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Maternally expressed gene 3 (MEG3) is an imprinted gene highly expressed in the human pituitary.
However, MEG3 expression is lost in human gonadotroph-derived pituitary adenomas and most hu-
man tumor cell lines. Expression of MEG3 in tumor cells results in growth suppression, p53 protein
increase, and activation of p53 downstream targets. The MEG3 gene encodes a noncoding RNA of
approximately 1700 nucleotides. There are 12 different MEG3 gene transcripts, generated by alter-
native splicing. They contain the common exons 1-3 and exons 8-10, but each uses one or more exons
4-7 in a different combination in the middle. MEG3 isoform expression patterns are tissue and cell type
specific. Functionally, each isoform stimulates p53-mediated transactivation and suppresses tumor cell
growth. We analyzed the secondary RNA folding structure of each MEG3 isoform, using the computer
program mfold. All MEG3 RNA isoforms contain three distinct secondary folding motifs M1, M2, and
M3. Deletion analysis showed that motifs M2 and M3 are important for p53 activation. Furthermore,
ahybridMEG3RNA,containingapieceofartificially synthesizedsequencedifferent fromthewild type
butfoldingintoasimilar secondarystructure, retainedthefunctionsofbothp53activationandgrowth
suppression. These results support the hypothesis that a proper folding structure of the MEG3 RNA
molecule is critical for its biological functions. This study establishes for the first time the structure-
functionrelationshipofalargenoncodingRNAandprovidesafirst lookintothemolecularmechanisms
of the biological functions of a large noncoding RNA. (Endocrinology 151: 939–947, 2010)

The Maternally expressed gene 3 (MEG3) is the human
homolog of mouse Gtl2, a maternally expressed im-

printed gene first identified by gene trapping (1–3). We
previously observed that MEG3 is highly expressed in the
normal human pituitary, including normal gonadotroph
cells; however, MEG3 expression is lost in the vast ma-
jority of human pituitary tumors derived from gonado-
troph cells (4). Furthermore, expression of MEG3 in hu-
man cancer cell lines results in growth suppression,
accumulation of p53 protein, and activation of p53 down-
stream targets (4, 5). The MEG3 gene product functions
as a noncoding RNA (5). Although a TATA- and CCAAT-
box was found in its promoter and the RNA transcripts
from this gene contain poly(A) tails, making it a target

gene of RNA polymerase II, MEG3 does not encode a
protein. As we have shown, although the functions of
MEG3 required its transcription, a mutant MEG3 from a
cDNA containing no translatable open reading frame still
retained the full functions (5).

Multiple RNA isoforms transcribed from mouse Gtl2
have been reported (3). We also identified several MEG3
cDNA isoforms by screening a human fetal liver cDNA
library (4, 5). Because MEG3/Gtl2 is a single-copy gene,
these isoforms are transcribed from the same gene but
generated by alternative splicing, using different exons in
the middle of the RNA. However, several questions re-
main unanswered, including the number of all isoforms,
the expression pattern of each isoform, and whether there
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are functional differences between them. Importantly,
previous studies with ribozymes have shown that partic-
ular folding structures within these RNA molecules are
important for their self-splicing function (6, 7), and dis-
tinct RNA folding structures are important for the func-
tion of steroid receptor RNA coactivator (8). However,
the relationship between MEG3 RNA structure and func-
tion is unknown. Here we report the identification of 12
human MEG3 cDNA isoforms and a comparison of their
expression and function. Using the RNA secondary struc-
ture prediction program mfold, we investigated the rela-
tionship between MEG3 secondary RNA folding and p53
activating function.

Materials and Methods

RT-PCR, cloning, and sequence analysis
Total RNA was extracted from a normal human pituitary

(obtained from autopsy performed at the Massachusetts General
Hospital), a human GH-secreting pituitary tumor (obtained
from surgery performed at the Massachusetts General Hospital),
human normal fibroblast WI38, and adrenal NCI-H295 cells
(both obtained from American Type Culture Collection, Man-
assas, VA) using TRIzol reagent (Invitrogen Life Technologies,
Inc., Carlsbad, CA), and reverse transcribed using the RT System
from Promega Corp. (Madison, WI) according to the manufac-
turers’ protocols. The study was approved by the Institutional
Review Board of Partners HealthCare. PCR was performed with
the primers ISO forward, (5�-ATG AGA GCA ACC TCC TAG
GGT TGT TGT GAG-3�) and ISO reverse, (5�-CCC GCC AGG
AAG AAGN ACT TGG GTC CGG-3�) using the following con-
ditions: 94 C for 2 min, 94 C for 30 sec, 60 C for 30 sec, and 72
C for 1 min for 40 cycles and 72 C for 10 min. In addition to the
four samples mentioned above, a human fetal liver cDNA library
(purchased from CLONTECH, Palo Alto, CA) was also used for
PCR. The PCR products were purified by gel extraction and
cloned into pCR4-TOPO vector (Invitrogen). Two hundred fifty
to three hundred ten clones from each tissue or cell type were
examined by DNA sequence analysis.

Cell culture, transfection, reporter assays, and
5-bromo-2�-deoxyuridine (BrdU) incorporation assays

HCT116 cells were kindly provided by Dr. Bert Vogelstein
(Johns Hopkins University, Baltimore, MD) and maintained in
McCoy 5A medium conditioned with 10% fetal bovine serum.
Derived from human colon cancer, this cell is an ideal cell line for
our study because it does not express endogenous MEG3 but
expresses p53 protein and contains functional p53-related sig-
naling pathways. Furthermore, there is a p53-null HCT116 cell
line available, which allowed us to address the specificity of p53-
related function as we previously described (5). Each MEG3
isoform cDNA was cloned into pCI-neo or pCMS-d2EGFP as
previously described (4). For the reporter assays, cells in a 12-well
plate were transfected with Mirus TransIT-LT1 reagent (Mirus
Bio, Madison, WI) overnight, each well with plasmid DNAs con-
taining 50 ng p53-Luc, 0.1 �g pCMV�, and others as indicated.
The reporter assays were performed as previously described (9).

The BrdU incorporation assays were performed as previously
described (5). Briefly, cells in six-well plates were transfected
with pCMS-d2EGFP vector containing a MEG3 isoform cDNA,
using Mirus TransIT-LT1 reagent (Mirus Bio). This expression
vector expresses both green fluorescent protein (GFP) protein
and a MEG3 isoform RNA. After BrdU labeling, cells were fixed
and stained with anti-BrdU antibody. The labeled cells were ex-
amined under a microscope. The number (100–200) of cells with
GFP expression was counted. Within these GFP-positive cells,
the number of cells with active DNA synthesis, as indicated by
the presence of BrdU, was also recorded. The percentage of the
BrdU-positive cells within the total GFP-positive cells was cal-
culated as a labeling index.

mfold
The potential secondary structure of each MEG3 RNA iso-

form was predicted using mfold at the Rensselaer Bioinformatics
Web Server (http://www.bioinfo.rpi.edu/applications/mfold/).

Motif deletion and replacement
The deletion of each secondary folding motif M1, M2, and

M3 was generated by standard molecular cloning techniques.
First, two EcoRV restriction sites were generated in MEG3
cDNA by site-directed mutagenesis, flanking the sequence to be
deleted. Next, the resultant cDNA construct was digested with
EcoRV and religated, thus generating the deletion mutation, des-
ignated MEG3-dM1, MEG3-dM2, and MEG3-dM3, respec-
tively. In MEG3-dM1, 114 nucleotides were deleted, from po-
sition 59 to 173. In MEG3-dM2, 419 nucleotides were deleted,
from position 469 to 888. In MEG3-dM3, 275 nucleotides were
deleted, from position 1067 to 1342. To generate the hybrid
MEG3 cDNA with one branch in M2 replaced with an unrelated
sequence, we first deleted nucleotide sequence from position 542
to 698 and also generated an EcoRV site to replace this sequence
of 157 nucleotides. We chose this region because according to
mfold, this region forms a simple stem-loop structure, which is
easy to mimic by an unrelated sequence. Two nucleotide se-
quences were synthesized at the Massachusetts General Hospital
DNA Core Facility: 5�-GGCCG ATATC CCTTC CTGCG TA-
ATC CGCAG GTCAC GCACC TGGCG GTTCG CCTTC
GGTCC GTACC GCGGA CCTTC GCGTT CCGCC GCGAC
CGAG-3� and 5�-GCGCG ATATC CGCGT AGCCC GTCGG
TCACG TGGCG ACAGA GCTGT CGGTT TGGGA AAGAC
CGACC TTGAC GGCTC GGTCG CGGCG GAACG CGAAG
GTCCG CG-3�. The last 30 nucleotides in these two sequences
are complementary to each other. The two nucleotides were
mixed, heated at 90 C for 15 min and cooled down slowly at
room temperature to align to each other. The aligning mix was
extended by PCR at the following conditions: 72 C for 10 min,
followed by 1 min at 95 C, 5 min at 60 C, 10 min at 72 C for 10
cycles and then followed by 72 C for 20 min. After PCR, the
products were digested with EcoRV, gel purified, and ligated
with the MEG3 cDNA in which the nucleotides 542–698 were
deleted. The resultant construct was designated as MEG3-
RM2B1. For BrdU incorporation assays, cDNA of MEG3-dM1,
MEG3-dM2, MEG3-dM3, and MEG3-RM2B1 each was cloned
into pCMS-d2EGFP vector and used in BrdU incorporation as-
says as described above.

Northern blots
Expression vector for each MEG3 isoform (0.5 �g) was used

to transfect HCT116 cells in a 100-mm culture dish using Mirus
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TransIT-LT1 reagent (Mirus Bio) according to the manufactur-
er’s protocol. Forty-eight hours after transfection, total RNA
was extracted from the cells using TRIzol reagent (Invitrogen),
and Northern blots were performed as previously described (5),
using 2.5 �g of total RNA for each lane.

Results

Identification of human MEG3 RNA isoforms
The human MEG3 gene contains 10 exons (Fig. 1).

During the screening of a human fetal liver library, we
found four MEG3 cDNA isoforms, designated as MEG3a,
MEG3b, MEG3c, and MEG3d. Sequence comparison re-
vealed that these four isoforms, along with the original
MEG3 found in human EST library (2), all contain the
common exons 1, 2, 3, 8, 9, and 10. However, each iso-
form contains a different combination of exons 4-7 (Fig.
1). RT-PCR was performed using a pair of primers, lo-
cated within exon 3 and exon 8, respectively, to amplify
MEG3 cDNA from several human cell and tissue samples.

The amplified cDNA fragments were examined by se-
quence analysis. From more than 1300 cDNA sequences,
we identified a total of 12 MEG3 cDNA isoforms (Fig. 1),
named MEG3 (the first reported expressed sequence tag
sequence) (2), MEG3a (4), and MEG3b through MEG3k
(GenBank Accession no. MEG3b, GQ183494; MEG3c,
GQ183495; MEG3d, GQ183496; MEG3e, GQ183497;
MEG3f, GQ183498; MEG3g, GQ183499; MEG3h,
GQ183500; MEG3i, GQ183501; MEG3j, GQ183503;
and MEG3k, GQ183503). The schematic representation
of each isoform is demonstrated in Fig. 1.

MEG3 RNA isoform expression pattern
The RT-PCR described above was performed using five

human samples, which have been shown to express MEG3
in our previous studies (Refs. 4 and 10 and our unpub-
lished data): a normal pituitary, a fetal liver, normal
fibroblast WI38 cells, adrenal NCI-H295 cells, and a
GH-secreting pituitary tumor. Thus, sequence analysis
identified different MEG3 isoforms and their expression
pattern in each tissue or cell type. From each sample, 250–
310 MEG3 cDNA fragments were analyzed by sequenc-
ing. We found that only human fetal liver contains all 12
MEG3 isoforms. Normal pituitary tissue expresses
MEG3, MEG3b, MEG3d, MEG3e, and MEG3g. Fibro-
blast WI38 cells express MEG3, MEG3b, MEG3d,
MEG3e, and MEG3f. Adrenal NCI cells express MEG3,
MEG3b, MEG3e, and MEG3j. The GH-secreting pitu-
itary tumor expresses MEG3, MEG3a, MEG3d, MEG3e,
and MEG3g. In all samples, MEG3 is the most abundant,
accounting for 40–86% of all MEG3 isoforms expressed.
These results are summarized in Table 1.

MEG3 RNA isoform function
We next examined two functions of MEG3 isoforms:

stimulation of p53-mediated transactivation and suppres-
sion of cell proliferation. First, each isoform was cloned
into the expression vector pCI-neo and used in reporter
assays to test its ability to stimulate p53-mediated trans-
activation. As shown in Fig. 2A, in HCT116 cells, even a
small amount of each MEG3 isoform (the ratio of MEG3
isoform to reporter is 1:5) caused significant enhancement
of p53-mediated reporter expression. However, activities
vary among MEG3 isoforms: MEG3a, MEG3f, and
MEG3h are weak activators, which stimulate p53-medi-
ated transactivation by approximately 3.5-fold at this ra-
tio, whereas MEG3e and MEG3i are strong activators
with an activity approximately 5 times stronger than that
of the weak activators such as MEG3a, MEG3f, and
MEG3h, stimulating p53-mediated transactivation by
more than 15-fold under the same conditions. A dose-
dependent activity was observed for each MEG3 isoform

FIG. 1. The schematic representation of molecular structures for the
human MEG3 gene and its mature isoform transcripts. Each box
represents an exon. Exon 3a is an alternative exon that contains 40
extra nucleotides at the 3�-end of exon 3. The regions corresponding
to folding motifs M1, M2, M3, and RM2B1 are indicated.
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in this assay. When the amount of MEG3 isoform used in
reporter assays increased, each isoform was capable of
stimulating p53-mediated transactivation by 20- to
greater than 100-fold. Representative results using MEG3
and MEG3a are shown in Fig. 2B.

Second, we tested the ability of each MEG3 isoform to
suppress cell proliferation in HCT116 cells. Each MEG3
isoform was cloned into the vector pCMS-d2EGFP, which
allows expression of both GFP protein and MEG3 RNA
isoform. The resultant construct was used to transiently
transfect HCT116 cells, and BrdU incorporation assays
followed. As shown in Fig. 2C, each MEG3 isoform was
able to suppress DNA synthesis in transfected cells by at
least 50%. Cell growth suppression function among
MEG3 isoforms was less variable than p53 stimulation.
Therefore, each MEG3 isoform was capable of both stim-
ulating p53-mediated transactivation and suppressing
DNA synthesis in HCT116 cells.

To investigate whether the functional difference in
stimulating p53-mediated transactivation observed among
MEG3 isoforms is due to the differences in the expression
level and/or RNA stability of each isoform, we used
Northern blot to examine RNA expression level of each
MEG3 isoform in transfected HCT116 cells. As shown in
Fig. 2D, there is no major difference in the RNA expres-
sion levels of MEG3 isoforms, indicating that in trans-
fected cells, the expression and stability of each MEG3
isoform were comparable with each other.

Folding structures of MEG3 RNA isoforms
We have shown previously that MEG3 and its isoforms

function as noncoding RNAs (5). Such a large RNA mol-
ecule containing approximately 1700 nucleotides must
form a compact folding structure to carry out its function.
As a first step in investigating the mechanisms by which
MEG3 noncoding RNA stimulates p53-mediated trans-
activation and suppresses cell proliferation, we analyzed
the potential folding structures of MEG3 RNA isoforms
using the widely used computer program mfold (11, 12).
Using thermodynamic methods, mfold predicted the po-
tential secondary structure of each MEG3 RNA isoform
(see the predicted secondary folding structures for MEG3,
MEG3a, MEG3b, and MEG3c in Fig. 3). The folding
structures for the other isoforms can be found in the
Supplemental Folding Structures (MEG3a–j) published
on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org. As predicted by mfold, each
MEG3 RNA isoform contains three conserved branch mo-
tifs, designated as M1, M2, and M3 (Fig. 3).

To test the functional importance of these conserved
motifs, we generated MEG3 mutants in which each motif,
M1, M2, or M3, was deleted, respectively. mfold pre-TA
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dicted that these mutations did not change the overall sec-
ondary structure of the whole MEG3 RNA molecule.
Rather, only local folding structure corresponding to each
motif was removed (data not shown). Each of the mutants,
designated as MEG3-dM1, MEG3-dM2, and MEG3-
dM3, respectively, was tested for its ability to stimulate
p53-mediated transactivation in reporter assays and sup-

press cell proliferation in BrdU incorporation assays. As
shown in Fig. 4A, compared with the wild-type MEG3,
deletion of M1 results in a reduction in the activity of p53
stimulation only by approximately 30% (P � 0.01),
whereas deletion of M3 reduces this activity by approxi-
mately 67% (P � 0.01). In contrast, deletion of M2 almost
completely abolishes this activity (P � 0.01), indicating

FIG. 2. A, Stimulation of p53-mediated transactivation by MEG3 isoforms in reporter assays in HCT116 cells. For each activator (each MEG3
isoform or blank pCI-neo vector as a control), 10 ng of plasmid DNA were used. *, P � 0.01 compared with the control. B, A dose-dependent
stimulation of p53-mediated transactivation by MEG3 (left panel) or MEG3a (right panel). For p53-Luc reporter, 50 ng were used in all
experiments. The luciferase activity observed from the cotransfection of pCI-neo was designated as 1. Values are mean � SD from six experiments
for each construct. *, P � 0.01 compared with the control. C, Suppression of DNA synthesis by MEG3 isoforms. The expression vector for each
MEG3 isoform or blank vector as a control was transfected into HCT116 cells, and BrdU incorporation assays were performed. The relative labeling
index from the blank vector control was designated as 100. Values are mean � SD from four experiments for each construct. *, P � 0.01
compared with the control. D, MEG3 isoform RNA expression in transfected cells measured by Northern blot. For control, a MEG3 expression
vector without a promoter (DP) is used. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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that this structural motif is critical for MEG3 RNA to
stimulate p53-mediated transactivation. However, in
BrdU incorporation assays, deletion of M1 reduced
growth suppression function by approximately 49% (P �
0.01) compared with the wildtype; deletion of M3 reduced
growth suppression function by approximately 41% (P �
0.01); but deletion of M2 reduced growth suppression
function only by approximately 14% (P � 0.11) (Fig. 4B).
Northern blot showed that the RNA expression levels for
these mutants in transfected cells were very similar to each
other (Fig. 4C), indicating that the impaired functions in
these mutants were not due to lowered expression level or
decreased RNA stability.

After identifying the functional importance of motif
M2 for p53-mediated transactivation, we investigated
whether its folding structure plays an essential role for this
function. Therefore, we generated a hybrid cDNA for
MEG3, named MEG3-RM2B1, in which approximately
half of the M2 sequence, a total of 157 nucleotides cor-
responding to the MEG3 sequence from 542 to 698, was
replaced by an artificially synthesized sequence bearing no
resemblance to the original wild-type sequence (Fig. 5A).
This region forms a simple stem-loop structure, which is
easy to mimic by an unrelated sequence. Sequence align-
ment analysis confirmed that there is no homology be-
tween the original MEG3 sequence and this artificially
synthesized sequence. However, according to mfold, this

artificial hybrid MEG3-RM2B1 RNA molecule has a sim-
ilar secondary folding structure to the wild-type MEG3
(Fig. 5B). When this hybrid MEG3-RM2B1 cDNA is used
in functional assays, it shows strong activity to enhance
transcription from a p53-dependent promoter and to sup-
press DNA synthesis, similar to that of wild-type MEG3
(Fig. 5, C and D; there is no statistically significant dif-
ference between the wild-type MEG3 and the hybrid
MEG3-RM2B1). Its expression level in the transfected
cells is similar to that of the wild-type MEG3 and the
mutant MEG3-dM2 (Fig. 5E). These results clearly
demonstrate that the folding structure of MEG3 RNA is
more important to its biological function than its pri-
mary sequence.

FIG. 3. Predicted RNA secondary folding structure of MEG3, MEG3a,
MEG3b, and MEG3c, determined by mfold. The structures for
additional MEG3 RNA isoforms can be found in the Supplemental
Folding Structures. The three conserved motifs found in all isoforms,
M1, M2, and M3, are indicated. FIG. 4. A, Stimulation of p53-mediated transactivation by MEG3

deletion mutants dM1, dM2, and dM3, in the reporter assays in
HCT116 cells. For each activator (each MEG3 deletion mutant, wild-
type MEG3, or blank pCI-neo vector as a control), 10 ng of plasmid
DNA were used. For p53-Luc reporter, 50 ng were used. The luciferase
activity observed from the cotransfection of pCI-neo was designated as
1. Values are mean � SD from six experiments for each construct.
*, P � 0.01 compared with the wild type. B, Suppression of DNA
synthesis by MEG3 deletion mutants. The expression vector for MEG3,
each deletion mutant or blank vector as a control was transfected into
HCT116 cells, and BrdU incorporation assays were performed. Values
are mean � SD from four experiments for each construct. C, Expression
of MEG3 and deletion mutants in transfected cells measured by
Northern blot. For control, a MEG3 expression vector without a
promoter (DP) is used. GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase.
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Discussion

In a representational difference analysis comparing the
gene expression profile between normal human pituitary
and gonadotroph-derived pituitary adenomas, we identi-
fied a small piece of MEG3 cDNA that is present in the
normal human pituitary but absent in this pituitary tumor
type (4, 13). By screening a human fetal liver cDNA li-
brary, we identified four MEG3 cDNA isoforms (4, 5).
This finding prompted us to investigate the presence of

other MEG3 cDNA isoforms and their
expression patterns and investigate
whether the function of MEG3 mRNA
was dependent on its secondary folding
structure. Sequence analysis of more
than 3000 MEG3 cDNA clones from
five different human tissue and cell types
revealed a total of 12 MEG3 cDNA iso-
forms, as we report here. However, the
original MEG3 first identified as an ex-
pressed sequence tag sequence of mouse
Gtl2 homolog (2) is the most abundantly
expressed transcript. It should be
pointed out that we used only one nor-
mal human pituitary and one human
GH-secreting pituitary tumor as the
starting material because of the over-
whelming labor intensiveness of such a
study. Nevertheless, using a pool of sam-
ples from different individuals may well
generate a more comprehensive isoform
distribution with physiological rele-
vance, and such a study would be impor-
tant to do.

Schuster-Gossler et al. (3) reported
molecular cloning of Gtl2, which is the
mouse homolog of human MEG3. In
their report, mouse Gtl2 contained nine
exons. However, when the published
Gtl2 cDNA sequence was used to align
with the most updated mouse genome
sequence, we found that there are 10
exons in the mouse Gtl2 gene: the al-
ternative exon 6a and 6b reported by
Schuster-Gossler et al. (3) are actually
two different exons according to the
most recent mouse genome sequence
data. We found that human MEG3 also
contains 10 exons. Therefore, the over-
all gene structure of mouse Gtl2 and
human MEG3 are very similar. Schus-
ter-Gossler et al. (3) also identified sev-
eral alternatively spliced Gtl2 cDNA

isoforms, generated by differential usage of middle exons
4, 5, 6, and 7. Again, the pattern of alternative splicing in
mouse Gtl2 and human MEG3 is well conserved. How-
ever, there has been no publication to date that has thor-
oughly examined mouse Gtl2 isoforms and their expres-
sion patterns. In this study, we identified 12 human MEG3
isoforms by examination of more than 1300 MEG3 cDNA
clonesobtained fromfivedifferent tissueandcell typesand
investigated their expression patterns.

FIG. 5. A, Comparison of the wild-type primary sequence in MEG3 cDNA (top) from position
542 to 698, composed of the major folding branch in M2, and the artificially synthesized
primary cDNA sequence (bottom), which replaces the original sequence in MEG3-RM2B1.
B, The folding structure of M2 in wild-type MEG3 RNA (left) and that of the hybrid MEG3-
RM2B1 (right). C, Stimulation of p53-mediated transactivation by MEG3-RM2B1. For each
activator, 250 ng of plasmid DNA were used. The luciferase activity observed from the
cotransfection of pCI-neo was designated as 1. Values are mean � SD from six experiments
for each construct. *, P � 0.01 compared with the control. D, Suppression of DNA synthesis
by MEG3-RM2B1. The expression vector for MEG3, MEG3-dM2, MEG3-RM2B1, or blank
vector as a control was transfected into HCT116 cells, and BrdU incorporation assays were
performed. Values are mean � SD from four experiments for each construct. *, P � 0.01
compared with the control. E, Expression of MEG3, dM2, and RM2B1 in transfected cells
measured by Northern blot. For control, a MEG3 expression vector without a promoter (DP) is
used. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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Although numerous studies have been published focus-
ing on the imprinting control of the Dlk1/Gtl2 (DLK1/
MEG3 in human) gene cluster (14–19), the biological
function of mouse Glt2 itself has not been investigated. In
humans, we first reported the antiproliferative and p53-
stimulating functions of MEG3 and MEG3a and provided
experimental evidence to show that MEG3 functions as a
noncoding RNA (4, 5). In this study, we found that all
MEG3 isoforms have the same ability to stimulate p53-
mediated transactivation and suppress DNA synthesis in
HCT116 cells. Interestingly, although suppression of
DNA synthesis by each MEG3 isoform is comparable,
stimulation of p53-mediated transactivation varies be-
tween different MEG3 isoforms. These data suggest that
these two functions may be independent of each other.
This hypothesis is confirmed by our experiments using
MEG3 deletion mutants. For example, MEG3-dM1 func-
tions almost like the wide-type in stimulation of p53-me-
diated transactivation, but its ability to suppress DNA
synthesis is severely impaired. In contrast, in MEG3-dM2,
the function to stimulate p53-mediated transactivation is
completely lost, but its function in growth suppression is
only slightly affected. Therefore, it is clear that different
folding structures in MEG3 RNA molecules are involved
in different biological functions.

We observed that all 12 MEG3 isoforms are present in
human fetal liver, but only a few are present in adult tissue
and cell lines, suggesting a difference in splicing mecha-
nism between adult and fetal tissues. The difference in the
abundance of different MEG3 isoforms is probably re-
lated to the dynamic feature of the coupled transcription-
splicing process. As the large RNA precursor for mature
MEG3 is transcribed, it could be folded into different sec-
ondary and tertiary structures, thus allowing for differen-
tial splicing. However, certain folding structures are either
more stable or easier to form, resulting in the increased
abundance of particular mature isoforms. We have shown
that the RNA levels for MEG3 isoforms in the transfected
cells were very similar to each other, indicating that there
is no major difference in RNA stabilities among different
MEG3 isoforms. Therefore, the abundance of a particular
isoform isprobablydue to theparticular efficiency inRNA
processing.

To begin to understand the molecular mechanisms for
the biological functions of MEG3 RNA, we analyzed the
potential secondary folding structure of each MEG3 RNA
isoform using the most widely used computer program
mfold (11, 12). This program predicted the presence of
three folding structures, or motifs, in all MEG3 RNA iso-
forms. Deletion analysis showed that one of these motifs,
M2, is critical for the stimulation of p53-mediated trans-
activation by MEG3 RNA. To confirm that this particular

folding structure is important for this function, we gen-
erated a hybrid MEG3 RNA molecule in which half of the
primary sequence in this M2 motif was replaced by an
entirely unrelated, artificially synthesized sequence. How-
ever, according to mfold, this hybrid RNA molecule has a
secondary folding structure similar to the wild-type
MEG3 RNA. Indeed, this hybrid MEG3 RNA is fully
functional in both stimulating p53-mediated transcription
and suppressing cell proliferation. Therefore, for the first
time, we have shown that RNA molecules with partially
different primary sequences but similar folding structures
can function similarly. For proteins, it is well known that
a proper tertiary structure is critical for protein functions.
Our data show that similarly, the folding structures of
large noncoding RNA molecules are involved in their
functions. Like proteins, we can assume that large func-
tional noncoding RNA will further fold into tertiary struc-
tures based on their secondary structures, and their bio-
logical functions will ultimately depend on the correct
tertiary structures. Further investigations, including crys-
tallography and RNA-protein interactions, will reveal
more molecular details about the functional mechanisms
in this new field of the biology of noncoding RNAs.
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