference between the mimic negative 
control and non‑transfected cells regarding miR‑29 expression 
(data not shown). In addition, the basal miR‑29 expression levels 
in the BL41 cell line were increased in comparison to Raji 
cells, supporting the hypothesis of a differential miR‑29 regu-
latory mechanism between EBV‑positive and EBV‑negative 
BL cells (Fig. 4B). The analysis of additional BL cell lines 
(EBV‑positive and negative) indicated the same differential 
expression levels of miR‑29a and miR‑29c (Fig. S4).

Discussion

Recent studies have revealed the numerous roles of miRNAs 
underscoring the biological significance of their alterations in 
cancer development (1,28). The miR‑29 family of miRNAs 
has been identified to function as a group of tumour suppres-
sors (29,30) in several cancer types via inhibition of targets 
related to proliferation, migration and invasion  (31,32). In 
addition, the miR‑29 family members (miR‑29a/b/c) are also 
termed ‘epi‑miRs’ due to their role in the regulation of epigen-
etic modifiers such as enzymes involved in DNA methylation 
and demethylation [DNA methyltransferases [DNMTs] and 
ten‑eleven translocation (TET) enzymes] (4). Recently, our 
group demonstrated that the transfection of miR‑29s modulated 
DNA methyltransferase 3B in BL cells. Moreover, overexpres-
sion of miR‑29a/b/c resulted in the inhibition of other targets 

Figure 2. The expression of miR‑29s in BL cells is upregulated by decitabine treatment. Quantitative PCR of miR‑29a/b1 and miR‑29b2/c in the BL41 and Raji 
cell lines. The miR‑29 expression levels were analysed after treatment with low doses of decitabine. (A) BL41 and (B) Raji cells were treated with decitabine 
(0.5, 0.25 and 0.125 µM) and evaluated after 72 h for miR‑29a/b/c expression. The data represent the mean of three independent experiments and respective 
standard deviation, whereas the dotted line represents untreated cells (negative control). Statistical analysis was performed using Kruskal‑Wallis and Dunnett's 
post hoc test. *P<0.05. Decitabine, 5‑aza‑2'‑deoxycytidine.
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Figure 3. DNA methyltransferase inhibitor decitabine downregulates MYC protein levels in a dose‑dependent manner. Western blot analysis of MYC expres-
sion after decitabine treatment. Band intensities were assessed by densitometry analysis (left), and a representative western blot image is displayed on the right. 
(A) BL41 and (B) Raji cells were evaluated at 24 and 72 h after decitabine treatment (1.0 µM). The dotted line represents the untreated control. β‑actin was 
used as the endogenous control. DNMT1, DNMT3B and MYC protein expression were evaluated by western blotting in BL cell lines (C) BL41 and (D) Raji 
after treatment with low doses of decitabine (0.5, 0.25 and 0.125 µM) for 72 h. HSC70 was used as the endogenous control (upper panels). Band intensities 
were assessed by densitometry (lower panels). The dotted line represents the untreated control. Data presented are the mean of three independent experiments 
plus the standard deviation. Statistical analysis was performed using Kruskal‑Wallis and Dunnett's post hoc test. *P<0.05. Decitabine, 5‑aza‑2'‑deoxycytidine.
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that are associated with cell cycle control, proliferation, 
and apoptosis (21,23). miR‑29s were previously reported to 
be regulated by MYC contributing to tumorigenesis  (33). 
The protein c‑MYC has a critical role in different cellular 
processes and its protein stability is tightly regulated (34,35). 
In BL, the chromosomal translocation places its promoter next 
to the immunoglobulin enhancers, increasing the transcription 
of the mRNA, followed by protein translation (9‑11).

MYC promotes B‑cell lymphomagenesis through 
a complex interplay with several signalling pathways, 
including miRNA regulation  (36‑39). Among the several 
MYC‑regulated miRNAs, it was revealed that MYC may 
suppress the expression of miR‑29s through the recruitment 
of the HDAC3/EZH2 co‑repressor complex to the promoter 
region of miR‑29 genes (20). EZH2 and HDCA3 are part of 
the Polycomb repressive complex 2 (PRC2), which specifi-
cally trimethylates histones at K27, resulting in epigenetic 
silencing. Although MYC activity can mediate the suppres-
sion of miR‑29 through HDAC and EZH2 recruitment, other 
mechanisms can work together to potentiate suppression. 
In fact, more than one mechanism of epigenetic regulation 
can cooperate and enhance regulation  (28). Notably, it is 
worth considering the promoter tissue miRNA‑specificity 
regarding aberrant miRNA cancer methylation  (28,40). 
Approximately 45.5% of miRNA genes have been shown to 
be methylated in at least two cancer types (41). Epigenetic 
silencing by promoter hypermethylation of miRNAs with 
tumour suppressor activities has been described in different 
types of cancers, being associated with aberrant miRNA 
expression (41,42). Therefore, miRNA methylation in cancer 
has been investigated by pharmacological unmasking 
experimental assays using a DNA methyltransferase inhibitor, 
5‑aza‑2'‑deoxycytidine (5‑aza‑CdR, DAC or decitabine), and 
histone deacetylase (HDAC) inhibitors, as well as double 
knockout models for DNA methyltransferase enzymes 
DNMT1 and DNMT3B (43,44). Given the regulatory role 
of MYC in miR‑29 expression, methylation was assessed 
as an additional mechanism that may contribute to miR‑29 

silencing in BL tumour samples. In the previous study we 
used MSP assays to reveal the miR‑29 promoter and enhancer 
gene methylation in BL cell lines (21). The MSP assay has 
known disadvantages such as the use of relative comparisons 
instead of absolute quantification (45,46). Using quantitative 
bisulfite pyrosequencing assays, methylation was investigated 
in CpG sites located in the promoter and enhancer regions of 
miR‑29a/b/c in BL tumour samples. It was demonstrated that 
BL cell lines as well as BL tumours exhibit hypermethylation 
of miR‑29a/b1 enhancer and miR‑29b2/c promoter regions.

It has been proposed that the determination of cell identity 
during development is highly associated with enhancer usage, 
which is locally regulated by DNA methylation (47). Active 
enhancers are characterized by a higher density of transcrip-
tion factor binding sites, DNA hypomethylation, a high level 
of H3K27ac and the binding of a mediator  (48). However, 
enhancers not only play a role in early lineage commitment 
but also regulate the expression of cell type‑specific genes 
in differentiated cells, such as macrophages and B cells (48). 
Other key determinants of cell fate include transcription 
factors and miRNAs, enclosing a complex regulatory network 
where these different factors interact with each other (5). It 
is not surprising that these networks are often dysregulated 
in cancer, a condition in which cell identity and commitment 
to tissue homeostasis is lost. Notably, differential expression 
of key transcription factors, such as MYC overexpression in 
BL (9‑11), of miRNAs, as exemplified by the upregulation 
of miR‑21 and downregulation of let‑7 in breast cancer (49), 
and alterations in enhancer methylation have been revealed 
in tumours (50). In the present study, we propose a complex 
network that may play a role in BL pathogenesis, in which 
MYC overexpression, a common feature of this neoplasia, 
leads to DNMT1 and DNMT3B upregulation that is associ-
ated with miR‑29 silencing by methylation of promoter and 
enhancer regions.

The MYC/miR‑29/DNMT3B circuit was identified by 
El Baroudi et al as a feed‑forward loop in which a master 
transcription factor regulates a miRNA and, together with it, 

Figure 4. Inhibition of EBV‑miR‑BART6‑5p combined with decitabine treatment enhances miR‑29 expression in an EBV‑BL cell line. miR‑29 expression 
was evaluated by real‑time quantitative PCR in BL41 and Raji cells. (A) Raji cells were transfected with the antagomir for BART6‑5p, followed by decitabine 
(1.0 µM) treatment, and harvested 72 h later for miR‑29 expression analysis. Data from two independent experiments are presented. (B) The relative levels of 
miR‑29a/b/c expression between untreated BL41 and untreated Raji cells. The results revealed the fold increases in the miR‑29a/b/c expression levels in BL41 
cells compared to Raji cells. Data presented are the mean of five independent experiments plus the standard deviation and statistical analysis between Raji and 
BL41 cells was performed using Kruskal‑Wallis and Dunnett's post hoc test. *P<0.05. Decitabine, 5‑aza‑2'‑deoxycytidine.
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a set of protein coding genes that are targeted by the same 
miRNA (Type II) (51). Moreover, these feedback regulations 
point to complex networks between miRNAs and epigenetic 
machinery enhancing the human gene regulatory network. 
Notably, MYC can lead to epigenetic deregulation through 
induction of DNMT1 and DNMT3B transcription. The tran-
scriptional regulation of DNMT3B by MYC during B‑cell 
lymphomagenesis has been recently demonstrated in vivo (52). 
It is noteworthy to mention that a previous study of our group 
demonstrated overexpression of DNMT3B in ~86% of BL 
tumour samples (23). Additionally, it was also described by 
Poole et al that MYC binds to the DNMT1 and DNMT3B 
promoters in BL‑like cells and deregulates the expression of 
both DNMT1 and DNMT3B. Moreover, the knockdown of 
endogenous MYC leads to diminished DNMT3B expression 
levels in human BL cell lines. Thus, a model was proposed 
where MYC additionally controls DNA methylation through 
overexpression of DNMT1 and DNMT3B during lymphoma-
genesis (53).

It has also previously revealed that miR‑29a/b/c expres-
sion is downregulated in BL tumour samples  (23). Since 
miRNA expression can be lost due to methylation, as demon-
strated in the present study in BL cell lines, 10 BL tumour 
samples were screened for methylation on miR‑29a/b1 and 
miR‑29b2/c. Methylation in CpG sites located in the promoter 
and enhancer regions was also confirmed in tumour tissues. 
These findings suggest a relationship between downregula-
tion of tumour‑suppressive miR‑29a/b/c, overexpression of 
DNMT1 and DNMT3B and hypermethylation in miR‑29a/b1 
and miR‑29b2/c in BL cells.

Another layer of complexity in miR‑29 regulation was 
revealed in our study using an EBV‑positive BL cell line (Raji). 
Regarding methylation of the promoter, promoter flanking 
region, and enhancer regions of miR‑29, it was observed in the 
Raji cells that although treatment with lower concentrations 
of decitabine decreased the methylation levels of evaluated 
CpG sites, it did not increase miR‑29 expression. One possible 
explanation would be related to EBV, which has been reported 
to decrease the levels of miRNAs including miR‑29 in periph-
eral blood‑derived B‑cells infected in vitro with EBV (54). 
EBV proteins have also been reported to contribute to meth-
ylation, in which the EBV proteins EBNA3A/C bind next to 
the BIM gene promoter, followed by CpG methylation (55). 
Although EBV latency may vary among BL EBV‑positive 
cell lines, miRNA production is a common feature among 
the different EBV latency types  (56). Amongst miRNAs, 
the EBV‑BART cluster comprised of several miRNAs has 
been revealed to regulate both EBV and host protein expres-
sion  (57). It has been reported that EBV‑miRNA‑BART 
prevents apoptosis by inhibiting caspase‑3 and enhances 
cell growth of EBV‑infected B‑cells. Thus, EBV maintains 
lymphomas via its miRNAs (58). Notably, BART6 decreases 
DICER1 expression, which is involved in miRNA maturation 
in the cell cytoplasm (27). In the present study, after trans-
fection with an antagomir to specifically inhibit BART6‑5p, 
the treatment with decitabine resulted in increased miR‑29 
expression. The results indicated a role for EBV miRNAs 
in the complex miR‑29 regulation of BL tumours associated 
with EBV adding a new layer of complexity in miR‑29 regula-
tion in BL tumours.

Furthermore, it was demonstrated for the first time 
by pyrosequencing of multiple CpG sites that BL tumour 
samples present high levels of methylation in both promoter 
and enhancer regions. Although the idea of a functional assay 
to evaluate the activity of the enhancer would be relevant, 
Suzuki et al (5) have shown that the region analysed by us in 
miR‑29a/b1 sequence (chr7: 130,582,141‑130,582,237, genome 
version GRCh37/hg19) flanks a typical enhancer region 
(chr7:130582783‑130585367, genome version GRCh37/hg19) 
identified in CD19‑positive primary cells, and encompasses a 
super‑enhancer region (chr7: 130577042‑130754905, genome 
version GRCh37/hg19) in CD20‑positive cells. The same 
authors have also revealed that enhancers and super‑enhancers 
are cell type‑specific and their activity has a great impact on 
cell fate, which could be mediated by the regulation of master 
miRNAs. Therefore, the miR‑29a/b1 region analysed in our 
study is considered as specifically relevant for our model on 
BL.

In summary, the miR‑29a/b1 and miR‑29b2/c genes 
have methylated CpG sequences at promoter and enhancer 
regions that may contribute to the regulation of the expres-
sion of miR‑29s in BL tumours. The findings indicate 
interplay between MYC and miR‑29 regulation, high-
lighting the potential role of EBV‑microRNAs in miR‑29 
regulation for BL pathogenesis. On the other hand, studies 
focusing on EBV‑miRNAs in lymphomas are limited to cell 
lines. Animal models for EBV‑associated carcinogenesis 
are required to address the regulatory network involving 
EBV‑miRNAs.
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