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Abstract
During early stage of embryonic development, the liver bud, arising from the foregut endoderm, is
the beginning for the formation of future liver three-dimensional structure. While the gene expression
profiles associated with this developmental stage have been well explored, the detailed cellular events
are not as clear. Epithelial-mesenchymal transition (EMT) was thought to be essential for cell
migration in the early vertebrate embryo but seldom demonstrated in human liver development. In
this study, we tried to identify the cell populations with both stem cell and EMT features in the human
liver bud. Our in situ studies show that the phenotype of EMT occurs at initiation of human liver
development, accompanied by up-regulation of EMT associated genes. A human liver bud derived
stem cell line (hLBSC) was established, which expressed not only genes specific to both
mesenchymal cells and hepatic cells, but also Octamer-binding protein 4 (OCT4) and Nanog. Placed
in appropriate media, hLBSC differentiated into hepatocytes, adipocytes, osteoblast-like cells and
neuron-like cells in vitro. When transplanted into severe combined immunodeficiency mice pre-
treated by carbon tetrachloride, hLBSC engrafted into the liver parenchyma and proliferated. These
data suggest that there are cell populations with stem cell and EMT-like properties in the human liver
bud, which may play an important role in the beginning of the spatial structure construction of the
liver.
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1. Introduction
During early stage of embryonic development, the liver bud arises from the foregut endoderm
by 8.5 days after coitus (dpc) in mice and by 3.5 gestational weeks (gw) in humans (Rossi JM
et al., 2001; Zaret KS, 2001; Lemaigre FP, 2009). These endodermal cells eventually give rise
to hepatoblasts, following specific signals from both the cardiac mesoderm and the cells of
septum transversum mesenchyme, and accompanied by activation of specific transcription
factors (Rossi JM et al., 2001; Zaret KS, 2001; Lemaigre FP, 2009). By coordination of
proliferation, migration, intercellular adhesion and differentiation of these hepatoblasts, the
liver expands to form the complicated three-dimensional structure. Although the molecular
signals underlying liver genesis have been well described, the precise cellular morphogenic
events have been seldom described during this stage.

Epithelial-mesenchymal transition (EMT) is thought to be essential for germ layer formation
and cell migration in the early vertebrate embryo (Viebahn C, 1995; Davies JA,1996; Thiery
JP et al., 2009) and has been demonstrated in vitro in both hepatocytes and progenitor cells in
rodent and human neonatal (Pagan R et al., 1995, 1999) and fetal livers (Suzuki A et al.,
2001; Chagraoui J et al., 2003; Dan YY et al.,2006; Inada M et al., 2008; Valdes F et al.,
2002; Choi SS and Diehl AM, 2009). Since EMT could be induced in cultured cells, cell lines
with EMT features may not truly represent the real cell status in vivo. Therefore Chagraoui J
et al. (2003) tried to find cells expressing both cytokeratin (CK) 8 and alpha smooth muscle
actin (αSMA) in biopsies from murine fetal liver. They observed EMT stromal cells in the
murine fetal liver from 11.5dpc to 18.5dpc, with a time course parallel to that of hematopoiesis.
Aside from this, there have been no other in vivo reports describing the involvement of EMT
in liver development, especially in humans.

Do EMT involve in early human liver development? Lemaigre FP (2009) proposed that
immediately after hepatic initiation, specific endoderm epithelium cells migrate through the
basement membrane and invade the septum transversum to form the liver bud in a process
putatively involving EMT. On this basis, the existence of stem cells with EMT features in early
developmental stage of human fetal liver was postulated, but the cell populations involved in
the EMT have never been definitively identified.

In this study, immunofluorescence was performed on paraffin imbedded human fetal livers
between 5gw to 28gw to reveal co-expression of αSMA and CK8 only before 8gw, which
suggest that EMT only occurs at initiation of liver development. Microarray analysis showed
EMT-related genes were up-regulated in human liver bud around 5gw. To verify the presence
of EMT-competent cells at 5gw, cells with EMT-like features were isolated from aborted
human fetus of around 5gw. A distinct cell population with features of EMT and stem cell was
established by culture medium optimization and clonal growth, which we named the human
liver bud derived stem cells (hLBSC). In this report, we show the time course of EMT during
early human liver development, and we report the isolation, long-term ex vivo culturing, and
characterization of cell lines from human early liver bud with EMT-like properties and their
competency in the repopulation of injured adult livers.

2. Materials and Methods
2.1. Human fetal livers

Human fetal livers were obtained from voluntary abortions performed in compliance with the
Chinese legislation and in accordance with a protocol approved by the Institutional Ethics
Review Board. The fetal age was established by standard clinical parameters and confirmed
on anatomic criteria.
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2.2. Isolation, culture, and clone of hLBSC line
Human fetal liver was peeled off thoroughly under an anatomical microscope and then washed
by phosphate-buffered saline (PBS), pH 7.4. Single-cell suspensions were obtained by
treatment with 0.25% Trypsin/EDTA (Gibcol BRL) for 5 minutes at 37°C and vigorous
pipetting, then they were suspended in the optimized medium consisting of 50% IMDM (Gibcol
BRL), 50% Ham F12 (Gibcol BRL), 2.5% FBS (Hyclone), 5 µg/ml insulin (Sigma St. Louis,
MO), 20 ng/ml EGF (Sigma, St Louis, MO) and 1 mM GlutamaxTM (Gibcol BRL). The cells
were plated at a 2×104 cells/cm2 in 12-well or 6-well plates (Gibcol BRL) pre-coated by 0.2%
gelatin (Sigma St. Louis, MO). Once triangle-shaped cell colonies formed in 2 weeks in primary
culture, the peri-clone cells were selectively detached from culture by scraping with cell scraper
(Sarstedt, Newton, NC), and the colonies were treated by 0.05% Trypsin/EDTA (Gibcol BRL)
and plated onto 6-well plates (Gibcol BRL) pre-coated by 0.2% gelatin.

2.3. RT-PCR analysis
RT-PCR was conducted as described (Li WL et al., 2006). Forward and reverse primers used
for specific amplification can be found in Supplementary references, as listed in Supplementary
Table 1.

2.4. Transduction of hLBSC
Transduction of hLBSC with the retroviral vector pLNCG-C1 was conducted as described
previously (Tao XR et al., 2009) in order to establish the hLBSC-pLNCG-C1 cell line with
stable EGFP expression for transplantation.

2.5. Immunofluorescence
hLBSC seeded onto chamber slides were permeabilized and fixed with methanol. Human fetus
or fetal livers were fixed with 4% phosphate-buffered paraformaldehyde overnight at 4°C and
embedded in OCT compound. Cells or tissues were incubated with the first antibody for 16
hours at 4°C, and then stained with the Dako Envision detection system (Dako, Calif). The
first antibodies used included polyclonal rabbit anti-human ALB antibody (1:500, Dako),
polyclonal rabbit anti-human α-1-anti-trypsin (α-1-AT) antibody (1:400, Dako), monoclonal
mouse anti–human CK8, polyclonal rabbit anti-human αSMA antibody. Fluorescence was
detected by Alexa Fluo 555 (1:200, Molecular probes/Invitrogen) or FITC-conjugated
secondary antibodies (1:200, Molecular probes/Invitrogen). 40, 60-diamidino-2-phenylindole
(DAPI) (Molecular Probes) was used to stain nuclei. The same reactions without primary
antibody incubation were used as negative controls.

2.6. Microarray analysis
According to 4×44K Whole Genome Oligo Microarrays (one-color) Technical Manual
(Agilent), total RNA was harvested from human liver bud around 5gw and adult human liver
tissue, using TRIzol (Invitrogen) and the RNeasy kit (Qiagen) according to manufacturer’s
instructions, including a DNase digestion step. After having passed RNA measurement on the
Nanodrop ND-1000 and denaturing gel electrophoresis, the samples were amplified and
labeled using the Agilent Quick Amp labeling kit and hybridized with Agilent whole genome
oligo microarray in Agilent’s SureHyb Hybridization Chambers. After hybridization and
washing, the processed slides were scanned with the Agilent DNA microarray scanner (part
number G2505B) using settings recommended by Agilent Technologies. The resulting text
files extracted from Agilent Feature Extraction Software (version 10.5.1.1) were imported into
the Agilent GeneSpring GX software (version10.0) for further analysis.
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2.7. Flow cytometry
For analysis of membrane antigens, hLBSC cell suspension was prepared by Trypsin/EDTA,
and then 105~106 cells were stained sequentially with PerCP-conjugated anti-CD45 mAb,
FITC-conjugated anti-CD34 mAb, FITC-conjugated anti-CD44 mAb, phycoerythrin-
conjugated anti-CD29 mAb and relevant homotype control antibodies (all from PharMingen).
Cells were also stained with 4 µg/ml propidium iodide in PBS before being passed through a
FACS Calibur (Becton Dickinson, Mountain View, CA) flow cytometer. Gating was
implemented based.

2.8. In vitro differentiation
To induce hepatocytic differentiation, the hLBSC cells were plated at a density of 2×104 cells/
cm2 in medium A comprising 90% DMEM (Gibcol BRL), 10% FBS (Hyclone), 100 IU/ml
penicillin G and 100 µg/ml streptomycin (Gibcol BRL). When the cells achieved about 60%
confluence, 45 mg/ml SB was added. Ten days after SB supplement, expression of ALB,
gamma glutamyl transpeptidase (GGT), dipeptidyl peptidase IV (DPPIV), CK19, tryptophan
oxygenase (TO) and hepatocyte nuclear factor 4α (HNF4α) was detected by RT-PCR. Human
albumin (Dako, Denmark) and human tyrosine aminotransferase (TAT) (Dako, Denmark) were
analyzed by immunofluorescence. The PAS assay was used to visualize glycogen. For
adipogenic differentiation, hLBSC were plated at a density of 5×104 cells/cm2 in the medium
A as described previously. When the cells achieved about 100% confluence, 10% FBS
(Hyclone) was substituted by 10% horse serum (Gibcol BRL). Two weeks later, Oil-red
staining was performed and expression of PPAR-γ2 was detected by RT-PCR. To induce
osteogenesis, hLBSC were plated at a density of 3×104 cells/cm2 in osteogenic medium
containing DMEM-HG supplemented with 0.2 mM Vitamin C, 10−7 M Dexamethasone, and
10 mM β-glycerophosphate (all from Sigma). Fourteen days later the cells were subjected to
alkaline phosphatase staining. And expression of collagen I was analyzed by RT-PCR. For
neural differentiation, hLBSC were plated at a density of 3×104 cells/cm2 in the induction
medium with 80% DMEM (Gibcol BRL), 20% FBS (Hyclone), 100 IU/ml penicillin G and
100µg/ml streptomycin (Gibcol BRL). When the cells achieved about 70% confluency, 20%
FBS was removed and 1 mM BME was added. Four days after BME supplement, expression
of nestin was detected by RT-PCR.

2.9. In vivo transplantation
pLNCG-C1 transfected hLBSC (2.4×106) were suspended in PBS and then injected
intrasplenically into SCID mice with acute liver damage in the Balb/c background (n = 7).
Acute liver damage in SCID mice was induced by intraperitoneal injection of 5 ml/kg WT
CCL4 dissolved in olive oil (1: 5 v/v) one day before transplantation. The mice were sacrificed
3 weeks after implantation. Liver cryostat sections in 10 µm thickness were observed under a
fluorescence microscope to detect the transplanted cells. Quantification of EGFP-positive cells
in liver was performed in cryostat sections (10 random ×100 visual fields were selected to get
mean value for every mouse). The same Liver cryostat sections were stained by Hematoxylin
and eosin (H&E) to show the locus of transplanted cells. Expression of human α-1-AT was
determined by immunofluorescence on 4µm liver sections fixed in 4% phosphate-buffered
paraformaldehyde overnight at 4°C and embedded in OCT compound.

3. Results
3.1. Presence of cells in EMT in early gestational stage of human fetal liver

To assess the occurrence of EMT during human fetal liver development, multi-immunostaining
with R555-conjugated anti-CK8 and FITC-conjugated anti-αSMA was performed on paraffin
imbedded human fetal livers between 5gw to 28gw. As shown in Fig. 1, co-expression of CK8
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and αSMA was observed in most non-hematopoietic cells of human fetal liver at early
gestational stages (5gw and 5.5gw), in only a few cells at 8gw, but in none of the cells at later
gestational stages (12gw, 17gw, 24gw and 28gw). By 12gw, expression of CK8 and αSMA
was segregated. CK8 was positive in hepatocytes constituting the lobules at 12gw and only in
bile ducts at later development times. In contrast, the αSMA-positive signal, probably
originating from smooth muscle cells, was observed in most nonparenchymal cells at 8gw and
in the wall of interlobular veins and arteries after 12gw. The results, based on co-expression
of CK8 and αSMA, strongly indicate that EMT only occurs at early stages of human liver
development.

To understand the molecular events in early human liver development, microarray analysis
was performed to compare mRNA expression between human liver bud around 5gw and adult
human liver tissue. As shown in Supplementary Table 2, those genes related with EMT and
up-regulated more than 2-fold in the liver bud, relative to adult liver, were mapped to pathways
extracted from KEGG (Mlecnik B, 2005) and BIOCARTA
(http://www.biocarta.com/genes/allPathways.asp), which may interact with Twist and Snail
transcription factors that play important roles in the process of EMT (Kalluri R and Weinberg
RA, 2009; Zeisberg M and Neilson EG, 2009; Kalluri R, 2009; Acloque H et al., 2009) and
early liver development (Rossi JM et al., 2001; Zaret KS, 2001; Lemaigre FP, 2009).

3.2. Establishment of hLBSC lines from the human Liver bud
To isolate EMT cells from early human fetal liver, we used fresh liver tissues from aborted
human fetus at around 5gw. The initial cell population in primary culture was a mixture of
large fibroblast-like and epithelial-like cells, and suspended hematopoietic cells. By the 3rd

day in culture, 60% of the cells were double positive for αSMA and CK8 (Fig. 2A–C), among
which we can see a few very small cells in triangle shape. Within two weeks in culture, only
the small triangle-shaped cells survived, and these cells proliferated rapidly and grew confluent
in 3~4 days thereafter (Fig. 2D, E). The confluent cell colonies were picked and purified by
limited serial dilution and further passaged in culture for up to 25 continuous passages. After
repeated subpassaging, the cell line which we eventually named hLBSC had small fibroblastic
shaped morphology, a high cytoplasm to nucleus ratio, and few organelles in the cytoplasm
(Fig. 2F, G). Eleven hLBSC colonies were derived respectively from eleven fetal livers
(Supplementary Table 3), all of which exhibited homogenous morphology and vigorous growth
characteristics. hLBSC clones derived from the liver FL031204-2 was used for further analysis.
The growth curve of hLBSC at the fifth passage is shown in Supplementary Fig. 1, with a
population doubling time of 28.1 hours according to the formula TD = T×log2/log (N/N0).
These cells had normal karyotype. After transplanted subcutaneously into SCID mice (n=4),
hLBSC at passage 16 did not develop any visible neoplasma within 14 weeks of observation.

3.3. hLBSC show both epithelial and mesenchymal features
To characterize the phenotype of hLBSC, we used RT-PCR, immunocytochemistry, double
immunofluorescence, and fluorescence-activated cell sorting (FACS) to detect the gene
expression profile of hLBSC. First, no expression of hematopoietic markers CD34 and CD45
was detected by FACS (Fig. 3A). RT-PCR of cells in 4th, 9th, 12th passages showed that they
expressed hepatocytic markers ALB, DPPIV, biliary markers CK19, GGT, miscellaneous
markers CK8, CK18, hepatocyte growth factor receptor (c-Met), and oval cell related marker
stem cell factor receptor (c-Kit), but no E-cadherin, TAT or HNF4α (Fig. 3B). Over 99% of
the cells expressed the mesenchymal markers, CD44 and CD29 (Fig. 3A). Vimentin, Twist1,
Snai2, Stromal cell-derived factor-1 (SDF-1) was also expressed by the hLBSCs (Fig. 3B).
The patterns of gene expression strongly implicate the co-expression of mesenchymal and
epithelial markers within the same cells, which was confirmed by double immunofluorescence.
hLBSCs stained positively for αSMA and for CK8, mesenchymal and epithelial markers,
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respectively. αSMA was localized in microfilaments forming stress fibers, while CK-8 formed
perinuclear intermediate filaments (Fig. 3D). Moreover, after hepatic induction, there was an
increase in expression of CK-8 and a decrease in expression of αSMA, as the Supplementary
Fig. 2 showed. This phenotype is reminiscent of an EMT as described by others (Pagan R et
al., 1995;Chagraoui J et al., 2003;Kiassov AP et al., 1995). Simultaneously, RT-PCR detected
expression of stem cell transcription factors octamer-binding protein 4 (Oct-4) and Nanog in
4th, 9th, and 12th passage of the hLBSC cells (Fig. 3C), further suggesting that hLBSC might
be a primitive stem cell population in human liver bud.

3.4. hLBSC have hepatocytic, adipogenic, osteogenic and neural differentiation potential
To investigate the multi-lineage differentiation potential of hLBSC, we performed several in
vitro induction protocols on the cells. Sodium butyrate (SB) had been used to induce hepatic
differentiation of mouse embryonic hepatoblasts (Rogler LE, 1997). When hLBSC was
exposed to 45mg/ml SB, cell growth was significantly arrested. Morphologically, cells
flattened and became larger with significantly more cytoplasm within 24 hours. Binuclear cells
were observed in 2 days after SB treatment, and by 10 days, binuclear cells comprised 10–15%
of the total cell population (Fig. 4A). Enhanced expression of ALB, GGT, DPPIV, CK19, TO
and HNF4α was detected by RT-PCR (Fig. 4E). Abundant glycogen stores were seen in the
cytoplasm of most binuclear cells by Periodic Acid-Schiff (PAS) staining (Fig. 4B).
Immunocytofluorescene showed enhanced expression of TAT and ALB (Fig. 4C, D). Taken
together, these results reveal that hLBSC can give rise to hepatocytes when cultured in vitro
in the presence of the appropriate inducing agents. Enhanced expression of bile ductular
markers CK19 and GGT was also detected (Fig. 4E), suggesting that hLBSC may have the
ability to differentiate into cholangiocytes.

Since hLBSC express some mesenchymal markers, we tested the ability of hLBSC to
differentiate into adipocytes using established conditions for inducing bone marrow
mesenchymal stem cells to adipocytes (Reyes M et al., 2001). In adipogenic induction medium,
hLBSC adapted a long spindle shape. Cytoplasmic lipid droplets of different sizes and with a
high refraction ratio were seen in 10% cells within 2 days, and in 60% of the cells by 10 days.
By 14 days, 90% cells had abundant droplets which stained positively by Oil-red-O, a fat
specific dye (Fig. 5, A2). Peroxisome Proliferators-Activated Receptor (PPAR)-γ2, a marker
specific for adipocytes, was detected by RT-PCR (Fig. 5, A3), confirming the adipocytic
differentiation potential of hLBSC.

When hLBSC were exposed to osteogenic induction conditions, most of the cells acquired
cuboidal or polygonal shape, accompanied by the appearance of calcification spots with high
refraction ratio (Fig. 5, B1). Thirty percent cells were positive for alkaline phosphotase staining
(Fig. 5, B4). Expression of collagen I was detected (Fig. 5, B2), further indicating the osteogenic
differentiation potential of hLBSC.

In the presence of β-mercaptoethanol (Hung SC et al., 2002), hLBSC underwent morphological
transformation and acquired the appearance of long processes (Fig. 5, C2). The morphological
changes, accompanied by enhanced expression of nestin, detectable by RT-PCR (Fig. 5, C3),
suggested the possibility of neural differentiation. Together, these results showed that hLBSC
had multipotential differentiation capability into different embryonic layers derived cells.

3.5. hLBSC can repopulate injured mouse liver in vivo
To assess the differentiation ability of hLBSC cells in vivo, we prepared recipient animals by
using the CCl4 protocol frequently used to elicit acute liver injury in recipients for cell
transplantations (Suzuki A et al., 2002; Yamamoto H et al., 2003). To do this, a hLBSC subline,
the hLBSC-pLNCG-C1 cell line with stable EGFP expression was established. Then the EGFP-

Su et al. Page 6

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expressing hLBSCs were transplanted intrasplenicly into SCID mice pre-treated by CCL4. The
mice were sacrificed 3 weeks (n = 7) after implantation to monitor the outcome of the
transplantation. EGFP-positive cell clusters, indicating engrafted hLBSC proliferated and
differentiated into hepatocyte lineage. The EGFP-positive cells comprised 2.7±1.2 (n=7)
percent of the total cells in the transplanted liver (Fig. 6A). HE staining confirmed that they
were clusters of hepatocytes in the hepatic cord (Fig. 6B). The overlay image of EGFP and the
same section stained by anti-α-1-AT antibody clearly shows that all EGFP-positive donor cells
were also α-1-AT-positive hepatocytes (Fig. 6C). Taken together, these observations
demonstrate the ability of hLBSC to engraft and differentiate into hepatocyte lineage in vivo
after transplantation into recipient animals.

Discussion
In this report, we document the occurrence of EMT in early human liver development, mainly
by cells co-expressing CK8 and αSMA, markers for epithelial and mesenchymal cells,
respectively (Chagraoui J et al., 2003; Zeisberg M and Neilson EG, 2009). EMT occurred
predominantly at early gestational stages at 5 gw, declined at 8 gw and were largely absent by
12 gw. There was up-regulation of EMT related genes at 5gw, suggesting the involvement of
cells in EMT during early liver development. We have also isolated and stably cultured a
multipotent stem cell population (hLBSC) with characteristics of EMT from human liver bud.
hLBSC have a high self-renew capacity, and show hepatocytic, adipogenic, osteogenic and
neural differentiation potential. What’s more, hLBSC can contribute to the regeneration of the
liver parenchyma in SCID mice.

The human liver arises from the foregut endoderm after 3.5 weeks of gestation and develops
rapidly. The liver begins hematopoiesis at the 6th week and functions as the main hematopoietic
organ from the 15th week through mid-gestation (Timens W and Kamps WA, 1997). The fetal
livers that we used for the isolation of hLBSC were around 5 weeks of gestation, which
contained a large percentage of stem cells and a relatively small percentage of hematopoietic
cells. To eliminate the possibility of artifacts of culture or transformation, hLBSC were isolated
and clonally propagated repeatedly from different fetal livers, and no differences were found
with respect to growth pattern and cellular morphology. There was no tumor formation in the
mice transplanted with hLBSC. These data strongly suggested that hLBSC was a normal cell
population existing in the human liver bud rather than an artifact of culture or transformation.

hLBSC differed from previously described HSPC or mesenchymal stem cells (MSC), based
on their origin, morphology, gene expression profile and differentiation potential (Campagnoli
C et al., 2001; Malhi H et al., 2002; Suzuki A and Nakauchi H, 2002). The hLBSC that we
have isolated were different from previously reported HSPC in that the hLBSC simultaneously
expressed some mesenchymal markers and stem cell transcription factor Oct4 and Nanog,
which has been considered a hallmark of embryonic stem cells (ESC), and play an important
role in maintaining pluripotency of ESC (Sato N et al., 2004; Boyer LA et al, 2005). In contrast,
HSPC did not express most of mesenchymal markers, such as CD44, CD29 and SDF-1, but
expressed hepatic and/or bile ductular markers. What set hLBSC apart from MSC is that
hLBSC express some hepatic markers, such as ALB, GGT, DPPIV, and c-Met, whereas no
HNF4α, which is essential for hepatocyte differentiation, but is not required in specification
of the ventral foregut endoderm toward a hepatic fate (Li J et al., 2000). Moreover, hLBSC
differ from MSC in their differentiation potential. While MSC could be induced into cartilage,
our hLBSC could not (data not show). These data indicate that hLBSC may be an intermediate
cell population in the differentiation from endoderm cells to hepatoblasts. Alternatively, based
on the controversial hypothesis of a mesodermal origin of the liver parenchyma (Sell S,
2001), a mesendodermal origin of hLBSC cannot be excluded.
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Here we report that in human fetal liver at early gestational stages before 8gw, αSMA and CK8
were co-expressed in most of the non-hematopoietic cells, suggesting a stage of fetal liver
development with abundant EMT. By 8gw, only a few cells remain double positive for αSMA
and CK8, and none were double positive at later gestational stages. Therefore the time course
for human fetal liver EMT in our studies was not coincidental to the time course of
hematopoiesis, as it was reported by Chagraoui J et al. (2003) to occur in murine fetal liver.
Since Chargroui et al. did not show the data about EMT in earlier stages of mouse liver
development (between 8.5dpc to 11.5dpc), we could not directly compare the roles of EMT
between human and mouse liver development. However, it is reasonable to presume the
presence of EMT cells during early mouse liver development, analogous to what we have found
during early human liver development. EMT may be an essential and transient process in early
human liver development, during the commitment of endoderm cells to differentiate into
hepatoblasts.

Our data indicate that EMT occurs only in early development of the human liver. We were
able to obtain a clonal culture of cells, which we termed hLBSC, with EMT-like properties
including multilineage potential in vitro and the ability to repopulate in the injured SCID mouse
liver model. In summary, the present study suggests that the hLBSC represent intermediate
cells with features of EMT and stem cell along the differentiative pathway from endoderm to
hepatoblasts, which may play an important role in the beginning of the spatial structure
construction of the liver. hLBSC may have value for research on liver stem cell biology, in
addition to potential value as cell therapy for liver diseases, drug screening and liver
development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

ALB albumin

AFP alpha-fetoprotein

AP alkaline phosphatase

αSMA alpha smooth muscle actin

BME β-mercaptoethanol

CCL4 carbon tetrachloride

CK cytokeratin

c-Kit stem cell factor receptor

c-Met hepatocyte growth factor receptor

DPPIV dipeptidyl peptidase IV

EGFP enhanced green fluorescence protein

FACS fluorescence-activated cell sorting

Fox forkhead box factor

GGT gamma glutamyl transpeptidase

H&E hematoxylin and eosin

HLA-DR histocompatibility class II antigen
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HNF hepatocyte nuclear factor

hLBSC human liver bud derived stem cells

HSPC hepatic stem/progenitor cells

Oct4 octamer-binding protein 4

PAS Periodic acid–Schiff

PBS phosphate-buffered saline

PPAR Peroxisome Proliferators-Activated Receptor

RT-PCR reverse transcription polymerase chain reaction

SB sodium butyrate

SCID severe combined immunodeficiency

SDF-1 Stromal Cell-Derived Factor-1

TAT tyrosine aminotransferase

TGFβ Transforming Growth Factor beta

TO tryptophan oxygenase
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Fig. 1. Immunofluorescent study of human fetal livers from 5gw to 28gw
Multi-immunostaining with R555-conjugated anti–CK8 (red), FITC-conjugated anti-αSMA
(green) and DAPI (blue). Co-expression of CK8 and αSMA is observed in most non-
hematopoietic cells of human fetal liver at early gestational stages (5gw and 5.5gw), in only a
few cells at 8gw, but in none of the cells at later gestational stages (12gw, 17gw, 24gw and
28gw). By 12gw, expression of CK8 and αSMA was segregated. Some cells in centre box were
magnified as shown in left-down box. Arrows in green, white and red represent interlobular
veins, interlobular arteries and bile ducts respectively. Scale bar = 20 µm.
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Fig. 2. Establishment of human liver bud derived stem cell (hLBSC)
(A–C) bi-immunostaining of human fetal liver cells at the 3rd day of primary culture with
FITC-conjugated anti-αSMA (green, A) and R555-conjugated anti–CK8 (red, B), Merged
image (C) showed 60% cells were double positive for both αSMA and CK8 (yellow), among
which we can see a few very small cells in triangle shape. Within two weeks in culture, only
the small triangle-shaped cells survived (D), and these cells proliferated rapidly and grew
confluent in 3~4 days thereafter (E). After repeated subpassaging, the cell line which we
eventually named hLBSC had small fibrous shaped morphology(F), a high cytoplasm to
nucleus ratio, and few organelles in the cytoplasm (G).
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Fig. 3. Gene expression profile of hLBSC
RT-PCR analysis show that hLBSC express most markers characteristic for hepatic progenitor
cells, such as ALB, DPPIV, GGT, CK19, CK8, CK18, c-Kit, and c-Met, but no expression of
E-cadherin, TAT and HNF4α (B). hLBSC also display some characteristics of mesenchymal
cells, such as CD44, CD29 (A), vimentin, Twist1, Snai2 and SDF-1 (B), together with
expression of Oct4 and nanog (C). But no hematopoietic markers CD45 and CD34 (A) were
detected by FACS. Double immunofluorescence using the anti-αSMA polyclonal antibody and
anti–CK8 monoclonal antibody reveal co-expression of CK8 (red) and aSMA (green) in
hLBSC, with DAPI (blue) nuclear counterstaining (D). Plots in A show isotype control IgG-
staining profile (green line) versus specific antibody staining profile (black line). P4, P9, P12
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represents hLBSC in 4, 9, 12 passages (B, C). M: pUC Mix Marker or D2000. RT (−): mRNA
sample without reverse transcription.
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Fig. 4. Hepatic differentiation of hLBSC
Binuclear cells were observed in 2 days after SB treatment, and by 10 days, binuclear cells
comprised of 10–15% of the total cell population (A). Abundant glycogen stores were seen in
the cytoplasm of most binuclear cells by PAS staining (B). Immunocytofluorescene showed
expression of TAT and ALB in the hLBSC treated by SB (C, D). Enhanced expression of ALB,
GGT DPPIV, CK19, TO and HNF4α was detected by RT-PCR (E). Lane 1: samples without
SB treatment; Lane 2: samples with SB treatment. RT (−): mRNA sample without reverse
transcription.
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Fig. 5. Multipotent differentiation of hLBSC
(A1-3) Adipogenic differentiation of hLBSC. By 14 days in adipose induction media, 90%
cells had abundant droplets which stained positively by Oil-red-O, a fat specific dye (A2),
while hLBSC without adipocytic induction were negatively stained (A1). And expression of
PPAR-γ2 (351bp) was detected at 0 days (lane 1), 10 days (lane 2), and 14 days (lane 3) by
RT-PCR (A3), with β-actin (516bp) as control. M: pUC Mix Marker. (B1-4) Osteogenic
differentiation of hLBSC. Under osteogenic induction conditions, most of the cells acquired
cuboidal or polygonal shape, accompanied by the appearance of calcification spots with high
refraction ratio (B1). Thirty percent induced cells were positive for AP staining (B4), with
untreated hLBSC as control (B3). Expression of type I collagen (299bp) was detected by RT-
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PCR (B2). M: pUC Mix Marker; Lane 1: control samples; Lane 2: samples with osteogenic
induction. RT (−): mRNA sample without reverse transcription. (C1-3) Neural differentiation
of hLBSC. In the presence of β-mercaptoethanol, hLBSC underwent morphological
transformation with appearance of long processes (C2), with untreated hLBSC as control (C1).
Enhanced expression of nestin (718bp) was detected by RT-PCR (C3). M: pUC Mix Marker;
Lane 1: mRNA sample without reverse transcription. Lane 2: control samples without BME
treatment; Lane 2: samples with BME treatment.
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Fig. 6. In vivo transplantation of hLBSC into CCl4-treated SCID mice
hLBSC- pLNCG C1 cell line with stable EGFP expression was established. Then the EGFP
expressing cells were transplanted introsplenicly into SCID mice pre-treated by CCL4. Three
weeks after implantation, EGFP-positive cell clusters were detected in the recipient mice (A).
H&E staining confirmed that they were clusters of hepatocytes in the hepatic cord (B). The
overlay image of EGFP (green, C1) and the same section stained by anti-α-1-AT antibody (red,
C2) clearly shows that all EGFP-positive donor cells were also α-1 AT-positive hepatocytes
(yellow, C4), with DAPI nuclear counterstaining (blue, C3). (Relative magnification A, B:
100×; C: 200×)
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