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Abstract

The human genome is replete with long non-coding RNAs (lncRNA), many of which are 

transcribed and likely to have a functional role. Microarray analysis of > 23 000 lncRNAs 

revealed downregulation of 712 (~3%) lncRNA in malignant hepatocytes, among which 

maternally expressed gene 3 (MEG3) was downregulated by 210-fold relative to expression in 

non-malignant hepatocytes. MEG3 expression was markedly reduced in four human 

hepatocellular cancer (HCC) cell lines compared with normal hepatocytes by real-time PCR. RNA 

in situ hybridization showed intense cytoplasmic expression of MEG3 in non-neoplastic liver with 

absent or very weak expression in HCC tissues. Enforced expression of MEG3 in HCC cells 

significantly decreased both anchorage-dependent and -independent cell growth, and induced 

apoptosis. MEG3 promoter hypermethylation was identified by methylation-specific PCR and 

MEG3 expression was increased with inhibition of methylation with either 5-Aza-2-

Deoxycytidine, or siRNA to DNA Methyltransferase (DNMT) 1 and 3b in HCC cells. MiRNA-

dependent regulation of MEG3 expression was studied by evaluating the involvement of miR-29, 

which can modulate DNMT 1 and 3. Overexpression of mir-29a increased expression of MEG3. 

GTL2, the murine homolog of MEG3, was reduced in liver tissues from hepatocyte-specific 

miR-29a/b1 knock-out mice compared with wild-type controls. These data show that methylation-

dependent tissue-specific regulation of the lncRNA MEG3 by miR-29a may contribute to HCC 

growth and highlight the inter-relationship between two classes of non-coding RNA, miRNAs and 

lncRNAs, and epigenetic regulation of gene expression.
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Introduction

Recent large scale complementary DNA cloning projects have identified that a large portion 

of the mammalian genome is transcribed, although only a small fraction of these transcripts 

represent protein-coding genes (Kawaji et al., 2011). The functional role for most of these 

transcripts remains obscure and their relevance to human physiology and disease is 

undefined. Although the role of protein-coding genes as oncogenes or onco-suppressors has 

been extensively studied, the involvement of non-protein coding genes in tumor 

pathogenesis and growth is less well characterized. Their role in human cancers warrants 

evaluation.

Amongst the non-coding RNA, microRNAs have been extensively studied and their role in 

carcinogenesis has been established (Croce, 2009). Several non-coding RNAs (ncRNAs) 

with functional involvement in the liver have been identified, although the repertoire of long 

ncRNA (lncRNA) is not clear. A large and growing body of literature shows the 

involvement of miRNAs in hepatocarcinogenesis (Meng et al., 2007; Coulouarn et al., 2009; 

Gramantieri et al., 2009; Ji et al., 2009; Su et al., 2009; Wang et al., 2009; Braconi et al., 

2010; Pineau et al., 2010). In contrast few long non-coding RNA have been identified 

(reviewed in Huarte and Rinn, 2010). Long ncRNA that have been implicated as having a 

functional role in hepatocarcinogenesis or liver cancer growth include HULC, H19 and 

TUC338 (Matouk et al., 2007; Panzitt et al., 2007; Braconi et al., 2011).

The mechanisms of expression of lncRNAs are unknown, although there is evidence for 

regulation by similar mechanisms as for protein coding genes. Long ncRNAs frequently 

originate from intronic regions and are independently transcribed (Louro et al., 2009). 

Likewise, their functional role remains obscure. It has been postulated that ncRNAs can act 

transcriptionally or post-transcriptionally; however, mechanisms that underlie such 

regulatory behaviors still remain to be fully understood. Long ncRNAs can mediate 

epigenetic changes by recruiting chromatin-remodeling complexes to specific genomic loci. 

Other long ncRNAs have been shown to regulate transcription, whereas a few long ncRNAs 

are antisense transcripts, which may regulate mRNA dynamics at a post-transcriptional level 

(Mercer et al., 2009; Orom et al., 2010). The mechanisms by which ncRNA expression is 

altered in cancers are similar to those for protein coding genes, and include epigenetic 

mechanisms (Lujambio et al., 2007, 2008; Saito et al., 2010).

In order to begin to understand the involvement of lncRNAs in human hepatocellular cancer 

(HCC), we sought to identify lncRNAs that are altered in expression in HCC, and 

characterize their expression and functional involvement in tumor growth. We identified the 

maternally expressed gene-3 (MEG3), as one of the most significantly downregulated 

lncRNAs in malignant hepatocytes, and report a functional tissue-specific mechanism of 

regulation of MEG3 expression via microRNA-29a-dependent regulation of promoter 

methylation.
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Results and discussion

Deregulated expression of the long non-coding RNA MEG3 in human HCC

To identify long non-coding RNAs that are altered in expression in malignant hepatocytes, 

we performed a hybridization-based microarray analysis of ncRNA expression (Arraystar, 

Rockville, MD, USA). The expression of several lncRNAs was noted to be altered between 

malignant and normal human hepatocytes (Supplementary Table 1). MEG3 was among the 

top most significantly downregulated lncRNAs. MEG3 is an imprinted gene maternally 

expressed in humans that encodes a long non-coding RNA of ~1700 nucleotides (Zhou et 

al., 2007). Although expressed in several diverse isoforms in fetal liver, MEG3 is expressed 

in adult liver as a few isoforms (Hagan et al., 2009; Zhang et al., 2010b). The potential role 

and involvement of MEG3 in liver cancers is unknown. Using quantitative reverse 

transcriptase PCR, we verified that the expression of MEG3 was reduced in four separate 

HCC cell lines relative to the expression in non-malignant hepatocytes (Figure 1a). Next, we 

assessed the expression of MEG3 in a series of human primary HCC and adjacent liver 

tissues. MEG3 was remarkably reduced in expression in 81% of HCC in comparison with 

adjacent cirrhotic tissue (Figure 1b). We also assessed expression of MEG3 in human liver 

tissues by in situ hybridization. MEG3 staining was intensively positive in non-neoplastic 

liver, whereas expression was remarkably reduced in human HCC tissues (Supplementary 

Figure 1). These data indicate that MEG3 expression is downregulated in malignant liver 

cancer cell lines and tissues.

Functional consequences of deregulated MEG3 expression

To assess the potential functional role of MEG3 in hepatic epithelia, we overexpressed the 

full length of MEG3 complementary DNA in HCC cells. PLC/PRF/5 cells were transfected 

with MEG3-CMV6-XL5 or empty-CMV6-XL5 vectors. MEG3 expression was increased by 

~eightfold after 24 h of transfection in cells transfected with vector overexpressing MEG3 in 

comparison with those transfected with an empty vector (Figure 2a). Cells with enforced 

expression of MEG3 had a decreased anchorage-dependent growth in comparison with cells 

transfected with empty vector (Figure 2b). The capacity of the cells to grow in absence of 

anchorage is a typical feature of cancer cells and was further verified by assessing the 

capacity of forming colonies in soft agar. Anchorage-independent growth was reduced by 

40% in cells with enforced expression of MEG3 (Figure 2c). Next, we assessed the effect of 

MEG3 on progression through the cell cycle. Cells transfected with MEG3 showed an 

increased accumulation in the sub G0/1 phase without any significant modulation of the 

checkpoint G0/1 or G2/M (Figure 3a). These data suggested that MEG3 may modulate 

apoptosis. Thus we assessed the rate of late apoptosis by terminal transferase dUTP nickend 

labeling assay after MEG3 overexpression in HCC cells. Interestingly apoptotic cells (BrdU 

+ /PI + ) were significantly increased after transfection with MEG3 in comparison with 

transfection with an empty vector (Figure 3b).

Deregulated expression of MEG3 in malignant hepatocytes, and in association with liver 

preneoplastic foci and tumors, suggests a role in tumorigenesis. There is data suggesting that 

MEG3 can function as a tumor-suppressor. Expression of MEG3 is lost in pituitary tumors, 

mengiomas and myelomas (Zhang et al., 2003, 2010a; Benetatos et al., 2008, 2010). 
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Moreover, expression of MEG3 has been shown to suppress growth and modulate p53 

expression and stimulate p53-mediated transactivation of downstream targets in colon and 

brain cancer cells (Zhou et al., 2007; Zhang et al., 2010a). Klibanski’s group found these 

effects to be only partially mediated by p53. Although we confirmed an increase of p53 in 

cells transfected with MEG3 (data not shown), we speculate that p53-independent 

mechanisms may contribute to MEG3-dependent effects in HCC. Although MEG3 

expression is reduced in HCC cell lines, p53 is expressed in many of these with the 

exception of Hep3B. HepG2 cells retain a normal p53, PLC/PRF/5 express a functioning 

p53 even though at a reduced extent because of a specific mutation. Mutation in p53 gene in 

Huh-7 cells is responsible for a reduced half life and thus an increased expression (Bressac 

et al., 1990). Therefore, in view of our experimental results we postulate that the 

oncosuppressor effects of MEG3 are only partially mediated by p53 in HCC, and that 

alternative mechanisms are in place. Further studies are warranted to elucidate these 

alternative pathways.

Epigenetic regulation of MEG3

MEG3 is located at 14q32.3. Although a location for a tumor suppressor gene has been 

hypothesized in this region because it is frequently lost in cholangiocarcinoma or 

neuroblastoma, no protein-coding gene has been identified so far at this site (Cazals-Hatem 

et al., 2004). We speculate that MEG3 may be this tumor suppressor gene given our data 

that re-expression of MEG3 in HCC cells reduces cellular growth and induces apoptosis. As 

mutations are not reported at this site and a loss of heterozygosity reported in less than 10% 

of HCCs, mechanisms of inactivation other than genomic alterations may contribute to loss 

of MEG3 in HCC (Cazals-Hatem et al., 2004).

Deregulated expression of MEG3 can occur in response to diethyldithiocarbamic acid, a 

hepatotoxin that can induce epigenetic modifications in histones and DNA, and can be 

modulated by S-adenosylmethionine, a methyl donor (Oliva et al., 2009). To examine the 

role of aberrant methylation in deregulation of MEG3 in HCC, we evaluated the effect of the 

methylation-inhibitor 5-Aza-2-deoxycytidine (5-Aza-dc) on MEG3 expression. We noted 

that MEG3 expression was robustly increased by incubation with 5-Aza-dc 10 μM for 5 

days in both Huh-7 and in HepG2 cells (Figure 4a). MEG3 expression was not modulated by 

5-Aza-dc in PLC/PRF/5 cells suggesting that MEG3 expression could be modulated by 

mechanisms other than methylation. To better study the methylation-dependent mechanism 

of MEG3 alteration we further manipulated the expression of the main DNA 

methyltransferases (DNMT)-1 and DNMT-3B by RNA interference. In cells incubated with 

siRNA to DNMT-1/3B, an increase in MEG3 expression was observed (Figure 4b), even 

though at a lesser extent compared with 5-Aza-dc possibly due to differences in effect on 

DNMT activity. Methylation within the promoter region has been associated with loss of 

MEG3 expression in pituitary tumor and leukemia cells (Zhao et al., 2005; Benetatos et al., 

2010). Thus, we next evaluated promoter methylation of MEG3 in HCC cells by performing 

a methylation specific PCR (Figure 4c). MEG3 is an imprinted gene expressed from the 

maternal allele. Thus, the normal pattern of MEG3 consists of two bands, one corresponding 

to the methylated paternal allele (160 bp) and a further band corresponding to the 

unmethylated maternal allele (120 bp). Although normal human hepatocytes have both the 
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methylated and unmethylated forms, only the methylated form is present in HCC cells. 

Interestingly, re-expression of the unmethylated form occurs during exposure to 5-Aza-dc 

(Figure 4d). To better characterize the CpG islands that are methylated within the MEG3 

promoter we performed a methylation-sequencing analysis. These experiments confirmed an 

increased methylation of CpG islands in HepG2 cells in comparison with non-malignant 

human hepatocytes (Supplementary Figure 2). In addition, methylation specific PCR 

analysis of DNA from HCC and adjacent cirrhotic tissues showed a marked reduction of the 

unmethylated form, which is responsible for the expression of MEG3, in HCC compared 

with adjacent tissues (Supplementary Figure 3). These data indicate that MEG3 expression 

can be modulated by alterations in methylation and support an epigenetic mechanism of 

regulation of MEG3 expression in HCC. These data are consistent with the others in the 

literature that provide evidence for the methylation-dependent regulation of ncRNAs 

(Lujambio et al., 2007, 2008; Saito et al., 2010).

miRNA-dependent regulation of MEG3 expression

Reduced expression of miR-29 is a frequent event in HCC and is correlated with a poor 

prognosis (Xiong et al., 2010). miR-29 can modulate the expression of DNMT-1 and 3B in 

leukemia and lung cancer cells (Fabbri et al., 2007; Garzon et al., 2009). We confirmed a 

similar miR-29a-dependent modulation of DNMT protein expression in HCC cells 

(Supplementary Figure 4). Having showed that these methyltransferases can modulate 

MEG3 expression, we hypothesized that deregulated miR-29 could represent a mechanism 

for the silencing of MEG3 in HCC through modulation of DNMTs. We focused our 

attention on miR-29a, the isoform mainly represented in hepatocytes (data not shown). The 

expression of miR-29a in several HCC cell lines and human HCC tissues correlated with 

expression of MEG3 with a P-value of 0.04 (Figure 4e). Over-expression of miR-29a in 

HCC cells increased MEG3 expression (Figure 4f). The effects of miR-29a on MEG3 

expression were further evaluated in vivo using genetically engineered mice with a 

hepatocyte-specific knockout of miR-29 a/b1. The murine analog of MEG3, named GTL2 is 

located on chromosome 12. Compared with the expression in liver tissues in wild-type mice, 

GTL2 expression was remarkably reduced in liver tissues from miR-29 KO mice under 

basal conditions (Figures 4g and h). All together these studies suggest that miR-29 may 

indirectly modulate MEG3/GTL2 expression by acting on the methylation machinery. Xiong 

et al. (2010) proposed that mitochondrial apoptosis is increased in HCC cells as a result of 

the loss of miR-29. Our data suggest that the effects of miR-29 on apoptosis may be at least 

in part mediated by the modulation of MEG3.

Although the mechanisms of regulation of expression of functional lncRNAs are not known, 

emerging data suggest the involvement of mechanisms similar to those described for protein 

coding genes. Recently, Esteller’s group showed the methylation-dependent regulation of 

highly conserved lncRNAs (Lujambio et al., 2010), members of which have been 

deregulated in cancers despite a lack of mutations at their genomic site (Wojcik et al., 2010). 

The modulation of expression of lncRNAs by other regulatory RNAs such as miRNAs by 

direct mechanisms or by indirect mechanisms such as through modulation of epigenetic 

regulation adds considerably to the complexity of regulation of gene expression.

Braconi et al. Page 5

Oncogene. Author manuscript; available in PMC 2015 January 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In summary, we have identified deregulated expression of the lncRNA MEG3 in HCC, 

demonstrated a functional effect in vitro, and identified a potential mechanism by which 

deregulated tissue-specific expression of miR-29a in HCC could epigenetically modulate 

MEG3 expression through promoter hypermethylation. These studies highlight the inter-

relationship between two classes of non-coding RNAs, miRNAs and lncRNAs, and 

epigenetic regulation of gene expression. They extend the known roles of miRNA such as 

miR-29a in the pathobiology of HCC, and emphasize the importance and relevance of 

lncRNAs such as MEG3 as potential downstream targets for therapeutic intervention in 

HCC.

For experimental procedures, see Supplementary Materials and Methods section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MEG3 expression is reduced in HCC. (a) MEG3 expression was assessed by real time PCR 

using SYBRGreen (Clontech, Mountain View, CA, USA) in human normal hepatocytes 

(HH) and HCC cells and expression was normalized to that of GAPDH. Bars represent mean 

and standard error of three samples. *P<0.05 relative to HH. (b) RNA was extracted with 

Trizol from human HCC and adjacent, cirrhotic tissues. MEG3 expression was assessed by 

real time PCR and normalized to GAPDH. Bars represent the ratio between expression in 

HCC and in adjacent tissue (log scale).
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Figure 2. 
Overexpression of MEG3 decreases cell growth. PLC/PRF/5 cells were transfected with 1 

μg of MEG3-CMV6.XL5 or empty vector (Origene, Rockville, MD, USA) using the 

Nucleofector system, solution V program T28 (Amaxa Biosystems, Koln, Germany). (a) 

After 24 h of transfection, cells were collected and MEG3 expression was assessed by real 

time PCR. Bars represent mean and standard error of three independent experiments, 

relative to control. *P<0.05 relative to control. (b) At 24 h after transfection, cells were 

plated in 12-well plates (10 000 cells/well). After 24, 48 and 72 h, cells were counted by 

trypan blue staining. Mean values of three independent experiments with standard errors are 

represented. *P<0.05 compared with control. (c) After 24 h of transfection, cells were 

seeded in six-well plates (5000 per well) in soft agar with 20% fetal bovine serum. The final 

concentration of the agar system was 1.2% for the bottom layer and 0.8% for the cell 

suspension layer. Colonies were imaged using the GelDoc Imaging system (Bio-Rad, 

Hercules, CA, USA) and quantitated using the QuantityOne software (Bio-rad). Bars 
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represent mean and standard error of three independent experiments, relative to control. 

*P<0.05 relative to control.
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Figure 3. 
MEG3 induces apoptosis. HepG2 and PLC/PRF/5 cells were serum-starved for 48 h and 

then transfected with 1 μg of MEG3-CMV6.XL5 or empty vector. After 24 h cells were 

collected and fixed in paraformaldehyde and ethanol overnight. (a) Cells were stained by 

propidium iodide (PI) and analyzed by flow cytometry with a BD FACScalibur (BD 

Bioscience, Heidelberg, Germany). Bars represent mean and standard error of three 

experiments expressed as relative to empty control. *P<0.05 compared with empty controls. 

(b) Apoptotic cells were detected by labeling DNA breaks using the terminal 

deoxynucleotide transferase dUTP nick end labeling assay (Invitrogen, Carlsbad, CA, USA). 

Cells were processed as indicated by the manufacturer, stained by PI and 

bromodeoxyuridine (BrdU), and analyzed by flow cytometry with a BD FACScalibur. Bars 

represent mean and standard errors of three independent experiments. *P<0.05 compared 

with empty controls.
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Figure 4. 
MEG3 expression is methylation dependent. (a) Cells were incubated with 5-Aza-dc 

(Calbiochem, Darmstadt, Germany) 10 μM for 5 days and MEG3 expression was assessed 

by real time PCR. Bars represent mean and standard error of three independent experiments, 

relative to control (dimethyl sulfoxide (DMSO)). *P<0.05 relative to controls. (b) HepG2 

cells were transfected with siRNA to DNMT1 + DNMT3b or siRNA control (100nM, 

Dharmacon, Chicago, IL, USA) for 48 h. MEG3 and DNMT1 expression was assessed by 

real time PCR. DNMT1 and DNMT3b expression was reduced by ~50%. Bars represent 

mean and standard error of three independent experiments, relative to control. *P<0.05. (c) 

DNA was extracted by using phenol–chloroform and treated with bisulfite using the EzDNA 

Methylation kit (Zymoresearch, Orange, CA, USA). Bisulfite-treated DNA was then used 

for methylation specific PCR (MSP) reaction as previously described (Benetatos et al. 

2010). PCR products were identified by ethidium bromide staining after 2% agarose gel 
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electrophoresis. For each sample a primer set for the methylated (M) and unmethylated (U) 

copies of MEG3 gene was used. A 160 bp product represents the methylated state and a 120 

bp PCR product stands for unmethylated state. (marker 100 bp: Promega, Madison, WI, 

USA). (d) HepG2 cells were treated with 5-Aza-dc 10 μM for 24 h and MSP was performed 

as described above. Treatment with 5-Aza-dc increased expression of the unmethylated form 

of MEG3. (e) miR-29a and MEG3 expression was assessed in non-malignant human 

hepatocytes (HH), HCC cells (HepG2, Huh-7, PLC/PRF/5, Hep-3B), human HCC tissues 

and adjacent non-tumoral tissues. Mir-29a expression was assessed by Taqman real time 

PCR assay and normalized to that of RNU6B (Applied Biosystem, Foster City, CA, USA). 

MEG3 expression was assessed by PCR using SYBRGreen and normalized to that of 

GAPDH. In the graph miR-29a and MEG3 are expressed relative to HH for the cell lines or 

to adjacent tissues for human HCC (log scale). Regression analysis was performed using the 

MedCalc Software (Mariakerke, Belgium). The fitted regression line (black) and 95% 

confidence intervals (gray) are shown. r = 0.45, 95% confidence intervals 0.03–0.79, P: 

0.038. (f) HepG2 and Huh7 cells were transfected with pre-miR-29a or control (100 nM, 

Applied Biosystem). After 48 h, cells were collected, RNA extracted and real time PCR 

performed. Bars represent mean and standard error of three independent experiments, 

relative to controls. *P<0.05 relative to controls. (g) GTL2 is the MEG3 homologous gene in 

mouse genome. Liver-specific miR-29a/b1 KO mouse (C57BL/6) was developed by serial 

breeding of miR-29a/b1loxP/loxP and albumin-Cre (Alb-Cre) mice. All experiments were 

reviewed and approved by the Institutional Animal Care and Use Committee at the Ohio 

State University. RNA was collected from liver tissues from wild type (WT) or miR-29a/b1 

KO mice. miR-29a and miR-29b were assessed by Taqman assay and normalized to that of 

RNU202. Bars represent mean and standard error of expression in four mice, relative to 

control (WT). *P<0.05 relative to controls. (h) GTL2 expression was assessed by 

SYBRGreen and normalized to that of mouse GAPDH. Bars represent mean and standard 

error of expression in four mice, relative to control (WT). *P<0.05 relative to controls.
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