Multipotent adult progenitor cells from bone marrow
differentiate into functional hepatocyte-like cells
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We have derived from normal human, mouse, and rat postnatal bone marrow primitive, multipotent
adult progenitor cells (MAPCs) that can differentiate into most mesodermal cells and neuroecto-
dermal cells in vitro and into all embryonic lineages in vivo. Here, we show that MAPCs can also dif-
ferentiate into hepatocyte-like cells in vitro. Human, mouse, and rat MAPCs, cultured on Matrigel
with FGF-4 and HGF, differentiated into epithelioid cells that expressed hepatocyte nuclear factor-
3B (HNF-3[), GATAA4, cytokeratin 19 (CK19), transthyretin, and o-fetoprotein by day 7, and expressed
CK18, HNF-4, and HNF-1o on days 14-28. Virtually all human, as well as a majority of rodent cells
stained positive for albumin and CK18 on day 21; 5% (rodent) to 25% (human) cells were binucleat-
ed by day 21. These cells also acquired functional characteristics of hepatocytes: they secreted urea
and albumin, had phenobarbital-inducible cytochrome p450, could take up LDL, and stored glyco-
gen. MAPCs, which can be expanded in vitro and maintained in an undifferentiated state for more
than 100 population doublings, can thus differentiate into cells with morphological, phenotypic,
and functional characteristics of hepatocytes. MAPCs may therefore be an ideal cell for in vivo ther-

apies for liver disorders or for use in bioartificial liver devices.
J. Clin. Invest. 109:1291-1302 (2002). d0i:10.1172/JCI200215182.

Introduction

During embryogenesis, the first sign of liver morpho-
genesis is a thickening of the ventral endodermal
epithelium, which occurs between embryonic day (e)
7.5 and 8.5 in the mouse (1). Little is known about
the signals involved in initial endoderm formation
and subsequent endoderm specification. Early in gas-
trulation (e6-e7) endoderm is not specified, not even
in an anterior/posterior direction (2). However, recent
studies showed that ex vivo exposure of endoderm to
FGF-4 posteriorizes the early endoderm, which is now
competent to express hepatic markers (3). By 8.5 in
the mouse, definitive endoderm has formed the gut
tube and expresses hepatocyte nuclear factor-3f3
(HNF-3B) (4). The foregut endoderm is induced to the
hepatocyte lineage by acidic FGF (aFGF) and bFGF,
both produced by the adjacent cardiac mesoderm (1),
which are required to induce a hepatic fate and not
the default pancreatic fate (1). Basic morphogenetic
proteins (BMPs) produced by the transversum mes-
enchyme are also required as they increase levels of the
GATAA4 transcription factor that promote the ability
of endoderm to respond to FGFs (1). GATA4 and
HNF-3p are required for hepatic specification and are
important effectors of downstream events leading to

hepatocyte differentiation because they upregulate
markers of hepatocyte specific expression such as
albumin, among others.

In most instances, mature hepatocytes can undergo
several cell divisions and are responsible for hepatic cell
replacement. As a result, there has been great contro-
versy about the existence and function of a liver stem
cell. During extensive liver necrosis due to chemical
injury or when hepatocytes are treated with chemicals
that block their proliferation, a population of smaller
cells with oval shape, termed oval cells, emerges and
proliferates (5). These oval cells may constitute the
“stem cell” compartment in the liver. Oval cells reside
in the smallest units of the biliary tree, called the canals
of Hering, from where they migrate into the liver
parenchyma (6). Oval cells are bipotential, giving rise in
vitro and in vivo to both hepatocytes and bile ductular
epithelium. Oval cells express several hematopoietic
markers such as Thy1.1, CD34, Flt3-receptor, and c-Kit
and also express OFP, cytokeratin 19 (CK19), y-glu-
tamyl-transferase, and OV-6. The origin of oval cells is
not known (5,7, 8).

Until recently, it was believed that hepatocytes
could only be derived from cells of endodermal ori-
gin and their progenitors. However, recent studies
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suggest that nonendodermal cells may also form
hepatocytes in vivo and in vitro (8-13). Following
bone marrow (BM) transplantation, oval cells are
derived from the donor BM (8). Transplantation of
enriched hematopoietic stem cells (HSCs) in FAH/~
mice, an animal model of tyrosenimia type I, result-
ed in the proliferation of large numbers of donor
LacZ* hepatocytes, and animals had restored bio-
chemical function of the liver (13). Furthermore, sin-
gle HSCs may not only repopulate the hematopoiet-
ic system but also contribute to epithelium of lung,
skin, liver, and gut (10). Exocrine pancreatic tumor
cells treated in vitro with dexamethasone (Dex) with
or without oncostatin M (OSM) may acquire a hepa-
tocyte phenotype (14). Finally, mouse embryonic
stem (ES) cells spontaneously acquire a hepatocyte
phenotype, a process that is enhanced by treatment
with aFGF, HGF, OSM, and Dex (15).

Recently, we demonstrated that human, mouse, or
rat postnatal BM contains primitive progenitors,
termed multipotent adult progenitor cells, or
MAPCs, that copurify with mesenchymal stem cells
(MSCs) (16, 17). Human and rodent MAPCs are
CD44-,CD45-, HLA class I- and IT", and cKit~. MAPCs
can be expanded under defined serum-low condi-
tions for more than 100 population doublings with-
out telomere shortening and remain karyotypically
normal. MAPCs not only differentiate into mes-
enchymal cell types (osteoblasts, chondroblasts,
adipocytes, and skeletal myoblasts), but also into
endothelium, as well as cells with neuroectodermal
phenotype and function. We demonstrate here that
single MAPCs not only differentiate into mesodermal
and neuroectodermal cells, but also into cells with
morphological, phenotypic, and functional charac-
teristics of hepatocytes in vitro.

Methods

Chemicals and cytokines. EGF was from Sigma-Aldrich
(St. Louis, Missouri, USA), leukemia inhibitory factor
(LIF) was from Chemicon International (Temecula,
California, USA), and PDGF-BB, FGF-4, and HGF were
from R&D Systems Inc. (Minneapolis, Minnesota,
USA). OSM, aFGF, basic FGF (bFGF), and keratinocyte
growth factor (KGF) were from Research Diagnostics
Inc. (Flanders, New Jersey, USA). DMSO and sodium
butyrate were from Sigma-Aldrich.

MAPC isolation and culture. BM was obtained from
C57BL/6 mice or Sprague Dawley rats. For human
MAPCs (hMAPCs), BM was obtained from ten healthy
donors (2-55 years) with informed consent, according
to guidelines from the University of Minnesota Com-
mittee on the Use of Human Subjects in Research.
Mouse (m) MAPCs, rat (r) MAPCs, or hMAPC were
selected and cultured as described (ref. 16, and Y. Jiang,
unpublished observations). Cells were used for differ-
entiation to hepatocytes after more than 50 popula-
tion doublings (mMAPCs and rMAPCs) or more than
35 population doublings (hMAPCs).

Hepatocyte differentiation. The mMAPCs or rMAPCs
were plated at 5 x 103 to 25 X 103 cells/cm? on 0.01-10
lg/ml fibronectin (FN), 0.01-8 pg/ml collagen (Sig-
maAldrich), or 1% Matrigel (Becton-Dickinson and
Co., Franklin Lakes, New Jersey, USA) in serum-free
medium (60% low glucose DMEM) (DMEM-LG,; Life
Technologies Inc., Grand Island, New York, USA), 40%
MCDB-201 (Sigma-Aldrich), supplemented with 1x
insulin/transferrin/selenium, 4.7 pg/ml linoleic acid,
1 mg/ml BSA, 108 M Dex, 104 M ascorbic acid
2-phosphate (all from Sigma-Aldrich), 100 U/ml peni-
cillin, 100/ml U streptomycin (Life Technologies Inc.),
with 2% FCS (Hyclone Laboratories, Logan, Utah,
USA) and 10 ng/ml each EGF (Sigma-Aldrich), LIF
(Chemicon International, Temecula, California, USA),
and PDGF-BB (R&D Systems Inc.). The hMAPCs were
plated at 15 x 103 to 30 x 103 cells/cm? on 0.1 pg/ml
FN or 1% Matrigel in the same medium without LIF
(M. Reyes, unpublished observations). After 8-12
hours, media were removed, cells washed twice with
PBS) (Fischer Scientific Co., Pittsburgh, Pennsylvania,
USA) and cultured in serum-free medium supple-
mented with 5-50 ng/ml HGF, aFGF, bFGF, FGF-4,
FGEF-7, or OSM, or 10 mg/ml DMSO, or 0.1-1 mM
sodium butyrate. FGF-4 and HGF were from R&D
Systems Inc. OSM, aFGF, bFGF, and FGF-7 were from
Research Diagnostics Inc. DMSO and sodium
butyrate were from Sigma-Aldrich.

Hepatocyte isolation and culture. Hepatocytes were har-
vested from 4- to 6-week-old male Sprague-Dawley rats
as described (18). Hepatocyte viability after the harvest
ranged from 90-95%. Hepatocytes were cultured as
described (19, 20). To form a monolayer, hepatocytes
were cultured on 35 mM Fischer culture plates (Fisch-
er Scientific Co.) coated with 8 jig/cm? collagen (Cohe-
sion Technologies Inc., Palo Alto, California, USA). To
form spheroids, hepatocytes were cultured on 35-mm
Primaria dishes (Becton Dickinson and Co.). In both
conditions, seeding density was 5 X 10 cells/cm?.
Twelve hours after initial plating, medium was
changed to remove dead and unattached cells. Medi-
um was replaced every 48 hours thereafter and tested
for both urea and albumin production and used as
standard rat hepatocyte values.

Total RNA isolation and quantitative RT-PCR. RNA was
extracted from 3 X 105 MAPCs or MAPCs induced to
differentiate to hepatocytes. The mRNA was reverse
transcribed and cDNA was amplified as follows: 40
cycles of a two-step PCR (95°C for 15 seconds, 60°C
for 60 seconds) after initial denaturation (95°C for 10
minutes) with 2 ul DNA solution, 1x TagMan SYBR
green universal mix PCR reaction buffer using a ABI
PRISM 7700 (Perkin Elmer Applied Biosystems,
Boston, Massachusetts, USA). Primers used for ampli-
fication are listed in Table 1. The mRNA levels were
normalized using B-actin (mouse and human) or 18S
(rat) as housekeeping genes and compared with
mRNA levels in freshly isolated rat or mouse hepato-
cytes, rat hepatocytes cultured for 7 days, or mRNA
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from human adult liver RNA purchased from CLON-
TECH Laboratories (Palo Alto, California, USA).

Western blot analysis. Western blot analyses were per-
formed as described (16). Ab’s to aFP, human albu-
min, and CK18 were diluted 1:1,000 in blocking
buffer. Goat anti-B-actin (1:1,000) was from Santa
Cruz Biotechnology Inc. (Santa Cruz, California,
USA).  Secondary Ab’s were  horseradish
peroxidase-linked (HRP-linked) goat anti-mouse and
HRP-linked donkey anti-goat (Amersham Life Sci-
ences Inc., Arlington Heights, Illinois, USA).
Enhanced chemiluminescence was performed
according to manufacturer’s instructions (Amersham
Life Sciences Inc.).

Immunofluorescence. Undifferentiated and differenti-
ated MAPCs were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 4 minutes at room temperature.
For cytoskeletal proteins, samples were fixed with
methanol (Sigma-Aldrich) for 2 minutes at -20°C.
For nuclear ligands, cells were permeabilized with
0.1% Triton-X 100 (Sigma-Aldrich) for 10 minutes.
Slides were incubated sequentially for 30 minutes
each with primary Ab, and FITC, phycoerythrin, Cy3
or Cy5-coupled anti-mouse, anti-goat, or anti-rabbit
IgG Ab. Between each step, slides were washed with
PBS + 1% BSA. Ab’s against HNF-3B, HNF-1q,
GATA4, and c-met (Santa Cruz Biotechnology Inc.)
were used ata 1:50 dilution. Ab’s against human albu-
min (rabbit polyclonal, 1:1,000, or mouse monoclon-
al clone HAS-11, 1:1,000), human oFP (clone C3,
1:500), pan-CK (clone C-11, 1:400), CK18 (clone
CY-90, 1:800), and CK8 (clone M20, 1:200) were from
Sigma-Aldrich. Ab against CD26 (1:200) was from
Neomarkers Inc. (Fremont, California, USA). Ab’s
against mouse albumin (1:500) were from Accurate
Chemical & Scientific Corp. (Westbury, New York,
USA), whereas Ab’s against mouse oFP (1:250) and
human carcinoembryonic antigen (CEA) (1:400) were
from DAKO Corp. (Carpinteria, California, USA).
Ab’s against rat albumin (1:500) was from Cappel
(Turnhout, Belgium). Secondary Ab’s anti-goat IgG-
Cy-3 (1:40), anti-goat IgG-FITC (1:160), anti-mouse
IgG-Cy-3 (1:150), anti-mouse IgG-FITC (1:320),
anti-rabbit-FITC (1:160), and anti-rabbit Cy-3 (1:30)
were from Sigma-Aldrich. Secondary Ab’s anti-goat
IgG-Cy-5 (1:200), anti-mouse IgG-Cy-5 (1:200), and
anti-rabbit Cy-3 (1:200) were from Jackson Immuno-
Research Laboratories Inc. (West Grove, Pennsylvania,
USA). TOPRO-3 (1:500) was from Molecular Probes
Inc. (Eugene, Oregon, USA). Cells were examined by
fluorescence microscopy using a Zeiss Axiovert scope
(Carl Zeiss Inc., Thornwood, New York, USA) as well
as by confocal fluorescence microscopy using a con-
focal 1024 microscope (Olympus AX70; Olympus
Optical Co., Tokyo, Japan). To enumerate the number
of cells staining positive for a given marker, we
evaluated 200-300 cells per culture under low power
and enumerated the total number of cells staining
positive with a given Ab.

Urea assay. Urea concentrations were determined by
colorimetric assay (640-1; Sigma-Aldrich) per manu-
facturer’s instructions. Rat hepatocytes grown in
monolayer and fetal mouse liver buds were used as
positive controls and culture medium used as nega-
tive control. The assay can detect urea concentrations

Table 1
Primers used
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Primer name Primers
Mouse
HNF-1o S: 5-TTCTAAGCTGAGCCAGCTGCAGACG-3’
A: 5-GCTGAGGTTCTCCGGCTCTTTCAGA-3’
HNF-33 S: 5-CCAACATAGGATCAGATG-3"
A: 5-ACTGGAGCAGCTACTACG-3’
GATA4 S: 5-AGGCATTACATACAGGCTCACC-3’
A: 5-CTGTGGCCTCTATCACAAGATG-3’
CK18 S: 5-TGGTACTCTCCTCAATCTGCTG-3’
A: 5'-CTCTGGATTGACTGTGGAAGTG-3’
CK19 S: 5-CATGGTTCTTCTTCAGGTAGGC-3’
A: 5-GCTGCAGATGACTTCAGAACC-3’
Albumin S: 5-TCAACTGTCAGAGCAGAGAAGC-3’
A: 5-AGACTGCCTTGTGTGGAAGACT-3’
oFP S: 5-GTGAAACAGACTTCCTGGTCCT-3’
A: 5-GCCCTACAGACCATGAAACAAG-3’
TTR S: 5-TCTCTCAATTCTGGGGGTTG-3"
A: 5-TTTCACAGCCAACGACTCTG-3’
Cyp2b9 S: 5-GATGATGTTGGCTGTGATGC-3"
A: 5-CTGGCCACCATGAAAGAGTT-3’
Cyp2b13 S: 5-CTGCATCAGTGTATGGCATTTT-3’
A: 5-TTTGCTGGAACTGAGACTACCA-3’
Human
oFP S: 5"-TGCAGCCAAAGTGAAGAGGGAAGA-3’
A: 5-CATAGCGAGCAGCCCAAAGAAGAA-3’
Albumin S: 5-TGC TTG AATGTGCTGATGACAGGG-3’
A: 5-AAGGCAAGTCAGCAGGCATCTCATC-3"
CK19 S: 5-ATGGCCGAGCAGAACCGGAA-3’
A: 5-CCATGAGCCGCTGGTACTCC-3"
CK18 S: 5-TGGTACTCTCCTCAATCTGCTG-3’
A: 5-CTCTGGATTGACTGTGGAAGT-3’
CYP1B1 S: 5"-GAGAACGTACCGGCCACTATCACT-3’
A: 5-GTTAGGCCACTTCAGTGGGTCATGAT-3’
CYP2B6 S: 5-GATCACACCATATCCCCGGA-3’
A: 5"-CACCCTACCACCCATGACCG-3’
Rat
HNF-1o S: 5-AGCTGCTCCTCCATCATCAGA-3"
A: 5-TGTTCCAAGCATTAAGTTTTCTATTCTAA-3’
HNF-33 S: 5’-CCTACTCGTACATCTCGCTCATCA-3’
A: 5-CGCTCAGCGTCAGCATCTT-3"
CK18 S: 5-GCCCTGGACTCCAGCAACT-3’
A: 5-ACTTTGCCATCCACGACCTT-3’
CK19 S: 5-ACCATGCAGAACCTGAACGAT-3’
A: 5-CACCTCCAGCTCGCCATTAG-3’
Albumin S: 5-CTGGGAGTGTGCAGATATCAGAGT-3’
A: 5-GAGAAGGTCACCAAGTGCTGTAGT-3’
oFP S: 5-GTCCTTTCTTCCTCCTGGAGAT-3’
A: 5-CTGTCACTGCTGATTTCTCTGG-3’
TTR S: 5-CAGCAGTGGTGCTGTAGGAGTA-3’
A: 5-GGGTAGAACTGGACACCAAATC-3"
CYP2B1 S: 5-GAGTTCTTCTCTGGGTTCCTG-3’
A: 5-ACTGTGGGTCATGGAGAGCTG-3"
May2002 | Volume109 | Number 10
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Table 2
Optimization of MAPC differentiation into hepatocyte-like cells

Mouse and rat Human

FGF-4 HGF FGF-4 + HGF FGF-4 HGF FGF-4 + HGF
FN
Albumin ++/++ ++/+ ++/++ +H+++ +++++ +++++
CK18 ++/++ ++/+ +++/++ +++++ +4++++ +++++
HNF-3|3 +++/+++ +++/+ ettt/ +++ +++++ NT +++++
Matrigel
Albumin ++/++ +/+ 4/t +++++ NT +++++
CK18 ++/++ ++/+ et/ +++ +++++ NT +++++
HNF.3ﬁ +H+/+++ ++/++ /et +++++ NT +++++
Collagen
Albumin - - - NT NT NT
CK18 - - - NT NT NT
HNF-33 - - - NT NT NT

Mouse and rat: mMMAPCs (n = 7) and rMAPCs (n = 5) were cultured at 21.5 X 103 cells/cm? on FN, Matrigel, and collagen with the respective cytokines for
14 days. Human: hMAPCs (n = 3) were cultured at 3 X 104 cells/cm? on FN and Matrigel with the respective cytokines for 28 days. Samples were evaluated
by immunohistochemical staining of albumin, CK18, and HNF-3B. -, 0%; +, 20%; ++, 30%; +++, 40%; ++++, 60%; +++++, 80% cells staining positive for spe-

cific markers. NT, not tested.

1294

as low as 10 mg/ml. Because the assay also measures
ammonia, samples were assessed before and after
urease addition. No urea or ammonia was detected in
culture medium alone.

Albumin ELISA. Rat albumin concentrations were
determined by a competitive ELISA described previ-
ously (20, 21). Human and mouse albumin concentra-
tions were determined using a similar ELISA method
with substitution of human or mouse albumin and
anti-human or anti-mouse albumin Ab’s for the rat
components where appropriate. Peroxidase-conjugat-
ed anti-human albumin and reference human albu-
min were from Cappel. Peroxidase-conjugated and
affinity-purified anti-mouse albumin and reference
mouse albumin were from Bethyl Laboratories (Mont-
gomery, Texas, USA). To ensure specificity of the
ELISA, human, mouse, and rat Ab’s were incubated for
2 hours at 37°C with 3% BSA in distilled water (dH,O).
ELISAs had a sensitivity of at least 1 ng/ml.

Pentoxyresorufin assay. The mMAPC-hepatocyte
aggregates were formed by plating day 14 FGF-4-
treated and HGF-treated mMAPCs at 5 x 10*
cells/cm? on non-tissue-culture plates, which were
placed on a shaker at 10 revolutions per minute for 5
hours. Cell aggregates were transferred to Primaria
dishes and allowed to compact for 4 days in the pres-
ence or absence of 1 mM phenobarbital. The hMAPC-
hepatocyte aggregates were formed by the hanging
drop method. Briefly, 103 hMAPCs treated for 24
days with FGF-4 and HGF were placed into 100 ul
drops with or without 1 mM phenobarbital. After 4
days, aggregates were collected and cytochrome P450
(CYP) activity assessed by pentoxyresorufin (PROD)
assay. Pentoxyresorufin (Molecular Probes Inc.) is O-
dealkylated by CYP, changing a nonfluorescent com-
pound into a fluorescent compound, resorufin (19).
Fluorescence intensity caused by PROD metabolism

consequently estimates CYP activity. Assessment and
detection of resorufin in situ was performed using
confocal microscopy as described (21).

Uptake of a-LDL. The Dil-Ac-LDL staining kit was pur-
chased from Biomedical Technologies (Stoughton,
Massachusetts, USA). The assay was performed per
manufacturer’s recommendations.

Periodic acid-Schiff for glycogen. Slides were oxidized in
1% periodic acid for 5 minutes and rinsed three times
in dH,O. Afterward, slides were treated with Schiff’s
reagent for 15 minutes, rinsed in dH,0O for 5-10 min-
utes, stained with Mayer’s hematoxylin for 1 minute,
and rinsed in dH,O.

Additional methods include culture of HUH7 cells
(22), karyotyping (16), transduction of cells (16), and
splinkerette flanking region PCR for the retroviral
insert (Y. Jiang, unpublished observations; and M.
Reyes, unpublished observations) all done as
described in references.

Results
mMAPCs, rMAPCs, and hbMAPCs acquire a hepatocyte-like phe-
notype when cultured with FGF-4 and/or HGF. The mMAPCs,
rMAPCs, and hMAPCs were selected and cultured as we
described previously (16). We first determined optimal
conditions for MAPC differentiation into hepatocyte-like
cells. We tested the effect of different ECM components
and cytokines known to induce hepatocyte differentia-
tion in vivo or from ES cells (1, 4, 14, 15, 23, 24) on
mMAPC or rMAPC differentiation to hepatocytes.
Because differentiation requires cell cycle arrest, we also
tested the effect of cell density. To demonstrate differen-
tiation to hepatocyte like cells, we stained cells after 14
days with Ab’s against albumin, CK18, and HNF3p.
Optimal differentiation of mMAPCs or rMAPCs to
albumin-, CK18-, and HNF-3B-positive epithelioid
cells was seen when MAPCs were plated at 21.5 x 103
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cells/cm? in the presence of 10 ng/ml FGF-4 and 20
ng/ml HGF on Matrigel (Table 2). After 14 days, the
percentage of albumin-, CK18-, and HNF-3B-positive
epithelioid cells was 61.4% + 4.7%, and 17.3% of cells
were binucleated. When plated on FN, differentiation
to CK18- and HNF-3B-positive epithelioid cells was
also seen, even though only 53.1% + 6.3% of cells
stained and fewer (10.9%) binucleated cells were seen.

Culture with FGF-4 or HGF yielded albumin-,
CK18-, and HNF-3B-positive epithelioid cells, but the
percentage of albumin-, CK18-, and HNF-3f-positive
cells was higher when mMAPCs or rMAPCs were
treated with both FGF-4 and HGF (Table 2). Addition
of aFGF, bFGF, FGF-7, BMPs, or OSM did not
increase the percentage of cells positive for hepatocyte
markers (not shown), while 1% DMSO and 0.1-10
mM sodium butyrate did not support differentiation
of mMAPCs or rtMAPCs to cells positive for hepato-
cyte markers (not shown).

When we tested cell densities between 2.5 and 25 x 103
cells/cm?, the highest percentage of cells with hepato-
cyte markers was seen in cultures seeded at 21.5 x 103
cells/cm?. No hepatocyte differentiation was seen when
cells were plated at less than 12.5 x 103 cells/cm?.

The hMAPCs (Table 2) were plated at 3 X 103 to
30 x 103 cells/cm? on 10 ng/ml FN or 1% Matrigel with
aFGF, bFGF, FGF-7, 1% DMSO, HGF, and/or FGF-4.
Only cells treated with 10 ng/ml FGF-4 alone, 20
ng/ml HGF alone, or a combination of both differen-
tiated into epithelioid cells that expressed albumin,
CK18, and HNF-3f3. The hMAPCs plated at 15 x 103 to
30 x 103 cell/cm? differentiated into epithelioid cells,
whereas hMAPCs plated at 3 x 103 cell/cm? died. Like
mMAPC or rMAPC, the percentage of albumin-,
CK18-, and HNF-3B-positive epithelioid cells was
higher when hMAPCs were cultured on Matrigel
(91.3% + 4.4%) than on FN (89.5% + 5.4%), and the per-
centage of binucleated cells was higher on Matrigel
(31.3%) than on FN (28.7%).

Phenotypic characterization of MAPC differentiation to
bepatocyte-like cells. We further evaluated hepatocyte
differentiation over time by immunofluorescence
and confocal microscopy for early (HNF-303, GATA4,
CK19, oFP) and late (CK18, albumin, HNF-1a)

Table 3

Imm

unohistochemistry pattern of hepatocyte marker expression

markers of hepatocyte differentiation. The mMAPCs
or rMAPCs plated on Matrigel with FGF-4 and HGF
enlarged from 8 um to 15 um diameter (Figure 1 and
Table 3). On day 21-28, approximately 60% of cells
were epithelioid and surrounded by smaller round or
spindle-shaped cells. Undifferentiated mMAPCs or
rMAPCs did not express any of the liver-specific tran-
scription factors or cytoplasmic markers. After 4
days, cells expressed HNF-33, GATA4, and aFP, low
levels of CK19, and very rare cells stained positive for
HNF-10, albumin, or CK18. At 7 days, the large
epithelioid cells stained positive for HNF-3[3, GATA4,
and HNF-1lo, with increasing staining for albumin
and CK18. Only rare cells expressed oFP. After 14, 21,
and 28 days, the large epithelioid cells stained posi-
tive for GATA4, HNF-33, HNF-1qa, CK18, and albu-
min, but not oFP or CK19.

The hMAPC (Figure 2 and Table 3) plated on
Matrigel with FGF-4 and HGF or FGF-4 alone
enlarged from 10- to 12-um to 20- to 30-um diame-
ter by day 21. After 7 days, cells expressed HNF-3,
GATA4, and low levels of CK19, while few cells
stained positive for albumin or CK18. After 14 and
21 days, more than 90% of epithelioid cells stained
positive for GATA4, HNF-3B, HNF-lo, HNF-4,
CK18, and albumin, while only rare cells stained pos-
itive for oFP or CK19.

Hepatocyte-like cells are derived from the same single
hMAPCs that differentiated into neuroectoderm and endo-
derm. We showed previously that single mMAPCs or
rMAPCs differentiate into endothelium, neuroecto-
derm, and CK18- and albumin-positive endodermal
cells (Y. Jiang, unpublished observations). We also
showed that single hMAPCs differentiate into meso-
derm and neuroectoderm (M. Reyes, unpublished
observations). Here we tested whether the same single
hMAPC also differentiates into hepatocyte-like cells.
As we described previously, five h(MAPCs transduced
with an eGFP-cDNA-containing retrovirus were
added to 95 nontransduced hMAPCs and expanded
to greater than 5 X 10° cells. Twenty percent was
induced to differentiate into muscle, endothelium,
neuroectoderm, and endoderm. For clone A16 used
here, we showed previously using splinkerette PCR

Mouse and Rat

Day 4 Day 7 Day 10 Day 14
HNF-33 +/+ +/+ +/+ +/+
Gata4d +/+ +/+ +/+ +/+
o-FP +/+ +/+ NT/NT -/-
HNF-1o -/- +/+ NT/NT +/+
Albumin -/- +/+ +/+ +/+
CK18 -/~ +/+ +/+ +/+

Human
Day 21 Day 4 Day 7 Day 10 Day 14
+/+ NT + NT + +
+/+ NT + NT + +
-/- NT + NT - -
+/+ NT - NT + +
+/+ NT + NT + +
+/+ NT - NT + +

Day 21

Mouse and rat: mMAPCs (n = 7) and rMAPCs (n = 5) were cultured at 21.5 x 103 cells/cm? on Matrigel with FGF-4 and HGF for 4, 7, 10 and 14 days. Human:
hMAPCs (n = 3) were cultured at 3 X 104 cells/cm? on Matrigel with the FGF-4 for 4,7, 10, 14, and 21 days. Samples were evaluated immunohistochemically
for the respective markers. +, marker is expressed; -, marker is not expressed; NT, not tested.
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Day 14

shown). Following treatment of
mMAPCs or tMAPCs with FGF-4 and
HGF, expression of HNF-33 and GATA4
mRNA increased on day 2, became maxi-
mal by day 4, decreasing slightly and lev-
eling off by day 14. The mRNA for oFP
and CK19 increased after day 2 and
became maximal by day 4 and decreased
thereafter. TTR mRNA increased after
day 4, was maximal by day 7, and leveled
off. CK18, albumin, HNFla, and CYP
enzyme mRNA increased after day 7 and
was maximal on day 14. Between day 14
and day 21, FGF-4- and HGF-induced
MAPCs expressed albumin, TTR, CK18,
Cyp2b9, and Cyp2bl3 (mouse) and
CYP2B1 (rat) mRNA.

Undifferentiated hMAPCs expressed
low levels of albumin, CK18, and CK19,
CYP1B1, but not oFP (Figure 4b) and
CYP2B6 mRNA (not shown). Levels of
albumin, CK18, CK19, and CYP1B1
mRNA increased significantly in
hMAPCs cultured with FGF-4 alone or
with FGF-4 and HGF for 14 days com-
pared with day 0 (MAPC) cultures. Lev-
els of albumin, CK18, and CYP1B1
mRNA continued to increase and were

higher on day 28. Although, CYP1B1 is
not a specific hepatocyte marker; its
upregulation suggests hepatocyte com-
mitment and maturation. Low levels of
CYP2B6 representing 0.5-1.0% of fresh
liver mRNAs could be seen on day 14
and day 21, but not day 0 (not shown).

Figure 1

Phenotypic characterization of mMAPC differentiation to hepatocyte-like cells. The
mMAPCs were cultured on Matrigel at 21.5 X 103 cells/cm? with FGF-4 and HGF for
4-14 days. Immunohistochemical localization of (a-c) CK18-FITC and HNF-383-Cy3,
(d-f) albumin-FITC and GATA4-Cy3, (g-i) 0FP-FITC and HNF-10.-Cy3, on day 4, 7,
and 14, and (j-1) CK18-FITC and albumin-Cy3 on day 14. Scale bar, 20 um. Repre-
sentative example of seven experiments.

that a single retroviral insertion site was present in
undifferentiated MAPCs as well as mesodermal and
neuroectodermal differentiated cells. Shown in Figure
3, eGFP* clone A16 MAPCs differentiated into CK18-
and albumin-positive cells. We also found that the
same insertion site was present in FGF-4-treated
MAPCs generated from the same cell population (5’
TAG CGGCCGCTTGAATTCGAACGCGAGACTACTGT-
GACT CACACT-3’, chromosome 7), proving that single
hMAPCs differentiate into endoderm aside from
mesoderm and neuroectoderm (M. Reyes, unpub-
lished observations).

Quantitative RT-PCR demonstrates that FGF-4 and HGF
induces bepatocyte specification and differentiation. We con-
firmed hepatocyte differentiation by quantitative
RT-PCR for early (HNF-3, GATA4, CK19, oFP) and
late (CK18, albumin, HNF-10, CYP) markers of hepa-
tocyte differentiation. On day 0, mMAPCs and
rMAPCs expressed low levels of albumin, oFP, CK18,
CK19, transthyretin (TTR), HNF-3, HNF-1la, and
GATA4 mRNA, but no Cyp2b9 and Cyp2b13 (mouse)
or CYP2B1 (rat) mRNA (Figure 4a; rat data not

The mRNA levels of immature hepato-
cyte markers (CK19 and aFP) decreased
as differentiation progressed and were higher in cul-
tures induced with FGF-4 alone, whereas mRNA lev-
els for mature hepatocytes (CK18 and albumin) were
higher in FGF-4-and HGF-induced hMAPCs.
Western blot analysis demonstrates FGF-4 + HGF induces
bepatocyte specification and differentiation. We also con-
firmed expression of hepatocyte-specific genes by
Western blot analysis. Undifferentiated hMAPCs did
not express CK18, albumin, or oFP protein (Figure
4c). After treatment for 35 days with FGF-4 alone or
FGF-4 and HGF, hMAPCs expressed albumin and
CK18, but not oFP, consistent with the histochemi-
cal analysis shown in Figure 1b.
mMAPCs, yMAPCs, and hbMAPCs acquire hepatocyte
functional activity. We used six different assays to
determine whether cells with morphologic and phe-
notypic characteristics of hepatocytes also had func-
tional hepatocyte attributes. Urea production and
secretion by hepatocyte-like cells was measured at
various time points throughout differentiation.
Undifferentiated MAPCs did not produce urea.
Following treatment with FGF-4 and HGF, urea
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Figure 2

Phenotypic characterization of hMAPC differentia-
tion to hepatocyte-like cells. The hMAPCs were cul-
tured on Matrigel at 3 x 10 cells/cm? with FGF-4 for
21 days. Representative example of three experi-
ments. Scale bar, 25 um. (a and d) Day 0 and 14,
stained with albumin-FITC and HNF-10-Cy5 Ab’s. (b
and e) Day 7 and 14, stained with CK18-FITC and
GATA4-Cy5 Ab’s. (c and f) Day 7 and 14, stained
with CK8-FITC and HNF-33-Cy5 Ab’s. (g-i) Day 21,
stained with CK18-Cy3 and albumin-FITC Ab’s. (g)
CK18-Cy3, (h) albumin-FITC, and (i) overlay. (j-1)
Day 21, stained with CK8-Cy3 and CK18-FITC Ab’s.

production by MAPCs increased in a time-dependent
manner (Figure 5a). The time course for urea pro-
duction in mouse and rat cultures was similar. For
hMAPCs treated with FGF-4 and HGF, urea was not
detected on day 4, was similar to mouse and rat cul-
tures by day 12, and exceeded that in mouse or rat
cultures on day 21. Levels of urea produced by
MAPC-derived hepatocytes were similar to that in

Figure 3 a
Single hMAPC (clone A16) that differentiates to meso-
derm and neuroectoderm, differentiates to hepatocyte-
like cells when cultured with FGF-4 on Matrigel for 21
days. The h(MAPCs were from clone A16, described else-
where (M. Reyes, unpublished observations), generated
from cultures in which five eGFP* hMAPCs were added
to 95 nontransduced hMAPCs and expanded to more
than 5 x 10° cells. A16-derived hMAPCs were cultured
with FGF-4 on Matrigel for 14 days and stained with
Ab’s against CK18, albumin, and HNF-3. Slides were
evaluated by confocal microscopy for coexpression of
eGFP and hepatocyte markers. Scale bar, 25 um. (a-c)
FGF-4-induced MAPC evaluated for eGFP expression.
(d-e) Same field as a and b stained with CK18-Cy3.
eGFP* cells express CK18. (f) Same field as ¢ stained for
albumin-Cy3 and HNF-33-Cy5. eGFP* cells express albu-
min and HNF-3.

(j) CK8-Cy3, (k) CK18-FITC, and (I) overlay.

monolayer cultures of primary rat hepa-
tocytes. For all three species, signifi-
cantly more urea was produced by cells
differentiated on Matrigel compared
with FN (data not shown).

Albumin production was measured at
various time points throughout the dif-
ferentiation. Undifferentiated MAPCs
did not secrete albumin. Following
treatment with FGF-4 and HGF,
mMAPCs, rMAPCs, and hMAPCs pro-
duced albumin in a time-dependent
manner (Figure 5b). As was seen for urea
production, MAPCs differentiated on
Matrigel produced higher amounts of
albumin than when cultured on FN
(data not shown). Mouse, rat, and
human cells secreted similar levels of
albumin, even though albumin was not detected in
human cultures on day 3. Levels of albumin pro-
duced by mouse, rat, and human MAPC-derived
hepatocytes were similar to those seen in monolayer
cultures of primary rat hepatocytes.

We next assessed CYP activity in aggregates of
MAPC-derived hepatocytes and primary rat liver
hepatocyte spheroids using the PROD assay. No

b
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Figure 4

Quantitative RT-PCR and Western blot analyses confirm hepatocyte-
like phenotype. (a) mMMAPCs and (b) hMAPCs were cultured on
Matrigel with FGF-4 and HGF or FGF-4 alone for 21 and 28 days,
respectively. At multiple time points during culture, cells were har-
vested and underwent quantitative RT-PCR using the SYBR green
method for mRNAs as indicated. The mRNA levels were normalized
using B-actin as a housekeeping gene. Numbers under the blots for
CK18, CK19, TTR, albumin, and CYP1B1 represent mRNA levels after
treatment relative to undifferentiated MAPCs. For oFP, Cyp2b9, and
Cyp2b13, numbers under the blots are relative to mRNA from the
liver, because no transcripts were detected in undifferentiated MAPCs.
Li, mouse or human liver mRNA; NT, no template. Representative
example of five mouse and one human study. (¢) hMAPCs (from b)
were cultured on Matrigel with FGF-4 and HGF or FGF-4 alone for 21
days. HUH7 cells were cultured as described. Lysates of cells were sep-
arated by SDS-PAGE, transferred to Immuno-Blot PYDF membrane,
and incubated for 1 minute with Ab’s against oFP, CK18, albumin, or
B-actin. FN, FGF-4-induced hMAPCs on FN; M, FGF-4-induced
hMAPCs on Matrigel; FH, FGF-4- and HGF-induced hMAPCs on
Matrigel; Huh, Huh7 cell line used as control.

PROD activity was seen in aggregates of undifferen-
tiated mMAPCs or hMAPCs. However, mMAPCs (18
days with FGF-4 and HGF) and hMAPCs (28 days,
FGF-4 alone) induced to form aggregates had signif-
icant PROD activity (Figure 6). PROD activity in
MAPC-derived hepatocyte aggregates was similar to
that of primary rat hepatocyte aggregates. A number
of different cells have CYP activity, but CYP activity
upregulation by phenobarbital is seen only in hepa-
tocytes. Therefore, we also tested CYP activity in the
presence or absence of phenobarbital. Without phe-
nobarbital, several CYP enzymes partially participate
in PROD metabolism, giving an inflated fluorescence
value for those samples. In contrast, in the pheno-
barbital-induced aggregates, PROD activity is almost
wholly metabolized by mouse cytochromes Cyp2b9,
Cyp2b10, and Cyp2b13, rat cytochromes CYP2B1/2
(19), and in humans, by CYP2B6. Therefore, the
increased fluorescent activity is smaller than the
actual increase in the protein expression of the stat-
ed CYP enzymes. When aggregates were cultured for
96 hours with phenobarbital, a 32-39% increase in

PROD activity was seen, suggesting presence of func-
tional hepatocyte-specific Cyp2b9, Cyp2b10, and
Cyp2b13 in mMAPCs and CYP2B6 in hMAPC-
derived hepatocytes.

We also assessed whether MAPC-derived hepatocytes
can take up LDL (25) by incubating FGF-4-treated
hMAPCs with LDL-Dil-acil. Cells were colabeled with
either anti-CK18 or anti-Pan-CK and -HNF-3f, or
-GATA4 Ab’s. After 7 days, low-level uptake of a-LDL
was detected, which increased to become maximal on
day 21 (Figure 7).

Another metabolic function of hepatocytes is glyco-
gen production or gluconeogenesis. We analyzed the
levels of glycogen storage by periodic acid-Schiff (PAS)
staining of FGF-4- and HGF-induced mouse MAPCs
and FGF-induced hMAPCs at days 3, 7, 14, and 21.
Glycogen storage was first seen by day 14, and maxi-
mum levels were seen after day 21 (Figure 8).

We also examined whether MAPC-derived hepato-
cytes acquire a polarized structure by labeling
hMAPCs cultured for 28 days in the presence of
FGF-4 with an Ab against CD26 (dipeptidypeptidase
IV), an apical membrane protein (26), and an Ab
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Figure 5

Urea and albumin production by mouse, rat, and human MAPCs
cultured with FGF-4 and HGF on Matrigel. mMAPCs (n=7), rMAPCs
(n=135), and hMAPCs (n = 2) were cultured on Matrigel with FGF-4
and HGF for 4-28 days. Gray area represents standard values for pri-
mary rat hepatocytes. (a) Urea production, expressed per cell num-
ber seeded and per hour. Studies were done in duplicate and repeat-
ed twice for each study. (b) Albumin production expressed per cell
number seeded and per hour. Studies were done in duplicate and
repeated twice for each study.
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Figure 6

PROD assay on MAPC-derived hepatocytes from mice and humans. The mMAPCs and
hMAPCs cultured on Matrigel with FGF-4 and HGF for 14 and 28 days were allowed to
aggregate in the presence or absence of 1 mM phenobarbital for 4 days. PROD assay was
done as described in Methods. (a and b) Undifferentiated mMAPC aggregates. (c and
d) Primary rat hepatocytes. (e and f) mMMAPC-derived hepatocyte-like spheroids. (g and
h) hMAPC-derived hepatocyte-like spheroids. Representative example of four mouse
studies including over 120 aggregates and one human study including over 50 aggregates.

against c-met or the LDL receptor, both of which are
basolateral membrane proteins (26, 27). We found
that 6.4% + 5.6% of cells stained positive with Ab’s
against both apical and basolateral markers.
Although the majority of cells stained in a diffuse pat-
tern, 4.3% + 2.5% of cells expressed CD26 (Figure 9),
c-met (Figure 9), and LDL receptor (not shown) in a
polarized fashion. Although the frequency of cells
that were polarized was low, this is consistent with
what has been described for primary hepatocytes cul-
tured in two-dimensional (2-D) cultures in vitro.

Discussion

We show that a single postnatal mouse, rat, and
human BM-derived MAPC can differentiate in vitro
into an endodermal cell type with hepatocyte pheno-
type and function. MAPCs, cultured under hepato-
cyte differentiation conditions and expressed in a
time-dependent manner, primitive mature hepato-
cyte markers, shown by immunofluorescence
microscopy of double- and triple-labeled cells. The
protein-expression profile was hepatocyte specific
and not spurious, because nonhepatocyte markers
were not coexpressed with hepatocyte antigens. We
confirmed results from immunohistochemistry by
Western blot analysis. In addition, RT-PCR corrobo-
rated upregulation of the transcription factors HNF-
3B and GATA4, known to be important in endoderm
specification and transcription factors required for
subsequent hepatocyte differentiation, such as HNF-
la, and cytoplasmic proteins such as CK19, CK18,
oFP, and albumin.

To optimize hepatocyte formation, many different
cytokines were tested, including aFGF, bFGF, FGF-4,
HGF, FGF-7, and OSM, thought to be important for
hepatocyte differentiation during embryological

+ Phenobarbital

..-.

development. However, only FGF-4
and HGF promoted hepatocyte differ-
entiation. FGF-4 alone induced hepa-
tocyte differentiation. However, the
degree of differentiation measured by
absence of immature markers such as
oFP and CK19 was higher when cells
were also treated with HGF. This is
consistent with the observation that
FGF-4 is important in initial endo-
derm patterning and may play a role in
endoderm specification (23) and that
HGF induces differentiation of hepa-
tocytes that are not actively proliferat-
ing (28-31). Differentiation to cells
with a hepatocyte phenotype was seen
only when cells were seeded at high
confluence, which may cause a post-
mitotic state required for differentia-
tion in the presence of HGF. aFGF and
bFGF, important in hepatocyte speci-
fication, however, did not promote
hepatocyte differentiation in our sys-
tem. Other signals known to influence differentiation
to hepatocytes include ECM-derived signals (32, 33).
Culture on Matrigel induced the most complete dif-
ferentiation to cells expressing hepatocyte markers.
Because Matrigel consists of a mixture of ECM com-
ponents, we also tested whether any specific compo-
nent might be responsible for the hepatocyte induc-
tion. Differentiation to cells with hepatocyte
phenotype and function could also be induced when

Figure 7

LDL uptake by h(MAPC-derived hepatocytes. hMAPCs cultured with
FGF-4 on Matrigel for 0-21 days were incubated with Dil-acil-LDL,
fixed, and stained with anti-pan-CK, CK18, GATA4, and HNF-3f3
Ab’s. Representative example of three studies. Scale bar, 25 um. (a)
Day 21, incubated with Dil-acil-LDL and stained with HNF-3B3-Cy5
Ab. (b) Same field as a stained with pan-CK-FITC and HNF-33-Cy5
Ab. Inset, higher-magnification three-color view. Note the presence
of binucleated cells. (¢) Day 21, incubated with Dil-acil-LDL and
stained with GATA4-Cy5 Ab. (d) Same field as b stained with GATA4-
Cy5 and CK18-FITC Ab. Inset, higher magnification showing three-
color view. Note the presence of binucleated cells.
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FGF-4-induced MAPCs produce glycogen. The rMAPCs and
hMAPCs were cultured on Matrigel with FGF-4 and HGF and
FGF-4 alone, respectively. Cells were fixed with methanol and

stain

ed by PAS. Glycogen storage is seen as accumulation of magen-

ta staining. Representative example of three studies. Scale bar, 25

um.

(a) Undifferentiated hMAPCs, (b) day 21 hMAPCs, (c)

rMAPCs, (d) rat primary hepatocytes.

cells were cultured on FN, but not collagen I, collagen
IV, or laminin (33). Culture conditions for rodent cells
and human cells were similar. However, the rate with
which differentiation occurred was faster for
mMAPCs and rMAPCs than hMAPCs. Whether this
indicates that culture conditions were not optimized
for human cells, or whether this reflects differences in
rate of differentiation also seen during normal embry-
ological development, is not known.
Although we showed that FGF-4 alone
or both FGF-4 and HGF induced MAPCs
into cells with morphological and phe-
notypic characteristics of hepatocytes,
this alone does not prove that cells have
differentiated into hepatocytes unless
one can demonstrate acquisition of func-
tional characteristics of hepatocytes.
Therefore, several functional tests were
done in combination to identify func-
tional hepatocytes. mMAPCs, rMAPCs,
or hMAPCs produced urea and albumin,
contained phenobarbital-inducible CYP
activity, could take up Dil-acil-LDL, and
contained glycogen granules. Although
urea production is characteristic of hepa-
tocyte activity, kidney tubular epithelium
also produces urea (34). In contrast,
albumin production is a specific test for

. .. Fi
the presence and metabolic activity of igure 9

.-
..

in mice (36, 37), and CYP2B6 in humans is consid-
ered relatively hepatocyte specific. Presence of these
forms of CYP was shown by RT-PCR. The specificity
for hepatocytes is enhanced further when CYP activ-
ity is inducible by phenobarbital (38), as we showed.
Although LDL uptake is seen in hepatocytes (25),
other cells, such as endothelium, have a similar capa-
bility (39), and only hepatocytes can generate and
store glycogen. Finally, structural polarity is an
important property of hepatocytes in vivo. This is the
result of the position of the hepatocyte between the
vasculature and the biliary system and results in com-
partmentalization of specific tasks within the cell
(40). In vivo, the apical membrane is specified to
secrete bile acids and detoxified products via plasma
membrane transporters, whereas the basolateral
membrane is specified for exchange and secretion of
plasma proteins via secretory vesicles (40). Primary
hepatocytes lose this polarized structure soon after
isolation and culture in 2-D in vitro (41). Further-
more, the cells adopt a flat morphology and rarely
develop bile canicular structures (42). We demon-
strate that a small fraction of MAPC-derived hepato-
cyte-like cells maintained in 2-D culture develop
signs of polarization, consistent with what has been
described for primary hepatocytes cultured in 2-D.
When taken together, these functional tests demon-
strate that MAPC from mice, rats, or humans treated
in vitro with FGF-4 and HGF not only express hepa-
tocyte markers but also have functional characteris-
tics consistent with hepatocyte metabolic activities.

Several studies have shown that BM-derived cells may
differentiate into hepatocyte-like cells in vivo and in
vitro (8-13). However, most studies have not addressed
the phenotype of the BM cell that differentiates into

FGF-4-induced MAPCs exhibit polarization. The hMAPCs cultured with FGF-4 on
Matrigel for 28 days. Representative example of two studies. Arrowhead, polarized
cell; arrow, nonpolarized cell; star, binucleated cell. Scale bar, 25 um. Staining for
c-met-Cy3 (a), albumin-FITC (b), and overlap (c). Staining for c-met-Cy3 (d),
CD26-FITC (e), and overlap (f).

hepatocytes (34). CYP, although found in
hepatocytes, is also present in many
other cell types (35). However, CYP2B1
activity in rats (19), Cyp2b9 and Cyp2b13
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cells with hepatocyte phenotype. It is unknown
whether the cells staining positive for hepatocyte mark-
ers had functional characteristics of hepatocytes and
whether cells that differentiate into hepatocytes can
also differentiate into mesodermal cells, such as
hematopoietic cells. Lagasse et al. demonstrated that
cKit*Thy*¥ Scal* Lin- cells present in murine BM dif-
ferentiate into cells with not only hepatocyte pheno-
type but also hepatocyte function (13). Even though
such results could be seen when as few as 50 cells were
transplanted, this study did not prove that the same
cell that differentiates into hematopoietic cells also dif-
ferentiates into hepatocytes. Krause et al. (10) showed
that a single cell can repopulate the hematopoietic sys-
tem and give rise to rare hepatocytes. However, no func-
tional assessment of the hepatocytes was done. Avital
et al. recently published that B,m-, Thy-1* cells in
mouse BM express albumin, HNF-4, C/EBPo., and
CYP3A2 mRNA and protein (43), a phenotype of hepa-
tocyte progenitors usually found in the liver. Thus,
presence of such hepatocyte progenitor cells in BM
could explain the in vivo differentiation of bone mar-
row into hepatocytes noted in recent studies (10, 13).

To address the question whether cells giving rise to
functional hepatocyte-like cells also give rise to other
cell types, we used retroviral marking (ref. 16, and Y.
Jiang, unpublished observations). We have shown
recently that cells expressing albumin, CK18, and
HNF-10 can be generated from the same mMAPCs
and rMAPCs that differentiate into cells with endothe-
lial and neuroectodermal phenotype (Y. Jiang, unpub-
lished observations). We here confirm that similar
results are seen for hMAPCs. Extending recently pub-
lished studies demonstrating derivation of cells with
mesodermal and neuroectodermal phenotype and
function from single hMAPCs (M. Reyes, unpublished
observations), we show here that the same single
hMAPC also differentiates into cells with hepatocyte
morphology and phenotype. Thus, we demonstrate for
the first time that MAPCs, culture-selected from bone
marrow, do not express hepatocyte markers and have
no functional hepatocyte activity, which, depending
on the culture conditions, acquire a hepatocyte phe-
notype and functional characteristics of hepatocytes
or phenotypic and functional characteristics of meso-
dermal and neuroectodermal cells. When mMAPCs are
infused in normal mice, differentiation into CK18 and
albumin-positive cells contributing to 3-8% of the liver
parenchyma liver is seen, and mMAPCs give rise to up
to 45% of hepatocytes when injected in the blastocyst
(Y. Jiang, unpublished observations). We have yet to
test formally whether MAPC-derived hepatocyte-like
cells can rescue animals with liver failure. This has
prompted us to use the term functional hepatocyte-
like cells rather than functional hepatocytes.

The observation that adult tissue-specific stem cells
may differentiate into cells of different tissues challenges
the traditional view of the biology of tissue-specific stem
cells. This could be explained by the persistence of

pluripotent stem cells, such as ES cells, which are capa-
ble of differentiating into many different cell types
including endoderm. Alternatively, MAPCs may be the
result of “dedifferentiation” of a BM-derived stem cell in
our culture system, which induces chromatin remodel-
ing and changes in cell fate determination as has been
shown in the “cloning” process (44, 45). Irrespective of
the etiology of MAPCs, the finding that MAPCs can be
isolated, expanded, and maintained in vitro in an undif-
ferentiated state for more than 100 population dou-
blings, and induced to specifically differentiate into
hepatocyte-like cells, may make the MAPC an ideal cell
for in vivo therapies of genetic or acquired disorders of
the liver and for use in bioartificial liver devices. Studies
are ongoing to further explore the potential of MAPCs
and MAPC-derived hepatocyte-like cells in the treatment
of liver disorders.
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