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LIVER BIOLOGY/PATHOBIOLOGY

miR-148a Plays a Pivotal Role in the Liver by
Promoting the Hepatospecific Phenotype and
Suppressing the Invasiveness of
Transformed Cells

Luc Gailhouste,' Laura Gomez-Santos,"* Keitaro Irlagiwara,1 Izuho Hatada,? Noriyuki Kitagawa,*
Kazushi Kawaharada,” Muriel Thirion," Nobuyoskn Kosaka,' Ryou-u Takahashi,' Tatsuhiro Shibata,*
Atsushi Miyajima,® and Takahiro Ochiya®

MicroRNAs (miRNAs) are evolutionary conserved small RNAs that post-transcription-
ally regulate the expression of target genes. To date, the role of miRNAs in liver devel-
opment is not fully understood. By using an experimental model that allows the
induced and controlled differentiation of mouse fetal hepatoblasts (MFHs) into mature
hepatocytes, we identified miR-148a as a hepatospecific miRNA highly expressed in
adult liver. The main finding of this study revealed that miR-148a was critical for he-
patic differentiation through the direct targeting of DNA methyltransferase (DNMT) 1,
a major enzyme responsible for epigenetic silencing, thereby allowing the promotion of
the “adult liver” phenotype. It was also confirmed that the reduction of DNMT1 by
RNA intesference significantly promoted the expression of the major hepatic bio-
markers. In addition to the essemtial role of miR-148a in hepatocyte maturation, we
identified its beneficial effect through the repression of hepatocellular carcinoma (HCC)
cell malignancy. miR-148a expression was frequently down-regulated in biopsies of
HCC patients as well as in mouse and human HCC cell lines. Overexpressing miR-148a
led to an enhancement of albumin production and a drastic inhibition of the invasive
properties of HCC cells, whereas miR-148a silencing had the opposite consequences.
Finally, we showed that miR-148a exerted its tumos-suppressive effect by regulating the
«Met oncogene, regardless of the DNMT1 expression level. Comclusion: miR-148a is
essential for the physiology of the liver because it promotes the hepatospecific pheno-
type and acts as a tumor suppressor. Most important, this report is the first to demon-
strate a functional role for a specific miRNA in liver development through regulation of
the DNMT1 enzyme. (HeparoLoGY 2013;58:1153-1165)

icroRNAs (miRNAs) constitute a group of increasing recognition of the overall significance of
evolutionary conserved small noncoding miRNAs in regulating a wide variety of fundamental
RNA molecules that finely regulate gene blolo?cal phenomena and diseases,’ induding can-
expression by complementary base pairing with the 3’- The functional significance of miRNAs in cell
untranslated regions (3-UTRs) of target messenger specification and vertebrate  development has becn
RNAs (mRNAs). The past decades have seen an recendy tackled. For instance, miR-124 and miR-9,”®

Abbreviations: 5-Aza, 5-Aza-2"-deoxycytidine; Afp, alpha-fetoprotein; Alb, albuming Ab, antibody; Ck19, cytokeratin 19; CLD, chronic liver disease; c-Met; he-
patocyte growth factor receptor; COBRA, combined bisulfite restriction analysis; Gyp, cytochrome P450; Dnmit, DNA methylirangferase; E-cadherin, epithelial cad-
berm, FBS, fetal bovine serum; G6pe, glucose-G-phosphatase; HBY, hepativis B virus; HCC, hepatocellnlar carcinoma; HCY, hepatitis C virus; HGE. hepatic
growth factor; MFH, mouse fetal hepatoblast; mRNAs, sger RNAs; miRNA, microRNA; 1315 periodic acid-Schiff; RZZgP(U% reverse-transcription quantita-
tive polymerase chain reaction; :iRNA, small interfering RNA; Tas, tyrosine aminotransferase; 3-UTR, 3 -uniranslased region.
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two brain-enriched miRNAs, appear to be essential in
neurogenesis, whereas miR-27b is relevant for myogen-
esis.” To date, little is known regarding the role and
funcdon of miRNAs in liver development, Hand et al.
provided the first link between miRNAs and hepato-
biliary development by emphasizing the functional role
of miR-30a during biliary morphogenesis in zebra-
fish.'® In humans, miR-122 might be of prime interest
because it represents more than 70% of the total
amount of miRNAs expressed in the adult liver, where
it acts in metabolism regulation and hepatic
homeostasis.'! '

During development, epigenetic modifications are
essential for the modulatons of tssue-specific gene
expression that promote cell differentiation.” Epige-
netic silencing includes reversible DNA methylation,
which is primarily orchestrated by DNA methyltrans-
ferases (DNMTs). DNMT1 represents the major
enzyme responsible for the maintenance of DNA
methylation patterns during replic::mion.13 In contrast,
DNMT3a and DNMT3b have been identified as de
novo methyltransferases, which methylate DNA during
early development and gametogenesis,'® although
DNMTT1 also possesses de nove methylation activity.
Inactivation of the DNMT1 enzyme in mice results in
loss of genomic imprinting and leads to early embry-
onic lethality."” In addition, studies using methylation-
deficient mouse embryos (Dnmtl™'", Dumt3a™'",
and Dnmi3b™'") have demonstrated that restoring
DNA methylation is essential for development.!*
More recently, Sen et al. observed the enrichment of
DNMT1 protein in epidermal progenitors, where it is
required to maintain proliferative strength and sup-
press differentiation,’” Their study also showed that
DNMT1 depletion was associated with the altered
proliferation and transition from progenitors to prema-
ture epidermal cells. In the liver, DNMT1 expression
is frequenty increased in tissues affected by chronic
hepatitis and cirthosis and, more dramatically, in
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hepatocellular carcinoma (HCC), in which DNMT1
augmentation correlates with poor prognosis.'®"”

This study aimed to investigate the potential role of
miRNAs in hepatic development. By taking advantage
of an experimental primary cell-culture model that can
trigger hepatic differentiation, we performed mouse
miRNA microarray analyses and identified 10 miR-
NAs, which were selected for their predicted aptitude
to target DNMT1. Among those miRNAs, miR-148a
showed a strong induction in differentiating liver pro-
genitors. Conversely, DNMT1 expression presented a
rapid decline after stem cell entry into the differentia-
tion process. We reported a correlation berween the
elevation of miR-148a and the promotion of the hepa-
tospecific phenotype through the silencing of
DNMT1. Becausc a significant down-regulation of
miR-148a was observed in HCC, the role of miR-
148a in liver cancer was also considered. We demosn-
strated the ability of miR-148a to suppress the invasive
properties of transformed hepatic cells by inhibiting c-
Met expression. In line with these findings, miR-148a
was shown to play an essential role in the fate of the
liver by inducing hepatospecific gene expression and
suppressing tumor cell invasion.

Materials and Methods

Mouse Fetal Hepatoblast Model. Mouse fetal hep-
atoblasts (MFHs) were isolated and triggered to differ-
entiate into mature hepatocytes as previously
described.?® Briefly, the method was based on the
selective harvesting of hepatic parenchymal stem cells
from mouse fetuses (E14.5). After their isolation, fetal
liver tissues were dissociated physically and enzymati-
cally in the presence of liberase (Liberase TM Research
Grade; Roche Diagnostics, Mannheim, Germany). The
sorting of epithelial cadherin (E-cadherin)-positive pro-
genitors was performed using the biotin- and-CD324
(E-cadherin) antibody (Ab) (eBioscience, Inc., San
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Diego, CA) and the EasySep Mouse Biotin Positive
Selection Kit (STEMCELL Technologies Inc., Vancou-
ver, British Columbia, Canada). From seeding, MFHs
were maintained in a medium composed of the follow-
ing mixture: William’s E Medium, L-glutamine
(2 mM), penicillin (50 IU/mL), and streptomycin (50
pg/ml), all from Gibco (Grand Island, NY), insulin
(5 pg/mL; Sigma-Aldrich, St. Louis, MO), epidermal
growth factor (25 ng/mL; Sigma-Aldrich), and 10%
fetral bovine serum (FBS; HyClone; Thermo Fisher
Scientific, Waltham, MA) supplemented with essential
hepatocyte phenotype-promoting factors, including he-
patic growth factor (HGF; 25 ng/ml; PeproTech Inc,,
Rocky Hill, NJ), oncostatin M (12.5 ng/mL; Sigma-
Aldrich), hydrocortisone 21-hemisuccinate (5 X 1077
M; Sigma-Aldrich), and dexamethasone (1077 M;
Sigma-Aldrich). The medium was replaced daily.

HCC Cell Lines and Human Samples. Mouse
Hepa 1-6 and human HepG2 and Hep3B cells were
purchased from the American Type Culture Collection
{Manassas, VA). Huh-7 cells were from Riken BioRe-
source Center (RIKEN BRC, Ibaraki, Japan). Cells
were maintained in Dulbecco’s modified Eagle’s me-
dium (Gibco) supplemented with penicillin (100 IU/
ml), streptomycin (100 pg/ml), and 10% FBS.
Human samples included 39 pairs of primary HCCs
and their corresponding nontumor tissues. All patients
exhibited chronic liver disease (CLD) related to hepati-
tis B (HBV) or C virus (HCV) infection (n= 18 and
21, respectively). Normal liver samples were collected
from patients who had surgical resection of metastasis
in the liver. Human feral livers were obtained from
spontaneously aborted fetuses (see Supporting Table 2
for clinical data). :

Additional Methods. miRNA and small interfering
RNA (siRNA) transfection procedures for primary cul-
tures and cell lines, DNA extraction, methylation
assay, immunoblotting, total RNA extraction, miRNA
microarray, miRNA, and mRNA expression analysis by
reverse-transcription  quantitative polymerase chain
reaction (RT-qPCR), miRNA assessment in the serum
of HCC patients, periodic acid-Schiff (PAS) staining,
luciferase reporter assays, apoptotic activity, cell
growth, wound healing, transwell invasion assays, and
statistical tools are described in the Supporting
Macerials.

Results

MFH Is an Adequate Model for the Study of
Hepatic Differentiation. To cdlarify the function of

miRNAs in liver development, we used an iz wvitro
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model previously developed by our group based on the
sorting of E-cadherin-positive fetal liver cells, called
MFHs, and their induced differentiation into hepato-
cytes (Fig. 1A). MFHs underwent remarkable changes
in morphology during the maturation-induced process
that resulted in the formation of pronounced cell -
aggregates with cuboidal shape, polarity, and frequent
binucleation (Fig. 1B). Importantdy, mature-induced
hepatocytes exhibited prominent glycogen storage abil-
ity. The molecular data were consistent with those
observations and revealed a hepatospecific phenotype
and progressive maturation of MFHs, as evidenced by
the expression of the early (alpha-fetoprotein; Afp),
mid- (albumin; Alb), and late (glucose-6-phosphatase
[G6pc] and tyrosine aminotransferase [Tat]) hepatic
markers (Fig. 1C). In addidon, the major cyrochrome
P450s (CYPs) were similatly induced (Supporiing Fig.
1). Conversely, the mRNA level of cytokeratin 19
(Ck19), which is commonly associated with liver stem
cells and epithelial cells of the biliary tract, decreased
rapidly after the initiation of the maturation process.
Our dara also indicate the rapid decline of Dnmtl
expression in association with MFH differentiation,
whereas Dnmt3a and Dnmt3b increased progressively
(Fig. 1D).

miR-148a Induction Is Observed in Hepatic Cells
During Mouse Liver Development. To analyze the
expression profile of miRNAs during hepatic differ-
entation, we performed an miRNA microarray by
using the MFH model at different stages of matura-
tion (Fig. 2A; all the miRNA microarray data ate dis-
played in Supporting Table 1). Then, taking
advantage of the combination of the publicly avail-
able search engines, miRNA (miRanda), TargetScan,
and PicTar, we obtained a list of 12 miRNAs that
could putatively target Dnmtl (Table 1). Among
those miRNAs, 10 were significanty expressed in dif-
ferentiating MFHs. A family of three conserved miR-
NAs (miR-148a2, miR-148b, and miR-152) was
highlighted as a result of its remarkable expression
pattern during the maturation process of MFHs (Fig.
2B). More explicitly, both microarray and RT-qPCR
analyses revealed that miR-148a and miR-152 were
gradually up-regulated from the MFH to the mature-
induced hepatocyte stage (Fig. 2C). In contrast, miR-
148b stayed unchanged. Obviously, miR-148a exhib-
ited the most significant induction and highest
expression level in mature hepatocytes. Similar pro-
files of expression for these miRNAs were obtained
from fetal liver tissues during mouse development
(Supporting Fig. 2). In addition, Dnmtl expression
was inversely correlated with the level of miR-148a
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Fig. 1. Characterization of the MFH model. (A) Schematic representation of MFH purification and induced differentiation into mature hepato-
cytes after hepatotrophic factor stimulation. (B) Primary cultures of MFHs showing the radical changes undergone by undifferentiated hepatic pro-
genitors to adopt the characteristic morphology of mature hepatocytes with polarity and frequent binucleation (white square). PAS staining
revealed extensive glycogen storage in mature-induced hepatocytes, whereas MFHs were devoid of glycogen. Scale bar, 50 pm. Time course
showing mRNA relative expression determined by RT-gPCR of {C) major hepatic markers and (D) Dnmt family members in the MFH model. The
housekeeping gene, Gapdh, was used as an internal control fo normalize the amount of complementary DNA.

in both 7n vitro and in vive models, whereas Dnmt3a
and Dnmt3b did not correlate. Consequently, it was
hypothesized that miR-148a could play a critical
role in liver development by regulating Dnmtl
expression.

miR-148a Is Down-Regulated in Human and
Rodent HCC Cells. To explore the significance of
miR-148a in the liver, we first compared expression
profiles of miR-148a among mature-induced hepato-
cytes (MFH D8), undifferentiated hepatic stem cells
(MFH D2), and the mouse HCC cell line, Hepa 1-6.
Human Huh-7, HepG2, and Hep3B cells were also
characterized in regard to normal adult and fetal he-
patic tissues. As a result, a dramatic diminution of

miR-148a was observed in both rodent (Fig. 3A) and
human cell lines as well as in fetal livers (Fig. 3B).
Moreover, the reduced expression of miR-148a was
consistent with Dnmt] augmentation in both species,
arguing for a probable connection between miR-148a
and Dnmtl. Thus, Spearman’s rank correlation analy-
sis showed that expression levels of DNMT1 and
miR-148a in human samples were inversely correlated
(tho: —0.609; P=0.0034; Fig. 3C). To test the func-
tional relevance of miR-148a down-regulation caused
by DNA methylation, HCC cells were exposed o 5-
Aza-2-deoxycytidine (5-Aza). We found that demethy-
ladon treatment dramatically restored miR-148a
expression in a dose-tesponse manner in both Hepa 1-
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Fig. 2. ldentification of miR-148a as a preponderant miRNA during hepatic differentiation. (A) miRNA global expression pattern during the pro-

cess of MFH differentiation into mature hepatocytes. The scale bar encod
was set to identify the miRNAs with significant differential expression.

es the logarithm of relative miRNA expression level. The 2-fold threshold
Microarray data are shown in Supporting Table 1. (B) Representative

expression of miR-148a, miR-148b, and miR-152 selected for their significant induction during MFH differentiation and their predicted ability to
target Dnmtl. (C) Differential expression of the miR-148a/148b/152 family evaluated by microarray and RT-qPCR. Relative expression levels

determined by RT-qPGR were normalized against the endogenous control,

6 and HepG2 cell lines (Fig. 3D), indicating that a
hypermethylation phenomenon is most likely responsi-
ble for the silencing of miR-148a in liver cancer cells.
To verify this hypothesis, we first analyzed the genomic
DNA sequence spanning of miR-148a and found that
this gene had many CpG-rich regions (CpG islands)
in its promoter. Subsequently, combined bisulfite
restriction analysis (COBRA) was performed to exam-
ine the methylation status of the miR-148a promoter,
which revealed hypermethylation of CpG islands in
the miR-148a promoter in HepG2 cells, compared to
normal human hepatocytes (Fig. 3E). We also
observed that demethylation treatment by 5-Aza dra-
matically decreased the methylation status of the miR-
148a promoter in both human and rodent HCC cell
lines. Although the COBRA method did not reveal
demethylation of the analyzed miR-148a CpG sites
during the maturation process of MFHs (Supporting

RNUGB.

Fig. 3), bisulfite sequencing showed that the average
methylation level of miR-148a was higher in undiffer-
entiated MFHs (17.6% in MFH_D2), compared
to differentiaring cells (5.7% in MFH_D4), suggesting
that a hypermethylaton mechanism may participate
in the regulaton of miR-148a expression during
development.

wmiR-1482 Dirvectly Modulates Dunmtl FExpres-
sion. We postulated that Dnmtl inhibition during
MFH maturation could be the result of its direct target-
ing by miR-148a. To explore this possibility, we first
analyzed the consequences of miR-148a silencing or
overexpression in HCC cell lines. The use of miR-148a
mimics clearly affected Dnmtl expression (Fig. 4A).
Conversely, we observed a significant enhancement of
Dnmtl level after transfection with miR-148a antago-
nists up to 72 hours post-transfection. Dnmtl contains
a 3-UTR element that is partially complementary to
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miR-148a. Simultaneous transfection with miRNA sequence was performed in Hepa 1-6 cells. In this assay,
mimics and a construct containing the mouse Dnmtl  miR-148a-forced expression decreased luciferase activity
3’-UTR inserted downstream of the luciferase coding by 43.2% * 1.1% (P < 0.001) from the control value,
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whereas it failed to inhibit reporter actvity in cells
transfected with the vector containing a mutated
sequence of the Dnmtl 3-UTR (Fig. 4B). Comparable
data were obtained using the 3’-UTR of human
DNMT1 transfected into the human HCC cell line,
HepG2. Then, to explore the role of DNMT1 in regu-
lating expression of miR-148a, we silenced DNMT1 by
using a siRNA approach in Hepa 1-6 and HepG2 cells.
Both mouse Dnmt] knockdown and human DNMT1
knockdown significandy induced miR-148a expression
(Fig. 4C), reinforcing the idea of a regulatory circuit
between DNMT1 and miR-148a as well as the exis-
tence of epigenetic regulation exerted by DNMT1 on
miR-148a.

wiR-148a Enbancement Promotes Heparospecific
Gene Expression Through Dumtl Inbibition Duving
the Induced Diffeventiation of MFHs Into Mature
Hepatocytes. The influence of miR-148a in hepatic
differentiation was investigated by forcing its expres-
sion in the MFH primary culture model and evaluat-
ing the expression of major liver markers. Cells
transfected with miR-148a mimics exhibited substan-
tial overexpression of miR-148a, in contrast to its nor-
mal expression profile during MFH differentiation
(Fig. 5A). Immunoblotting revealed that miR-148a
overexpression dramatically increased the protein level
of Alb in MFHs (Fig. 5B). The methylation status of
the Alb promoter was also explored, which showed a
progressive demethylation of CpG islands during he-
patic differentiation (Supporting Fig. 3). Both 5-Aza
treatment and miR-148a mimics conwributed w the
demethylation of Alb promoter, indicating the possible
regulation of Alb expression by miR-148a through an
epigenetic mechanism involving Dnmtl. RT-qPCR
analysis demonstrated that miR-148a mimics enhanced
the mRNA levels of Alb as well as the other major he-
patic biomarkers, G6pc and Tar, whereas cells trans-
fected by the control showed the standard
differentiation process induced by the hepatotrophic
factors (Fig. 5C). Moreover, miR-148a augmentation
had no effect on Ck19 expression in MFHs, but it
was associated with the increased expression of various
CYPs (Supporting Fig. 4). Remarkably, we found evi-
dence that miR-148a restoration in both mouse Hepa
1-6 and human HepG2 HCC cell lines was signifi-
cantly related with the inhibition of the immature liver
marker, Afp, whereas Alb expression was strongly
enhanced, and wvice verse (Fig. 4A). Last, the forced
expression of miR-148a was correlated with a drastic
repression of Dnmtl in both the HCC (Fig. 4A) and
MFH models (Fig. 5C). Western blotting analysis con-
firmed the negative correlation between miR-148a and
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DNMT1 expression levels (Fig. 5B). Indeed, the trans-
fection of MFHs using miR-148a mimics promoted
the decline of Dnmtl that is normally observed during
the differentiation process of these cells. To address the
involvement of Dnmtl in the establishment of the he-
patic phenotype through its modulation by miR-148a,
we finally analyzed the effect of Dnmtl knockdown in
the induced differentiation of MFHs. Consistent with
miR-148a overexpression data, Dnmtl inhibition led
to the significant promotion of the major hepatic bio-
markers that we assessed (Fig. 5D). Compared with
MFHs transfected with negative control siRNAs,
mRNA levels of Alb and advanced maturation bio-
markers (G6pc, Tat, and Cypl7al) appeared to be
globally up-regulated 72 hours after Dnmtl siRNA
transfection.

In summary, these findings implicate Dnmtl in the
mechanisms controlling liver precursor maturation and
indicate that miR-148a promotes the expression of
adult hepatic genes by repressing Danmtl (Fig. 5E). In
contrast, the occurrence of HCC malignancy may be
associated with the deregulation of miR-148a, whereas
maintenance of this miRNA seems to be essential for
preserving the hepatospecific status of liver cells.

miR-148a Expression Is Frequently Decreased in
the Liver of HCC Patients. We analyzed miR-148a
expression in a cobort of 39 pairs of primary HCCs
related to HBV or HCV infection and their adjacent
nontumor regions. Tissues from normal liver (n=13)
were used as controls. miR-148a expression was
reduced by more than 5-fold in HCC biopsies, relative
to the normal liver group (median, 0.293 and 1.674,
respectively; P< 0.0001, Mann-Whitney’s U test; Fig,
6A). Interestingly, miR-148a was also inhibited in
peritumoral non-neoplastic tissues, but to a lesser
extent (median, 0.403; P <0.001). We confirmed the
possible correlation between miR-148a inhibition and
advancement of the underlying liver disease by analyz-
ing the expression level of miR-148a between early
(chronic hepatitis) and advanced (precirrhotic/cir-
thotic) fibrosis in nontumor tssues (Fig. 6B). Expres-
sion of miR-148a was significantly decreased in the
cirthotic samples, compared to the chronic hepatitis
liver group (median, 0.247 and 0.473, respectively;
P <0.0001, Mann-Whitney’s U test). Then, DNMT1
levels between tumors and their adjacent tissues were
evaluated (Fig. 6C). Although DNMT1 expression was
significandy down-regulated in tumors (P = 0.0002,
Wilcoxon’s signed-rank test), statistical analysis did not
reveal significant correlation between DNMT1 and
miR-148a expression in those clinical samples. Next,
we compared the expression of miR-148a between
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were transfected using miR-148a mimics (100 nM) on the fourth day after cell isolation (MFH D4). Control miRNA mimics were used as negative
controls. Total RNAs were extracted at the indicated times; then, miRNA and mRNA relative expression was determined by RT-qPCR. (A) MiR-
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tumors and their pair-matched normal dssues (Sup- (P =0.0268, Wilcoxons signed-rank test). In the 21
porting Fig, 5). Of the 18 HBV-related HCC samples, HCV-related HCCs, inhibiton of miR-148a was
miR-148a expression was decreased in 15 tumors, rela-  observed in 12 HCC samples (P= 0.9308). The value
tive to their adjacent noncancerous hepatic regions of circulating miR-148a as a noninvasive HCC
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recurrence diagnostic marker in blood serum was also
evaluated. Samples were collected in two steps from 11
HCC patients with HCV infection: (1) after surgical
resection of the primary tumor and (2) subsequent to
the diagnosis of HCC recurrence. We observed a dimi-
nution of circulating miR-148a in 8 patients after
HCC recurrence (P=0.2783, Wilcoxon’s signed-rank
test; Supporting Fig. 6).

The Rescue of miR-148a Suppresses HCC Cell
Migration and Invasion by Indivectly Inhibiting the
Hepatocyte Growth Factor Receptor Ouncogene. As
we highlighted the crucial role played by miR-148a in
normal hepatic differentiation, it was of significant in-
terest to consider the possible relationship between
miR-148a deregulation and the promotion of hepato-
cyte transformation. First, the phenotype of Hepa 1-6
cells was characterized. after the forced expression of
miR-148a to investigate the effect of this miRNA on
HCC cells. Notably, cell proliferation was not signifi-
cantly altered by miR-148a mimics or antagonists (Fig.
7A), and induction of miR-148a had no effect on cas-
pase activity (Supporting Fig. 7). However, the enforced
expression of miR-148a substantially suppressed the
motility of HCC cells in a wound-healing assay,
whereas miR-148a agonists enhanced the recolonization
of the wounds (Fig. 7B). In addition, overexpression of
miR-148a remarkably altered the invasive abilities of
Hepa 1-6  cells  (51.6% = 10.15%  inhibition;
P <0.001), as revealed by the transwell migration assay
(Fig. 7C). A similar observation was conducted using
the human HCC cell line, Hep3B (data not shown).
To evaluate whether the effect of miR-148a in the

invasion of HCC cells is mediated by DNMT1 or
another specific gene, functional analyses were per-
formed using siRNA. We decided to focus on DNMT1
and hepatocyte growth factor receptor (c-Met), a fre-
quently overexpressed oncogene in liver cancer and pre-
dicted target of miR-148a that was up-regulated in
undifferentiated MFHs and Hepa 1-6 HCC cells (Sup-
porting Fig. 8). In the presence of miR-148a mimics, c-
Met mRNA levels appeared markedly decreased in
Hepa 1-6, whereas miR-148a agonists promoted c-Met
expression (Fig. 7D). However, c-Met 3’-UTR assays
did not show a reduction of luciferase activity (Support-
ing Fig. 8), supporting an indirect effect of miR-148a
on c-Met expression. Knockdown of c-Met using two
distinct siRNAs attenuated cell proliferation (Fig. 7F)
and dramatically abolished HCC cell invasion
(78.8% £ 7.7% and 76.5% * 7.5% inhibition, respec-
tively; P < 0.001; Fig. 7F). Remarkably, the use of siR-
NAs targeting Dnmtl did not modify cell proliferation
or invasion. These last results strongly suggest that
miR-148a plays two distinct roles in the liver: (1) in
the contwol of hepatic development by regulating
DNMT1 and (2) in the modulation of HCC cell inva-

siveness by repressing the c-Met oncogene.

Discussion

DNA methylation plays an essential role in regulat-
ing stem cell differentiation and embryo development.
Recently, Tsai et al. demonstrated that the pluripo-
tency genes, Oct4 and Nanog, which constitute a fun-
damental  regulatory  mechanism  suppressing
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differentiation-associated genes, directly bind to the
promoter of DNMT1 and enhance its expression.”! In
their report, mesenchymal stem cells exhibited a
decreased proliferation rate when treated with an in-
hibitor of DNA methylation or transfected with
DNMTT1 short hairpin RNA, whereas the expression

of genes associated with development regulators was
increased. In agreement with this current work, our
data clearly show the contribution of the DNMT1
enzyme in liver cell stemness as well as the existence of
a micromanagement of DNMT1-related hepatic matu-
ration controlled by miR-148a.
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The deleterious consequences of DICER-silencing
experitents in mouse embryonic stem cells demon-
strated that miRNA processing plays a major role in
development.”* In the liver, Sekine et al. tested the
consequence of DICER1 silencing by performing con-
ditional knockout in hepatocytes.”’ Remarkably, hepa-
tocytes exhibiting DICER1-specific depletion displayed
a gene expression profile indicative of cell growth and
dedifferentiation into liver progenitors. Although the
role of miRNAs in cell spemﬁcauon has been
addressed in a number of tissues,?* litde is known
regarding the involvement of specific miRNAs in the
control of hepatic development. miR-122 is probably
an essential actor in liver ontogenesis, as suggested by
its remarkable expression in the adult liver and its abil-
ity to induce CYPs in HCC cell lines.”> The case of
miR-148a also appears of prime interest in cell lineage
determination, as previousl sty described in hematopoi-
etic stem cell specification®® and myogenic differentia-
tion.”” In the last case, Zhang et al. showed the
positive role of miR-148a in skeletal muscle develop-
ment by the translational repression of ROCK1, an in-
hibitor of myogenesis.

Consistent with our results, other studles bave dem-
onstrated that miRNAs can control expression of
DNMTs. In the liver, miR-140 can target the 3-UTR
of DNMT1 and control nuclear factor kappa B activ-
ity.”® In addition, some splicing isoforms of DNMT3b
have been found to be directly repressed by miR-
1482.% Conversely, epigenetic mechanisms are consid-
ered essential for miRNA regulation.’® The genomic
sequence of miR-148a has been analyzed in a number
of cancer cell lines with distinct tissue origins, as well
as a large amount of CpG islands found in its pro-
moter region. Thus, inactivation of miR-148a by
DNA hypermethylation and DNMT1 overexpressxon
has recently been dcmonstratcd in pancreatic,’’ gas-
tric,” and breast cancer.”® Consequently, the network
of feedback between miRNAs and epigenetic pathways
appears to form a complex regulatory system that is
essential to organize gene expression profile and main-
tain cell integrity. miR-148a and DNMT1 certainly
constitute a regulatory circuit that is disrupted in
HCC tssues. On the one hand, overexpression of
DNMTT1 leads to hypermethylation of the promoter
region of miR-148a, causing its silencing. On the
other hand, miR-148a alteration reduces its silencing
action on DNMT1, resulting in augmentation of
DNMT1 expression and maintaining hypermethyl-
ation of the miR-148a promoter.

Our darta finally suggest that miR-148a restoration
may provide a valuable strategy for therapeutic
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applications by inhibiting c-Met expression and repres-
sing HCC cell invasion. Pertinent studies previously
indicated that the use of miRNA precursors could con-
tribute to the development of promising miRINA-based
therapeutic methods. For instance, Kota et al. showed
that systemic administration of miR-26a in rodents led
0 a remarkable slowdown of HCC progression with-
out toxicity.?* These observations suggest that the
delivery of tumor-suppressor—type miRNAs, such as
miR-148a and miR-122, which are highly expressed
and therefore well tolerated in normal adult tissues,
but lost in transformed cells, may provide a general
strategy for miRNA replacement therapies. miR-148a
also represents a valuable marker for the diagnosis and
prognosis of HCC because its expression is frequently
inhibited in liver cancer. Our observation that miR-
148a alteration is not limited to the tumor site, but
also affects the peritumoral nonneoplastic tissue, is
noteworthy. This down-regulation is probably the con-
sequence of the chronic inflammatory context inherent
to hepatitis virus infection and liver fibrosis, which
could represent an early event in CLDs, leading to
augmentation of DNMT1 activity and aberrant DNA
methylation. In this regard, Braconi et al. reported
that the inflammation-associated cytokine, interleukin-
6, regulates DNMT1 activity and methylation-depend-
eOt WWMOr-suppressor genes by meodulating m1R~14Sa/
152 family expression in malignant cholangiocytes.>
Furthermore, another study showed that miR-152 is
frequently down-regulated in HBV-related HCC,
inducing DNMT1 augmentation and aberrant DNA
methylation 3¢

To conclude, our study demonstrates the existence of
a dual role played by miR-148a in the liver. Importanty,
we highlight a novel miRINA-mediated regulation mech-
anism in which miR-148a positively regulates hepatic
differentiation by repressing DNMT1 expression. To
our knowledge, this report is the first to demonstrate an
effective promotion of the hepatospecific phenotype by
modulating the expression of a single specific miRNA in
a primary culture model using liver stem cells.
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CHAPTER 12

EXTRACELLULAR MicroRNAs
AS POTENTIAL BIOMARKERS
AND THERAPEUTIC TOOLS IN
CANCER

Muriel Thirion? and Takahiro Ochiya®*

ABSTRACT

Though circulating extracellular nucleic acids are not a recent
discovery, the studies made over the past several years, especially on
microRNAs (miRNAs), have demonstrated their importance in cancer.
These nucleic acids, essential in cellular homeostasis and intercellular
communication, have been detected in plasma, serum, urine, and
other body fluids from healthy subjects as well as in diseased patients.
These developments point to the role that miRNAs may play as novel
diagnostic and prognostic markers. It has also opened the path to
new therapeutic strategies such as immunotherapeutic nanovesicles
and RNA interference (RNAi) delivery systems. In this review, we
will summarize the present knowledges of the secretory mechanism,
biological function and use of miRNAs as potential biomarkers and
therapeutic tools in disease treatment.
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1. INTRODUCTION

Prior to the discovery of the double-helical structure of DNA by Watson
and Crick, Mandel and Métais reported the presence of extracellular nucleic
acids in the blood plasma (Mandel and Métais 1948). Due to lack of interest
and proper molecular biological techniques to study circulating nucleic
acids, this noteworthy work was unfortunately buried for almost 20 years
until Tan and colleagues demonstrated the presence of circulating DNA
in patients with systemic lupus erythematosus (Tan et al. 1966). The real
breakthrough took place in 1994 when two groups detected the presence of
mutated tumor-associated oncogenes in the plasma of patients with cancer
(Sorenson et al. 1994, Vasioukhin et al. 1994). Since then, many studies
demonstrated the presence of several extracellular nucleic acids (DNA,
mRNA, miRNA) at high concentration in the blood of diseased patients
(Shinozaki et al. 2007, Lawrie et al. 2008, Mitchell et al. 2008). These data were
remarkable because they opened the path to new alternative approaches
to the usual cancer screening tests that are invasive and inefficient in the
early stages’ detection. .

Among the extracellular nucleic acids, miRNAs are of particular
interest. Indeed, these small regulatory RNA molecules can modulate the
expression of numerous specific mRNA targets and therefore play key
roles in a variety of physiological and pathological processes (Bartel 2004).
The expression pattern of miRNAs seems to be tissue-specific and altered
expression has been reported in various cancers. In this review, we will thus
focus on the potential usefulness of extracellular miRNAs as biomarkers
and therapeutic tools in cancer.

2. ORIGIN OF EXTRACELLULAR miRNAs

In addition to being of small size, relatively abundant and tissue specific,
circulating miRNAs are also very stable. However, RNases are present in
large amounts in the blood. To assess the resistance mechanism of these
extracellular miRNAs, Mitchell and colleagues designed synthetic miRNA
with no homology to human sequences and added them to the plasma
(Mitchell et al. 2008). These miRNAs were rapidly degraded unlike the
endogenous plasma miRNAs, demonstrating that the latters should exit
in a form resistant to RNase activity. At the same time, the circulating
miRNAs were demonstrated to remain stable after being subjected to harsh
conditions such as boiling, low /high pH or freeze-thaw cycles, conditions
under which most RNA would be degraded (Chen et al. 2008). El-Hefnawy
and coworkers showed that extracellular RNA was destroyed in presence of
detergents, suggesting a protection by inclusion within lipid or lipoprotein
vesicles or by attachment to proteins (El-Hefnawy et al. 2004).



310 MicroRNAs in Cancer

2.1 Extracellular miBNAs Carried in Secreted Vesicles

Recent studies have revealed a novel genetic exchange between cells using
miRNAs incorporated in and carried by extracellular vesicles (EV). These EV
are called microvesicles, exosomes or others regarding to the size, density
and secretion mechanisms. Their composition, origin and properties willbe
discussed later in this chapter. Presently the focus is on the actual knowledge
about their origin (Fig. 1). The classical secretory pathway allows the cell
to release soluble proteins and requires carrier and secretory vesicles that
contain intraluminal components. By contrast, the secreted membranes
vesicles contain cytoplasmic components. They can form at the plasma
membrane by direct budding into the extracellular environment and produce
large size (100-1000 nm), irregular shape microvesicles or smaller size round
membrane particles. Alternatively, there is another type of particles called
exosome-like vesicles. These are thought to be released from multivesicular
bodies (MVB) but the mechanism is not clear yet. Finally, secreted vesicles
can form inside internal compartments that subsequently fusion with the
plasma membrane to release small size (30-100 nm) cup shape exosomes. A
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Figure 1. Biogenesis of various cellular secretory pathways. ER, endoplasmic reticulum;
MUVB, multivesicular bodies; Re, receptor.



Extracellular MicroRNASs as Potential Biomarkers and Therapeutic Tools in Cancer 311

recent paper from our laboratory demonstrated that miRNAs are released
through a ceramide-dependent secretory machinery and that the secretory
miRNAs are transferable and functional in the recipient cells (Kosaka et
al. 2010) (Fig. 2). In agreement with the finding by Kosaka and colleagues,
some other reports showed the inhibition of neutral sphingomyelinase-2
(nSMase2), the enzyme that regulates the ceramide-dependent pathway,
impairs the cellular export of miRNAs (Mittelbrunn et al. 2011, Kogure et
al. 2011). Nevertheless, these data do not exclude other mechanisms for the
secretion of miRNAs from the cells.

One of the first papers to report the existence of miRNA in small
particles was from Valadi and coworkers (Valadi et al. 2007). The authors
showed that vesicles released from human and murine mast cell lines
contained mRNA and miRNA. Later, Hunter and colleagues demonstrated
the presence of miRNAs in the blood’s EV. These identified miRNAs had
been previously shown to regulate the cell differentiation of blood cells,
metabolic pathways and immune function (Hunter et al. 2008). To date,
a large number of studies report extracellular particles as an important
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Figure 2. A model of secretory mechanism of mictoRNA involving exosomes. miRNA are
brought to the multivesicular bodies (MVB), packaged into the exosomes and released from the
cells, stimulated by the surge of cellular ceramide. nSMase2, neutral sphingomyelinase 2.
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source of miRNA in the circulation and suggest a regulated miRNA-sorted
mechanism. However, the exact mechanism of sorting and incorporation
of miRNA to the vesicles and their secretion still needs to gain better
understanding.

2.2 Extracellular miRNAs Associated with Protein
Complexes

While the role of secreted vesicle as miRNA carrier is becoming increasingly
recognized, some ‘reports showed that an important part of the circulating
miRNA is associated with RNA-binding proteins such as argonaute 2
protein (Ago2) and nucleophosmin 1 (NPM1).

Ago2 is the key effector protein of miRNA-mediated silencing. By
using size-exclusion chromatography and immunoprecipitation techniques,
Arroyo and coworkers demonstrated that circulating miRNA cofractionated
with Ago2 complexes rather than with vesicles (Arroyo et al. 2011).

NPM1 is anucleolar RNA-binding protein that is involved in ribosome
biogenesis and transport. Wang and colleagues found that NPM1 was
released outside the cell, independently from the vesicular fraction, and
that this extracellular NPM1 bound miRNA and protected it from RNAse
activity (Wang et al. 2010a). ;

Ttis still unclear whether these miRNA-protein complexes could target
specifically and be functional in intercellular communication or rather be
by-products of normal or dying cells. However, Wang and colleagues have
shown that intracellular levels of ATP affected the exportation of miRNA,
implying this process to be largely energy dependent (Wang et al. 2010a).
This points to a possible role of the miRNA-protein complexes in cell-cell
communication, as it has already been reported for miRNA-exosomes. This
aspect is critical in determining the usefulness of circulating miRNAs as
biomarkers and particularly in the context of therapeutic targets that will
be discussed in the point 4 below.

2.3 Extracellular miRNAs Associated with Lipoprotein
Complexes

Finally, extraceflular miRNA was also found in association with lipoproteins.
Vickers and coworkers demonstrated that high-density lipoprotein (HDL)
could load plasma miRNA and deliver it to cells, leading to altered gene
expression of these recipient cells (Vickers et al. 2011) (Fig. 3). To this end,
this group first separated the exosome, low-density lipoprotein (LDL) and



