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Abstract. Methylation is a fundamental regulator of gene 
transcription. Long non‑coding RNA maternally expressed 3 
(MEG3) inhibits cell proliferation in various types of cancer. 
However, the molecular mechanisms of MEG3 methylation in 
the regulation of multiple myeloma (MM) are unknown. In the 
present study, MEG3 upregulation was negatively associated 
with the International Staging System (ISS) status of the bone 
marrow samples of 39 patients with MM. MEG3 overexpres-
sion in an MM cell line resulted in elevated p53 expression. 
Furthermore, the results of methylation‑specific PCR revealed 
that the abnormal methylation status of the MEG3 promoter 
region was present in eight of the 39 bone marrow samples 
collected. Treatment of the MM cell line with the DNA 
methylation inhibitor 5‑Aza‑2'‑deoxycytidine (5‑Aza‑CdR) 
resulted in tumor cell proliferation inhibition, apoptosis induc-
tion and G0/G1 cell cycle arrest. Furthermore, 5‑Aza‑CdR 
decreased aberrant hypermethylation of the MEG3 promoter 
and increased the expression of MEG3. However, 5‑Aza‑CdR 
exerted no effect on p53 expression. To the best of our 
knowledge, the present study is the first to report that the 
demethylation reagent 5‑Aza‑CdR may serve as a therapeutic 
agent in MM by upregulating MEG3 expression. However, the 
mechanism of action was independent of p53 expression.

Introduction

Multiple myeloma (MM) is one of the most common types of 
haematological cancer, which is becoming more common in 
the ageing population. It is also the cause of a number of fatal 
outcomes (1). As a haematological cancer that originates from 
the malignant transformation of plasma cells, MM maintains 
pathophysiologic heterogeneity due to its complex genetic 
background (2). Several distinct clinical phases of MM have 
been identified, including monoclonal gammopathy of unde-
termined significance and smoldering multiple myeloma (3). 
With the development and progression of MM, several distinct 
patterns of genetic aberration are recognized, including cyto-
genetic abnormalities, chromosomal aberration and signaling 
pathway disorders (4).

DNA methylation, a form of epigenetic control of gene 
transcription, refers to cytosine methylation at position 5 in the 
pyrimidine ring, which can result in inappropriate silencing of 
genes involved in diverse biological processes, including cell 
proliferation, apoptosis, migration and cell cycle arrest (5). 
In normal cells, unmethylated CpG islands (a cluster of 
CpG dinucleotides) are usually observed; however, human 
malignancies are characterized by the gain of methylation at 
promoter associated CpG islands (6). The role of DNA meth-
ylation in the mediation of multiple tumor suppressor gene and 
microRNA silencing has been implicated in the development 
and progression of MM (7).

Long non‑coding RNAs (lncRNAs) are a class of non‑coding 
RNA with a length of >200 nucleotides, which possess little to 
no capacity for protein synthesis (8). Numerous studies have 
reported that lncRNAs are deregulated in various types of 
cancer and are implicated in carcinogenesis and antitumor 
pathways (9). Wang et al (10) reported that protein tyrosine 
phosphatase L1 could be epigenetically regulated in MM; 
a process which can be reversed by 5‑Aza‑2'‑deoxycytidine 
(5‑Aza‑CdR), suggesting a potential therapeutic agent for 
MM. The maternally expressed 3 (MEG3) imprinted gene is 
located on chromosome 14q32, which produces a non‑coding 
RNA transcript  (11). lncRNA MEG3 has been identified 
as a tumor suppressor in various types of cancer, including 
meningioma  (12), breast cancer  (13), bladder cancer  (14) 
and hepatocellular carcinoma  (15). A previous study also 
demonstrated the anticancer effect of MEG3 in MM (16). 
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The promoter region of MEG3 is rich in CpG islands, and the 
specific methylated and unmethylated CpG islands of differ-
entially methylated regions (DMRs) are located upstream 
of the MEG3 gene (IG‑DMR and MEG3‑DMR)  (17,18). 
Furthermore, lncRNA MEG3 expression has been reported 
to be induced following epigenetic modification of DNA 
methylation in diverse malignancies, including gliomas (19), 
ovarian cancer (20) and leukemia (21,22).

In MM, Benetatos et al (21) observed MEG3 promoter 
hypermethylation in both bone marrow and peripheral blood 
samples. This hypermethylation was correlated with MM 
stage and subtype. Therefore, it was hypothesized that MEG3 
expression could be epigenetically controlled by MEG3 
promoter hypermethylation, which may ultimately influence 
the biological behavior of MM.

Materials and methods

Study subjects. The present study was approved by the 
Institutional Review Board of the First Affiliated Hospital 
of Nanjing Medical University. All participants provided 
written informed consent. Bone marrow biopsy samples 
were collected from 39  patients with newly diagnosed 
MM who were admitted to the First Affiliated Hospital 
of Nanjing Medical University between January 2009 and 
May 2014. Patient information is listed in Table  I. The 
diagnosis of MM was established according to the standard 
morphological and immunophenotypical criteria (23). The 
subtype of MM was classified according to the monoclonal 
component. The stage of MM was classified according to the 
Durie‑Salmon staging system and the International Staging 
System (ISS) (24).

MM cells were isolated from bone marrow samples 
using CD138 microbeads and MS‑columns (Miltenyi 
Biotec; cat. no. 130‑051‑301) according to the manufacter's 
protocol. The MM cell line, ARP1 (American Type Culture 
Collection), was cultured in RPMI 1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% 
penicillin‑streptomycin in an incubator at 37˚C with 5% CO2.

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated from ARP1 cells and 
patient derived MM cells using TRIzol® reagent (Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protcol. Total RNA was reverse transcribed to cDNA using 
the Primescipt RT Reagent kit with gDNA Eraser (Takara 
Biotechnology Co., Ltd.), according to the manufacturer's 
protocol.

qPCR was subsequently performed on a StepOne Plus™ 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using a SYBR Green qRT‑PCR assay according 
to the manufacturer's protocol (Takara Biotechnology Co., 
Ltd.). The following primer pairs, designed by Primer Premier 
5 (Premier Biosoft International), were used for qPCR: MEG3 
forward, 5'‑GGA​GCT​GTT​GAG​CCT​TCA​GT‑3' and reverse, 
5'‑CAA​GCC​CTG​TGC​TTT​GGA​AC‑3'; and β‑actin forward, 
5'‑AGC​GAG​CAT​CCC​CCA​AAG​TT‑3' and reverse, 5'‑GGG​
CAC​GAA​GGC​TCA​TCA​TT‑3'. The following thermocycling 
conditions were used for the qPCR: 40 cycles of denaturation 

at 95˚C for 5 sec, annealing at 60˚C for 30 sec, followed by a 
final extension at 72˚C for 5 min. MEG3 mRNA levels were 
quantified according to the standard curve of MEG3 and 
β‑actin using the 2‑∆∆Cq method (24). β‑actin was used as the 
internal reference gene.

DNA isolation and methylation‑specific PCR (MSP). Genomic 
(g)DNA was extracted from ARP1 cells and patient derived 
MM cells using a TIANamp Genomic DNA kit according 
to the manufacturer's protocol (Tiangen Biotech Co., Ltd.). 
Subsequently, DNA bisulfite conversion was performed on the 
gDNA using the EpiTect Plus Bisulfite kit (Qiagen GmbH), 
according to the manufacturer's protocol.

The methylation status of MEG3 was determined by MSP, 
using a Veriti96 PCR thermocycler (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with Taq PCR MasterMix 
(Tiangen Biotech Co., Ltd.). The following primers obtained 
from previous studies (25,26) were used for MSP: Methylated 
primer pair forward, 5'‑GTT​AGT​AAT​CGG​GTT​TGT​CGG​C‑3' 
and reverse, 5'‑AAT​CAT​AAC​TCC​GAA​CAC​CCG​CG‑3'; and 
unmethylated primer pair forward, 5'‑GAG​GAT​GGT​TAG​TTA​
TTG​GGG​T‑3' and reverse, 5'‑CCA​CCA​TAA​CCA​ACA​CCC​
TAT​AAT​CAC​A‑3'. PCR was performed using the following 
thermocycling conditions: 94˚C for 3 min; 5 cycles of 94˚C 
for 30 sec, 70˚C for 30 sec and 72˚C for 30 sec; 5 cycles of 
94˚C for 30 sec, 65˚C for 30 sec and 72˚C for 30 sec; 30 cycles 
of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec; and 
a final extension at 72˚C for 7 min. The PCR products were 
run on a 3% agarose gel and were subsequently identified by 
ethidium bromide staining at room temperature (27). The CpG 
island usually localizes to the DMR which is located within 
~4 kb of the DMR that contains the promoter of the MEG3 
gene (28,29). A 160 bp product represented the methylated 
state and a 120 bp product represented the unmethylated state 
of MEG3 (26).

Cell transfection and 5‑Aza‑CdR treatment. ARP‑1 cells were 
cultured in DMEM medium (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) and 1% penicillin‑strepto-
mycin in an incubator at 37˚C with 5% CO2. ARP1 cells 
(2.0x106/well) were plated into 6‑well plates and transfected 
with the 4 µg pcDNA3.1‑MEG3 or 4 µg pcDNA3.1‑empty 
(provided by Professor Wei De, Nanjing Medical University) 
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. For MEG3 knock-
down, the following small interfering (si)RNA sequences 
were used for Lipofectamine® 2000 transfection: si‑MEG3, 
5'‑GCU​CAU​ACU​UUG​ACU​CUA​UTT‑3'; and si‑negative 
control (NC), 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'. 
Both sequences were designed and synthesized by Shanghai 
GenePharma Co., Ltd.

ARP1 cells were seeded at 2x104 cells/well in 96‑well 
culture plates and incubated with DMEM (200 µl) containing 
0.1, 1, 5, 10, 50 or 100 µg/ml 5‑Aza‑CdR (Sigma‑Aldrich; 
Merck KGaA) for 72 h at 37˚C. Control cells were incubated 
with DMEM containing PBS (20  µl). The Cell Counting 
Kit‑8 (CCK‑8) assay (Selleck Chemicals) was used to analyze 
cell proliferation according to the manufacturer's protocol. 
RT‑qPCR and MSP were performed to assess the expression 
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of MEG3 mRNA and the methylation status of the MEG3 
promoter, respectively.

For restoration experiments, ARP1 cells were treated with 
5‑Aza‑CdR (50 µg/ml for 48 h at 37˚C), followed by MEG3 
knockdown. MEG3 expression was detected by RT‑qPCR 
at 48 h post‑transfection. ARP1 cell proliferation following 
MEG3 knockdown was analyzed by the CCK‑8 assay at 0, 24, 
48 and 72 h post‑transfection.

Western blotting. ARP1 cells and patient derived MM cells 
were lysed and total protein was extracted using RIPA 
buffer (Beyotime Institute of Biotechnology), according to 
the manufacturer's protocol. Total protein was quantified 
using the Bicinchoninic Acid Protein Assay kit (Beyotime 
Institute of Biotechnology), according to the manufacturer's 
protocol. Subsequently, 50 µg protein/lane was separated on 
10% SDS‑PAGE gels by electrophoresis and then transferred 
to PVDF membranes. The membranes were blocked with 
5% skimmed milk for ~2 h at room temperature and then 
incubated with anti‑p53 (1:1,000; Cell Signaling Technology, 
Inc. cat. no. 2524) and anti‑GAPDH (1:1,000; Cell Signaling 
Technology, Inc.; cat. no. 5174) primary antibodies overnight 
at 4˚C. Membranes were washed for 1 h with TBST buffer. 
Following the primary incubation, membranes were incubated 

for 1.5 h with appropriate secondary antibodies (horseradish 
peroxidase conjugated goat anti‑rabbit IgG H&L; 1:4,000; 
Abcam; cat. no. ab6721) at room temperature. Protein bands 
were visualized using the Chemiluminescence horseradish 
peroxidase substrate (cat. no. P90720; EMD Millipore) and 
the Molecular Imager ChemiDoc XRS+ chemiluminescence 
system (Bio‑Rad Laboratories, Inc.). Protein expression was 
quantified using Image Lab software version 5.0 (Bio‑Rad 
Laboratories, Inc.) with GAPDH as the loading control.

Flow cytometry. To analyze the cell cycle, ARP1 cells 
(2.0x106/well) were plated in 6‑well plates and treated with a 
series of concentrations of 5‑Aza‑CdR (0, 5, 10 and 50 µg/ml). 
After 48 h incubation at 37˚C with 5% CO2, cells were washed 
with PBS and fixed with 75% cold ethanol for 24 h at ‑20˚C. 
Subsequently, the cells were washed with PBS and stained 
using the Cell Cycle Detection kit according to the manufac-
turer's protocol (Nanjing KeyGen Biotech Co., Ltd.) at room 
temperature for 30 min to analyze the cell cycle with FACS 
(Becton, Dickinson and Company).

To analyze apoptosis, ARP1 cells (2.0x106/well) were 
plated in 6‑well plates and treated with a series of concen-
trations of 5‑Aza‑CdR (0, 5, 10 and 50 µg/ml). After 48 h 
treatment at 37˚C with 5% CO2, the cells were washed with 
PBS. Subsequently, the cells were harvested and stained 
using the Annexin V‑FITC Apoptosis Detection kit (Nanjing 
KeyGen Biotech Co., Ltd.), according to the manufacturer's 
protocol. Cells were stained with Annexin V and PI at 4˚C for 
15 min in the dark, and subjected to FACS analysis (Becton, 
Dickinson and Company).

For restoration experiments, ARP1 cells were treated with 
5‑Aza‑CdR (50 µg/ml for 48 h at 37˚C with 5% CO2), followed 
by MEG3 knockdown. At 48 h post‑transfection, cells were 
used for cell cycle and apoptosis analyses.

Statistical analysis. The schematic diagram of CpG islands in 
the human MEG3 promoter was performed using MethPrimer 
software (Version 1.0; www.urogene.org/methprimer). 
Statistical analysis was performed using GraphPad Prism 
(version 5; GraphPad Software, Inc.). A chi‑squared test was 
used to compare categorical variables. Data were presented as 
the mean ± standard deviation from at least three repeats. Data 
were compared using a Student's t‑test or one‑way ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

MEG3 expression is negatively associated with ISS stage 
in patients with newly diagnosed MM. In the present study, 
MEG3 levels in 39 newly diagnosed MM bone marrow samples 
were quantified via RT‑qPCR. The clinical characteristics of 
the patients with MM are listed in Table I. Five representative 
samples were selected to present the methylation pattern of 
the MEG3 DMRs (Fig. 1A). The standard curve used to detect 
MEG3 and β‑actin expression levels is presented in Fig. 1B. Of 
the 39 samples, MEG3 expression was detected in 36 and the 
remaining 3 exhibited an MEG3 expression below the limit 
of detection (Fig. 1C). MEG3 expression was also negatively 
associated with ISS stage in patients with newly diagnosed 

Table I. Distribution of variables of patients with multiple 
myeloma.

Variable	 Number (%)

Median age (range)	   61 (36‑82)
Sex	
  Male	 26 (66.7)
  Female	 13 (33.3)
Subtypes	
  IgG	 18 (46.2)
  IgA	 11 (28.2)
  Light chain	 10 (25.6)
Durie‑Salmon stage	
  I	   4 (10.3)
  II	   5 (12.8)
  III	 30 (76.9)
International Staging System stage	
  I	   5 (12.8)
  II	 14 (35.9)
  III	 20 (51.3)
Serum creatinine (µmol/l)	
  >176.8	 22
  ≤176.8	 12
Serum calcium (mmol/l)	
  >2.98	 31
  ≤2.98	 3
  N/A	 5

N/A, not detected.
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MM (Fig. 1D), indicating that MEG3 may serve as a tumor 
suppressor in human MM. The schematic diagram of CpG 
islands in the human MEG3 promoter is presented in Fig. 1E.

MEG3 methylation status and expression is restored after 
treatment with 5‑Aza‑CdR. In the 39 newly diagnosed MM 
samples, an abnormal methylation pattern of the MEG3 
DMRs was identified in eight of the bone marrow samples. 
Chi‑squared test was used to examine the association between 
MEG3 methylation status and ISS stage (Table II); however, 
a significant correlation was not observed. ARP1 cells were 
treated with different concentrations of 5‑Aza‑CdR (0, 5, 10 

or 50 µg/ml). Re‑expression of MEG3 (Fig. 2B) and reversed 
abnormal methylation pattern of the MEG3 promoter (Fig. 2A) 
were observed following treatment with 5‑Aza‑CdR. These 
results indicated that CpG methylation may downregulate 
MEG3 mRNA expression in MM cells.

5‑Aza‑CdR contributes to the inhibition of MM cells. To 
investigate the role of 5‑Aza‑CdR in cell proliferation, ARP1 
cells were treated with different concentrations of 5‑Aza‑CdR. 
The results of the CCK‑8 assay revealed that proliferation was 
inhibited by 5‑Aza‑CdR in a dose‑dependent manner (mean 
inhibition proportion of 0, 5, 10, 50 and 100 µg/ml for 24 h: 

Figure 1. MEG3 methylation status and MEG3 expression in the bone marrow samples of patients with MM. (A) MEG3 methylation status. Samples 1 and 4 
exhibited an abnormal methylation status. Samples 2, 3 and 5 exhibited a normal methylation status. (B) A standard curve was used to calculate the expres-
sion of MEG3 and β‑actin following reverse transcription‑quantitative PCR. (C) Relative expression of MEG3 in 39 bone marrow samples of patients with 
MM. MEG3 expression was detected in 36 samples. (D) MEG3 expression was negatively associated with International Staging System stage. (E) Schematic 
diagram of CpG islands (blue area) in the human MEG3 promoter, identified using MethPrimer software. The position of CpG islands in relation to the MEG3 
transcription starting site and MSP primers were depicted. MEG3, maternally expressed 3; MM, multiple myeloma; PC, positive control; M, methylated band; 
U, unmethylated band; MF1, methylated forward 1; MR1, methylated reverse 1; UF1, unmethylated forward 1; UR1, unmethylated reverse 1.
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3.0, 38.5, 42.8, 59.6 and 61.5%; 48 h: 7.3, 45.3, 53.9, 74.3 and 
79.8%; and 72 h: 6.0, 45.1, 69.5, 91.6 and 93.5%; Fig. 3A). 
The results of the apoptosis assay revealed that the number of 
apoptotic cells increased by 5‑Aza‑CdR in a dose‑dependent 
manner (6.02% for 0 µg/ml, 19.45% for 5 µg/ml, 24.58% for 
10 µg/ml, and 51.49% for 50 µg/ml; Fig. 3B and D). Similarly, 
cell cycle analysis demonstrated that the number of ARP1 cells 
arrested at the G0/G1 phase was increased by 5‑Aza‑CdR in a 
dose‑dependent manner (27.30±0.74 for 0 µg/ml, 31.93±0.79 
for 5 µg/ml, 43.27±1.02 for 10 µg/ml, and 48.00±0.36 for 
50 µg/ml; Fig. 3C and E). The aforementioned results indicated 
that 5‑Aza‑CdR inhibits the proliferation of MM cells.

Association between MEG3 and p53 expression. The 
present study investigated whether MEG3 regulated the 
expression of p53. ARP1 cells were successfully transfected 
with pcDNA3.1‑MEG3 or pcDNA3.1‑empty (Fig. 4A). The 
pcDNA3.1‑MEG3 group displayed significantly increased 
levels of p53 protein (Fig.  4B). Furthermore, whether 
5‑Aza‑CdR influences the expression of p53 was investigated. 
The results revealed that 5‑Aza‑CdR treatment did not alter 
the p53 expression of ARP1 cells (Fig. 4C).

Restoration experiments. ARP1 cells treated with 5‑Aza‑CdR 
followed by MEG3 knockdown were used to investigate 
whether the tumor suppressive role of 5‑Aza‑CdR in MM 
cells may be due to the upregulation of MEG3. MEG3 expres-
sion levels were detected in untreated, si‑NC, si‑MEG3, 
5‑Aza‑CdR, 5‑Aza‑CdR + si‑NC and 5‑Aza‑CdR + si‑MEG3 
groups, which demonstrated that 5‑Aza‑CdR could upregu-
late MEG3 expression in ARP1 cells (Fig. 5A). In co‑treated 
cells, the increased antiproliferation (Fig. 5B), proapoptotic 
(Fig. 5C and D) and enhanced cell cycle arrest (Fig. 5E and F) 
effects induced by 5‑Aza‑CdR treatment were partly inhibited 
by MEG3 knockdown.

Discussion

In the present study, low MEG3 expressions were associated 
with higher ISS stages. A previous study reported that MEG3 
overexpression inhibited proliferation, promoted apoptosis 
and blocked the cell cycle in ARP1 cells (16). Furthermore, 
the demethylating agent, 5‑Aza‑CdR, reversed the hyper-
methylation status of the MEG3 promoter and increased 
MEG3 expression in ARP1 cells. Additionally, 5‑Aza‑CdR 
produced an antiproliferative effect on ARP1 cells, which was 
reversed by MEG3 knockdown. Taken together, the results of 
the present study suggested that MEG3 may serve as a tumor 
suppressor gene in MM and that MEG3 may be epigenetically 
modified by the hypermethylation status of MEG3 promoter.

MEG3 is a maternally expressed imprinted gene, which 
encodes an lncRNA (30). Multiple tumor samples have been 
tested for MEG3 expression and loss of MEG3 expression 
has been identified in the majority of tumor types, including 
bladder (14), epithelial ovarian (20) and gallbladder cancer (31), 
as well as glioma (19) and nasopharyngeal carcinoma (32). In 
MM, ISS stage is the most important prognostic system (23). 
In the present study, MEG3 expression was detected in bone 
marrow samples derived from patients with MM. Loss of 
MEG3 expression was associated with higher ISS stages, 
indicating that MEG3 may serve as a prognostic biomarker in 
MM. The tumor suppressor role of MEG3 in MM identified 
in the present study is consistent with the aforementioned role 
of MEG3 in other malignancies identified in previous studies.

The tumor suppressor function of p53 has long been 
recognized and p53 has been reported to be mutated, 
which may lead to the loss of wild‑type p53 activity in the 
majority of human malignancies (33). p53 abnormalities are 
regarded as independent prognostic markers in MM (34,35). 
Previously, a study reported that MEG3 could stimulate 
p53‑dependent transcription  (12). p53 exhibits a relative 
low expression level due to rapid degradation caused by 
the ubiquitin‑proteasome pathway  (36). The p53 protein 

Figure 2. 5‑Aza‑CdR restores the normal MEG3 methylation status and 
MEG3 expression of ARP1 cells. (A)  MEG3 methylation status and 
(B) expression of ARP1 cells. 5‑Aza‑CdR, 5‑Aza‑2'‑deoxycytidine; MEG3, 
maternally expressed 3; NC, negative control; PC, positive control; M, 
methylated band; U, unmethylated band; 1, 0 µg/ml 5‑Aza‑CdR; 2, 5 µg/ml 
5‑Aza‑CdR; 3, 10 µg/ml 5‑Aza‑CdR; 4, 50 µg/ml 5‑Aza‑CdR.

Table II. Distribution of methylation status among the 
International Staging System stages in patients with multiple 
myeloma.

	 International staging
	 system stage
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Methylation status	 I	 II	 III	 P‑value

Unmethylated	 4 (12.9)	 12 (38.7)	 15 (48.4)	 0.748
Methylated	 1 (12.5)	 2 (25.0)	 5 (62.5)	

https://www.spandidos-publications.com/10.3892/etm.2020.8723
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is regulated by MDM2 proto‑oncogene (MDM2), which 
is an E3 ubiquitin ligase that inhibits the function of p53 
and promotes its degradation (37). MEG3 has been iden-
tified as a tumor suppressor, which exerts its effect by 
downregulating MDM2 expression, as well as activating 
p53 (38). Furthermore, MDM2 suppression contributes to 
p53 accumulation induced by MEG3 (39). Previous studies 
have demonstrated that p53 serves as target of MEG3 in 
multiple types of cancer, including breast (13), non‑small 
cell lung (38) and bladder cancer (40), as well as glioma (19) 
and hepatoma (41). In the present study, p53 protein levels 
were upregulated in ARP1 cells overexpressing MEG3, 
indicating that MEG3 may suppress MM cell proliferation 
by upregulating p53.

DNA methylation, an epigenetic regulation mechanism, 
serves a role in silencing MEG3 gene expression in different 
types of cancer  (42). The role of the DNA methylation 
inhibitor 5‑Aza‑CdR is associated with the hypermethylation 
regulation of various genes in MM (10). Downregulation of 
MEG3 expression is associated with the hypermethylation 
status of the MEG3 promoter in a number of malignancies, 
including glioma (19), ovarian cancer (20) and leukemia (21). 
In MM, Benetatos et al (21) reported MEG3 promoter hyper-
methylation status in 12 out of 21 bone marrow samples and 
9 out of 14 peripheral blood samples. In the present study, 
MEG3 promoter methylation status was identified in the 
bone marrow samples of 39 patients with MM and abnormal 
hypermethylation was identified in eight samples. The 

Figure 3. 5‑Aza‑CdR functions as an anti‑tumor factor in the ARP1 cells. (A) 5‑Aza‑CdR inhibited the proliferation of the ARP1 cell line. (B) Representative 
images of the flow cytometry analysis of the (B) apoptosis and (C) cell cycle of ARP1 cells following 5‑Aza‑CdR treatment. (D) 5‑Aza‑CdR promoted the 
apoptosis of the ARP1 cell line. (E) 5‑Aza‑CdR arrested the cell cycle at G0/G1 in the ARP1 cell line. 5‑Aza‑CdR, 5‑Aza‑2'‑deoxycytidine.
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Figure 4. Effect of MEG3 overexpression and 5‑Aza‑CdR on p53 expression in ARP1 cells. (A) MEG3 overexpression efficiency in ARP1 cells transfected 
with pcDNA3.1‑empty and pcDNA3.1‑MEG3. (B) MEG3 overexpression increased the protein levels of p53 in the ARP1 cell line; (C) 5‑Aza‑CdR exhibited 
no effect on p53 protein expression. MEG3, maternally expressed 3; 5‑Aza‑CdR, 5‑Aza‑2'‑deoxycytidine.

Figure 5. MEG3 knockdown reverses the antitumor effects of 5‑Aza‑CdR. Analysis of (A) MEG3 mRNA expression, (B) cell proliferation, (C) representative 
plots and (D) quantification of apoptosis. (E) Representative plots and (F) quantification of the cell cycle in ARP1 cells treated with 5‑Aza‑CdR followed by 
MEG3 knockdown. MEG3, maternally expressed 3; 5‑Aza‑CdR, 5‑Aza‑2'‑deoxycytidine; si, small interfering RNA; NC, negative control.
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discrepancy between the present study and previous studies 
could be attributed to the small sample size and diverse 
genetic backgrounds of the patients included in the current 
study. Furthermore, no significant association was identified 
between MEG3 methylation status and ISS stage, which could 
be attributed to the small number of samples and the low 
proportion of samples with an abnormal methylation status. 
The functional role of 5‑Aza‑CdR in ARP1 cells was further 
explored. The results further demonstrated a demethylation 
effect of 5‑Aza‑CdR on MEG3 promoter hypermethylation in 
ARP1 cells. In addition, MEG3 levels revealed a dose‑depen-
dent relationship with 5‑Aza‑Cdr concentration. Furthermore, 
5‑Aza‑CdR inhibited proliferation, promoted apoptosis and 
induced G0/G1 cell cycle arrest in ARP1 cells. The effects 
of 5‑Aza‑CdR were reversed by MEG3 knockdown. The 
results suggested that the demethylation reagent, 5‑Aza‑CdR, 
might restore MEG3 expression by demethylating the MEG3 
promoter and therefore, may exert an anticancer effect in 
MM. Furthermore, the effect of 5‑Aza‑CdR on p53 expres-
sion was investigated; however, no alterations to the levels 
of p53 protein were observed. This may be attributed to the 
different effect of 5‑Aza‑CdR on different genes. Therefore, 
the results indicated that the antitumor effect of 5‑Aza‑CdR 
involved MEG3 but was independent of p53.

In conclusion, the present study suggested that MEG3 
may serve as a tumor suppressor by upregulating p53 levels 
in MM. Furthermore 5‑Aza‑CdR inhibited MM cell prolif-
eration by upregulating MEG3 expression. However, this was 
independent of p53 expression. Further investigation into how 
5‑Aza‑CdR affects MEG3 and why p53 expression is not 
altered in MM is required. Additionally, further investigation 
into the mechanisms of MEG3 may provide novel therapeutic 
targets for MM.
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