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Abstract

AIM: To develop a method to isolate liver stem cells fast
and efficiently.

METHODS: Fetal mouse liver cells were characterized by
cell surface antigens (c-Kit and CD45/TER119) using flow
cytometry. The candidate liver stem cells were sorted by
using immuno-magnetic microbeads and identified by
clone-forming culture, RT-PCR and immunofluorescence
assays.

RESULTS: The c-Kit (CD45/TER119) cell population
with 97.9% of purity were purified by immuno-magnetic
microbeads at one time. The yield of this separation was
about 6% of the total sorting cells and the cell viability
was above 98%. When cultured /n vitro these cells
had high clone-forming and self-renewing ability and
expressed markers of hepatocytes and bile duct cells.
Functionally mature hepatocytes were observed after 21
d of culture.

CONCLUSION: This method offers an excellent tool for
the enrichment of liver stem cells with high purity and
viability, which could be used for further studies. It is
fast, efficient, simple and not expensive.
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INTRODUCTION

Stem cell is a very small population of cells in various
tissues. It is a self-renewing, typically multipotent
progenitor with the broadest developmental potential in
a particular tissue at a particular time™”. Studies of stem
cell have yielded much exciting insight into the field of life
science and medicine including cancer, transplantation and
proteomics.

Large-scale proteomic study of stem cell, such as
two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) and mass spectrometry analysis, requitres
relatively large amounts of protein sample extracted
from the cells”. For the low-abundance samples such as
stem cells, the key to such study relies on the successful
obtaining of enough amounts of stem cells with high
purity. Two most commonly used methods, magnetic
activated cell sorting (MACS) and high-speed fluorescence-
activated cell sorting (FACS), have been employed to
isolate and purify a special population of cells based on the
cell surface markers. In the latter method, however, there
are some disadvantages. For example, a high fluid pressure
might damage the biological activity of the sorting cells;
for rare cells such as stem cells, to isolate large amounts of
them is also time-consuming'”.

The liver is the central organ of nutrient digestion and
processing, where most of a person’s metabolism occurs.
Although liver regeneration is not dependent on a small
group of progenitor or stem cells, which may appear in
large numbers when mature hepatocytes are inhibited
from proh'ferationlsj, it is believed that in a growing liver
both hepatocytes and cholangiocytes differentiate from a
common progenitor, or liver stem cell. To date, few liver
stem cell-specific markers are available, and some are also
shared by hematopoietic progenitors[7’8]. Recently, by using
FACS liver stem cells have been isolated based on some
non-specific cell surface markers (c-Kit, CD45, TER119,
c-Met and DIk) and identified™ ", In the study reported
here, using immuno-magnetic microbeads, we sorted large
amounts of candidate liver stem cells with high purity
and identified them with self-renewing capability and
multilineage differentiation potential.
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MATERIALS AND METHODS

Mice and cells

Animal experiments involving mice were approved by the
Institute’s Animal Care and Use Committee. BALB/c¢ mice
were maintained under pathogen-free conditions. Day 0 of
gestation was taken to be detection of a vaginal plug after
overnight mating, Embryos were dissected and fetal liver
cell suspensions were prepated by mechanical dissociation
and then passed through a 30 um nylon mesh to remove
clumps.

FACS analysis and cell sorting

Dissociated liver cells were incubated at 4 C for 10 min
with biotinylated anti-CD45.2, TER119 monoclonal anti-
bodies (mAbs) (eBioscience, San Diego, CA). After three
washes with staining medium (PBS containing 3% FBS),
cells were incubated with FITC-conjugated anti-c-Kit
mADb (eBioscience), and streptavidin-labeled phycoerythtin
(eBioscience) at 4 ‘C for 10 min. Finally, cells were washed
three times and resuspended in staining medium. The la-
beled cells wete analyzed and sorted with FACSAria (Becton
Dickinson). The acquisition rate was set at 35000 events
per second. Gating was implemented based on negative
control staining profiles.

Immuno-magnetic sorting

Dissociated fetal liver cells were first stained with biotinyl-
ated anti-CD45.2, TER119 and/or c-Kit mAbs at 4°C
for 10 min. Cells were washed twice with PBS containing
0.5% BSA and 2 mmol/L EDTA. Enrichment of target
cells by magnetic microbeads was carried out according
to the manufacturer’s (Milteny Biotec, Bergisch Gladbach,
Germany) protocol. Briefly, cells were resuspended in 80
uL of the same buffer per 10’ total cells and incubated
with anti-biotin microbeads for 15 min at 6-12°C. Cells
were washed twice and finally resuspended in 500 pL of
buffer per 10" total cells. A pre-moistened MS column was
placed in the magnetic field of a suitable MACS separa-
tor. The cell suspension was applied onto the column and
then washed three times. Effluents were collected as the
negative fraction. Magnetically labeled cells as the positive
fraction were collected by flushing the column with buffer
after the column was placed outside of the magnetic field.
The sorted cells were then incubated at 4 °C for 10 min
with phycoerythrin-streptavidin and analyzed with FACS-
Calibur (Becton Dickinson).

Cell culture

Cell culture was performed as described previously with
minor modifications™”. Liver cell populations were plated
onto 20 pg/mL laminin-coated (Gibco BRL, Gaithersburg,
MD) 24-well plates or chamber slides at a density of 1000
cells/cm” and maintained at 37 °C, with 50 mL/L CO:
for 8-21 d. The medium was DMEM/F12 supplemented
with 10% FCS, 2 mmol/L L-glutamine, 50 pmol/L 2-met-
captoethanol, 100 U/mL penicillin-streptomycin, 1 X
nonessential amino acids (all from Gibco BRL), 1 pg/mL
human insulin and 10~ mol/L dexamethasone (Sigma-
Aldrich, St. Louis, MO) renewed every 4 d. Mouse recom-

binant hepatocyte growth factor (40 ng/mL) and OSM (10
ng/mL) (R&D system, Minneapolis, MN) were added 24 h
after culture initiation.

RT-PCR

Detection of hepatocyte or cholangiocyte marker gene
expression by RT-PCR was conducted as described"?.
After treated with DNase I (Promega, Madison, WI),
equal amounts of RNAs were reverse-transcribed and
the cDNAs were amplified by the PCR with gene-specific
ptimers at 94 ‘C for denaturing, 54 °C for annealing, and
72°C for extension. B-actin mRNA was used as an internal
control. Previous experiments determined 28 cycles to be
optimal. The gene-specific intron-spanning primers used
are as follows: a-fetoprotein (AFP, amplification of 821
bp), sense 5-TCACACCCGCTTCCCTCATCCT-3, anti-
sense 5-CATCCTGCAGACACTCCAG-3’; albumin (ALB,
amplification of 705 bp), sense 5~AGAAGACACCCT-
GATTACTCT-3, antisense 5> TCGAGAAGCAGGT-
GTCCTTGT-3’; cytokeratin 19 (CK19, amplification
of 566 bp), sense 5’-GTCCTACAGATTGACAAT-
GCTCG-3, antisense 5-CTGATCACGCTCTGGATCT-
GTG-3’; B-actin, (amplification of 390 bp), sense 5’
-GTCATCACTATTGGCAACGAGCG-3’, antisense 5’
-CTAGAAGCACTTGCGGTGCACG-3". The amplified
products were analyzed by electrophoresis on 1% agarose
gels and stained with ethidium bromide.

Immunofiuorescence assays

Cultured cells were washed with PBS and fixed and per-
meabilized with methanol/acetone (95:5) for 20 min at —
20 ‘C. They were then incubated with the primary Ab goat
anti-mouse ALB (Bethyl, Montgomery, TX) and mouse
anti-CK19 (DakoCytomation, Denmark) in a moist
chamber for 16 h at 4 °C. After washing in PBS, cells were
incubated with Cy3-conjugated rabbit anti-goat IgG (Sigma)
and FITC-conjugated bovine anti-mouse IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) for 3 h at 4 °C. Nuclei
were counterstained with 300 nmol/L DAPI in PBS for 5
min. After final washing, cells were observed using a laser
scanning microscope.

Periodic acid-Schiff staining

Cultured cells were fixed in 4% phosphate-buffered
paraformaldehyde and then oxidized in 1% periodic acid
for 5 min, rinsed in dH20 three times, treated with Schiff’
s reagent for 15 min, rinsed again in dH20, stained with
Mayer’s hematoxylin for 1 min, and finally rinsed in dH20.

RESULTS

Flow cytometric fractionation and sorting of fetal mouse
liver cells

Embryo fetal liver contains lymphohematopoietic
progenitors characterized by the CD45 and TER119
antigens. Double staining of embryonic day (ED) 12
fetal mouse liver cells with anti-(TER119 + CD45) mAb
and anti-c-Kit (also CD117) mAb revealed four cell
populations (Figure 1A). The Q3 c-Kit (CD45/TER119)

" cell population, which had no obvious boundary but
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continuous fluorescence distribution with the Q4 cell
population, was considered to be liver stem cell or
contain liver stem cell”™. Flow cytometric sorting for
Q3 cells revealed the purity of the sorted cells was 83.3%
(Figure 1B). We observed that most of the non-c-Kit
(CD45/TER119)" cells were from Q4 cells near Q3 cell
population.

Immuno-magnetic sorting of liver stem cells

ED 13 fetal mouse liver cells were analyzed in
FACSCalibur (Figure 2A) and similar result was obtained
to that shown in Figure 1A. The fraction of (CD45/
TER119)" and c-Kit cell population was 20% and 76.8%,
respectively. Immuno-magnetic microbeads were used to
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separate these two cell populations. After double labeled
with the biotinylated primary anti-mAb TER119 and
CD45.2, which was then recognized by a monoclonal anti-
biotin antibody coupled to microbeads, total fetal liver cells
were applied onto the separation column in a magnetic
field and only the unlabeled cells (negative fraction, both
TER119™ and CD45") were passed through. FACS analysis
of the negative fraction revealed that more than 99% of
the cells were (TER119/CD45.2)" (Figure 2B), indicating
that the purity of the sorted cells was above 99%. To
separate c-Kit™ cell population from the liver cells, a
biotinylated anti-c-Kit mAb was used. Total fetal liver cells
stained with this mAb were first analyzed by FACS (Figure
2C) and the result was similar to that from FITC-labeled
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Figure 5 Hepato- and cholangiocyte- specific gene expressions of liver cells. The
mRNA was prepared and RT-PCRs were performed for the genes displayed in the
figure in each cell subset. B-actin (Actin) gene expression was used as controls for
mRNA content per sample. A representative experiment for all the gene expressions
of a total of three independent ones is shown. ML, mature mouse liver cells; ED13,
ED 13 mouse fetal liver cells; FLSC, fetal liver stem cells [c-Kit(CD45/TER119)
cells]; FLSC-5d, FLSC cultured for 5 d; FLSC-21d, FLSC cultured for 21 d.

anti-c-Kit mAb (Figure 1A). Similar procedure using anti-
biotin antibody coupled microbeads as described above
was performed to sort c-Kit cell population. Figure 2D
shows the FACS analytical result of the negative fraction
and it was revealed that more than 98% of the cells were
c-Kit™ cells.

Then we wondered whether these two separation
procedutes could be combined together and performed
once to obtain the ¢-Kit (CD45/TER119)" cell population.
Theoretically any unwanted cell that expressed either
c-Kitor CD45/TER119 could be magnetically labeled
and retained as a positive fraction on the separation
column in a magnetic field and only the unlabeled cells,
the ¢-Kit (CD45/TER119)" cells, could pass through. Our
experiments indicated that this is feasible. After labeled
with a cocktail of biotinylated antibodies (c-Kit, TER119
and CD45.2) and recognized by the anti-biotin microbeads,
fetal liver cells were applied onto the separation column
and the negative fraction was obtained. The purity of the
c-Kit (CD45/TER119)" cells was 97.9% (Figure 3). The
yield of this separation was about 6% of the total sorting
cells. The cell viability was above 98% as measured by
trypan blue dye exclusion.

Culture and identification of liver stem cells

To identify whether the immuno-magnetically separated
c-Kit (CD45/TER119)" cells were liver stem cells, their
capacity of colony-forming and multilineage differentiation
was tested. After cultured iz vitro for 4 d, obvious colonies
(> 50 cells) were generated. Sorting for ¢-Kit (CD45/

Figure 4 In vitro subcolony formation from the sorted c-Kit (CD45/TER119)" cell.
Culture of c-Kit (CD45/TER119)" cells was performed on laminin-coated 24-well
plates for 4 d. Colonies were then digested and the cells from the formed clone
were plated onto new culture plates and cultured for another 5 d. The picture
shows a representative subcolony.

Figure 6 In vitro multilineage differentiation of ED 13 c-Kit (CD45/TER119)"
fetal liver cells. The immunofluorescence pictures were obtained in 12-day
cultures(A - C). Cells gave rise to albumin-positive hepatocytes (A, red) or
cytokeratin 19-positive cholangiocytes (B, green). Also they gave rise to albumin
and cytokeratin 19 double positive cells (yellow) and to double negative cells (C).
The blue dots are DAPI nuclear signals. The original magnification was x 100.
Intracellular glycogen was detected by periodic acid-Schiff staining(D). ED 13
c-Kit (CD45/TER119) fetal liver cells gave rise to functionally mature hepatocytes,
containing abundant glycogen stores, after 21 d of culture. The original
magnification was x 400.

TER119)" cells (negative fraction) achieved more than
15-fold enrichment of colony-forming cells compared with
total fetal liver cells, while the positive fraction of liver cell
populations did not generate any colony (only three clones
in 96 wells, probably due to ¢-Kit (CD45/TER119)™ cell
contaminants; data not shown). When we replated the cells
from the formed clone onto new culture plates, several of
these subcultured cells again formed colonies in 5 d (Figure
4).

The hepatic differentiation of the cultured cellsat d 5
and 21 was tested by their gene expression in RT-PCRs
(afp, alb and ck19 genes, Figure 5). AFP was expressed
throughout the culture process. The expression of
lineage markers ALB (for hepatocyte) and CK79 (for
cholangiocyte) was also detected. To verify the RT-PCR
results, we stained colony-constituent cells at d 12 with
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antibodies against albumin or cytokeratin 19. As shown
in Figure 6, immunofluorescence revealed that most of
cells expressed either albumin or cytokeratin 19 (Figures
6A and B). Two-color ALB/CK19 analysis revealed that
ALB'CK19" cells frequently accumulated in clusters, with
hepatocytes and bile duct cells in peripheral segregated
areas (Figure 6C). Periodic acid-Schiff staining showed
that some cells had abundant glycogen stores at d 21
(Figure 6D), indicating functionally mature hepatocytes
were generated. Taken together, these results suggest that
the sorted ¢-Kit (CD45/TER119)™ cells were capable
of colony-forming and self-renewing and multilineage
differentiation.

DISCUSSION

Separation of stem cells is typically done based on surface-
marker expression. Previous studies showed that liver
stem cells were enriched in the c-Kit CD49f CD29'CD45
"TER119 fraction of mouse fetal liver cells by using flow
cytometry and single cell-based assays'” and were further
enriched in the c-Met CD49f*"c-Kit CD45 TER119
fraction'”. Whereas oval cells, found in adult liver and
marked for c-Kit'CD34 Thy-1", have been considered to
be close descendants of these stem cells”. Similarly, about
10% of total ED 11 mouse fetal liver cells, marked for
c-Kit”™"(CD45/TER119)", showed in another study, was
purified by FACS and considered to contain the eatliest-
described hepatic progenitors, also displaying features
of liver stem cells""”, Furthermore, a population of
hepatoblasts in ED 14.5 fetal liver was isolated based on
the expression of Dlk/Pref-1, a type I membrane protein.
However, such DIk hepatoblasts represent more mature
cells than c-Met' CD49f""c-Kit CD45 TER119" cells'"".
Taken together the results of these studies, we concluded
that liver stem cells could be enriched in the c-Kit CD45"
TER119" population. Our results presented in this report
indicate that the ¢-Kit CD45 TER119™ population, purified
by immuno-magnetic microbeads from ED 13 mouse fetal
liver, was liver stem cells or enriched the liver stem cells
significantly. As the markers for this population (c-kit and
TER119/CDA45) are all negative, it is easy to use magnetic
microbeads to sepatate these cells at once.

As c-Met was considered to be the positive marker for
liver stem cells, as described previouslym, it is also feasible
to further separate the c-Met" population from the sorted
c-Kit (CD45/TER119)" cells by positive selection using
immuno-magnetic microbeads. Also since the liver stem
cells have been pre-enriched in c-Kit (CD45/TER119),
using FACS to separate c-Met " cells could also be efficient.

There are several advantages of sorting liver stem cells
using immuno-magnetic microbeads. First, this method is
simple and inexpensive. Second, using this method, we can
sort a total of 5 X 10" labeled fetal liver cells and obtain
target cells with a high purity in 5 min, as compared with
about 5 h by using an FACSAria cell sorter. As for pro-
teomic analysis such as 2D-PAGE, 10°-10" of cells with
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a high purity are needed, according to the dimension of
the gel and staining method. Third, magnetically enriched
populations help to reduce the prolonged exposure of liv-
er stem cells to the high-pressure fluid environment in the
flow cytometry, which might damage the biological activity
of such a sensitive cell population. For biochemical and
functional studies of stem cells, the total process relies on
the viability of isolated cells which requires special atten-
tion during the cell isolation and purification procedures.
In our experiments, the viability of the sorted liver stem
cells by FACS was usually about 85%, as compared to
above 98% by using immuno-magnetic microbeads. Fast
and efficient acquisition of a large number of liver stem
cells with high purity and viability is the basis for pro-
teomic studies of liver stem cells.

In conclusion, the present study shows the application
of immuno-magnetic microbeads for sorting and
enrichment of liver stem cells from mouse fetal liver,
by which the biological activity of the cells is kept. This
method is fast, efficient, simple and not expensive.
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