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Fig. 3. Impaired hepatic bud formation but normal pancreas in hio
embryos. (A) Whole-mount in situ hybridization to detect foxA3 expres-
sion in WT and hio mutant embryos at stages 25, 29, and 32. Arrows
indicate hepatic buds derived from the foregut. Asterisk indicates that no
hepatic bud is present in the hio mutant at stage 25. (B) Whole-mount
in situ hybridization to detect prox1 expression in WT and hio mutant
embryos at stages 25 and 29. Arrows indicate hepatic region. Asterisk
indicates that no prox1 expression is observed in the hio mutant at stage
25. For A and B, images shown are single examples representative of
more than 20 embryos examined per group.

cell differentiation or liver functions at later stages of em-
bryogenesis.

Stafford and Prince?? have reported that hepatic and
pancreatic cell markers are undetectable in zebrafish 7/
embryos. To investigate whether the /i mutation af-
fected pancreas development in medaka, we carried out iz
situ hybridization using probes for the pdx! and insulin
genes. We observed pdxI-expressing cells in the pancre-
atic primordium region in both WT and Aio embryos at
stage 28 (Fig. 4C). Furthermore, insulin-expressing cells
were present in both WT and Aio embryos at stage 30
(Fig. 4D). Thus, unlike its effects on liver development,
the medaka /70 mutation does not appear to affect pan-
creas development. This result stands in contrast to the
zebrafish 7/s mutation, which severely impairs the devel-
opment of both the liver and the pancreas.

wnt2bb Expression in the LPM Is Lost in hio Em-
bryos. It has been shown in zebrafish that mesodermal
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wnt2bb expression promotes liver specification.!” It is also
known that the wnt2ba gene acts downstream of RA sig-
naling and regulates pectoral fin development in ze-
brafish.72° The wnt2ba and wnt2bb genes are both
members of wnt2b gene family that exists in both ze-
brafish and medaka. These observations suggested to us
that Wnt2bb might be a good candidate for the key mol-
ecule regulating piscine liver specification downstream of
RA signaling. To explore this hypothesis, we examined
wnt2bb expression in hio embryos. At stage 22, no wnt2bb
expression in the LPM was observed in either WT or hio
embryos (Supporting Fig. 4). However, by stage 24,
wnt2bb expression in the LPM directly adjacent to the
liver-forming endoderm was induced in WT embryos but
not in hio embryos (Fig. 5A, left panel). These results
suggest that the /io mutation causes a loss of wnt2bb gene

ck19 cp
(st. 34)

B PED6
st. 36

st. 32
WT
N .

pdx1 (st.28)

) .

D insulin (st. 30)

Fig. 4. Normal hepatic cell differentiation and function and pancreatic
development in hio embryos. (A) Whole-mount in situ hybridization of WT
and hio mutant embryos to detect ck19 expression by cholangiocytes at
stage 32, and cp expression by hepatocytes at stage 34. Arrows indicate
ck19-positive or cp-positive livers. (B) WT and hio mutant embryos at
stage 36 were treated with PED6 to assay liver lipid metabolism. White
dashed lines indicate green fluorescence attributable to PED6 metabo-
lites. (C) Whole-mount in situ hybridization to detect pdx1 expression
(arrows) in WT and hio mutant embryos at stage 28. (D) Whole-mount in
situ hybridization to detect insulin expression (arrows) in WT and hio
mutant embryos at stage 30. For A-D, images shown are single examples
representative of more than 10 embryos examined per group.
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Fig. 5. Impaired wnt2bb expression in hio embryos. (A) Whole-mount
in situ hybridization to detect wnt2bb expression in WT and hio mutant
embryos at stages 24 and 29. Arrows indicate wnt2bb expression in the
WT. Asterisks indicate the lack of wnt2bb expression in hio mutant
embryos. (B) Whole-mount in situ hybridization to detect prox1 expres-
sion in WT and wnt2bb-morphant (MO) embryos at stage 25. Amow
indicates prox1 expression in the WT hepatic region. Asterisk indicates
the lack of prox1 expression in the MO embryo. Images shown are single
examples representative of more than 20 embryos examined per group.

expression. Interestingly, wnz2bb still had not been ex-
pressed in the hio LPM at stage 29, when the liver bud
forms (Fig. 5A, right panel). Thus, the small livers that
eventually appear in medaka /i0 mutants seem to form
independently of Wnt2bb signaling, just as occurs in ze-
brafish prt mutants.

To investigate whether wnz2bb positively regulates
liver specification in medaka as it does in zebrafish, we
injected wnt2bb-specific morpholino antisense oligonu-
cleotides (wnt266-MO) into the cytoplasm of one-cell
stage W'I" embryos and evaluated the outcome by i7 situ
hybridization using a prox1 probe. We found that, like Aio
embryos, WT medaka embryos that had been injected
with wnt2b6-MO lacked proxl expression (Fig. 5B).
These results suggest that Wnt2bb signaling is responsible
for liver specification in medaka.

In conclusion, our study has shown that the 4o muta-
tion in medaka impairs liver specification by abrogating
wnt2bb expression. Our data are thus the first genetic
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evidence that RA signaling positively regulates liver spec-
ification by inducing wnz2bb expression.

Discussion

Function of RA Signaling in Pectoral Fin and Liver
Development in Medaka. In this study, we examined the
role of RA signaling during embryogenesis by characterizing
medaka /jo mutants. These mutants bear an alteration to the
raldh2 gene (Fig. 1) that encodes the enzyme principally
responsible for RA synthesis, and we interpret that this is a
nearly null mutation because the phenotypes of Aio mutant
are similar to that of RALDH2 morphants (Fig. 2 and Sup-
porting Fig. 1). The hio mutants exhibit two prominent phe-
notypes: missing pectoral fins and a small liver (Fig. 2 and
Supporting Fig. 1). Work in mouse, chick, and zebrafish has
shown that RA signaling from the somitic mesoderm is es-
sential for limb induction and is mediated by the expression
of downstream factors such as wnt2ba and tbx5.7-14 We show
that the /io mutation in medaka leads to defects in pectoral
fin development and #6x5 and wnt2ba expression (Support-
ing Fig. 2). Thus, our results indicate that RA signaling is
crucial for fin specification in medaka and show that limb
induction signaling is conserved across a broad range of spe-
cies (Fig. 6, right part). Significantly, our work has also un-
covered a role for RA signaling in liver development. We
have demonstrated that the io mutation retards the forma-
tion of hepatic buds from the foregut (Fig. 3A) and causes a
profound defect in liver specification (Fig. 3B). In addition,
we have shown that the wn22bb expression required for the
regulation of liver specification is undetectable in the LPM of
hio embryos (Fig. 5A). Our data constitute the first genetic
evidence that RA signaling regulates vertebrate liver specifi-
cation by inducing wnz2bb gene expression (Fig. 6, left part).
Previously, Wang et al.? reported that liver growth is se-
verely affected in RALDH2-deficient mouse embryos. Thus,
RA signaling in liver specification may be conserved among
other species.

Molecular Mechanisms Regulating the Develop-
ment of Pectoral Fins and Liver. There are several
similarities in the signaling pathways governing pectoral
fin and liver organogenesis. During zebrafish pectoral fin
development, RA signaling induces wnt2ba expression,
which in turn induces #6x5 expression. Tbx5 is a key mol-
ecule that regulates the expression of downstream effec-
tors such as the fgf'and bmp family members fzf24, fzf10,
and bmp2b.7:1¢ Thus, limb induction requires a sequential
RA — Wnt — Tbx — Fgf + Bmp signaling cascade. A
parallel situation may exist for liver specification in
medaka. Wnt2bb, Tbx3, Fgf, and Bmp have all been
shown to positively regulate the development of this or-
gan in mice or zebrafish.17:18:24 [n this study, we showed
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Fig. 6. Schematic model of RA signaling during liver and pectoral fin
formation in a WT medaka embryo. (Left) During liver formation in
medaka, RALDH2 expression in the somites results in the production of
RA that induces wnt2bb expression. This Wnt2bb then induces prox1
expression in the liver bud, which in turn drives hepatocyte migration.3©
(Right) During fin formation, RALDH2 expression in the somites results in
the production of RA that induces wnt2ba and tbx5 expression in the fin
bud that drives fin cell differentiation.

that RALDH?2 drives wnt2bb expression during liver
specification in medaka (Fig. 5). Based on the proposal of
Shin et al.’® that Fgf and Bmp act downstream of Wnt2bb
during liver specification, the sum total of all these results
suggests that liver specification also requires a sequential
RA — Wnt — Fgf + Bmp signaling cascade. Intrigu-
ingly, we found that RA signaling induced #6x3 expres-
sion in medaka (Supporting Fig. 5). However, our
morpholino studies showed that RA signaling associated
with liver formation can regulate 76x3 expression without
involving Wnt2bb (Supporting Fig. 5). These data indi-
cate that Tbx3 can act downstream of RA signaling, but it
is likely that other T-box family members are involved in
the putative RA — Wnt — Tbx — Fgf + Bmp signaling
cascade that drives liver development. We are continuing
our search for the identity of this transcription factor.
Differential Requirements for Liver and Pectoral
Fin Specification During Embryogenesis. A sequential
RA — Wnt — Tbx — Fgf + Bmp signaling cascade is
indispensable for the limb induction process that underlies

HEPATOLOGY, March 2010

pectoral fin development. Alterations in raldh2 such as the
medaka io and zebrafish 7/s and nof mutations lead to an
absence of pectoral fins, as does knockdown of wnz2ba using
MO in WT zebrafish.#11¢ Notably, these mutants and
morphants never form pectoral fins during the entire course
of embryogenesis. Conversely, a sequential RA — Wnt —
Fgf + Bmp signaling cascade is not indispensable for liver
specification, because medaka /7o mutants and zebrafish prz
mutants are able to form a functional liver at an abnormally
late stage of development. A molecule that may be able to
partially compensate for a loss of RALDH?2 is Fgf10, which
is also induced downstream of RA signaling and involved in
limb and liver formation. Loss of fgf70 prevents fin develop-
ment in zebrafish,” and Fgf10-deficient mouse embryos lack
limbs and have an abnormally small liver.252¢ Thus, fg/10
and raldh2 functions may cooperate during embryogenesis
such that their mutation results in similar phenotypes. More-
over, in zebrafish /z/10 mutants, the hepatopancreatic ductal
epithelium is severely dysmorphic, and cells of the hepato-
pancreatic ductal system and adjacent intestine misdifferen-
tiate and adopt a hepatic or pancreatic fate.?” These results
indicate that Fgf10 functions to repress the differentiation of
hepatopancreatic ductal epithelium into hepatic or pancre-
atic cells and thus demarcates developing organs and tissues.
In our Aio mutants, it may be that the observed lack of liver
specification leads not only to impaired liver development
but also to misdifferentiation in the hepatopancreatic ductal
system that results in the formation of a small liver. Such
misdifferentiation could obscure an absolute requirement of
raldh2 for liver specification, and might create an obstacle to
finding mutations that specifically interfere with the initial
specification of the liver anlage. Further analysis is needed to
substantiate this hypothesis.

Comparison of raldh2 Alterations in Medaka hio
and Zebrafish nls Mutants. The nls mutation in ze-
brafish is a loss-of-function allele of the ra/dh2 gene that was
generated by the ENU approach. Originally, /s was isolated
in an #n situ hybridization screen and was detected by its
effects on neural AP patterning.® The 7/ embryos lack pec-
toral fin buds and fins. A similar phenotype has been re-
ported for a natural loss-of-function ra/dh2 mutation in
zebrafish called 70-fin.'° In addition to their lack of fins, nls
embryos do not express the hepatocyte and pancreatic cell
markers that are detectable in WT zebrafish embryos.?? Staf-
ford and Prince?? also showed that exogenous RA treatment
of WT zebrafish embryos resulted in the anterior expansion
of the pancreatic anlage. Thus, RA signaling is a determinant
of the regionalization of both neuroectoderm and
endoderm, and defects in ra/dh2 function prevent the devel-
opment of the endodermal region in which liver and pancre-
atic cells would normally appear. In contrast, our medaka Ao
mutation does not have severe effects on neuroectoderm and
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endoderm regionalization, and the liver in /4o embryos, al-
though reduced in size and delayed in appearance, eventually
forms in the normal location. Thus, Aio is a unique mutation
affecting liver organogenesis, and continued study of this
mutation should yield new insights into the involvement of
RA signaling in liver specification. It remains to be elucidated
how medaka Ao mutants escape the defect in endodermal
regionalization associated with zebrafish 74 mutations.

The availability of two closely related fish model systems,
medaka and zebrafish, for studies in genetics, experimental
embryology, and molecular biology is unique among verte-
brates and advantageous for two reasons. First, the evolution-
ary distance between these two species is particularly well
suited for comparative functional genomics. Second, and
more importantly, the parallel existence of medaka and ze-
brafish transforms the perceived weakness of studying genet-
ics in fish, namely, the many analogous groups of genes
formed because of genomic duplications, into an advantage:
the study of a gene in one species may shed light on a gene
function that is hidden in the other species.?® For example,
RALDH2’s function in AP patterning is not apparent in
medaka /70 mutants, and RALDH?2’s function in liver spec-
ification is not apparent in zebrafish 74 mutants. Our results
clearly demonstrate that a comparison of two related species
can be a powerful means of dissecting genetic and molecular
mechanisms underlying vertebrate development.
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Adipose tissue-derived mesenchymal stem cells (ASCs) have been reported to be multipotent and to dif-
ferentiate into various cell types, including osteocytes, adipocytes, chondrocytes, and neural cells.
Recently, many authors have reported that ASCs are also able to differentiate into vascular endothelial
cells (VECs) in vitro. However, these reports included the use of medium containing fetal bovine serum
for endothelial differentiation. In the present study, we have developed a novel method for differentiating
mouse ASCs into VECs under serum-free conditions. After the differentiation culture, over 80% of the cells
expressed vascular endothelial-specific marker proteins and could take up low-density lipoprotein
in vitro. This protocol should be helpful in clarifying the mechanisms of ASC differentiation into the

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Recently, adipose tissue is an important source of adult stem
cells [1]. Adipose-derived mesenchymal stem cells (ASCs) can be
obtained in high yield with minimal discomfort under local anes-
thesia [2,3]. After the reports of Zuk et al. [4,5], many studies have
examined the plasticity, induction ability, and individual charac-
teristics of ASCs. Derived from the embryonic mesoderm, adipose
tissue is a heterogeneous cell population that includes smooth
muscle cells, fibroblasts, adipocytes, mast cells, and endothelial
cells [6-8]. ASCs are an adherent cell population in vitro and main-
tain their mesenchymal phenotype and plasticity towards the mes-
enchymal lineage even after they propagate in culture for several
passages. These cells can differentiate into several cell types
in vitro, including adipocytes, chondrocytes, osteoblasts, cardio-
myocytes, and endothelial cells [5,9-13]. Moreover, ASCs are re-
ported to have positive effects on patients who received bone
marrow transplantation and suffered from GVHD (graft versus host
disease), suggesting that they have an immuno-modulatory
function [14].
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In the present study, we focused on whether ASCs are able to
differentiate into vascular endothelial cells (VECs) in a chemically
defined medium after expanding them. Although mouse [15], rat
[16], and human [13,17-19] ASCs have already been reported to
differentiate into VECs, all of the differentiation methods have
utilized fetal bovine serum (FBS). When considering the clinical
applications for regenerative medicine in the future, possible
contamination by animal serum is a negative factor for safety.
Unknown factors in FBS also prevent researchers from accurate
analysis of the differentiation mechanism. Therefore, we at-
tempted to develop a new method for differentiating ASCs into
functional VECs without serum.

2. Materials and methods
2.1. Isolation of ASCs from mice

Inguinal adipose tissue was isolated from 12- to 14-week-old
adult female and GFP-transgenic C57BL/6] mice. The tissue was
minced into 2-3 mm pieces in DMEM (Gibco) containing 10%
FBS, and incubated at 37 °C in 5% CO, incubator for 1 h. Then the
suspension was centrifuged at 1300 rpm for 6 min at room temper-
ature. To dissociate the cells, they were treated with 0.12% collage-
nase type I solution and incubated at 37 °C for 30 min and then
centrifuged at 1300 rpm for 6 min at room temperature. The cells
were cultured in DMEM containing 5% FBS, 10 units penicillin,
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and 10 pg/ml streptomycin (GIBCO) in a CO, incubator at 37 °C.
After continuous culture for five passages, they were used for the
differentiation experiments. To eliminate any intact VECs, CD31
positive cells were removed using anti-CD31 antibody-conjugated
beads (MACS) after 2 h incubation of the preparation. The CD31
negative cells were cultured and serially passaged. Animal experi-
ments were approved by the Animal Care and Use Committee of
National Center for Global Health and Medicine.

2.2. Examination of ASCs differentiation capacity into adipogenic and
osteogenic differentiation

To confirm the multipotency of our cultured ASCs, we tested
whether they could differentiate into adipocytes and osteoblasts,
as reported previously. Passage 5 cells were cultured in adipogenic
medium for 2 weeks; hMSC Adipogenic Induction SingleQuots
(Cambrex) supplemented with indometacin, IBMX, insulin, dexa-
methasone, NCGS, and i-glutamine. The cells were fixed in 10%
formalin for 10 min and stained with Qil red-0 solution (Merck) to
detect lipid droplets. To confirm osteogenic differentiation, the cells
were cultured in osteogenic medium: hMSC Osteogenic SingleQuots
(Cambrex) supplemented with ascorbate, MCGS, B-glycerophos-
phate, and i-glutamine. After 2 weeks, the alkaline phosphatase
activity of the cells was measured by Alkaline Phosphatase Kit
(Takara Bio) and the expression of an osteogenic protein marker,
osteopontin, was examined by reverse transcriptase-polymerase
chain reaction (RT-PCR).

2.3. Differentiation into vascular endothelial cells

To initially determine whether the ASCs could develop the char-
acteristics of VECs or not, they were cultured in a commercially
available vascular cell maintaining medium, EBM-2 (CAMBREX)
containing 2% FBS and EGM-2 BulletKit (mixture of FGF2, VEGF,
heparin, IGF-1, EGF, hydrocortisone, and ascorbic acid, CAMBREX)
on collagen type IV coated dish, for 12 days; then their gene
expression was verified. Next, we surveyed supplements that are
able to replace FBS. We tested 2% KSR, B27, N2, G5, or ITS (Invitro-
gen); each candidate supplement was added in EBM-2 medium in-
stead of FBS. And we also examined the other culture medium such
as DMEM, IMDM, and DMEM/F12 instead of EBM-2. Finally, to
determine the optimal concentration of FGF2 or VGEF, different
concentrations (0, 5, 10, and 20 ng/ml) was tested for induction
of endothelial cells. When the optimal culture medium for the
VEC induction from ASCs was determined to be DMEM/F12 med-
ium containing 10 ng/ml FGF2, 2% ITS, and EGM-2 BulletKit (with-
out FGF2), further experiments for functional assay and
transplantation employed this medium.

2.4. RT-PCR and real time PCR

Marker gene expression of VECs was determined by RT-PCR. After
ASCs were cultured for 12 days in endothelial differentiation med-
ium on a collagen type IV dish, total RNA was extracted by the use
of Isogen (Nippon gene) as described by the manufacturer, and
was treated with Superscript Ill (Invitrogen) to generate cDNA using
oligo(dT) adaptor primer (Sigma). Then PCR amplification was per-
formed for mouse flk1, fit1, VE-cadherin, and CD31. PCR cycles were
as follows: 95 °C for 5 min, 95 °C for 30 s, annealing temperature
for 30's, 72 °C for 1 min (25-30 cycles), and 72 °C for 3 min. The
RT-PCR products ware analyzed by 1% agarose gel electrophoresis
and visualized with ethidium bromide. Primers for PCR were fol-
lows: flk1 (5'-GCC AAT GAAGGG GAACTGAAGAC-3', 5'-TCTGGCT
GCTGGTGATGCTGTC-3'), fit1 (5'-TGTGGAGAAACTTGGTGACCT-3,
5'-TGGAGAACAGCAGGACTCCTT-3"), ve-cadherin (5'-TTGCCCAGCCC
TACGAACCTAAAG-3', 5'-ACCACCGCCCTCCTCATCGTAAGT-3'), CD31

(5'-GGTGACACTGGACAAAAAGG-3,  5'-CAGCTTCACTGCTTTGCTT
G-3'), gapdh (5'-TGAAGGTCGGTGTGAACGGATTTGGC-3', 5'-CATG
TAGGCCATGAGGTCCACCAC-3'). For the real-time PCR, primers are
follows: tie2 (5-GTGAAGATCAAGAATGCTACC-3/, 5'-GTGAAGATC
AAGAATGCTACC-3"), (D31 (5'-GTTTGTCAAGCGAAGGATAGATA
A-3', 5-TCCTGCACGGTGACGTATTCACT-3'), von Willebrand factor
(VWF, 5'-AACGGAAGTCCATGGTTCTG-3', 5'-CCCCATTGAAGGCAT
ACTCC-3). Reactions were performed using SYBER Premix ExTaq
(Takara Bio) and a MyiQ thermal cycler (BIORAD).

2.5. Immunocytochemistry

Differentiated endothelial-like cells from ASCs were fixed with
4% paraformaldehyde for 30 min at room temperature and then
treated successively with 0.3% Triton X-100 (Wako Chemical) in
PBS (Sigma) for 15 min followed by 3% bovine serum albumin
(Sigma) for 30 min to reduce nonspecific reactions. The cells were
reacted overnight with each of the following anti-endothelial
marker antibodies at a 1:300 dilution at 4 °C; anti-flk1 (Becton
Dickinson), anti-CD34 (Becton Dickinson), and anti-tie2 (Santa
Cruz Biotechnology) antibodies. Then the cells were stained by
Alexa Fluor 488 or 594 conjugated antibody (Molecular Probes)
as the secondary antibody for 1h at room temperature. Their
nuclei were stained with DAPI for 10 min. The photographs were
taken with a DP70 digital camera (Olympus) and analyzed by
MetaMorph software (Molecular Devices).

2.6. Examination of cell function in vivo and in vitro

For the examination of tubular formation, the cells were seeded
on Matrigel (Becton Dickinson) at 5 x 10* cells/35 mm dish. After
24 h, the morphology of the cells was examined, and phase-con-
trast images were photographed (Olympus IX70). For in vivo exam-
ination, the femoral muscle of a mouse was injured by liquid
nitrogen and injected with the differentiated vascular endothe-
lial-like cells (1 x 10° cells) from ASCs of GFP-transgenic mice.
Two weeks after cell injection, we investigated whether the donor
cells had formed vessel-like structures.

LDL uptake was assessed by incubating cells for 4 h at 37 °C
with 2.5 pg/ml Alexa Fluor 488 conjugated acetyl-LDL (Molecular
Probes). Cells were analyzed by fluorescence microscopy and a
flow cytometer (EPICS XL, Beckman Coulter).

3. Results
3.1. In vitro differentiation of ASCs

To prove that the cultured cells from adipose tissue had re-
tained their multipotent differentiation potential, we first con-
firmed that they differentiated into adipogenic and osteogenic
lineages. When ASCs (Fig. 1A) were cultured in adipogenic medium
for 2 weeks, more than 40% of the cells became lipid-retaining cells
that stained by Oil-red O (Fig. 1B). In osteogenic medium, more
than 50% of the cells were induced into an osteogenic lineage con-
firmed by alkaline phosphatase staining (Fig. 1C). The gene expres-
sion of osteopontin was also detected (Fig. 1D).

3.2. ASCs cultured in growth factor mix changed their gene expression
pattern to closely resemble that of vascular endothelial cells

It was reported that the early passages of ASCs can contain small
amounts of VECs and express VEC marker proteins [20]. Therefore,
we used anti-CD31 antibody to remove any CD31 positive cells
during the preparation of ASCs. To examine whether the ASCs could
differentiate into VECs in “vascular endothelial maintaining

— 123 —



M. Konno et al./Biochemical and Biophysical Research Communications 400 (2010) 461-465 463

b

osteopontin
-+

Fig. 1. Examination of mouse adipose-derived mesenchymal stem cell (ASCs)
differentiation capacity into adipogenic and osteogenic lineages. (A) Mouse ASCs
after five passages. (B) ASCs were cultured in adipogenic medium for 2 weeks.
About 40% of the cells were stained by Oil-red O, indicating they differentiated into
mature adipocytes. (C) More than 50% of the cells were positive for alkaline
phosphatase staining after 2 weeks cultured in osteogenic medium, and they also
express an osteopontin gene. (D) a: cultured in the osteogenic medium, b: cultured
in normal ASCs medium.

LR

medium”, we cultured ASCs in EBM-2 medium containing 2% FBS
and EGM-2 BulletKit on a collagen type [V coated dish. After 12 days
of culture, they expressed the vascular endothelial marker genes,

flk1, fit1, ve-cadherin, and CD31 (Fig. 2A, lane 1). Normal ASCs did
not express these genes at all (Fig. 2A, lane 5). These results indicate
that the ASCs have capacity to differentiate into VECs. The “vascular
endothelial maintaining medium” contains 2% FBS, which may con-
tain variable amounts of unknown factors including growth factors.
To establish a stable method for differentiating VECs from ASCs, we
tried to establish a serum-free culture method. We tested 2% KSR,
B27, N2, G5, and ITS as replacements for FBS and found that the ITS
supplement (insulin, transferrin, and selenium) had almost the same
effects as FBS on endothelial differentiation. The cells expressed flk1,
fit1 and CD31 but did not express ve-cadherin (Fig. 2A, lane 2). Others
supplements were not so much upregulated the gene expressions
except for ITS (data not shown). Therefore, we tested other types
of basal medium, DMEM, IMDM, and DMEM/F12, as replacements
for EBM-2. When we changed the medium from EBM-2 to DMEM/
F12, the gene expression of ve-cadherin was proven (Fig. 2A, lane
3). There was no effect was observed when the medium was used
DMEM or IMDM (data not shown).

Next, we attempted to determine the optimal concentrations of
FGF2 and VEGF, because both factors are considered to be impor-
tant for the differentiation of VECs [21,22]. The ASCs were seeded
in DMEM/F12 medium containing ITS and EGM-2 Bulletkit (with-
out FGF2 and VEGF). Then we added various concentrations of
FGF2 or VEGF to the culture medium. After 12 days, we analyzed
for expression of the early vascular endothelial marker gene, tie2,
by real-time PCR. Without FGF2, expressions of vascular endothe-
lial marker genes did not increase (Fig. 2B) even when the concen-
tration of VEGF was elevated. On the other hand, in the presence of
FGF2, tie2 expression level increased, and 10 ng/ml FGF2 was the
most efficient concentration (Fig. 2B). These results indicate that,
when the ASCs differentiate into VECs in this serum-free medium,
FGF2 plays a more important role than VEGF.

When we examined the time course expression of vascular
endothelium-specific genes of ASCs cultured in this differentiation
medium, tie2 and CD31 showed almost the same pattern of expres-
sion, beginning to express after 5-7 days culture and increasing
gradually up to 12 days. Gene expression of vVWF increased after
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Fig. 2. Vascular endothelial-specific gene expression analyzes in different culture
media. (A) RT-PCR analysis of ASCs cultured in EBM-2 medium containing EGM-2
BulletKit in the presence of FBS for 12 days (lane 1). ASCs cultured in EBM-2
containing EGM-2 BulletKit and ITS (lane 2). ASCs cultured in DMEM/F12 medium
containing EGM-2 BulletKit and ITS (lane 3). Compared to the “vascular endothelial
maintained medium” containing FBS (lane 1), ve-cadherin expression was observed
almost the same level when ASCs cultured in serum-free DMEM/F12 medium (lane
3). For comparison, 8-week-old mouse liver cells (lane 4) and normal ASCs (lane 5)
are shown. (B) Effects of FGF2 and VEGF in different concentrations on the
differentiation of ASCs Expression of tie2, one of the vascular endothelial markers,
was highest when 10 ng/ml FGF2 containing medium was used. Tie2 gene
expression did not elevate in any concentrations of VEGF in the absence of FGF2
and serum L (liver used as positive control). (C) Time course expression of tie2,
CD31, and vWF genes. All of genes were upregulated 7-10 days after the beginning
of differentiation culture. ASCs were differentiated in DMEM/F12 medium contain-
ing EGM-2 BulletKit (without FGF2), ITS, and 10 ng/ml FGF-2.

7 days culture and reached almost its highest level after 10 days
culture (Fig. 2C).

It must be mentioned that we used two lines of ASCs prepared
differently during primary culture; one was prepared directly
without any selection and the other was the cell population from
which CD31 positive cells were removed to avoid contamination
by intact endothelial cells. After five passages, both lines were
examined for vascular endothelial differentiation, no differences
between the two groups with respect to the differentiation effi-
ciency were detected.

3.3. Differentiated ASCs express vascular endothelial-specific protein

To examine whether the differentiated ASCs actually expressed
vascular endothelial-specific marker proteins, we stained those
cells with anti-flk1, anti-tie2, and anti-CD34 antibodies. Most of
the cells positively expressed flk1, tie2, and CD34 (Fig. 3A-C).
The average of percentages of positive cells calculated by Meta-
Morph software were as follows: flk1 (82%), tie2 (78%), and CD34
(87%), respectively. These results indicate that approximately 80-
90% of the ASCs differentiated into vascular endothelial-like cells.

3.4. VECs differentiated from ASCs showed similar morphological and
physiological functions in vitro and in vivo

After ASCs were cultured in DMEM/F12 medium with EGM-2
BulletKit (without FGF2), ITS and 10 ng/ml FGF2 on collagen type
IV coated dishes, they were capable of forming tubular-like
vascular structures when they were seeded in Matrigel dishes
(Fig. 4C). In contrast, ASCs cultured in DMEM containing 5% FBS
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DAPI

Fig. 3. Immunohistochemical staining of differentiated ASCs with anti-vascular
endothelial marker proteins antibodies. All of three marker proteins (flk1, tie2, and
CD34) were positively stained against the differentiated ASCs cultured for 12 days
in the medium. Calculated with Metamorph software, average of flk1 (A), tie2 (B),
and CD34 (C) positive cells were about 82%, 78%, and 87%, respectively (n =6).
Nuclei were stained with DAPI. Scale bar, 200 pm.

Immunostain

did not form such structures (Fig. 4A and B). We next examined
whether the differentiated cells formed vessel-like structures in
vivo. The femoral muscle of a C57BL/6] mouse was injured by
liquid nitrogen. Then we injected vascular endothelial-like cells
that had differentiated from ASCs derived from GFP mice into the
muscle. Two weeks after the injection, we analyzed tissue samples

to determine whether the cells histologically contribute to vessel-
like structures. We found that GFP positive cells were incorporated
into vessel-like structures, indicating that the VECs which were
differentiated from ASCs successfully formed these structures
(Fig. 4D) but control cells which cultured in DMEM medium con-
taining 5% FBS did not (data not shown). These results suggest that
the induced ASCs were able to form tubular structures almost as
well as intact endothelial cells in vitro and in vivo.

Finally, we examined the efficiency of differentiation of ASCs
into VECs by measuring LDL uptake. Alexa Flour 488-conjugated
acetyl-LDL was added to the medium, and fluorescence positive
cells were counted by a flow cytometer and observed under a fluo-
rescence microscope. The differentiated ASCs showed very high
acetyl-LDL uptake; over 80% of the cells were fluorescence positive
(Fig. 4E and F). Undifferentiated ASCs did not uptake acetyl-LDL at
all (Fig. 4F).

4. Discussion

In the present study, we showed that mouse ASCs can differen-
tiate into VECs in serum-free medium in vitro. They formed tubular
structures in Matrigel culture, and contributed to vessel-like struc-
tures in vivo. Analysis of the vascular endothelial function revealed
that over 80% of cells incorporated acetyl-LDL during 6 h of culture,
indicating most of the cells differentiated into the functional VECs.
These results indicate our differentiation method can be useful for
the efficient differentiation of VECs from ASCs.

It is well known that early passage ASCs contain VECs. However,
these VECs are also reported to disappear when ASCs are continu-
ously cultured until passage 5 [20], indicating that the VECs in adi-
pose tissue do not propagate in the culture medium for ASCs. To
rule out the possibility that VECs were contaminating our ASCs,
(i) we removed the VECs using anti-CD31 antibody-conjugated
beads before the primary culture and (ii) we used ASCs cultured
for more than five passages. Both of the cell population almost
equally differentiated into VECs; and there was no detectable dif-
ference. These results suggest that most of the intact VECs that
may exist in a large population of ASCs at first disappear during
continuous culture and propagation of ASCs.
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Fig. 4. Morphological and physiological functions of differentiated ASCs. Morphological changes in vascular endothelial-like cells differentiated from ASCs were examined.
(A) Normal ASCs were cultured in matrigel for 6 h (A) and 24 h (B). Tubular formation was observed when vascular endothelial-like cells differentiated from ASCs were
cultured in matrigel for 24 h (C). Vessel-like structures were formed in the mouse muscle and injected EGFP positive donor cells (brown and arrows) participated in the
vessels (D). Acetyl-LDL conjugated fluorescence uptake of differentiated ASCs was examined. Most of the differentiated ASCs were green fluorescence positive when they
were cultured in DMEM/F12 medium containing EGM-2 Bulletkit (without FGF2), ITS, and 10 ng/ml FGF2 for 12 days (E). (F) A flow cytometry analysis showed that more than
85% of the differentiated cells (ASC-D) incorporated acetyl-LDL. Normal ASCs did not acetyl-LDL uptake at all (ASC). Scale bar, 2 mm (A-C) and 200 pm (D and E).
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FGF2 is a critical growth factor for the induction of VECs. It is re-
ported to play an important role on angiogenesis and vasculogen-
esis [23-25]. VEGF is also reported to be a key growth factor during
embryonic development and differentiation of vascular system
[22.26]. We attempted to determine how important and effective
these factors are for the induction of VECs in our serum-free condi-
tion. We examined the optimal concentrations of these growth fac-
tors and demonstrated that the presence of FGF2 upregulated the
gene expression of vascular endothelial markers. Therefore, in ser-
um-free conditions, FGF2 is considered an essential growth factor
for ASC differentiation into VSC. It is reported that the biologic
activity of FGF2 is dependent on the presence of heparin. Small
heparin oligosaccharides of defined sizes can activate the mito-
genic potential of FGF2 on appropriate target cells and are active
in the binding of FGF2 to a soluble FGF2 receptor [27,28]. In the
present study, the culture medium contains heparin and it proba-
bly upregulates the activity of FGF2. It is possible that heparin
plays a critical role in the differentiation from ASCs into VECs in
the absence of serum. One the other hand, VEGF did not influence
the tie2 gene expression at any concentration (Fig. 2B) when the
culture medium did not contain FGF2. VEGF is reported to be se-
creted by both mouse [29] and human [30] cultured ASCs, and
VEGF expression of VECs is induced by FGF2 [31]. Therefore, addi-
tional supplementation with VEGF was not effective for differenti-
ation of VECs in the absence of FGF2 in our experiments.

ASCs were reported to differentiate into VECs when they were
cultured in a medium containing FBS {15-18]. FBS contains various
unknown factors in varying amounts and may prevent further
analysis of the differentiation mechanisms. It is also a negative
when cells are prepared for clinical use, because the cells could
possibly incorporate proteins or carbohydrates derived from this
[32]. The present study intended to establish a medium for differ-
entiation from ASCs to VECs without the usage of FBS. Our method
is useful for further analysis of the mechanisms of differentiation
from ASCs to VECs and will shed new light on stem cell research.
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BACKGROUND & AIMS: At the onset of liver develop-
ment, cardiac mesoderm, septum transversum mesen-
chyme, and endothelial cells are involved in the specifi-
cation and/or proliferation of hepatoblasts. After this
initial stage, however, it is unclear which cells support the
proliferation and differentiation of hepatocytes. Here we
characterized the nature of mouse hepatic mesothelial
cells (MCs) and investigated their role in organogene-
sis. METHODS: Using anti-podocalyxin-like protein 1
(PCLP1) and anti-mesothelin antibodies, we character-
ized MCs during liver development by immunohisto-
chemistry, flow cytometry, and gene expression analysis.
The possible role of MCs in hepatogenesis was investi-
gated by in vitro culture and analysis of Wilms’ tumor 1
homologue (WT1) knockout mice. RESULTS: PCLP1
was highly expressed in immature MCs, covering the
surface of lobes. PCLP1 expression in MCs was down-
regulated along with development, whereas mesothelin
expression was up-regulated, indicating that these mole-
cules distinguished developmental stages of MCs. The
proliferation potential of MCs was high in the fetus and
declined after birth. Fetal MCs expressed various growth
factors and strongly enhanced the expansion of fetal
hepatocytes in vitro, whereas differentiated MCs exhib-
ited less growth factor expression, and differentiated
MCs failed to enhance hepatocyte proliferation in vitro.
In WT1-deficient embryos, hepatocyte proliferation was
impaired due to defective MCs. CONCLUSIONS: The
mesothelium is not only an inert protective sheet
covering the parenchyma but also changes its charac-
teristics dynamically during development and plays
an active role in organogenesis by promoting expan-
sion of parenchymal cells.

Keywords: Mesothelium; Mesothelin; Podocalyxin-Like
Protein 1; Cell Sorting.

n mouse liver development, hepatic cells are induced
from the embryonic endoderm by embryonic day (E)
8.5. The cardiac mesoderm and septum transversum mes-

enchyme (STM) adjacent to the foregut endoderm pro-
duce fibroblast growth factors and bone morphogenetic
protein, respectively, to induce liver specification.!?
Thereafter, the specified endodermal cells, hepatoblasts,
outgrow into the STM to form hepatic cords by the
support of endothelial cells (ECs).? However, the mecha-
nism of liver development after the liver bud formation
remains largely unknown. Although various cytokines
have been shown to stimulate proliferation of hepato-
cytes in vitro (eg, epidermal growth factor, hepatocyte
growth factor [HGF], and pleiotrophin [Ptn]),*S it re-
mains elusive how hepatocyte proliferation is supported
by surrounding cells in vivo. The lack of tools to precisely
identify and isolate different types of liver cells has ham-
pered such investigation. Suksaweang et al have shown
that proliferation of hepatocytes is limited to the periph-
eral region of the hepatic lobe during liver development
in the chick.® They also suggested that mesenchymal cells
located at the periphery of the lobe might provide the
microenvironment for hepatocytes to proliferate.5 How-
ever, it was unclear which peripheral mesenchymal cells
contribute to hepatogenesis during liver development.
In vertebrates, the periphery of all coelomic organs is
covered by a single layer of mesothelial tissue, which
provides nonadhesive and protective surfaces. The me-
sothelium is derived from the lateral plate mesoderm and
is believed to play an important role in maintaining
normal serosal integrity and functions, such as transport

Abbreviations used in this paper: Ab, antibody; bFGF, basic fibroblast
growth factor; DIk1, deita-like 1 homologue; E, embryonic day; EC,
endothelial cell; HGF, hepatocyte growth factor; IHC, immunochisto-
chemistry; MC, mesothelial cell; Mdk, midkine; Msin, mesothelin;
OSM, oncostatin M; PCLP1, podocalyxin-like protein 1; PCR, polymer-
ase chain reaction; PD, postnatal day, Ptn, pleiotrophin; RALDH2,
retinaldehyde dehydrogenase; RT, reverse-transcription; STM, septum
transversum mesenchyme; WT1, Wilms' tumor 1 homologue.
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of fluid and cells in serosal cavities, antigen presentation,
inflammation, and tissue repair.” During vertebrate de-
velopment, recent studies have shown that splanchnic
mesothelial cells (MCs) delaminate into the parenchymal
region and give rise to the vascular cells and mesenchy-
mal cells in multiple coelomic organs, including murine
heart,® lung,® gut,’® and avian liver.!! These observations
suggest that splanchnic MCs might play important roles
in organogenesis as a source of vascular and/or mesen-
chymal cells in multiple organs. Despite these accumu-
lating reports, however, the precise characteristics of MCs
and their roles for the development of parenchymal cells
remain largely unknown.

In this study, we show that podocalyxin-like protein 1
(PCLP1) and mesothelin (Msln) are excellent markers to
identify and isolate hepatic MCs. PCLP1 is a member of
the sialomucin family and was originally identified as a
protein highly expressed on glomerular podocytes in
avian and mammalian kidneys.!? It was also reported
that PCLP1 is expressed on ECs,!? immature mesodermal
cells such as hemangioblasts, the common progenitor for
hematopoietic and vascular endothelial cells,'* and he-
matopoietic stem cells.!> Msln is a glycosylphosphati-
dylinositol-linked glycoprotein highly expressed in a va-
riety of normal mesothelial tissues, mesotheliomas, and
ovarian cancers.'® Using these cell surface markers, we
characterize MCs and show that fetal hepatic MCs are a
rich source of multiple growth factors for hepatocytes
from early to late stages in liver development, indicating
that MC layers play an active role in organogenesis,

Materials and Methods

Mice

CS7BL/6 mice were purchased from Nihon SLC
(Hamamatsu, Japan). Mice were maintained and mated
in the institutional animal facility according to the guide-
lines of the University of Tokyo. The time at midday
(12:00) was taken to be E0.5 for plugged mice. WT1
knockout mice!” were kindly provided by Dr R. Nishi-
nakamura. Embryos were genotyped by polymerase chain
reaction (PCR).

Cell Preparation for Flow Cytometric
Analysis and Sorting

Livers isolated from embryos were dissociated
into a single-cell suspension and stained by antibodies
according to the previous report.'® Cells were analyzed by
FACSCalibur (BD Biosciences) or EPICS ALTRA (Beck-
man Coulter, San Diego, CA). For cell sorting, EPICS
ALTRA or autoMACS (Miltenyi Biotec KK., Tokyo, Ja-
pan) instruments were used. Purity of the sorted cell
populations estimated by flow cytometry was higher than
90%.
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Expansion of Fetal Hepatic MCs and
Coculture With Hepatoblasts

Flk1~PCLP1bigh cells were sorted from E12.5 livers
by a cell sorter and expanded in vitro on type IV collagen-
coated dishes in e¢-minimum essential medium contain-
ing 10% fetal bovine serum and 50 nmol/L mercaptoetha-
nol, 10 ng/mL oncostatin M (OSM), and 10 ng/mL basic
fibroblast growth factor (bFGF). For passage, cells were
trypsinized with 0.05% trypsin and 0.5 mmol/L EDTA
(Sigma-Aldrich, St. Louis, MO) in phosphate-buffered
saline at 37°C for 8 minutes and replated. Delta-like 1
homologue (Dlk1") fetal hepatoblasts were purified
from E14.5 livers using autoMACS as reported previ-
ously. A total of 2 X 10° DIk17 cells were inoculated into
each well of a gelatin-coated 24-well plate with a-mini-
mum essential medium containing 10% fetal bovine se-
rum with or without 1 X 10° in vitro expanded fetal
hepartic MCs, which were separated in a 3.0-um pored
Transwell (Corning, NY). As a positive control for prolif-
eration, 25 ng/mL pleiotrophin (Ptn) or 50 ng/mL mid-
kine (Mdk) was added to the culture. After 3 days of
culture, cells were stained with Giemsa solution to visu-
alize the colonies or subjected to WST-1 assay (Roche,
Diagnostics KK, Tokyo, Japan) according to the manu-
facturer’s protocol. Averages in triplicate cultures were
used to determine cell proliferation.

Results

PCLP1 Is Highly Expressed on the Surface

Layers of Multiple Coelomic Organs During

Embryogenesis

It was reported previously that PCLP1 is widely ex-
pressed by “boundary elements,” including vasculature, me-
sothelial linings, and the luminal surface of newly formed
cavities in murine embryos.!S Immunohistochemistry (IHC)
of embryonic sections with anti-PCLP1 antibody (Ab)
showed that PCLP1 was expressed highly on the surface of
multiple coelomic organs such as heart, lung, liver, and
stomach (data not shown). Because all the coelomic organs
are covered by a single layer of MCs, cells with an intense
PCLP1 signal were suggested to be the mesothelial lining.

On E9.5 tissue sections, double staining with anti-

PCLP1 Ab and anti-Dlk1 Ab, which recognizes fetal hepa-
toblasts,!31° showed the presence of PCLP1* cells in the
STM, where hepatic cords form with Dlk1* hepatoblasts
emerging from the foregut endoderm (Figure 14). At
E10.5, a monolayer of cells with an intense PCLP1 signal
was detected on the surfaces of dorsal lobes, and these
cells covered each hepatic lobe completely at E12.5 (Fig-
ure 1A4). While the signals were continuously detected at
E16.5, their frequency and intensity were reduced at post-
natal day (PD) 4, and no PCLP1 signal was detected on
the surface of adult livers (Figure 1A). These results
suggested that the PCLP1 expression on the surface of
hepatic lobes is regulated in a stage-specific manner. By
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Figure 1. IHC and flow cytometry with anti-PCLP1 Ab in the developing liver. (A and B) IHC with anti-PCLP1 (red), anti-Dik1 (green in A), and
anti-PECAM-1 (green in B) Abs and 4',6-diamidino-2-phenylindole (blue in A). Higher-magnification images of the boxed regions in A are shown to
the right (9.5 and E10.5) or underneath (E12.5 to PD21). The dotted line in A (PD21) delineates the periphery of the hepatic lobe. Arrowheads
indicate PCLP1* cells in the STM region (E9.5) or in the mesothelial layer (PD4 in A and B), respectively. Open arrowheads in B indicate
PECAM1*PCLP1™ed sinusoidal ECs. g, gut; stm, septum transversum mesenchyme; b, body wall; |, lobe. Scale bars = 100 pm. (C) Flow cytometry
of E12.5 liver cells using anti-PCLP1 and anti-FIk1 Abs. Red, green, and blue lines in the lower panel indicate Flk1~-PCLP1ha", Flk1+PCLP1med and
Flk1~PCLP194" cell populations, respectively. (D) Flow cytometry of E12.5 liver cells using anti-PCLP1 Ab and other cell surface molecules. Red,
green, and blue lines in each panel indicate PCLP1Mah, PCLP1™ed, and PCLP 19! cell populations, respectively. (E) Flow cytometry of E12.5, E14.5,
and E16.5 liver cells using anti-PCLP1 and anti-Flk1 Abs. Red and green lines in each lower panel indicate Flk1~PCLP1hish and Flk1+PCLP1™ed cells,
respectively. The number indicates the percentage of Flk1~PCLP1Ma" cells. (F) Flow cytometry of E12.5 liver cells before (upper panel) and after (lower
panel) sorting of Flk1~PLCP1Ma" cells by a cell sorter. Sorting gates are indicated by red lines. Numbers in each panel indicate the percentage of

Flk1~PCLP1ha cells.

contrast, weak PCLP1 signals were observed in the paren-
chymal region from E12.5 to adults. In accordance with
the previous report that PCLP1 is expressed on ECs,!3
weak PCLP1 signals colocalized with PECAM-1, an endo-
thelial marker, in the parenchymal region; however, no
colocalization occurred with strong PCLP1 signals in the
mesothelial lining (Figure 1B).

Flow Cytometric Analysis of PCLP1* Cells in

Fetal Liver

Flow cytometry of E12.5 fetal liver cells with anti-
PCLP1 Ab and anti-Flk1 Ab, which detects ECs, revealed
that PCLP1™* cells could be fractionated into at least 3
populations, PCLP1"gh, PCLP1™d, and PCLP19u! cells,

based on the expression levels of PCLP1 (Figure 1C).
Multicolor flow cytometry revealed that PCLP1™¢d cells
were positive for several EC markers but not for CD45
(Figure 1D and data not shown). PCLP14u! cells con-
tained TER-119* erythroids and CD45" leukocytes
(Figure 1D), consistent with the previous report.!S By
contrast, PCLP1"sh cells were completely negative for
EC and blood cell markers as well as the hepatic
stellate cell marker p75 neurotrophin receptor2® (Fig-
ure 1C-E), indicating that the Flk1~PCLP1"" cell pop-
ulation was distinct from these nonparenchymal cells.
The fraction of Flk1 PCLP1"h cells in total fetal liver
cells decreased as development progressed (Figure 1E).
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Figure 2. Expression of PCLP1 and MsIn in the mesothelial layer dur-
ing liver development. (A) IHC of liver sections with anti-MsIn (red) and
anti-PCLP1 (green) Abs. |, lobe. Scale bars = 80 um. (B) Flow cytom-
etry of liver cells with anti-PCLP1 and anti-MsIn Abs. Red lines in each
panel indicate PCLP1"9" (upper panels) and MsIn* (lower panels) cell
populations, respectively. The cells of whole livers (E10.5 and E12.5)
and surgically separated mesothelial tissues (E16.5, E18.5, PD2, PD5,
and Adult) were used for flow cytometry. Numbers in each pane/ indi-
cate the percentage of each cell population in PCLP 18" (upper panels)
orin MsIn* (lower panels) cells.

Flow cytometry of surgically separated E16.5 livers
into mesothelial and nonmesothelial tissues under a
stereomicroscope revealed that Flk1 PCLP1hish cells
were present exclusively in the mesothelial tissue, while
Flk1*PCLP1™¢ cells were detected mainly in the non-
mesothelial tissue (Supplementary Figure 14 and B).
These results indicated that the PCLP1"gh and PCLP1™<
cells by flow cytometry correspond to fetal MCs and
ECs detected by IHC, respectively, and that PCLP1"ish
cells could be isolated by a cell sorter with high purity

(Figure 1F).

Expression of PCLP1 and Msln in Hepatic
MCs During Liver Development

Msln is known to be a general marker for MCs.
IHC showed that a single cell layer of mesothelial lining
was specifically stained by both anti-Msln and anti-
PCLP1 Abs in E16.5 liver sections (Figure 24). In contrast
to the lack of PCLP1 expression in adult MCs (Figure
1A), Msln was strongly expressed on adult MCs (Figure
2A) but not on fetal livers at earlier stages (data not
shown). Cells highly expressing Msln were exclusively
detected by flow cytometry in the surgically separated
mesothelial tissue in PDO0 and adult livers (Supplemen-
tary Figure 1C). These results suggested that MCs
changed surface phenotypes from PCLP1* to Msln* dur-
ing development. Consistent with the results of IHC, flow

GASTROENTEROLOGY Vol. 138, No. 4

cytometry clearly showed that most of the PCLP1high cells
were Msln™ in E10.5 liver cell suspensions (Figure 2B).
Interestingly, the fraction of Msln* cells in the PCLP1hish
cell population increased as fetal development pro-
gressed, while PCLP1* cells in the Msln® population
decreased gradually after birth (Figure 2B). These results
indicated that the expression of PCLP1 and Msln is
developmentally regulated, and 3 developmental stages
of MCs can be distinguished based on the expression of
these 2 markers, that is, PCLP1Mg"Msln~, PCLP1"Msln™,
and PCLP1 Msln* MCs are the immature, intermediate,
and mature stages of MCs, respectively.

Development of an In Vitro Culture System
for Fetal MCs

To further characterize fetal MCs, we have devel-
oped an in vitro culture system for fetal MCs isolated by
a cell sorter based on the expression of PCLP1 and/or
Msln. The proliferation potential of MCs was determined
by in vitro colony formation assay (see Supplementary
Materials and Methods). Total numbers of colonies
formed from 1 X 10° MCs isolated from E12.5, E18.5,
and PD7 livers were 251.0 £ 5.7, 229.7 = 19.7, and
95.3 = 7.1, respectively, indicating that fetal hepatic MCs
possessed higher proliferation potential than postnatal
MCs. Adult hepatic MCs formed very few colonies (~3/
1000 MCs; Figure 3A and B). Only PCLP1*Msln* MCs
formed large colonies consisting of more than 300 cells,
whereas the size of colonies formed from PD7 MCs was
small (Figure 3A and B), indicating that hepatic MCs at
the intermediate stage proliferate most actively and the
proliferation potential of hepatic MCs declines after
birch.

Interestingly, the cultivation of E12.5 PCLP1""Msln~
cells changed the expression of PCLP1 and Msln, similar
to the developmental change in vivo as shown in Figure
2B (Figure 3C). In this culture condition without exoge-
nous cytokines, fetal MCs proliferated modestly but their
proliferation ceased within several days. Additionally,
they became PCLP1 Msln* MCs, a phenotype similar to
adult MCs (Figure 3C and D). We found that addition of
OSM and bFGF to culture medium synergistically pro-
moted the expansion of fetal MCs (Figure 3D). Further-
more, 49% of the E12.5 PCLP1bsh MCs maintained ex-
pression of PCLP1 after 6 days of cultivation in the
presence of OSM and bFGF, while only 8% of the cells did
so in their absence (Figure 3E). The continuous presence
of OSM and bFGF in the culture medium maintained the
expression of PCLP1 after the first passage, while their
removal resulted in rapid down-regulation of PCLP1 ex-
pression and up-regulation of Msln expression (Figure 3F
and Supplementary Figure 2). These results strongly sug-
gested that OSM and bFGF could maintain immature
characteristics of fetal MCs, whereas MCs proceeded to
differentiate without them.
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Figure 3. Expansion and differentiation of fetal MCs in vitro. (4) Colony-forming activity of hepatic MCs isolated from various stages of developing liver.
Morphology of colonies formed fromimmature (E12.5), intermediate (E18.5), or mature (PD7 and Adult) MCs are shown. Colonies were stained with Giemsa
solution after 6 days in culture. Scale bars = 80 um. (B) Quantification of colony-forming potentials of MCs isolated from E12.5, E18.5, PD7, or adult liver.
Averages of 3 wells for each sample are indicated. (C) Flow cytometry of cultured PCLP1""Msin~ cells. Sorted cells from E12.5 liver were incubated and
stained with anti-PCLP1 and anti-Msln Abs at the indicated time points. (D) Proliferation of fetal MCs in vitro. Flk1 "PCLP 19" cells sorted from E12.5 livers
were cultured in the presence or absence of cytokines (10 ng/mL each) as indicated, and cell numbers were determined at day 6. Averages of 3 wells for
each sample are shown. *P < .05, **P < .01; Student ¢ test. (E) Flow cytometry of cultured MCs with anti-PCLP1 and anti-Msin Abs. Freshly isolated E12.5
Fik1~PCLP1"" cells were cultured for 6 days in the presence or absence of OSM and bFGF and analyzed by flow cytometry. Red lines and numbers in the
lower panels indicate PCLP1* cell populations and their percentages, respectively. (F) Quantitative RT-PCR analysis for expression of PCLP1 and Msin in
freshly isolated E12.5 PCLP1M9" cells and cultured MCs. The actual ratios of marker/GAPDH in PLCP1"iah gells and cultured cells (+OSM bFGF or —OSM
bFGF) are as follows: PCLP1, 2.1 X 1077, 8.0 X 1072, and 7.5 X 1073, Msin, 1.8 X 1073, 6.6 X 1072, and 3.0 X 10", *P < .00003; Student ¢ test.

Fetal Hepatic MCs Are a Rich Source of fore, microarray analysis was performed to compare
Growth Factors for Hepatoblasts gene expression profiles of E12.5 PCLP1"¢"Msln~ MC
It is known that MCs possess characteristics of ~ progenitors with adult Msln* MCs (National Center
both epithelial and mesenchymal cells,” but precise  for Biotechnology Information Gene Expression Om-
information about gene expression and other develop-  nibus accession no. GSE 18937). We found that MCs
mental characteristics of MCs remains limited. There-  changed their gene expression profile drastically dur-
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ing development and that various signaling molecules
were expressed in both fetal and adult MCs. In the list
of soluble mediators whose expression in E12.5 MCs
was more than 5-fold higher than in adult MCs (Sup-
plementary Table 1), there were several growth factors
known to promote proliferation of hepatocytes. Ptn is
known to be a mitogen for adult hepatocytes*® and
was shown to be expressed highly in the STM and the
hepatic MC layer of rat embryos.> Mdk is a molecule
structurally related to Ptn.* Consistent with the mi-
croarray analysis, quantitative reverse-transcription
(RT)-PCR analysis revealed that Ptn and Mdk were
highly expressed in E12.5 MCs and became gradually
down-regulated during ontogeny (Figure 4A). HGF was
also expressed in E12.5 MCs, although its expression
level was much lower than those of Ptn and Mdk (see
the legend for Figure 4A). Furthermore, these growth
factors were expressed more abundantly in MCs at
E12.5 compared with non-MCs that contained hepa-
tocytes, ECs, mesenchymal cells, and blood cells (Fig-
ure 4B). The expression of insulin-like growth factor 2
was detected at high levels in fetal MCs, although it
was also expressed in fetal hepatocytes (data not
shown). Importantly, all of these factors were remark-
ably down-regulated during development and were
hardly detectable in adult MCs (Figure 4A). These
observations suggested the intriguing possibility that
fetal hepatic MCs play an active role in the prolifera-
tion and/or differentiation of hepatic cells in the de-
veloping liver.

GASTROENTEROLOGY Vol. 138, No. 4

HGF/GAPDH Figure 4. Expression of growth

factors in liver cells. (4) Quantitative
RT-PCR analysis for growth factors
in MCs at distinct developmental
stages. E12.5 Flk1-PCLP1Ma"
cells, E18.5 MsIn* cells, and
adult Msin* cells were isolated
by a cell sorter and used for anal-
yses. The actual ratios of factor/
N GAPDH in E12.5, E18.5, and
adult MCs are as follows: Pin,
3.9 X 1077, 4.0 x 1072, and
2.9 X 1078 Mdk, 1.0 x 1077,
6.1 X 1078, and 5.1 X 1074
HGF, 2.6 X 1073, 1.1 X 1075,
and 4.7 X 1074, (B) Quantitative
RT-PCR analysis of growth fac-
tors in Flk1~-PCLP1Ma" cells and
the other cells at E12.5. The ac-
tual ratios of growth factor/
GAPDH in FIk1~PCLP1M9" cells
and the other cells are as fol-
lows: Ptn, 3.9 X 10~ Tand 4.1 X
1072; Mdk, 1.0 x 1071 and
7.8 X 1073 HGF, 2.6 x 1073
and 1.6 X 1073,

Fetal MCs Promote Expansion of

Hepatoblasts in a Paracrine Manner by

Secreting Soluble Factors

To examine whether fetal MCs contribute to prolif-
eration of hepatoblasts, we designed a coculture system of
fetal hepatocytes with fetal MCs. Because the number of
MCs isolated from fetal livers was too small for such exper-
iments, we took advantage of fetal MCs expanded in vitro.
Fetal hepatoblasts were isolated from E14.5 livers with anti-
DIkl Ab as reported previously'® and cultured with or
without fetal MCs expanded in vitro using a 3-um pored
Transwell (Figure SA). Hepatoblasts proliferated actively in
the presence of Ptn or Mdk (Figure 5B) and in the coculture
with MCs (Figure 5C and D), which was confirmed by
WST-1 assay. MCs isolated from a later stage (E18.5) also
enhanced the proliferation of fetal hepatocytes, and E16.5
hepatocytes also proliferated by coculture with later-stage
MCs (Supplementary Figure 3 and data not shown). Impor-
tantly, MCs cultured without OSM and bFGF before cocul-
ture failed to stimulate the proliferation of hepatoblasts
(Figure 5C). These MCs also exhibited a cell surface pheno-
type similar to differentiated MCs (Figure 3E and F), and
growth factor expression was remarkably reduced, similar to
adult MCs (Figures SE and 4A). By contrast, MCs cultured
in the presence of OSM and bFGF expressed growth factors
at levels comparable to E18.5 MCs (Figures SE and 4A).
These results indicated that fetal hepatic MCs possess the
potential to promote the proliferation of hepatocytes by
secreting soluble factors, and the 2 types of MCs used for
coculture exhibit the characteristics of fetal undifferentiated
MCs and adult MCs in vivo, respectively.
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Figure 5. Hepatic MCs pro-
mote the proliferation of hepato- DIK1*
blasts in the coculture system.
(A) The coculture system of fetal hepatocytes

hepatoblasts and hepatic MCs
separated by Transwell. After
culturing of freshly isolated MCs
in the presence of OSM and
bFGF, the expanded MCs were
used for coculture with DIk1+

ROLE OF MESOTHELIAL CELLS IN HEPATOGENESIS 1531

Transwell

Co-culture

C

hepatoblasts. (B) Proliferation of

hepatoblasts in coculture sys- l

tem. DIk1* cells sorted from & § 2.01 S 1.6

E14.5 livers were cultured in the > g gg

presence of growth factors as in- _"'c_u K E S 08

dicated. Growth of hepatocytes &’% 1.04 &% .

was measured by WST-1 assay Y s

after 4 days of culture. The aver- 0.0

ages for 3 wells of each sample 0.0 ~ QO QD
are shown. *P < .03; **P < .004; oé" & 4.\\’ St @V °o° g‘-’q@ e‘(P(‘C’
Student t test. (C) Proliferation of G Q& *@ ,‘**:o x *'0
E14.5 Dk1* cells cultured with f\f’ & o" °°-’

in vitro expanded E12.5 MCs. & \

After primary expansion of MCs,
the cells were cultured for an
additional 5 days in the presence
or absence of OSM and bFGF
before coculture. Growth of
hepatocytes was measured by
WST-1 assay asin B. *P < .007;
Student t test. (D) Appearance
of hepatocytes stained with
Giemsa solution after 3 days of
coculture. (E) Quantitative RT-
PCR analysis of growth factors
in freshly isclated E12.5 PCLP1high
cells and cultured MCs. The ac-
tual ratios of marker/GAPDH
in PLCP1high cells and cultured

m
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In Vivo Function of Fetal Hepatic MCs

Wilms’ tumor 1 homologue (WT1) is a Zn finger
protein that is known to play a critical role in organo-
genesis of multiple organs, including the kidney, heart,
diaphragm, spleen, gonad, and liver. WT1 is also known
as a marker for the mesothelial lineage,” and it is believed

Mdk/GAPDH

HGF/GAPDH

B E12.5 PCLP1Ngh celis
B Cultured MCs

(+OSM bFGF)
05 [] Cultured MCs

(-OSM bFGF)
0.0

to be a regulator of mesothelial development. In mouse
fetal liver, WT1 was reported to be expressed strongly in
coelomic epithelial cells,>! which correspond to hepatic
MCs. In fact, WT1 was mainly expressed in MCs, whereas
its expression was hardly detectable in non-MCs, includ-
ing hepatocytes, ECs, mesenchymal cells, and blood cells
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Figure 6. Characteristics of hepatic MCs in WT1-deficient embryos. (A) Quantitative RT-PCR analysis of WT1 expression in MCs or non-MCs. The
relative gene expression of WT1/GAPDH in MCs and non-MCs at distinct developmental stages is shown. The actual ratios of WT1/GAPDH in MCs
and non-MCs forE12.5, E18.5, and adultsare 2.4 X 10~4and 3.2 X 1076,3.7 X 10~4and 3.5 X 1077,and 2.3 X 10~*and 2.8 X 1079, respectively.
(B) The numbers of total fetal liver cells (eft panel; +/+,n = 8; —/—, n = 8), PCLP1"9" cells (middle panel, +/+,n =7, —/—, n = 6), and DIk1* cells
(right panel, +/4,n =7; —/—, n = 6) per liver of E13.5 embryos are shown. *P < .0007; Student ¢ test. (C) Quantitative RT-PCR analysis in PCLP1"an
MCs of E13.5 littermates. Relative gene expression is shown. Filled, gray, and open bars indicate an individual embryo with +/+, +/—, and —/—
genotype, respectively. (D) The ratio of Ki67* cells in PCLP1"9" MCs between E13.5 WT1*/* and WT1~/~ livers of littermates. The right bars show
the difference between the 2 genotypes. *P < .02; Student t test. () Proliferation potential of DIk1* hepatoblasts derived from E13.5 WT1+/*,
WT1+/~, and WT1~/~ livers. DIk1* hepatoblasts of littermates with each genotype were sorted by a cell sorter and cocultured with or without in vitro
expanded E12.5 WT1+/* MCs. Growth of hepatocytes was measured by WST-1 assay in triplicate cultures after 4 days of coculture. The ratios of
the WST-1 value in culture with MCs to that without MCs are shown for each genotype. Note that there is no significant difference among genotypes.
The experiment was repeated twice with similar results.

in the developing liver (Figure 6A). Consistent with a
previous report,?! WT17/~ embryos had smaller livers
with incomplete lobulation compared with littermates
with WT1*/* or WT1%/~ genotypes at E13.5 (Supplemen-
tary Figure 4A and data not shown). The percentages of
Flk1-PCLP1Meh MC progenitors in WT17/~ fetal livers
were not reduced significantly compared with their lit-
termates by flow cytometry (Supplementary Figure 4B
and data not shown). However, the numbers of
Flk1-PCLP1Mgh MCs, DIk1* hepatoblasts, and total fetal
liver cells were all reduced in WT17/~ animals (Figure
6B). Next, we isolated MCs to examine the expression of
growth factors by quantitative RT-PCR. Ptn and Mdk

were reduced in WT17/~ hepatic MCs compared with the
littermates with WT1*/* or WT1%/~ genotypes (Figure
6C). The expression of Msln in WT17/~ MCs was also
severely reduced at E13.5, indicating that MC differenti-
ation may also be impaired in WT1-deficient livers. In
addition, the expression of retinaldehyde dehydrogenase
2 (RALDH2) was significantly reduced in WT1~/~ MCs,
consistent with the notion that retinoic acid regulates
proliferation of MCs in vivo.?! Proliferation of MCs
might also be altered in these embryos. The percentages
of Ki67* cells in PCLP1"g" MCs isolated from WT1~/~
embryos were significantly reduced compared with those
of WT1%/* embryos (Figure 6D). Coculture of Dlk1*
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Figure 7. A model for hepatic MC development and its role in liver
organogenesis. At an early stage of liver development, PCLP1Ma"Msin~
immature MCs cover the hepatic lobes (E10.5-12.5, red). The expres-
sion of MslIn is up-regulated in MCs during fetal liver development, and
most of the MCs become PCLP1*MsIn* around birth (E18.5, light
yellow). MCs provide hepatoblasts with multiple growth factors and
they also proliferate actively during fetal stages, contributing to liver
organogenesis. After birth, MCs become PCLP1-MsIn* (light green),
and their proliferation potential declines. MCs then switch their function
from a niche for hepatoblasts to nonadhesive protective surfaces.

hepatocytes from WT1~/~ or WT1%/* livers with WT1+/*
M(Cs showed no significant difference in proliferation of
hepatocytes among the different genotypes, indicating
that the reduced proliferation of hepatocytes in WT17/~
fetal livers was not due to defects in hepatocytes (Figure
6E). From these results, we concluded that WT1-null
hepatic MCs are defective in proliferation and the pro-
duction of growth factors. These results strongly sug-
gested that impaired development of hepatic MCs results
in decreased proliferation of hepatocytes as well as ab-
normal morphogenesis of the liver.

Discussion

In this study, we show that splanchnic MCs are
not only an inert protective sheet for coelomic organs but
also change their characteristics dynamically during or-
ganogenesis. In the liver, at least 3 distinct developmental
stages of MCs are recognized based on the expression of
PCLP1 and Msln (Figure 7). PCLP1M¢"Msln~ immature
MC progenitors at E10.5 define the border of each he-
patic lobe. Furthermore, the proliferation and gene ex-
pression profile of hepatic MCs change dramatically dur-
ing development. In particular, fetal hepatic MCs were
shown to express various soluble factors, including hepa-
tocyte mitogens such as Ptn, Mdk, and HGF, indicating
that MCs function as a rich source of growth factors for
hepatic cells in liver development (Figures 4 and 7). In
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fact, coculture experiments using MCs and DIlk1* fetal
hepatocytes clearly show that MCs provide growth fac-
tors for hepatocytes. Considering that mesenchymal cells
derived from STM contribute to the commitment of
foregut endodermal cells into the hepatic lineage and to
the outgrowth of hepatoblasts at the onset of liver devel-
opment, it is not surprising that the lateral plate meso-
derm-derived mesothelial tissue plays an active role in
liver development as a producer of growth factors. Con-
sistent with the previous report by Suksaweang et al,¢ we
observed that Ki67"HNF4a™ proliferating hepatocytes
were present more frequently in the peripheral region
than in the central region of the lobes in developing
mouse liver (Supplementary Figure 5 and Supplementary
Table 2). These observations suggest that MCs contribute
to liver growth and morphogenesis by providing mitotic
stimuli and/or microenvironment for hepatocytes.

This idea is strongly supported by the analysis of
WT1-deficient mice. Ijpenberg et al recently reported that
the livers of WT1 mutant embryos are small, showing
defects in the proliferation of coelomic epithelial cells
and hepatocytes, lobulation, and differentiation of stel-
late cells during liver development.?! Coelomic epithelial
cells lining the liver of WT1-null embryos showed the
reduction of Raldh2 expression, suggesting possible in-
volvement of the retinoic acid signaling pathway in liver
development as in the case of heart development that
requires WT1-expressing epicardial cells and Raldh2.22.23
However, it had been unclear why proliferation of hepa-
tocytes was also impaired in WT1-deficient fetal livers.
Isolation and characterization of PCLP1h"e" MCs from
WT17/~ mice in this study show that proliferation of
MCs and their production of growth factors, including
Ptn and Mdk, are impaired in these embryos, whereas
DIk1* cells from WT17/~ livers proliferate normally in
response to WT1%/* MCs. The expression level of HGF
was not affected in the absence of WT1, although the
expression level of HGF in WT1%/* MCs was much lower
than that of Ptn and Mdk. Thus, it is strongly suggested
that the growth retardation of WT1-deficient livers is
mainly due to the reduced proliferation of hepatic MCs
and their insufficient production of mitogens for hepa-
tocytes. Importantly, because MCs express various
growth factors, there might be factors other than Ptn,
Mdk, and HGF that also stimulate proliferation of hepa-
tocytes.

Previous studies showed that WT1-expressing epicar-
dial and serosal MCs are a source of coronary and gut
vasculogenic cells, respectively.®1° It is thus of great in-
terest to know whether immature PCLP1"¢"Msln~ cells
also possess the potential to differentiate into nonme-
sothelial lineages. In fact, Pérez-Pomares et al reported
that liver sinusoidal endothelial cells and mural cells in
avian embryos were derived from the mesothelium.!! We
observed that some ALCAM™* cells were generated in the
culture of E12.5 PCLP1Ms$hALCAM~ MCs (Supplemen-
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tary Figure 6). Because ALCAM is specifically expressed in
submesothelial cells that underlie the hepatic MC layer,?*
MCs may have a potential to give rise to those mesen-
chymal cells. Further studies on the differentiation po-
tential of MCs may provide new insights in liver organo-
genesis.

Fetal liver is the major hematopoietic organ and con-
tains numerous blood cells, which also contribute to
hepatogenesis. We previously showed that OSM pro-
duced from blood cells stimulates the differentiation of
fetal hepatoblasts in vitro.?s After birth, hematopoiesis
shifts to the bone marrow and OSM expression de-
creases in the liver. In this report, we show that OSM
stimulates the proliferation of fetal hepatic MCs and
maintains their immature characteristics, including the
ability to support the proliferation of hepatoblasts. These
results suggest the possible link between hematopoiesis
and the proliferation of MCs and hepatoblasts in fetal
liver and that OSM may play a role for the coordination
of these cells.

In conclusion, this study reveals dynamic changes in
characteristics of hepatic MCs during development and
shows that hepatic MCs play an active role in organo-
genesis by providing growth factors for parenchymal
cells. Besides liver development, fetal MCs may also be
actively involved in the development of other organs.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.12.059.
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