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Murine Scal*Lin~ bone marrow contains an
endodermal precursor population that differentiates

into hepatocytes

Keunhee Oh'"%3, Suh Youn Shon?, Myung Won Seo®3, Hak Mo Leel, Ju-Eun Oh!, Eun Young Choi?,

Dong-Sup Lee>* and Kyong Soo Park!*>

The direct differentiation of hepatocytes from bone marrow cells remains controversial. Several mechanisms, including
transdifferentiation and cell fusion, have been proposed for this phenomenon, although direct visualization of the process and
the underlying mechanisms have not been reported. In this study, we established an efficient in vitro culture method for
differentiation of functioning hepatocytes from murine lineage-negative bone marrow cells. These cells reduced liver damage and
incorporated into hepatic parenchyma in two independent hepatic injury models. Our simple and efficient in vitro protocol for
endodermal precursor cell survival and expansion enabled us to identify these cells as existing in Scal* subpopulations of
lineage-negative bone marrow cells. The endodermal precursor cells followed a sequential developmental pathway that included
endodermal cells and hepatocyte precursor cells, which indicates that lineage-negative bone marrow cells contain more diverse
multipotent stem cells than considered previously. The presence of equivalent endodermal precursor populations in human bone
marrow would facilitate the development of these cells into an effective treatment modality for chronic liver diseases.
Experimental & Molecular Medicine (2015) 47, e187; doi:10.1038/emm.2015.64; published online 2 October 2015

INTRODUCTION
Cell-based therapies for hepatic failure offer an alternative to
organ transplantation, which is not widely applicable to the
majority of patients due to the lack of donor organs,
immunological rejection and recurrence of original disease
that often compromise long-term recipient survival.' As
embryonic and equivalent pluripotent stem cells have an
inherent limitation of in vivo tumorigenicity,* the generation
of functioning hepatocytes from adult stem cells is the top
priority in the treatment of hepatic failure.> Bone marrow is an
important source of adult stem cells, and two approaches to
hepatocyte differentiation have been developed. In the first
approach, hepatocytes are differentiated directly from bone
marrow cells,> 12 and in the second, the establishment of
multipotent stem cells is extended in vitro to allow hepatocyte
differentiation.!>-17

Two eminent research groups had documented hepatocyte
differentiation from bone marrow cells by determining
that KTLS (c-Kit"Thy'°Lin~Scal*) hematopoietic stem cells

(HSCs), but not ¢-Kit™, Scal™ and lineage-positive (Lin") cells,
differentiated into hepatocyte-like cells in a FAH /-
(fumarylacetoacetate hydrolase) mouse model.® Another group
corroborated the exclusive capacity of HSC cells to differentiate
into hepatocytes using additional functionally rigorous markers
that defined the population with higher HSC activity
frequency.® These enriched HSC cells differentiated in vitro
into albumin-expressing hepatocyte-like cells with extremely
rapid kinetics.® Although several followed studies have reported
hepatocyte differentiation from bone marrow cells,'*'? all
these studies evaluated only the phenotypes of initial popula-
tion and the final differentiated functioning hepatocytes,
irrespective of whether an in vivo or in vitro protocol was
used.® 12 Moreover, these studies did not characterize the
sequential differentiation process, including key developmental
intermediate cells and did not identify the mode of differentia-
tion, that is, transdifferentiation or cell fusion. Furthermore,
subsequent studies had difficulty reproducing these results
using the published protocols.>>!”
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In this study, we aimed to understand and recapitulate
in vivo hepatocyte differentiation using in vitro cultures of
immature bone marrow cells using several different additives.
We established an efficient in vitro culture protocol that
resulted in differentiation of functioning hepatocytes from
lineage-negative (Lin~) bone marrow cells. These cells reduced
liver damage and were incorporated into the hepatic parench-
yma in two independent hepatic injury models. Our simple and
effective initial protocol of expanding immature bone marrow
cells revealed that Foxa2' endodermal precursor cells exist in
Scal* subpopulations of Lin~ cells. Also, these endodermal
precursor cells followed a sequential developmental pathway
that led to functioning hepatocytes through physiologically
intermediate endodermal and hepatocyte precursor cells.

MATERIALS AND METHODS

Animals

C57BL/6 (B6) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). Experiments involving mice were approved
by the Institutional Animal Care and Use Committee of Seoul
National University (Seoul, Korea; authorization no. SNU05050203).

Bone marrow cells and purification of lineage-negative cells
Bone marrow cells were obtained from the tibia and femur of mice.
Lineage-positive (Lin*) cells were depleted by magnetic-activated cell
sorting using an APC-conjugated mouse lineage antibody cocktail
(BD Pharmingen, San Diego, CA, USA) and anti-APC microbeads
(Miltenyi Biotec, Auburn, CA, USA). After magnetic-activated cell
sorting purification, the purity of Lin~ cells was >95% in all
experiments. For in vivo and in vitro donor cell tracking experiments,
Lin~ cells were labeled with PKH26 (Sigma-Aldrich, St Louis, MO,
USA) or Vybrant Dil (Molecular Probes, Eugene, OR, USA) and
stained with anti-Scal and anti-c-Kit antibodies (BD Pharmingen) and
sorted using BD FACSArialll (BD Bioscience, San Jose, CA, USA).
The purity of each sorted population was >99%.

Preparation of murine serum and liver-conditioned medium
Murine serum (MS) was obtained from untreated adult mice. For
preparation of liver-conditioned medium (LCM), mice were killed and
livers were cut into ~ 1 mm? pieces under a dissection microscope. The
tissue blocks were equally seeded in 35-mm-diameter dishes at a
density of 70 tissue blocks per dish. When the blocks adhered to the
bottom of the dishes, 1.5ml basic medium was added containing
Iscove’s Modified Dulbecco’s Medium (Gibco Life Technologies, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco
Life Technologies), 1 X minimum essential medium (MEM) nonessen-
tial amino acids (Gibco Life Technologies), 1 mm L-glutamine (Gibco
Life Technologies), 1 X antibiotic-antimycotic (Gibco Life Technolo-
gies) and 10 pm 2-mercaptoethanol (Sigma-Aldrich) and the tissues
incubated at 37 °C in a 5% CO, incubator for 48 h. Supernatants were
collected and treated with RNase (10 pg ml~ 1, Intron Biotechnology,
Gyeonggi-do, Korea) and DNase (40 pg ml~ 1 Roche, Indianapolis, IN,
USA) at 37°C for 1h, and passed through a 0.2 pm filter. The filtrate
was designated as LCM and stored in aliquots at =80 °C for future use.

Hepatocyte differentiation in vitro

Lin~ cells were seeded onto coverslips coated with type-I-A collagen
(100 pg ml~ 1 Nitta Gelain NA, Osaka, Japan) in a 12-well plate. Cells
were cultured in basic medium at 37°C in a 5% CO, incubator for
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15 days. During the initial 6 days of culture 10% normal MS was
added, followed by 10% LCM, 10ngml~!' recombinant human
hepatocyte growth factor (HGF, R&D Systems, Minneapolis, MN,
USA) and 2pgml~! anti-transforming growth factor f blocking
antibody for the following 9 days.

Immunofluorescence microscopy

Cells at each differentiation stage were fixed with 4% paraformalde-
hyde and stained with the appropriate antibody. The following
antibodies were used: anti-mouse Foxa2 (Abcam, Cambridge, MA,
USA), anti-mouse Gata4 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-mouse Trop2 (R&D Systems), A6 antibody (kindly given
by Dr Valentina Factor), anti-mouse albumin (Santa Cruz Biotech-
nology), Alexa 546-conjugated donkey anti-rabbit IgG (Invitrogen Life
Technologies, Carlsbad, CA, USA), Alexa 647-conjugated donkey anti-
goat I1gG (Invitrogen) and Alexa 488-conjugated donkey anti-mouse
IgG (Invitrogen). Image acquisition and processing was performed
using a confocal fluorescence microscope (Olympus, Center Valley,
PA, USA) and an FV10-ASW 2.0 Viewer (Olympus).

EdU incorporation assay

To identify proliferating cells, the Click-iT EdU Alexa Fluor 647
Imaging Kit (Life Technologies, Carlsbad, CA, USA) was used. EdU
(5-ethynyl-2'-deoxyuridine; 5 pm) was added to the culture for 48 h
and EdU-positive cells were detected according to the manufacturer’s
instructions.

Reverse-transcriptase polymerase chain reaction (RT-PCR)
Total RNA from cultured cells was isolated using TRIzol reagent (Life
Technologies). RNA from LCM was isolated using ExoQuick-TCTM
exosome precipitation solution (System Biosciences, Mountain View,
CA, USA). cDNA was synthesized from 500 ng of total RNA using
PrimeScript reverse transcriptase (TAKARA, Shiga, Japan) and sub-
jected to PCR. The following primer pairs were used for PCR: Gapdh,
5'-GTCAGTGGTGGACCTGACCT-3" and 5-AGGGGTCTACATGG
CAACTG-3'; Alb, 5'-GTGCAAGAACTATGCTGAGG-3" and 5'-ACT
CACTGGGGTCTTCTCAT-3'; CkI8, 5'-GATTGACTGTGGAAGTGG
ATGC-3" and 5'-GTTTGCATGGAGTTGCTGGA-3'; Afp, 5'-CACTG
CTGCAACTCTTCGTA-3’and 5'-CTTTGGACCCTCTTCTGTGA-3';
Trop2, 5-GTGTGCTGGTGCGTAAACTC-3’and 5'-ATGGTGGGCT
CCTCATAGTG-3"; DikI, 5-TGTCAATGGAGTCTGCAAGG-3’ and
5'-AGGGAGAACCATTGATCACG-3; Sox9, 5'-TGCAGCACAAGAA
AGACCAC-3’ and 5'-CCCTCTCGCTTCAGATGAAC-3'; Tbx, 5'-TTC
CCCCTTCGTGTGTTTAG-3’" and 5-GGACTTCCGTTGTTTCCA-3';
Foxa2, 5'-GACATACCGACGCAGCTACA-3" and 5-GGCACTGGA
AAGCAGTC-3; Gata4, 5-GAGTGTGTCAATTGTGGGGC-3' and
5'-CTGCTGTGCCCATAGTGAGA-3'; Gata6, 5'-CGGAGGAAAGTA
CAGAC-3" and 5'-GAGTAGGGAAAGCGTGCAG-3'; Sox17, 5'-CTC
GGGGATGTAAAGGTGAA-3" and 5'-GCTTCTCTGCCAAGGTC
AAC-3'; and Sox7, 5'-GCAGGAAGAAACAAGGCAAG-3’ and 5'-GTG
GAGGGGACTAGGTGTGA-3'. PCR products were analyzed by 1.5%
agarose gel electrophoresis. Relative levels of mRNA were normalized
to the values of Gapdh mRNA for each reaction.

Western blot analysis

Cells were harvested in lysis solution containing 50 mm Tris/HCI
(pH 7.6), 1% NP40, 150 mm NaCl, 2mwm EDTA, 100 pm PMSF, a
protease inhibitor cocktail (Roche Applied Science), and a phosphatase
inhibitor (Sigma-Aldrich). After incubation on ice for 30 min, cellular
debris was removed by centrifugation (10 min, 4 °C). Proteins (10 pg)
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Figure 1 /n vitro hepatocyte-like cell differentiation of Lin™ bone marrow cells. (a) Murine Lin~ bone marrow cells were treated with normal
adult mouse serum (MS) for 6 days in basal culture medium and subsequently cultured with LCM, recombinant HGF and anti-transforming

growth factor B (anti-TGFB) antibody for an additional 9 days. (b)

Cell morphology was observed on day 15 under a light microscope.

(c) Albumin expression (green) on day 15 was analyzed by IF. (d) Albumin (Alb) mRNA expression in LCM and differentiated cells on day
15 in untreated or RNase/DNase-treated LCM. (e) Albumin-expressing cells (green) on day 15 were observed by confocal microscopy; scale

bars=50pm. (f) Albumin staining of cells (green) on the indicated

days; scale bars=50pum. (g, h) Albumin expression levels during the

progression of differentiation were analyzed by PCR with reverse transcription (g) and western blot (h), respectively. All data shown are

representative of at least three independent experiments.

were separated by SDS—polyacrylamide gel electrophoresis and then
transferred to a polyvinylidene difluoride membrane. After blocking
with 5% skim milk, the membranes were probed with an appropriate
antibody. Blots were developed with an enhanced chemiluminescence
western blotting detection system (Amersham, GE Healthcare,
Buckinghamshire, UK).
anti-B-actin (Sigma-Aldrich) and anti-mouse albumin (Santa Cruz
Biotechnology).

The following antibodies were used:

Hepatic injury models

To induce hepatic injury, 8-week-old female mice were injected
intraperitoneally with a single dose of 300mgkg™! N-acetyl-p-
aminophenol (APAP) or three doses of 10% CCly in olive oil (10
plg~! body weight) at 3-day intervals. Differentiating hepatocyte-like
cells were transferred to mice via intrasplenic injection 8 h after APAP

treatment or 24 h after the first CCl, treatment. Serum was collected to
determine serum alanine aminotransferase levels on day 2 after APAP
or after the final treatment with CCl,. Mice were killed and the liver
was either fixed with 4% paraformaldehyde for histological examina-
tion or embedded in optimum cutting temperature (OCT) compound
and rapidly frozen and sectioned to trace the transferred cells.

Statistical analysis
All values represent means+s.d. Statistical significance was deter-
mined using Student’s t-test. P<<0.05 indicated statistical significance.

RESULTS

Hepatocyte differentiation from in vitro culture of mouse
Lin~ bone marrow cells

We established an efficient in vitro culture model that led to
hepatocyte differentiation of a murine Lin~ bone marrow

Experimental & Molecular Medicine
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population. Among various additives we found that normal
untreated adult MS provided the best condition for survival
and expansion of Lin~ cells during initial 6-day culture. Then
culture medium was changed to medium containing LCM and
recombinant human HGF, and an anti-transforming growth
factor P blocking antibody for a further 9 days to induce
hepatocyte differentiation (Figure 1la). Albumin-expressing
hepatocyte-like cells with epithelial characteristics were evident
in the extended cultures (Figures 1b and c). Treatment with
MS without LCM or LCM without initial MS treatment did not
lead to differentiation of albumin-expressing cells, if any
(Figures 1b and ¢).

To rule out the possibility that albumin signals originated
from the LCM added during culture rather than from
differentiated hepatocyte-like cells, we used LCM pretreated
with RNase/DNase. PCR with reverse transcription analysis of
albumin expression using RNA extracted from either untreated
LCM or RNase/DNase-pretreated LCM was negative
(Figure 1d). In addition, albumin expression and albumin-
positive hepatocyte-like cell differentiation were similar in the
presence of LCM pretreated with RNase/DNase compared with
cells with untreated LCM, as determined by PCR with reverse
transcription (Figure 1d) and immunofluorescence (IF) micro-
scopy (Figure le). These results indicated that murine Lin~
bone marrow cells differentiated into albumin-expressing
hepatocyte-like cells in sequential in vitro culture with normal
MS and LCM. The numbers and percentages of albumin-
expressing hepatocyte-like cells, as well as albumin expression
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levels, increased gradually from culture days 9-15
(Figures 1f-h). Thus, LCM and HGF treatment during
the second phase of in vitro culture efficiently induced
hepatocyte differentiation of initially expanded immature bone
marrow cells.

Characterization of hepatocyte precursor cells following

in vitro culture of murine bone marrow cells

During intrauterine development, hepatocytes are differentiated
from bipotential precursor cells known as hepatoblasts, which
express alpha-fetoprotein (Afp), DIk1, Hex and ProxI.'® In the
adult liver, oval cells characterized as expressing DIkl and
Trop2 and stained positively with A6 antibody are reportedly
involved in certain forms of hepatic regeneration.!® IF micro-
scopic analysis of in vitro differentiating cells revealed that the
expression levels of the oval cell markers, Trop2 and A6, were
high on culture day 9 and decreased but still present on culture
day 12 (Figures 2a and b). PCR with reverse transcription
analysis showed that expression of Afp began to appear at day 9
and peaked on days 12 and 15 of culture. DIkI expression was
highest on culture day 9, that of Sox9 was highest on culture
day 7 and decreased thereafter, while Thx expression also
peaked on culture day 7 and was maintained at high levels after
culture day 9 (Figure 2c). Thus, hepatocyte-like cells developed
in vitro from Lin~ bone marrow cells that were differentiated

into hepatocyte precursor cells, which share markers of oval
cells or hepatoblasts.

b
D12

Figure 2 Hepatocyte precursor-like cells appeared before hepatocyte differentiation. Anti-Trop2 (green) and A6 (red) antibodies were used
to detect hepatocyte precursors in the cells on day 9 (a) and day 12 (b) of differentiation. Nuclei were counterstained with DAPI (blue);
scale bars=50pum. (c) Expression of hepatocyte precursor markers during the progression of differentiation was determined by PCR with
reverse transcription. All data shown are representative of at least three independent experiments.
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Figure 3 Expression of endodermal markers during the early stages of differentiation. (a) Expression of endodermal markers was
determined by PCR with reverse transcription on the indicated days. (b) Co-expression of Foxa2 (red) and Gata4 (green) on day 6 of
differentiation. Nuclei were counterstained with DAPI (blue); scale bars=50pm. All the data shown are representative of at least three

independent experiments.

Hepatocyte precursor cells were differentiated through
endodermal cell stage in vitro

To evaluate whether hepatic precursor cells developed in vitro
via a physiological route that included the endoderm stage,?%-22
we analyzed the expression kinetics of endodermal markers.
Foxa2, Gata4, Gata6, Sox7 and Soxl7 were first detected on
culture day 3, peaked on day 6 and decreased thereafter
(Figure 3a). Differentiating endodermal cells co-expressing
Foxa2 and Gata4 were identified on culture day 6 by IF
microscopy (Figure 3b). These findings indicated that in vitro
differentiation of hepatocyte-like cells from Lin~ cells
recapitulated the natural differentiation process via sequential
development through the endodermal and bipotential
hepatocyte precursor stages.

Proliferative capacity of differentiating cells in vitro
The proliferative capacities of sequentially differentiating endo-
dermal cells, hepatocyte precursor cells and hepatocyte-like
cells in vitro were evaluated using EAU incorporation and a
click-chemistry visualization system.?> EdU is a thymidine
analog incorporated into DNA during the S-phase of cell
proliferation.?> The percentage of EdUT proliferating cells
among total nucleate cells was 21.51+3.70% on culture day
3 and 45.63 +£4.40% on culture day 6 (Figure 4a). EAU" cell
percentages decreased from culture day 6 under differentiation
conditions in the presence of LCM and HGF, as follows:
15.80 +6.69% on culture day 9 and 3.01 +1.98% on culture
day 12 (Figure 4a). These findings revealed that the
initial culture conditions (with MS) simultaneously enhanced
the proliferative capacity and survival/differentiation of
endodermal cells. However, differentiation into hepatocyte
precursor cells and hepatocyte-like cells with LCM and HGF
compromised the in vitro proliferative capacity of these cells.
Next, we analyzed the expression in proliferating cells of
molecules specific for different stages of hepatocyte differentia-
tion using combined IF and EdU incorporation assays. On
culture days 3 and 6, substantial percentages of endodermal
cells co-expressing Foxa2 and Sox17 were EAU* (Figure 4b).
The percentage of Foxa2-expressing cells among total nucleate

cells was 40.13 +3.28% on day 3 and 46.36 +2.38% on day 6
(Figure 4c). The percentage of proliferating cells among Foxa2-
expressing cells (Foxa2*EAU*) was 23.05 + 2.74% on day 3 and
49.41+8.96% on day 6 (Figure 4c). Regarding hepatocyte
precursor cell markers, cells co-expressing Trop2 and A6 and
EdU" were identified on days 9 and 12 (Figure 4d). The
percentage of Trop2-expressing cells among total nucleated
cells was 47.32 +4.86% on day 9 and 46.77 +5.87% on day 12
(Figure 4e). The percentage of proliferating cells among Trop2-
expressing cells (Trop2"EdU") was 26.52 +9.42% on day 9 and
5.16 £3.63% on day 12 (Figure 4e). Thus, the initial in vitro
culture with MS resulted in extensive proliferation and
endodermal differentiation of bone marrow cells, and culture
with LCM and HGF induced hepatocyte precursor and
hepatocyte-like cell differentiation and reduced their in vitro
proliferative capacity.

Differentiating hepatocyte-like cells reduced liver damage
and incorporated into the hepatocyte plates in two hepatic
injury models

To evaluate the in vivo functional capacity of differentiating
hepatocyte-like cells, we utilized two independent hepatic
injury models. Acetaminophen (APAP)-induced acute and
CCly-induced subacute liver injury models were generated,
and differentiating hepatocyte-like cells were transferred via
intrasplenic injection 8 h after APAP treatment or 24 h after the
first dose of CCl, treatment. Serum alanine aminotransferase
levels were decreased in the hepatocyte-like cell transfer
group 2 days after final treatment with CCly compared to the
vehicle-treated controls (Figure 5a). To confirm the effective
replacement of in vitro differentiated cells into the damaged
liver parenchyma, we stained hepatocyte-like cells either with
Dil or PKH26 before adoptive transfer. We found that Dil- or
PKH26-positive and albumin-expressing hepatocytes were
incorporated into the hepatic parenchyma and constituted
normal-like hepatocyte plate structures in the cell entry site
near portal area in the CCly- and APAP- induced hepatic injury
models (Figures 5b and c).

)
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Figure 4 Proliferative capacity of progenitor cells. Cells were cultured in the presence of 5um EdU for 48 h during differentiation and
analyzed on the indicated days. (a) The number of EAU* cells was expressed as a ratio to the total number nucleated cells. The data are
presented as means+s.d. from three independent determinations using samples from three cultures. (b) EdU* (gray) cells among the
Foxa2 (red)- and Sox17 (green)-expressing cells were analyzed at days 3 and 6. Nuclei were counterstained with DAPI (blue).
Scale bars=50pm. (c) The ratio of Foxa2"EdU™ cells to total Foxa2* cells was calculated using the Imagel software. Data represent
means +s.d. based on three independent determinations using samples from n=3 cell cultures. (d) EdU* (gray) cells among the A6
(red)- and Trop2 (green)-expressing cells were analyzed at days 9 and 12. Nuclei were counterstained with DAPI (blue); scale
bars=50pm. (e) The ratio of Trop2*EdU* cells to total Trop2* cells was calculated. Data represent means+s.d. based on three
independent determinations using samples from n=3 cell cultures. Data in B and D are representative of at least three independent
experiments.
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Figure 5 Engraftment of in vitro differentiated hepatocyte-like cells into the injured livers. (a—c) Lin~ cells were differentiated in vitro for
15 days and labeled with Vybrant Dil or PHK26. Labeled cells (2x 108) were transferred by intrasplenic injection into CCls- or APAP-
injected mice. (@) Serum alanine aminotransferase levels were determined 2 days after the final treatment with CCl4 (n=8 mice) or vehicle
(n=6 mice). (b) Liver tissues from CCls-injected mice were prepared 17 days after cell transfer. Albumin-expressing Dil* cells were
detected by IF microscopy; scale bars=50pum. Representative photographs of livers are shown (n=6 mice per group). (c) Liver tissues
from APAP-injected mice were prepared 7 days after cell transfer. Albumin-expressing PKH26* cells were detected by IF microscopy; scale
bars =50 pm. Representative photographs of livers are shown (n=4 mice per group).
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Lin~ bone marrow cells contain a Foxa2* endodermal
precursor cell population

A previous report revealed that HSCs using KTLS markers
(c-KitM8hThy°Lin~Scal*) were the only cell types that could
differentiate into hepatocytes in an in vivo transfer model.® In
addition, Fr25Lin~ marrow-homing cells had differentiated
into multiple cell types, including hepatocytes following in vivo
transfer® and these cells differentiated into hepatocyte-like cells
in vitro within 7 days.” We questioned the initial phenotypes of
bone marrow cells that could differentiate into hepatocytes in
our system in terms of KLS markers. We stained Lin~ cells with
Dil and sorted them with >99% purity into four subpopula-
tions based on Scal and c-Kit expression (Figure 6a). We
cultured the sorted Dil-stained cells with unstained Lin~ cells
and traced the in vitro fate of Dil" cells. Dil* Trop2* hepatocyte
precursor development was evident in three of the four
subpopulations (Scal®c-Kit*, Scal*c-Kit™ and Scal c-Kit~,
but not Scal~c-Kit*) on culture day 9 (Figures 6b and c).
We further questioned whether the endodermal cells were
generated in culture or whether they existed in the Lin™ cells as
endodermal precursor cells by evaluating four highly purified
subpopulations with IF staining. We found that the same three
of the four subpopulations contained Foxa2® cells; these
Foxa2* cells were Gata4™ " and considered to be precursors
of Foxa2*Gatad* endodermal cells (Figures 6d and e). We
evaluated the expansion of Dil-stained purified cells during the
initial 6-day culture. The initial proliferative capacity was
evaluated by counting Dil* cells on days 0 and 6 of culture,
and was highest in the Scal*c-Kit~ population, followed by the
Scal*c-Kit* population (Figure 6f). These findings suggest
that Scal® subpopulations contributed to the hepatocyte-
differentiating capacity of Lin~ cells.

DISCUSSION

In this study we established effective in vitro culture conditions
for differentiation of functioning hepatocyte-like cells from
murine Lin~ bone marrow cells. Unlike previous reports that
characterized only the initial and final cell populations,®3-10:12
we systematically demonstrated that hepatocyte differentiation
followed physiological ~development pathways through
sequential intermediate stages. The critical difference between
our current study and previous reports lies in our initial
simple and efficient endodermal cell expansion protocol.
Initial culture with normal untreated adult MS-induced
endodermal cell expansion and differentiation, and
albumin-expressing hepatocyte-like cell differentiation through
precursor cell stages occurred during the later phase
protocol with LCM and HGF. The presence of normal MS
enhanced endodermal proliferation and differentiation and
LCM and HGF induced differentiation but compromised
proliferation.

This simple and efficient procedure enabled us to identify
endodermal precursor cells in the Scal* subpopulations of
Lin~ cells and determine that these cells followed sequential
developmental pathways through physiological intermediate
cells. Previous protocols for hepatocyte differentiation from
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bone marrow cells unanimously used hepatocyte-conditioned
medium or HGF from the beginning, which prevented
expansion or evaluation of the putative endodermal precursor
cells.>!% Transfer of bone marrow cells into mice cannot be
used to trace cellular differentiation.%® Thus, most previous
studies concluded that hepatocyte differentiation occurred
either through direct transdifferentiation or cell fusion.!®?*
Therefore, earlier KTLS or Fr25Lin~ populations may also
contain endodermal precursor population,®® while hepatocyte
differentiation from Fr25Lin~ cells in vitro within 7 days’
closely matched the in vitro differentiation kinetics in this
study. Our endodermal precursor cell populations were related
to bone-marrow-oval-cell-marker-positive cell populations or
bone-marrow-albumin-positive cell populations.?>*® We con-
cluded that hepatocyte differentiation from bone marrow cells
was not mediated by transdifferentiation or cell fusion but
through physiological sequential differentiation from existing
endodermal precursor cells, which might also harbor hemato-
poietic differentiation potential.

By IF analysis, we found that Foxa2™ endodermal precursor
cells were present in adult murine bone marrow cells, and our
in vitro protocol yielded efficient initial expansion of these
cells.?” Day 6 endodermal cells also had the potential to
differentiate into Pdx1" pancreatic precursor cells in vitro
(data not shown). Unlike an in vivo system, our in vitro system
evaluated individual cell fate, demonstrated hepatocyte differ-
entiation directly from bone marrow cells, and eliminated cell
fusion as an underlying mechanism.

Bone marrow is the largest reservoir of multipotent stem
cells, particularly of the two major stem cell populations, HSCs
and mesenchymal stem cells (MSCs);>!” however, it remains
unclear which bone marrow stem cell population is most
effective in the regeneration of injured liver tissues.'® A
pioneering study suggested that HSCs (c-Kit"Thy'°Lin~Scal*)
could give rise to hepatocytes and rescue FAH™/~ mice®
although subsequent studies had questioned these findings.’
Thus, MSCs-derived from bone marrow and other tissues were
focused upon and many studies used MSCs as starting
materials for hepatocyte differentiation.”®?° Under our culture
conditions, the differentiating cells did not assume MSC
characteristics in vitro and featured endodermal epithelial-like
phenotypes early in culture with normal untreated MS, which
ruled out the possibility that hepatocyte cell differentiation in
our study occurred through MSCs.

The phenotypic characteristics of the initial Lin~ bone
marrow cells used in our study require further discussion.
Previous reports confined hepatocyte-differentiation capacity to
HSCs, as defined by KTLS markers or more rigorously using
Fr25Lin~ 48-h marrow-homing cells.®® Extended differentia-
tion of these HSCs into epithelial cells of both ectodermal and
endodermal origin was also established.® In our study, we
evaluated the surface phenotype using KLS markers and found
that Trop2™ hepatocyte precursor cell differentiation was not
confined to the KLS population but also occurred in the Scal
*c-Kit"Lin~ subpopulation, which also contained substantial
numbers of precursor cells with capacity for hepatocyte
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Figure 6 Lin~ cells contained Foxa2*Gatad*!°V cells. (a) The sorted Lin~ cells were analyzed for expression of Scal and c-Kit using flow
cytometry. (b, ¢, f) Four subpopulations (c-Kit*Scal*, c-Kit"Scal*, c-kit"Scal~ and c-Kit*Scal~) of Lin~ cells were sorted and labeled with
Vybrant Dil dye. Dil-labeled cells (6000 cells) and unlabeled Lin~ cells (2.5x 108 cells) were co-cultured and differentiated. (b, ¢) Cells at
day 9 were stained with anti-Trop2 Ab. Dil* (red) and Trop2* (green) cells and analyzed by IF microscopy. Nuclei were counterstained with
DAPI (blue); scale bars=20pum. (d, e) The sorted four subpopulations were centrifuged onto glass slides (cytospins) and stained with anti-
Foxa2 and anti-Gata4 Ab. Cells expressing Foxa2 (red) or Gata4 (green) were detected by IF microscopy. Nuclei were counterstained with
DAPI (blue); scale bar=20pum. (f) Dil* cells were counted at O and 6 days of culture and the fold changes calculated. Data represent
means +s.d. based on three independent determinations using samples from n=3 cell cultures.

differentiation. The Scal™Lin~ population evaluated in our
study was comparable to previous reports of enriched
hepatocyte-like cell differentiation potential among the Scal
*c-Kit™ population.!? Since previous reports revealed that bone
marrow cells generating hepatocytes also produced blood
cells,® we need to evaluate whether our endodermal precursor
cells in the Scal*Lin~ populations could differentiate into
blood cells. Furthermore, it is important to assess whether
our initial Scal*Lin~ populations could differentiate into other
cell types, such as epithelial cells of ectoderm origin or
mesodermal cells.

Experimental & Molecular Medicine

These data suggest that murine bone marrow cells do not
transdifferentiate into cell types of diverse lineages, but
inherently contain more diverse and primitive stem cell
populations that could develop into conventional three germ
layer components depending on their in vitro or in vivo
microenvironment.*® Our protocol for differentiation of func-
tioning hepatocytes from bone marrow cells is unusually
simple and efficient. Moreover, similar to pluripotent stem cell
differentiation protocols, we successfully reiterated the various
normal-like sequential developmental stages, which guarantee
more physiologically relevant cells.?



Clinical studies have reported that mobilization of
bone-marrow-derived CD34™ cells into alcoholic liver cirrhosis
patients led to clinical and biochemical improvement.>!3?
Human transplant recipient studies have reported that
hepatocytes have been derived from donor bone marrow
cells.*»* Endodermal stem cell lines from human embryonic
stem cells were characterized and could expand endodermal
stem cells > 10'°-fold relatively easily.?> These reports suggest
that equivalent endodermal precursor populations exist in
human bone marrow, allowing for efficient in vitro expansion
capacity. Our finding of endodermal precursor cells in murine
bone marrow and development of efficient expansion protocols
could justify the use of these cells to treat liver disease in the
near future and provide an important breakthrough in liver
regenerative medicine.
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