
Abstract. Hematopoietic stem cells (HSCs) can differentiate
into many kinds of parenchymal cells populating several
organs. Nevertheless, the differentiation mechanism of HSCs
toward hepatocytes remains poorly understood. To identify
specific microRNAs (miRNAs) contributing to the mechanism,
we investigated the differential expression of miRNAs between
side population (SP) cells of bone marrow and hepatocytes in
adult mice. We used a miRNA microarray followed by stem-
loop-mediated reverse transcription real-time PCR to identify
12 SP-specific and 2 hepatocyte-specific miRNAs. Of these,
3 (miR-451, -150 and -223) were strongly expressed (>10-fold
relative enrichment) in SP cells. Two of these miRNAs
(miR-451 and -223) were strongly associated with the hematic
cell lineage but not with progenitor characteristics. Two-
thirds (6/9) of the miRNAs that were moderately expressed
in SP cells in comparison with hepatocytes were also up-
regulated in potential hepatic stem cells (HSCEs). The single
miRNA (miRNA-127) that was up-regulated in SP cells
compared with lineage-positive bone marrow cells might be an
SP marker, since it was markedly down-regulated in HSCEs.
These results suggest that SP cells and HSCE share a common
profile of miRNA expression and that miRNA-127 may
contribute to the maintenance of a quiescent state in SP cells.

Introduction

Regardless of the causative disease (such as viral hepatitis
or genetic/autoimmune disorders), end-stage chronic liver
disease is an irreversible condition that leads to imminent and
complete failure of liver function. In Japan, more than 30,000
people die every year as a result of liver-related disease (1).
Whole organ liver, split-liver, and related living donor liver

transplantation are clinically well-established procedures for
the treatment of end-stage liver failure. However, these options
are limited by donor organ shortage and the need for life-
long immunosuppressive treatment (2). The development of
cell transplant therapy using stem cells would be a major
advance in regenerative medicine, and would provide a less
invasive procedure for the treatment of chronic liver disease.

Several types of stem cells have been proposed as sources
for cell therapy. Embryonic stem cells are the most potent in
terms of their differentiation potential, but may be tumorigenic
when transplanted in vivo and their use is beset by ethical
issues (3). Stem cells are found in many adult tissues (4), of
which hematopoietic tissue is the most accessible. In the last
decades, many papers have documented that hematopoietic
stem cells (HSCs) can differentiate into many kinds of non-
hematopoietic cells, such as neuronal tissue, muscle fibers,
and hepatocytes (5-8). Such multipotent HSCs are expected
to be an ideal source for autologous cell transplant therapy
for chronic liver disease. Nevertheless, the mechanism by
which HSCs differentiate toward hepatocytes remains poorly
understood. Clarification of the mechanism will allow the
design of more effective methods to induce such differentiation.

Cell type-specific regulation of gene expression is very
important to maintain cellular and/or organ homeostasis.
Recently, a type of small non-coding RNA, microRNA
(miRNA), has been discovered to play an important role in
developmental processes (9,10). Mature miRNAs are 20-22-
nucleotide molecules that bind to the 3' untranslated region of
targeted messenger RNAs. If they bind with imperfect base
pairing, translational efficiency is significantly reduced (10).
If base pairing is perfect or near-perfect, the targeted mRNA
is degraded, providing another regulatory mechanism (11).
Specific miRNAs contribute to the differentiation of cell types
in many tissues. Examples include miR-142s, -181 and -223
for myeloid differentiation (12), miR-143 targeting Erk5 for
adipogenesis (13), and miR-1-1 and -1-2 targeting Hand2 for
cardiac and skeletal muscle formation (14). Thus, we hypo-
thesized that miRNAs may be involved in the differentiation
of HSCs toward hepatocytes.

Some investigators have demonstrated the transdifferenti-
ation of marrow-derived cells into hepatocytes in vitro and
in vivo, although it remains obscure which subpopulation of
these cells is responsible for regeneration (15,16). We selected
side population (SP) cells as HSCs in this study, as they are
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an easily accessible component of the stem cell compartment
because of their ease of detection and physical isolation by
fluorescence-activated cell sorting (FACS). In 1996, Goodell
et al (17) reported a new method of obtaining enriched
populations of HSCs from adult mouse bone marrow (BM) in
a single step. This procedure exploits the ability of HSCs to
exclude the fluorescent dye Hoechst 33342 because of the
activity of P-glycoprotein (encoded by the multidrug resistance
MDR gene) (17). Thus, on FACS analysis, HSCs show a
characteristic ‘side population’ after Hoechst 33342 staining
and they disappear when treated with verapamil, which inhibits
Hoechst 33342 efflux. SP cells were found to have a CD34-,
Sca-1+, and lineage marker-negative phenotype, which has
independently been established as an HSC marker in adult
mouse BM (18-20). Numerous studies have established that
the SP phenotype of HSCs in mice and humans is largely
determined by expression of a protein known as the Abcg2
transporter [ATP-binding cassette (ABC) subfamily G
member 2, also known as Brcp1] (21-24). In addition, some
studies have addressed the ability of cells exhibiting the SP
phenotype to regenerate hepatocytes, and consequently cells
with the SP phenotype are candidates for cell therapy of
chronic liver disease (25-27).

For the development of effective methods to induce HSCs
to differentiate into hepatocytes, transcriptome analysis is
important and has already been performed (28). However,
the miRNA profiles of these cell types have not yet been
compared. In this study, we found that several miRNAs
are differentially expressed between these cell types. After
validation of these miRNAs, we also quantitatively evaluated
their expression levels in potential hepatic stem cell (HSCE,
likely liver oval cell), because HSCs are thought to be the
origin of hepatic oval cells (15,16). Our data support this
relationship by showing that the miRNA expression profile
of oval cells is similar to that of SP cells.

Materials and methods

Preparation of BM cells. BM cells were obtained by flushing
out the femurs and tibias of 6-12 week-old C57BL/6J male
mice (CREA Japan, Inc., Tokyo, Japan). Monocyte and
erythrocyte fractions were separated by using HISTPAQUE
1083 (Sigma, St. Louis, MO, USA) and centrifuged at
1,200 rpm for 20 min at 4˚C. Monocytes were incubated with
5 μg/ml of Hoechst 33342 (Sigma) in Hank's buffered salt
solution (HBSS; Invitrogen Corp., Carlsbad, CA, USA)
containing 2% fetal bovine serum (FBS, Invitrogen) and 1%
penicillin/streptomycin (Sigma) for 1 h at 37˚C. To prepare
SP cells, we initially stained cells with Hoechst 33342. To
identify the side population, a portion of the Hoechst 33342-
stained cells was treated with 100 μl/ml verapamil (Sigma).
The cells were washed and resuspended in phosphate-buffered
saline (PBS) at 1x108 cells/ml and stained with biotin-labeled
lineage marker antibody cocktail [recognizing Cd11b (cat.
no. 553309), Gr-1 (cat. no. 553125), CD45R/B220 (cat. no.
553086), Cd4 (cat. no. 553649), Cd8a (cat. no. 553028) and
TER-119 (cat. no. 553672); all from BD Biosciences, San
Jose, CA, USA] on ice for 30 min. Then, the cells were
washed and resuspended in PBS, followed by staining with
streptavidin-phycoerythrin (PE)-Cy5 (BD Biosciences; cat.

no. 554062) and resuspension in PBS at 2x107 cells/ml. After
addition of 500 μM of PI (propidium iodide, Sigma), cells
were passed through a cell strainer (BD Biosciences) to exclude
duplet cells and kept on ice for analysis in a FACSAria
(BD Biosciences). Lineage-negative and viable SP cells were
harvested. At the same time, lineage-negative and viable
non-SP cells were also collected.

For the sorting of lineage-positive cells, we first stained
monocytes with biotin-labeled lineage marker antibody cocktail
(BD Biosciences; see above) and then we used streptavidin-
PE (phycoerythrin)-Cy7 (BD Biosciences; cat. no. 557598)
for the second staining. Before sorting, cells were stained
with 500 μM PI and then the PI-negative/PE-Cy-7 positive
fraction was collected as lineage-positive cells. Similarly,
immature erythrocyte cells, granulocytes, B- and T-cells
were collected after staining with biotin-labeled Ter-119, Gr-1,
CD45R/B220 and Cd4 antibodies, respectively. PE-Cy7 was
used as second antibody.

Preparation of hepatocytes and HSCEs. We purchased the
primary culture of hepatocytes from Primary Cell Co. Ltd.
(Hokkaido, Japan). C57BL/6J mice (8 weeks old) were used
for hepatocyte preparation as described by Bumgardner et al
(29). Cultured HSCEs were kindly provided by Dr M. Tanaka
(Institute of Molecular and Cellular Biosciences, University
of Tokyo, Tokyo, Japan). These cells were used to identify
miRNAs differentially expressed between SP cells and hepato-
cytes.

RNA isolation. We used a miRNeasy kit (Qiagen, Cologne,
Germany) and/or TRIzol reagent (Invitrogen) to isolate RNAs
from 7 sorted fractions [SP, non-SP, each fraction positive
for a lineage marker (Ter-119, Gr-1, Cd4 and CD45R/B220),
and a crude sample containing all lineage marker-positive
cells] and a fraction of anucleated erythrocytes from BM.
RNAs were extracted from HSCEs with TRIzol reagent
(Invitrogen).

miRNA microarray analysis. We examined global miRNA
expression by an miRNA microarray system using digoxygenin
(dig)-labeled locked nucleic acid (LNA)-oligonucleotides
(B-Bridge International, Inc., Tokyo, Japan). Briefly, 5 μg of
total RNA was exposed to the miRCURY version 8.0 array
panel (294 miRNAs; Exiqon, Vedbaek, Denmark). The signal
values of spike controls were averaged and used as a cut-off
value, and sample probes which were under the cut-off value
were excluded. Then SP/hepatocyte (SP-specific) and hepato-
cyte/SP (hepatocyte-specific) ratios were calculated (Table I).
A 3-fold increase was considered to characterize miRNAs
specific to SP cells or hepatocytes.

Real-time PCR. We used a stem-loop-mediated reverse
transcription real-time PCR method (TaqMan MicroRNA
Assay; Applied Biosystems, ABI, Foster City, CA, USA) in
accordance with the manufacturer's instructions. Expression
levels of miRNAs were analyzed with an ABI PRISM 7500
instrument. Experiments were performed more than three
times (2 samples included in each experiment), and mean
values and their standard deviations are presented (Table II).
Rnu6 was used as an internal control with the following
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primer/probe set: 5'-TGG AAC GAT ACA GAG AAG ATT
AGCA-3' (forward) and 5'-AAC GCT TCA CGA ATT TGC
GT-3' (reverse); probe, 5'-FAM-CCC CTG CGC AAG GA-
MGB-3'. The expression of each miRNA relative to Rnu6
was determined by the ddCt method. The threshold cycle (Ct)
was defined as the fractional cycle number at which the
fluorescence passed a fixed threshold. Average fold differences
were calculated by normalizing the relative expression (ddCt
values) according to ABI User Bulletin #2.

Conventional real-time quantitative RT-PCR was also
performed with the ABI system. For quantification of Abcg2
transporter mRNA, 5'-GGA GGC AAG TCT TCG TTG CT-3'
(forward) and 5'-AAA TGG GCA GGT TGA GGT G-3'
(reverse); probe, 5'-FAM-CTT AGC AGC AAG GAA AGAT
CCA AAG GGA-TAMRA-3' were used. Rodent GAPDH
primer/probe set (ABI) was used as an internal control.

Semi-quantitative RT-PCR. HSCE phenotype was validated
by semi-quantitative RT-PCR. Hepatocyte or HSCE total
RNAs (5 μg each) were reverse transcribed with High-
Capacity cDNA Archive Kit (ABI). The PCR reaction was
performed with AmpliTaq Gold PCR Master Mix (ABI) and
GeneAmp PCR System 9700 (ABI), and 500 ng of cDNA
was amplified by semi-quantitative PCR. mRNA expressions
of Alb (albumin), Afp (·-fetoprotein), Krt18 (cytokeratin-18,
liver cell skeletal gene), Krt19 (cytokeratin-18, biliary marker)
and Actb (ß-actin, loading control) were tested with primer
sets as follows: Alb, forward 5'-CTC AGG TGT CAA CCC
CAA-3', reverse 5'-TCC ACA CAA GGC AGT CTC-3'; Afp,
forward 5'-GTG AAA CAG ACT TCC TGG TCC T-3',
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Table I. Microarray data for SP- and hepatocyte-specific
miRNAs.
–––––––––––––––––––––––––––––––––––––––––––––––––
miRNA Average change (-fold)
–––––––––––––––––––––––––––––––––––––––––––––––––
SP-specific miRNAs

miR-92 8.55
miR-328 7.23
miR-212 6.26
miR-331 5.73
miR-20b 5.27
miR-191 4.39
miR-15b 4.23
miR-207 4.20
miR-223 4.18
miR-451 4.09
miR-30a-5p 3.76
miR-221 3.67
miR-30d 3.48
miR-325 3.47
miR-30e 3.24
miR-466 3.13
miR-127 3.08
miR-181a 3.08
miR-16 3.06
miR-199a 3.01
miR-183 3.01
miR-150 3.01

Hepatocyte-specific miRNAs
miR-122a 50.0
miR-542-5p 33.3
miR-140 9.09
miR-374-5p 7.69
miR-146 7.14
miR-292-5p 5.00
miR-301 3.57
miR-351 3.13

–––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Results of real-time PCR for SP- and hepatocyte-
specific miRNAs.
–––––––––––––––––––––––––––––––––––––––––––––––––
miRNA Average change SD

(-fold)
–––––––––––––––––––––––––––––––––––––––––––––––––
SP-specific miRNAs

miR-92 5.10 1.81
miR-328 0.59 0.18
miR-212 180.43 355.95
miR-331 0.58 0.68
miR-20b 6.49 4.21
miR-191 2.49 3.24
miR-15b 3.39 2.57
miR-207 17.83 8.67
miR-223 56.56 26.87
miR-451 481.64 92.50
miR-30a-5p 0.51 0.23
miR-221 2.38 1.11
miR-30d 0.41 0.30
miR-325 9.31 3.94
miR-30e 0.08 0.10
miR-466 4.86 1.26
miR-127 6.00 4.69
miR-181a 12.88 2.30
miR-16 0.33 0.29
miR-199a ND
miR-183 ND
miR-150 154.24 72.24

Hepatocyte-specific miRNAs
miR-122 113.10 173.56
miR-542-5p 0.21 0.17
miR-140 1.82 1.23
miR-374-5p 0.34 0.24
miR-146 7.91 4.56
miR-292-5p ND
miR-301 0.52 0.22
miR-351 1.20 1.80

–––––––––––––––––––––––––––––––––––––––––––––––––
SD, standard deviation; ND, not done.
–––––––––––––––––––––––––––––––––––––––––––––––––
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reverse 5'-GCC CTA CAG ACC ATG AAA CAA G-3'; Krt18,
forward 5'-TGG TAC TCT CCT CAA TCT GCTG-3', reverse
5'-CTC TGG ATT GAC TGT GGA AGT G-3'; Krt19,
forward 5'-CAT GGT TCT TCT TCA GGT AGG C-3',
reverse 5'-CCA AGA CTT ACG TAG ACG TCG-3'; Actb,
forward 5'-CCA AGG CCA ACC GCG AGA AGA TGA C-3',
reverse 5'-AGG GTA CAT GGT GGT GCC GCC AGA C-3'.
The following reaction conditions were used: denaturation at
94˚C for 30 sec, annealing at 60˚C for 1 min, extension at
72˚C for 1 min and final extension at 72˚C for 5 min. PCR
cycles were 35 for Alb and Krt18, 30 for Krt19 and Afp,
and 25 for Actb. The amplified products were subjected to
electrophoresis in 1% agarose gels and stained with ethidium
bromide.

Results

Detection by miRNA microarray of miRNAs differentially
expressed between BM SP cells and hepatocytes. To identify
miRNAs differentially expressed between SP cells and hepato-
cytes, we sorted SP cells from BM (Fig. 1A). To confirm the
SP phenotype, cells were incubated with Hoechst 33342 and
verapamil (Fig. 1B). Verapamil is a transporter inhibitor that
is able to block Hoechst dye exclusion from SP cells. Abcg2
mRNA expression of the SP cell fraction was increased more
than 3-fold in comparison with that of the non-SP fraction
(Fig. 1C). In miRNA microarray analysis, 22 SP-specific and
8 hepatocyte-specific miRNAs exhibited more than a 3-fold
increase (semi-quantitative analysis for miRNA expression;
SP vs hepatocyte, Table I).

Next, we validated these miRNAs by stem-loop-mediated
reverse transcription real-time PCR (Fig. 2). Six of the 22 SP-
specific miRNAs (miR-212, -331, -191, -30e, -199 and -183)
and 2 of the 8 hepatocyte-specific miRNAs (miR-351 and
-292-5p) exhibited a wide range of measurements (standard
deviations exceeded their mean value) or were not detected
by this method (Table II). Such discrepancies may depend on
the design of primer/probe sets or other unexpected factors.
Therefore, we excluded these miRNAs from further exami-
nation. miR-122 has been reported to be a hepatocyte-specific
miRNA (30,31). In our real-time PCR analysis, values for
miR-122 also exhibited a large standard deviation exceeding
the mean value. However, this arose from the fact that BM
SP cells expressed extremely low amounts of miR-122 that
were difficult to measure reproducibly (Fig. 2C). Exceptionally,
therefore, we included miR-122 as a hepatocyte-specific
miRNA. Data for the validated miRNAs (12 SP-specific
and 2 hepatocyte-specific miRNAs) from real-time PCR
analysis are summarized in Table III. The degree of expression
was categorized as follows: >10-fold enrichment, strongly
expressed; >2-fold enrichment, moderately expressed.

Cell type-specific miRNA expression may play important
roles in cellular maturation toward terminal differentiation
and in the maintenance of cellular characteristics such as
progenitor potential. miRNAs that are differentially expressed
between BM SP cells and hepatocytes are potentially factors
in the regulation of transdifferentiation from HSCs to hepato-
cytes, and such factors would be key molecules in the develop-
ment of autologous cell transplant therapy in chronic liver
disease. We further investigated the expression of the identified

candidate miRNAs in cells of hematopoietic lineages and in
cultured HSCEs, which may be liver progenitor cells.

Strongly expressed SP-specific miRNAs in BM cells. Three
miRNAs (miR-451, -150 and -223) that were strongly

NAGATA et al:  miRNA IN SP CELLS AND HEPATOCYTES38

Figure 1. Sorting of SP cells by FACSAria. (A), Prepared cells were expanded
to Hoechst-blue and Hoechst-red, and the SP population (0.05% of BM cells)
was gated and collected. (B), The SP population disappeared after verapamil
treatment. (C), The SP phenotype was validated by the expression level of
Abcg2 transporter mRNA. Results indicate the -fold change of Abcg2 trans-
porter mRNA expression in comparison with that of lineage-positive cells (see
Materials and methods).
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expressed in SP cells have already been reported to be
maturation factors in their respective hematic cell lineages
(32-34). Dynamic changes in the expression of these miRNAs
contribute to the regulation of key molecules (such as trans-
cription factors) during the maturation process of each lineage
(32-34). To confirm these reports, we compared the expression
levels of these miRNAs between SP cells and other types of
hematic cells fractionated from BM (Fig. 3).

First, we examined miR-451 expression in SP, non-SP
and Ter-119-positive (containing mature erythrocytes and

pre-erythrocytes) cells and in red blood cells (containing
anucleated mature erythrocytes) in comparison with lineage-
positive cells (see Materials and methods), because miR-451
has been reported to be an erythrocyte-specific miRNA (32).
In SP cells, miR-451 showed 3.80-fold expression compared
with lineage-positive cells. Non-SP cells, Ter-119-positive
cells and erythrocytes showed 0.20-, 4.76- and 141.60-fold
increases in expression, respectively, compared with line-
age-positive cells (Fig. 3A). Next, we examined miR-150
expression in SP cells, non-SP cells, CD45R/B220-positive
cells and CdD4-positive cells compared with lineage-positive
cells, because miR-150 has been reported to be a B- and T-cell-
specific miRNA (33). CD45R/B220 and Cd4 are surface
markers for the B- and T-cell lineages, respectively. Non-SP
cells, CD45R/B220-positive cells and Cd4-positive cells
showed more than 2-fold expression compared with SP, but
the difference was not significant (Fig. 3C). miR-223 has
been reported to be a granulocyte-specific miRNA (34), and
therefore we examined miR-223 expression in SP cells, non-
SP cells and Gr-1 positive cells, containing the granulocytic
population, compared with lineage-positive cells (Fig. 3C).
The dynamic changes in miR-223 expression resembled those
of miR-451 expression. This valley-like change of miRNA
expression could be explained by the ‘promiscuous beginning’
model (35) (see Discussion). In this model, stem cells express
certain lineage-specific genes required for subsequent unique
lineage determination, making provision for future differen-
tiation. Once cell fate is committed, lineage-specific genes
are increased and others are decreased. However, we did not
observe a valley-like pattern of miR-150 expression (Fig. 3B).

Candidate miRNA markers for HSCs as progenitor cells.
To identify miRNAs that might be markers for HSCs, we
examined expression of the miRNAs listed in Table III between
SP and lineage-positive cells of BM. As mentioned above,
there was not a marked increase (>4-fold) in 3 strongly
expressed miRNAs (miR-451, -150 and -223) in comparison
with lineage-positive cells (Fig. 3) and HSCEs (data not
shown). Thus, these 3 miRNAs might be lineage determination

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  24:  35-43,  2009 39

Figure 2. SP- and hepatocyte-specific miRNA expression detected by micro-
array (A) and real-time PCR (B and C). The miRNAs listed in Table II were
analyzed by real-time PCR at least three times, and are arranged by extent of
-fold change. Each SP- or hepatocyte-specific miRNA value was calculated by
normalizing the relative expression (dCt values) using the value for the other
cell type. Average and standard deviation are shown (B). Amplification plots
of miR-122 in SP cells and hepatocytes (C). Hepatocytes strongly express
miR-122 but SP cells do not. Total RNA (1 ng) was amplified.

Table III. Cell type-specific miRNAs.
–––––––––––––––––––––––––––––––––––––––––––––––––

SP-specific Hepatocyte-specific
–––––––––––––––––––––––––––––––––––––––––––––––––
Strongly expressed miR-451 miR-122

miR-150
miR-223

Moderately expressed miR-207 miR-146
miR-181a
miR-325
miR-20b
miR-127
miR-92
miR-466
miR-15b
miR-221

–––––––––––––––––––––––––––––––––––––––––––––––––
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markers, but not markers of HSCs as progenitor cells.
Conversely, 3 of the 9 moderately expressed miRNAs showed
a >4-fold increase in SP cells (miR-207, -325 and -127)
(Fig. 4A). Of these, miR-127 was strongly increased (>8-fold)
in SP cells in comparison with lineage-positive cells of BM
(Fig. 4A). These up-regulated miRNAs might be required for
the maintenance of progenitor potential in HSCs. We further
evaluated the expression of these miRNAs in cultured HSCEs,
which may be liver progenitor cells.

Hepatocyte-specific miRNAs. The results of semi-quantitative
RT-PCR analysis for mRNAs unique to HSCEs (Alb+, Afp+,

Ck-18+ and Ck-19+) were compatible with previous reports
(36,37) (Fig. 4B). We then examined relative miRNA
expression in BM SP cells and cultured HSCEs. Marked down-
regulation of miR-122 was observed in cultured HSCEs in
comparison with hepatocytes (Fig. 4C), while that of miR-146
was not changed. Interestingly, 3 (miR-207, -325 and -127)
of the 9 miRNAs that were moderately expressed in SP cells in
comparison with lineage-positive cells of BM were markedly
down-regulated in HSCEs. In particular, miR-127 exhibited
marked down-regulation in comparison with SP cells (Fig. 4D).
We discuss differences in miRNA expression profiles between
BM SP cells and HSCEs, and the significance of miR-127
down-regulation in HSCEs, below.

Discussion 

In the present study, we identified 14 miRNAs that are
differentially expressed between SP cells of BM and hepato-
cytes. Three (miR-451, -150 and -223) of these 14 miRNAs
are lineage determination markers for hematopoietic cells,
as previously described (32-34). When we compared the
expression of these miRNAs in SP cells, non-SP cells and
differentiated erythrocytes or granulocytes with that in lineage-
positive cells, we found that expression was reduced only in
non-SP cells. That is, these miRNAs were expressed in stem
cells (SP), down-regulated in lineage-negative cells (non-
SP), then expressed again in terminal differentiated cells
(erythrocytes or granulocytes). This phenomenon, which has
already been described in Results, could be explained by the
‘promiscuous beginning’ model of Enver and Greaves (28,29).
In this model, stem cells express some of the lineage-specific
genes required for subsequent unique lineage determination,
making provision for future differentiation (Fig. 5). Once cell
fate is committed, expression of lineage-specific genes is
increased and that of other genes is decreased (Fig. 5). The
‘promiscuous beginning’ model was suggested for mRNA
expression, and it will be interesting to study whether this
model is also applicable to miRNA expression.

It has already been described that miR-122 contributes to
down-regulation of a cationic amino acid transporter (38) and
to up-regulation of replication of hepatitis C virus in the liver
(30). This hepatocyte-specific miRNA has been intensively
studied because of its potential importance in antiviral therapy.
However, the functional significance of miR-146 in the liver
has remained uncertain.

The interesting miRNAs underlying transdifferentiation
from HSCs to hepatocytes appear to fall into the class of
moderately expressed SP-specific miRNAs rather than strongly
expressed ones. Six out of 9 moderately expressed SP-specific
miRNAs exhibited up-regulation not only in BM SP cells but
also in HSCEs in comparison with mature hepatocytes. HSCEs
are believed to have the ability to expand clonally and possess
a bipotential capacity, which allows them to differentiate into
both hepatocytes and bile duct epithelial cells (39). This cell
type plays an important role in liver regeneration under certain
physiologic conditions (39), but its origin has been contro-
versial. Initially, HSCEs were believed to originate in the
liver within the canals of Hering (39). Later, Petersen et al
(8) reported that BM cells were a potential source of HSCEs,
whereas several reports suggested that BM progenitors are
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Figure 3. Expression levels of strongly expressed SP-specific miRNAs in
hematic cells. (A), miR-451 expression in SP cells, non-SP cells, Ter-119
positive cells and erythrocytes compared with that in lineage-positive cells. (B),
miR-150 expression in SP cells, non-SP cells, B220 positive cells (B-cells) and
CD4 positive cells (T-cells) compared with that in lineage-positive cells. (C),
miR-223 expression in SP cells, non-SP cells and Gr-1 positive (granulocyte)
cells. Values were calculated by normalizing to the relative expression (dCt
values) of lineage-positive cells. Average and standard deviation are shown.
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Figure 4. SP- and hepatocyte-specific miRNA expression in SP and HSCEs. (A), Expression level of 9 moderately expressed SP-specific miRNAs in SP cells
compared with lineage-positive BM cells. A >4-fold increase was observed in 3 miRNAs (miR-207, -325 and -127). (B), Validation of HSCE phenotype by
semi-quantitative real-time PCR. Alb, albumin; Afp, ·-fetoprotein; Krt18, cytokeratin-18 (liver cell skeletal gene); Krt19, cytokeratin-19 (biliary marker);
Actb, ß-actin (loading control). (C), miR-122 and -146 expression levels in HSCEs compared with those in hepatocytes. (D), Expression levels of 9 moderately
expressed SP-specific miRNAs in SP cells and HSCEs compared with those in hepatocytes.

Figure 5. The ‘promiscuous beginning’ model in erythrocyte differentiation. In this model, some SP cells express miR-451 (shown as light pink ball). Once
cell fate is committed, lineage-specific genes are increased and others are decreased, so some non-SP cells shut off miR-451 expression (shown as gray ball).
During differentiation into erythrocytes, miR-451 expression increases in parallel with erythrocyte maturation (shown as dark pink and red).
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not the source of expanding HSCEs in injured liver because cell
fusion (hepatocyte-monocyte) has frequently been observed
there (40). However, Oh et al (41) have recently demonstrated
that HSCEs might originate from BM and can differentiate into
hepatocytes. They used an elegant model in which proliferation
of endogenous hepatocytes or resident HSCEs was inhibited
by the administration of mitotic inhibitor. Other reports have
supported the idea that HSCEs are derived from progenitor
cells of the BM (42,43).

The idea that HSCEs originate from BM HSCs is supported
by the observation that HSCEs exhibit a similar pattern of
miRNA expression to that of BM SP cells [two-thirds (6/9) of
the miRNAs that are up-regulated in SP cells in comparison
with lineage-positive BM cells]. In addition, in silico analysis
suggested that one of the 3 such miRNAs (miR-207, -325
and -127) that showed a different expression pattern in HSCEs
compared with SP cells might contribute to acquisition of
proliferative activity in HSCEs. miR-127 is known to target
the proto-oncogene BCL6 (44). BCL6 can inhibit the anti-
proliferative function of the p19 ARF-p53 signaling pathway
and immortalize the cells, similar to the cancer cell phenotype
(45). SP cells are known to be in quiescent phase (46), and
Hatfield et al (47) indicated that miRNAs are important for
enabling stem cells to overcome the G1/S checkpoint of the
cell cycle. Thus, miR-127 possibly maintains the quiescent
state by blocking translation of BCL6 in progenitor cells. The
receipt of differentiation signals by HSCEs may cause a
decrease in miR-127 levels, releasing them from a quiescent
state to actively proliferate and differentiate. Moreover, a
database search (miRBase; http://microrna.sanger.ac.uk/)
also suggested the possibility that miR-207 might targeting
Ctf18-replication factor C, which regulates the cell cycle (48).
Nevertheless, miR-127 and -207 have many other candidate
targets besides BCL6 and Ctf18, and they may modulate
another pathway and/or another target in both SP cells and
HSCEs. Further studies are required to reveal the precise
function of these miRNAs in these cell types during liver
regeneration.
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