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Hepatocellular carcinoma (HCC) is a heterogeneous and
highly aggressive malignancy, for which there are no effective
cures. Identification of a malignant stemlike subtype of HCC
may offer patients with a dismal prognosis a potential tar-
geted therapy using c-MET and Wnt pathway inhibitors.
MicroRNAs (miRNAs) show promise as diagnostic and prog-
nostic tools for cancer detection and stratification. Using a
TRE-c-Met-driven transgenic HCC mouse model, we identi-
fied a cluster of 23 miRNAs that is encoded within the Dlk1-
Gtl2 imprinted region on chromosome 12qF1 overexpressed
in all of the isolated liver tumors. Interestingly, this region is
conserved amongmammalian species andmaps to the human
DLK1-DIO3 region on chromosome 14q32.2. We thus exam-
ined the expression of the DLK1-DIO3 miRNA cluster in a
cohort of 97 hepatitis B virus-associated HCC patients and
identified a subgroup (n � 18) of patients showing strong
coordinate overexpression of miRNAs in this cluster but not
in other cancer types (breast, lung, kidney, stomach, and
colon) that were tested. Expression levels of imprinted gene
transcripts from neighboring loci in this 14q32.2 region and
from a subset of other imprinted sites were concomitantly
elevated in human HCC. Interestingly, overexpression of the
DLK1-DIO3 miRNA cluster was positively correlated with
HCC stem cell markers (CD133, CD90, EpCAM, Nestin) and
associated with a high level of serum �-fetoprotein, a conven-
tional biomarker for liver cancer, and poor survival rate in
HCC patients. In conclusion, our findings suggest that coor-
dinate up-regulation of the DLK1-DIO3 miRNA cluster at
14q32.2may define a novel molecular (stem cell-like) subtype
of HCC associated with poor prognosis.

Hepatocellular carcinoma (HCC)5 is the fifth leading cause of
cancer deaths worldwide, and its incidence is increasing
steadily in both the United States and China (1). The presence
of stemlike cancer cells in liver tumors is considered to cause
the aggressive and malignant phenotypes of HCC as well as
conferring resistance to various chemotherapeutics (2, 3).
Although considerable progress in understanding the molecu-
lar pathogenesis of HCC has been made in recent years, defin-
itive molecular markers for identifying liver cancer stem cells
remain limited and poorly characterized. Nevertheless, there
are a handful of reports showing that CD133, CD90, and
EpCAM-positive subpopulations in HCC tumors displayed
stemlike phenotypes, as characterized by serial clonal passages,
invasive and metastatic properties, as well as chemoresistance
capacity (4–6). However, the underlying genetic causes and/or
molecular signatures for HCC stemness characteristics remain
largely unknown.
MicroRNAs (miRNAs) are�22-nucleotide-long non-coding

RNAs as promising diagnostic and prognostic tools for cancer
detection and stratification (7, 8) and also play essential roles in
gene transcript stability and translation efficiency (9) and can-
cermetabolism (10), having significant functions as both tumor
suppressors and oncogenes (11). As a new class of genomic
information, miRNA dysregulation can provide insight for
identifying new pathways of carcinogenesis and providing the
opportunities for biomarker and therapeutic target discovery.
Overexpression of the c-MET oncogene has been shown to

drive liver carcinogenesis through activation of theWnt signal-
ing pathway in transgenicmice (12) and is linked to the progen-
itor stem-like subtypes ofHCC.To addresswhethermicroRNA
dysregulation was involved in this c-MET-driven HCC model,
we analyzed genome-wide miRNA alterations in tumor and
adjacent non-tumor liver tissues and compared these altera-
tions with those of normal liver tissues from wild-type FVB
mice. The microRNA signatures identified in mice were subse-
quently compared with the expression profiles in human HCC
clinical samples. The present study demonstrates a DLK1-
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DIO3 genomic imprintedmicroRNA cluster highly enriched in
mouse liver tumors representing a stemlike subtype of human
HCC associated with poor prognosis in patients.

EXPERIMENTAL PROCEDURES

Patient Cohort and Samples—Patients with hepatitis B virus-
associated HCC underwent curative hepatectomy at Queen
Mary Hospital (Pokfulam, Hong Kong) between 1993 and 2007
(13). This studywas approved by the Institutional ReviewBoard
for Human Ethics and each patient gave his/her written
informed consent for the use of the clinical specimens for
research. Tumor and adjacent non-tumor samples were col-
lected at the time of the curative surgery, immediately snap-
frozen in liquid nitrogen, and stored at �80 °C until use.
Transgenic Mice—The c-Met mouse HCC model has been

described previously (14). All mice had an FVB genetic back-
ground. Mice overexpressing human c-MET carried one copy
of the LAP-tTa transgene (the liver-specific LAP promoter
driving the Tet-VP16 transactivator) and one copy of the TRE-
met transgene (Tet operator-regulated human c-MET gene).
The presence of both transgenes results in expression of the
human c-MET gene specifically in and throughout the liver
(referred to henceforth as the TRE-met strain). Seven mice of
each strain were sacrificed at 6 (TRE-met), 7 (LAP-tTa), or 14
(TRE-met) weeks of age. Normal liver or liver tumor tissue (two
per mouse) was collected and processed for RNA analysis.
MicroRNA and mRNA Analyses—Total RNA was purified

using an RNeasy kit (Qiagen, Valencia, CA). Expression levels
of 220 human miRNAs were measured by custom quantitative
PCR assays, as described previously (15, 16). Transcript expres-
sion levels were detected bymicroarray, as described previously
(17, 18). Seven mice were analyzed for each treatment or con-
trol group. Microarray hybridizations were performed as
described previously (19) and following themanufacturer’s rec-
ommendations. Profiling data for human samples are available
in the GEO database (NCBI, National Institutes of Health)
under accession number GSE22058. Mouse mRNA samples
were profiled on a custom Affymetrix array (RM-
MG01Aa520487), whereas mouse miRNA samples were pro-
filed on a standard Agilent miRNA array (G4471A-019119).
Mouse microarray data transformation and analysis was per-
formed as described previously (17–19). The log10(ratio) of
each gene in each sample was computed by subtracting the
mean of log10(intensity) of that gene across all adjacent non-
tumor samples to make them comparable with the TRE-met
mouse model data. Microarray data on gene expression profil-
ing were available in the GEO database with the following
accession numbers: GSE25142 (for TRE-met mice) and
GSE25097 (for humanHCC). Raw profiling data onmiRNAs in
human HCC and mice are also available in the GEO database
under accession number GSE22058 (released on June 4, 2010).
miRNA Expression Constructs—Expression vectors of miR-

127 (pc-miR-127), miR-431 (pc-miR-431), and miR-433 (pc-
miR-433) were constructed by PCR amplification of genomic
DNA from PLC/PRF/5 hepatoma cell line. The primer pairs
are as follows: miR-127 (forward), 5�-GGCCTCGAGAGCA-
CAAAGAACCCTAGCATGTCCT-3� and 5�-GGCGATAT-
CGCTCTACACGGAGCCCCTGGT-3� (reverse); miR-431,

5�-GGCCTCGAGGGCTGAGCAGGTGCAGCTGGCCAT-3�
(forward) and 5�-GGCGGATCCCCCAGCTGCTCACCCA-
GATGCCCG-3� (reverse); miR-433, 5�-GGCCTCGAGGG-
AGGCCTCGGAAGAAGTGCA-3� (forward) and 5�-GCT-
AAGATCTCTGGTGCGGCAGCTGCTGAG-3� (reverse).
The PCR products were cloned into pcDNA-3.1/myc-His (�)
expression vector plasmid (Invitrogen), respectively, and sub-
sequently verified by Sanger DNA sequencing.
Wound Healing Assay—PLC/PRF/5 cells were seeded onto a

6-well plate, and transfection was performed when cells
reached �90% confluence. 4 �g of either miRNA expression
vectors or empty vector (pcDNA3.1) was transfected using
Lipofectamine 2000 (Invitrogen) (20). 24 h post-transfection, a
wound was made using a pipette tip, and photographs were
taken at time 0 and 24 h to measure cell.
In Vitro Knockdown of c-Met in HCC—Hep3B cells grown on

6-well plate were transfected with c-Met siRNA (catalogue no.
HSS106477, Invitrogen) or control siRNA (catalogue no.
AM4635, Ambion Inc., Austin, TX) at a final concentration of
40 nM using Lipofectamine RNAiMax (Invitrogen). 48 h post-
transfection, transcript levels of c-Met and miR-127, miR-431,
miR-433, and miR-154* were measured by real-time quantita-
tive PCR or using the corresponding TaqMan miRNA assay
(Applied Biosystems, Foster City, CA). Expressions of c-Met
and miRNAs were normalized to 18 S RNA and compared
among different treatment groups.
Immunohistochemistry—Immunohistochemistry staining

was performed in paraffin-embeddedHCC tumor and adjacent
non-tumor tissues from 14 patients, following a protocol
described previously (21). Mouse monoclonal anti-EpCAM
antibody (Cell Signaling Technology, Danvers, MA) (1:250),
rabbit monoclonal anti-DLK antibody (OriGene Technologies,
Rockville, MD) (1:50), rabbit polyclonal anti-MEST antibody
(Novus Biologicals, Littleton, CO) (1:200), mouse polyclonal
anti-CD133 antibody (Sigma-Aldrich) (1:200), and mouse
monoclonal anti-CD90 antibody (BD Biosciences) (1:50) were
incubated with the sections at 4 °C overnight. Horseradish per-
oxidase (HRP)-conjugated goat anti-mouse (1:200; Zymed Lab-
oratories Inc., Invitrogen) or goat anti-rabbit (1:200; Zymed
Laboratories Inc.) secondary antibodies were used for detecting
the primary antibodies. Signal was visualized by incubating
with liquid DAB� reagent (Dako, Glostrup, Denmark), and
images were captured using a digital camera (22).
Data Analysis—Data were analyzed using Rosetta ResolverTM

andMATLABTM software. Using the hypergeometric distribu-
tion, regulated transcripts were tested for enrichment of tran-
scripts belonging to gene sets in the GO biological process as
annotation sources (23).

RESULTS AND DISCUSSION

Landscape ofMicroRNA Expression Profiles in c-METMouse
Liver Tumors andHumanHCCClinical Samples—As shown in
Fig. 1a, the greatestmiRNA expression changes occurred in the
tumors, whereas the adjacent non-tumor liver tissues from
tumor-bearing mice did not show any consistent miRNA
expression changes relative to normal liver tissues from wild-
type FVBmice. 39 miRNAs were found to be significantly (p �
0.01) down-regulated, and 42miRNAswere up-regulated in the
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tumor tissues (supplemental Table S1).We examined the chro-
mosomal locations of the up-regulatedmiRNAs and, strikingly,
found that over half of them (23 of 42 miRNAs) were encoded
within the 12qF1 mouse chromosomal region (Fig. 1b). The
mouse 12qF1 region, also known as Dlk1-Gtl2, is an imprinted
locus; expression of the miRNAs in this region is restricted to
thematernal chromosome, primarily in the developing embryo
(24, 25). Most interestingly, this genomic imprinted region is
activated in fully pluripotent embryonic stem cells but aber-
rantly silenced in mouse induced pluripotent stem cells that
show low pluripotency and reprogramming efficiency (26, 27).
This chromosomal locus is conserved among mammals and is
mapped to the human DLK1-DIO3 region on chromosome
14q32.2 (25), raising the possibility that expression of these
miRNAsmight be conserved in humanHCC.ThemiRNAs that
were assayed comprise a subset of a cluster of �60 putative
mature miRNAs that are spread over less than 200 kilobases in
the DLK1-DIO3 region. The miRNAs that cluster in the
14q32.2 region are thought to be encoded by two precursor
transcripts and/or long polycistronic transcripts, which are
separated by a cluster of putative C/D box small nucleolar
RNAs (28).
To investigate the role of miRNAs in humanHCC, we exam-

ined the expression of 220 miRNAs from 97 pairs of tumor and
matched adjacent non-tumor tissues from hepatitis B virus-
associated HCC patients. The expression profile of miRNAs
perfectly distinguished tumor from non-tumor tissues (Fig. 2),
suggesting that carcinogenesis in liver involves a large scale

disruption of miRNA expression. Accordingly, 21 miRNAs of
22 from chromosome 14q32.2 that we measured were coordi-
nately up-regulated in the tumor tissues from a subset of HCC
patients (n � 18; Fig. 2), which was about 6–7-fold higher than
the expression level in adjacent non-tumor samples (supple-
mental Table S2). In short, strong coordinate up-regulation of
miRNAs from the DLK1-DIO3 genomic imprinted region
(mouse 12qF1; human 14q32.2) was observed in liver tumors
from both human and mouse HCC.
To test whether this 14q32.2 miRNA cluster is regulated by

c-MET in human HCC, we knocked down c-MET by siRNA in
the Hep3B hepatoma cell line and observed significant down-
regulation of the miR-127, miR-431, and miR-154*, but not
miR-433, of themicroRNA cluster as determined by a real-time
quantitative PCR assay (supplemental Fig. 1). The exact mech-
anism of how c-MET regulates the 14q32.2 miRNA cluster
remains to be elucidated.
Concomitant and Coordinate Up-regulation of MicroRNA

Cluster and Genomic Imprinted Gene Transcripts in the DLK1-
DIO3 Region at 14q32.2—To further determine the cross-spe-
cies relevance of up-regulation of theDLK1-DIO3miRNAclus-
ter, we examined the correlation of human and mouse miRNA
expression in all pairs of human andmouse tumormiRNA pro-
files. On average, there was no significant correlation (r � 0),
but a subset of pairs showed significant correlation. This subset
corresponded to human tumors up-regulating DLK1-DIO3
miRNAs (median correlation, r � 0.36; significance of shift in
correlation, p � 1 � 10�114 by one-tailed Student’s t test).

FIGURE 1. miRNA expression profile in the c-Met mouse model of HCC. a, tumor samples show the greatest changes in miRNA expression. miRNAs with
significant expression changes in at least one sample (p � 0.01) are shown. Yellow lines separate the sample groups, and white boxes highlight the up- and
down-regulated miRNAs in tumors. FVB-WT, liver tissue from control animals; LAP-tTA and TRE-met, liver tissue from single transgene parental strains; Tumor,
tumor tissue from double transgene, tumor-bearing animals; Adjacent/Distant, non-tumor liver tissue from double transgene, tumor-bearing animals.
b, expression pattern of 23 miRNAs from the mouse 12qF1 chromosomal cluster.
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Strong up-regulations ofmiRNAswerewell correlated between
mouse and human tumors, whereas little correspondence was
seen between strong down-regulations of miRNAs. It is sug-
gested that the DLK1-DIO3 miRNAs cluster is driving the cor-
relation. Representative pairwise comparisons of human and
mouse tumormiRNAprofiles are shown in supplemental Fig. 2.
miRNAs up-regulated by �2 times in at least 15% of both
human and mouse tumors are listed in supplemental Table S3.
Next we explored the transcriptional regulatory role of this

14q32.2 miRNAs cluster by genome wide expression profiling
using the same set of 97 pairs of HCC and adjacent non-tumor
tissues. There were 15 gene probes available for multiple tran-
scripts encoded within the DLK1-DIO3 region, and strikingly,
all of the genes were highly correlated (0.75 � r � 0.96), with
the mean regulation of the 14q32.2 miRNA cluster in HCC
samples, suggesting coordinate control of a large transcribed
region. Our array comparative genomic hybridization data on
the same set of samples ruled out the possibility that the over-
expression was due to DNA amplification.
Loss of imprinting is often seen in early oncogenesis (29).We

hypothesize that the coordinate overexpression of the 14q32.2
miRNAs in HCC samples is related to a change in the imprint-
ing status of the locus. To test this hypothesis, we compared
regulation of the 14q32.2 miRNAs with regulation of known
imprinted genes (30). A subset of imprinted genes was clearly
coordinately regulatedwith the 14q32.2miRNAs (Fig. 3). These

imprinted genes included DLK1. We found coordinate regula-
tion of additional imprinted genes fromother loci in the human
genome, such as paternally expressed genes IGF2, PEG3,
PEG10, SGCE, SNURF, and MEST, and maternally expressed
genes PPP1R9A and ZNF264. Information on these imprinted
genes inHCC is limited. Recent studies showed gain of imprint-
ing of IGF2 found in 47% (8 of 17) ofHCCcases and suppressing
IGF2 expressions by DNA methylation could enhance survival
in HCC (31), whereas PEG10 is a progression-related and diag-
nostic biomarker for HCC (32, 33). In our study, clinical corre-
lation analysis of transcript expression levels among these
genes in the present cohort of HCC samples revealed that
PPP1R9A and SGCE were significantly associated with poor
prognostic outcomes (i.e. shorter overall survival rate (p �
0.003 for PPP1R9A and p � 0.027 for SGCE) and disease-free
survival rate (p� 0.001 for PPP1R9A and p� 0.022 for SGCE)),
as shown by the log-rank test (supplemental Fig. 3).
Transcripts correlated (r � 0.4) with the mean regulation of

the 14q32.2 miRNAs were enriched for significantly imprinted
genes (p � 1 � 10�9). Similarly, genes up-regulated in the
mouse tumor model were also significantly enriched for
imprinted genes (p � 2 � 10�3). This finding suggests that
overexpression of the 14q32.2 miRNAs is related to a change in
imprinting status of the locus and could potentially contribute
to early detection of HCC. Other studies have demonstrated
that aberrant imprinting is involved inHCC tumor progression

FIGURE 2. Global view of 220 miRNA expression patterns in tumor and non-tumor clinical tissues from human HCC. A heat map shows two-dimensional
unsupervised clustering of log10 expression ratios for 220 human miRNAs in 97 pairs of tumor and adjacent non-tumor HCC tissues. miRNA expression levels
were normalized to the mean of all samples. A cluster of coordinately up-regulated miRNAs from the DLK1-DIO3 region is boxed in yellow. The degree of
up-regulation is shown in magenta, and down-regulation is shown in cyan on a log scale as indicated by the color bar. Separation by clustering of tumor and
adjacent non-tumor samples is indicated by the dashed white line. Right, tumor status of each sample. No, adjacent non-tumor; Yes, HCC.
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(29, 34, 35); thus, up-regulation of 14q32.2 miRNAs could also
be associated with changes in expression of tumor-promoting
genes. We analyzed the transcripts correlated with expression
of 14q32.2 miRNAs. In our HCC samples, correlated tran-
scripts were enriched in GO annotation for embryonic devel-
opment. Genes up-regulated in the mouse tumor model were
also significantly enriched for embryonic development in GO
annotation, with the five most significant terms all relating to
development. In an atlas of tumor and adjacent non-tumor tis-
sues from kidney, gastric, colon, lung, and breast cancer
patients, biological annotations of the transcripts correlated
with 14q32.2 miRNA expression were enriched in organogen-
esis and morphogenesis according to GO and KEGG pathway
annotation sources.
Association of DLK1-DIO3 Imprinted MicroRNA Cluster

with HCC Stem Cell Markers and Aggressive Phenotypes and
Poor Survival of Patients—In thismousemodel, overexpression
of the c-MET oncogene drives liver carcinogenesis through
activation of the Wnt signaling pathway. It is also known that
Wnt/�-catenin signaling plays an important role in regulating
cancer stem cell activation. Therefore, it is important to know
the activity of Wnt/�-catenin signaling in human HCC with

14q32.2 overexpression. Indeed, we find that this microRNAs
cluster is significantly correlated with the Wnt/�-catenin sig-
naling downstream targets as represented by LGR5 (r � 0.42,
p � 1.7 � 10�5) and DKK1 (r � 0.54, p � 9.5 � 10�9). Further
investigation of the molecular mechanisms and biological
implications is under way.
To assess whether overexpression of the DLK1-DIO3

miRNA cluster at 14q32.2 is linked to embryonic or stem cell
phenotype in an HCC subpopulation, we tested the 14q32.2
miRNA expression status against expression of a panel of doc-
umented stem cell markers. We found that the DLK1-DIO3
miRNA cluster was positively correlated to the expression lev-
els of CD133, CD90, EpCAM, and nectin, previously reported
as markers of HCC tumor-initiating or progenitor stem cells
(Fig. 4a). Furthermore, an immunohistochemistry study on the
corresponding 14q32.2 high expressing samples also confirmed
expression of these HCC stem cell markers (CD133, CD90, and
EpCAM), but expression of these markers was weak or unde-
tectable in the 14q32.2 miRNA low expressing samples.
Imprinted gene MEST up-regulated by the microRNA cluster
was also found highly expressed in the HCC tissues. Represent-
ative findings are shown in Fig. 4b.

FIGURE 3. Overexpression of DLK1-DIO3 miRNA cluster at 14q32.2 is associated with up-regulation of subsets of imprinted gene transcripts. Left, log10
expression ratios in 96 HCC and matched adjacent non-tumor samples of all transcripts of genes detectably expressed in these samples and described as
imprinted in humans and/or mice (17). The genes were sorted by their correlation with DLK1-DIO3 miRNA expression in matched miRNA profiles. Experiments
were sorted by mean expression of DLK1-DIO3 miRNAs in matched miRNA profiles. Ratios shown are relative to mean expression in adjacent non-tumor
samples. Right, the average log10 expression ratio of 22 14q32.2 miRNAs is shown for each sample. One sample pair was excluded for low quality of gene
expression data.
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These putative stemlike HCC cells were shown to be associ-
ated with high �-fetoprotein (AFP) level (36), tumor recur-
rence, and poor prognostic outcome of patients (3, 4, 6, 37).
Therefore, we examined whether up-regulation of the DLK1-
DIO3 miRNAs was associated with any clinicopathologic con-
ditions in HCC patients. Our data showed that there was no
association between DLK1-DIO3 microRNA expression in
tumors and patient variables by one-way analysis of variance,
including tumor stage, tumor grade, smoking, drinking, family
history of HCC, and gender of the patients, except for the
patient age (correlation coefficient, r � �0.21, p � 4 � 10�2)
and serum SGOT level (r � 0.32, p � 1.3 � 10�3).
AFP, a fetal growthmarker in serum, is a tumormarker (cut-

off level �400 ng/ml) for HCC diagnosis but is expressed only
in a subgroup of allHCCpatients. Strikingly, all 18 patientswith
14q32.2 miRNA overexpression also exhibited extraordinarily
high levels of serum AFP (mean �7000 ng/ml) (Fig. 5a), differ-

ing significantly from those patients with negative DLK1-DIO3
miRNA expression (approximately at 40 ng/ml) (p � 4.23 �
10�10). Albeit a weak association, tumors with high DLK1-
DIO3miRNAexpression correlatedwith the appearance of sat-
ellite lesions surrounding the main nodular tumor and with
venous infiltration. These clinicopathologic features associated
with elevated expression of 14q32.2 miRNAs suggested that
these patients may experience higher metastatic tendency than
patients not overexpressing these miRNAs. In fact, patients
with lower expression levels of 14q32.2 miRNAs had longer
survival times, whereas patients with overexpression of this
miRNA cluster showed significantly poorer overall survival
(p � 0.009) (Fig. 5b). By Cox proportional hazard model analy-
sis, we also found that the hazard ratio was 2.812 with a 95%
confidence interval of (1.255, 6.299).
It is known that high expression levels of putative HCC stem

cell markers affect tumor aggressiveness and prognosis of

FIGURE 4. DLK1-DIO3 miRNA cluster positively correlates with HCC-specific stem cell markers. a, gene expression of putative cancer stem cell markers is
shown in 14q32.2 overexpression (n � 18) and no overexpression (n � 78) subgroups of HCC tumors. CD133, CD90, EpCAM, and Nestin, which have been
reported as stem cell markers in HCC, were significantly correlated to the 13q32.2 miRNA expression. However, other stem cell markers, such as CD34 and CD44
(including CD29 and Nanog), did not show significant correlation. The expression levels of each marker between the 14q32.2 high and low expression groups
were compared, and the p value was computed by the Wilcoxon rank sum test/Mann-Whitney U test. b, expression and localization of molecules encoded by
DLK1-DIO3 imprinted microRNA cluster and stem cell markers in HCC patients. Immunohistochemistry was performed to investigate the relative expression
and localization of molecules regulated by the DLK1-DIO3 imprinted microRNA cluster (MEST) in tumor tissues isolated from patients positive or negative with
this microRNA cluster. In addition, the expression of stem cell markers, such as EpCAM, CD90, and CD133, was also investigated in parallel. Original magnifi-
cation, �400.
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patients (2, 38). This prompted us to further investigate the
tumorigenic properties of three most abundant microRNAs
(miR-127,miR-433, andmiR-431) selected from this cluster. As
shown by an in vitro wound healing assay (Fig. 5c), PLC/PRF/5
hepatoma cells transfected with the DLK1-DIO3 miRNAs
demonstrated higher metastatic potential than the vector and
mock controls.
A recent study observed up-regulation of several miRNAs

from the 14q32.2 region in a subtype of acutemyeloid leukemia
that bears a t(15;17) translocation (39). To examine whether
14q32.2 miRNAs are overexpressed in other types of tumors,
we analyzed the expression profiles of miRNAs from kidney,
gastric, colon, lung, and breast cancer samples and found that
the 14q32.2 miRNAs were overexpressed in only a small subset
of cases, and the overexpression was not as strong as in HCC.
Taken together, these data demonstrate that a physical clus-

ter of DLK1-DIO3 genomic imprinted miRNAs at 14q32.2 is
coordinately up-regulated in a subset of HCC patients with
poor clinical outcomes. Our findings also imply that tumors
overexpressing this imprinted miRNA cluster appear to be
aggressive and very likely give rise to satellite lesions and vas-
cular invasion. Also, additional characteristic genes, including
AFP, HCC stem cell markers, and a subset of imprinted genes,
were expressed in these tumors. Patients with overexpressed
14q32.2 miRNAs showed short survival time, and they may be

candidates for more aggressive therapy or deserve targeted
therapies designed to act on unique embryonic pathway-re-
lated signaling or molecular mechanisms. Therefore, this novel
14q32.2 miRNA cluster is suggested to define a new molecular
subtype of HCC, arising from imprinted genomic loci and asso-
ciated with poor clinical outcomes. A recent study has showed
that a histone deacetylase inhibitor can reactivate the Dlk1-
Dio3 locus in mouse induced pluripotent stem cells and subse-
quently changes stem cell development programming (11).
Therefore, reprogramming the expression of the DLK1-DIO3
region in human HCC tumor epigenetically or by RNAi silenc-
ing should be explored as a therapeutic approach for this “stem-
like” HCC subpopulation, as defined by overexpression of the
14q32.2 miRNA cluster. To this end, detection of the 14q32.2
miRNAs in plasma or serum samples as biomarkers for this
HCC subtype warrants further investigation and clinical
evaluation.
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FIGURE 5. Overexpression of 14q32.2 miRNA cluster in HCC is associated with high serum AFP value and poor overall survival of liver cancer patients.
a, analysis of variance box-and-whisker plots comparing serum AFP levels (ng/ml) (y axis) in two groups of patients. 97 HCC patients are divided into two groups
by 14q32.2 microRNA expression levels; 79 show no overexpression, and 18 show overexpression. The significance of the difference in AFP level distributions
is given above the plot. b, Kaplan-Meier plots comparing survival times of two groups of patients with overexpression and without overexpression of 14q32.2
miRNAs. c, in vitro wound healing assay showing that miRNAs from the DLK1-DIO3 cluster enhanced HCC cell migration potential. The PLC/PRF/5 hepatoma cell
line was transfected with the selected miRNAs (miR-127, miR-431, and miR-433) as indicated or control vector. The migration of cells toward the wound was
monitored, and images were captured at time 0 and 24 h. Magnification, �100.
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