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ABSTRACT
Transient abnormalmyelopoiesis (TAM) in neonates with Down syndrome, which spontaneously resolves within several weeks ormonths after
birth, may represent a very special form of leukemia arising in the fetal liver (FL). To explore the role of the fetal hematopoietic
microenvironment in the pathogenesis of TAM, we examined the in vitro influences of stromal cells of human FL and fetal bonemarrow (FBM)
on the growth of TAM blasts. Both FL and FBM stromal cells expressed mesenchymal cell antigens (vimentin, a-smooth muscle actin, CD146,
and nestin), being consistent with perivascular cells/mesenchymal stem cells that support hematopoietic stem cells. In addition, a small
fraction of the FL stromal cells expressed an epithelial marker, cytokeratin 8, indicating that they could be cells in epithelial-mesenchymal
transition (EMT). In the coculture system, stromal cells of the FL, but not FBM, potently supported the growth of TAM blast progenitors, mainly
through humoral factors. High concentrations of hematopoietic growth factors were detected in culture supernatants of the FL stromal cells
and a neutralizing antibody against granulocyte-macrophage colony-stimulating factor (GM-CSF) almost completely inhibited the growth-
supportive activity of the culture supernatants. These results indicate that FL stromal cells with unique characteristics of EMT cells provide a
pivotal hematopoietic microenvironment for TAM blasts and that GM-CSF produced by FL stromal cells may play an important role in the
pathogenesis of TAM. J. Cell. Biochem. 115: 1176–1186, 2014. © 2014 Wiley Periodicals, Inc.
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MESENCHYMAL STEM CELL

Inmammals as well as non-mammalian vertebrates, thefirst wave
of hematopoiesis (“primitive erythropoiesis'') begins in the extra-

embryonic yolk sac, originating from a common mesodermal
precursor for hematopoietic and endothelial cell lineages [Dzierzak
and Speck, 2008]. Various types of hematopoietic precursors
produced later in the yolk sac, allantois, and aorta-gonad-
mesonephros region migrate to the liver, where the second wave
of hematopoiesis (adult-type or “definitive hematopoiesis'') begins
and continues until birth. The major site of adult-type hematopoiesis
finally shifts to the bone marrow afterwards, where it continues
throughout life. Leukemia generally arises in the bone marrow, but

certain types of leukemia have been shown to arise in utero. These
include infantile and childhood acute lymphoblastic leukemia (ALL)
with MLL gene rearrangements [Ford et al., 1993] or TEL-AML1
rearrangements [Ford et al., 1998;Wiemels et al., 1999] and transient
abnormalmyelopoiesis (TAM) in neonates with Down syndrome (DS)
[Ahmed et al., 2004]. In such cases, the microenvironment of
prenatal hematopoietic organs, not bone marrow, might play an
important role in the leukemogenesis.

Children with DS have a higher risk of developing leukemia
[Hitzler and Zipursky, 2005; Roy et al., 2009]. ALL is the major form
of leukemia in patients with DS at the age of 3 years or older, as in the
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case of non-DS patients, while acute myeloid leukemia (AML) is as
commonly seen as ALL under the age of 3 years, and acute
megakaryoblastic leukemia (AMKL), a very rare subtype of AML in
non-DS children, comprises the majority of AML cases. In 4–10% of
neonates with DS, abnormal blasts indistinguishable from those of
AMKL in DS (AMKL-DS) appear in the blood, but usually
spontaneously disappear within several weeks or months. A variety
of terms have been given to this special disorder, including TAM,
transient myeloproliferative disorder (TMD) and transient leukemia
(TL) [Hitzler and Zipursky, 2005; Roy et al., 2009 2012; Zipursky,
2003]. AMKL arises in 20–30% of patients with TAM after
spontaneous remission by the age of 4 years. Somatic mutations
affecting theGATA1 gene, which encodes one of the GATA family of
zinc-finger transcription factors, have been detected exclusively in
AMKL-DS and TAM in nearly all cases [Wechsler et al., 2002; Hitzler
et al., 2003; Mundschau et al., 2003]. A variety of GATA1mutations
have been reported, but almost all of them result in the lack of the
50kDa full-lengthGATA1protein and the generation of a 40 kDa short
isoform of GATA1, called GATA1s, lacking the N-terminal activation
domain [Gurbuxani et al., 2004]. The precise role of GATA1s in the
pathogenesis of TAM and AMKL-DS remains largely unknown.

Myelofibrosis is a common complication of AMKL and is
thought to be caused by cytokines, including transforming growth
factor b (TGF-b), that are produced by leukemic megakaryoblasts
and stimulate fibroblasts to induce fibrosis in the bone marrow
[Terui et al., 1990]. Although TAM blasts have the features of
megakaryoblasts similar to those of AMKL-DS blasts, myelofibro-
sis is absent in most cases but, instead, hepatic fibrosis is often
found in fatal cases of TAM [Miyauchi et al., 1992; Schwab
et al., 1998]. On the basis of these findings and considering that
TAM is a disorder of neonates, we hypothesized that TAM may be a
very special form of leukemia arising in the fetal liver (FL) but not
in the bone marrow and that cytokines produced by TAM blasts in
the FL cause hepatic fibrosis in a similar manner to myelofibrosis
in AMKL [Miyauchi et al., 1992]. Consistent with this hypothesis,
the expression of TGF-b has been immunohistochemically
demonstrated in megakaryocytic cells in hepatic sinusoids of
patients with TAM [Arai et al., 1999]. Furthermore, using a GATA1
knock-in allele, the dominant action of N-terminus-truncated
GATA1 protein, leading to the hyperproliferation of hematopoietic
progenitor cells in the yolk sac and FL, but not the bone marrow,
has been shown [Li et al., 2005], indicating that the source of TAM
is hematopoietic progenitor cells of embryonic/fetal origin. If the
above hypothesis is the case and the growth of blast progenitors in
TAM is dependent on the microenvironment of FL, cessation of
fetal hematopoiesis in the liver after birth might cause spontane-
ous resolution of TAM [Miyauchi et al., 1992]. To explore the role
of the fetal hematopoietic microenvironment in the pathogenesis
of TAM directly, we investigated the in vitro influence of stromal
cells derived from human FL and fetal bone marrow (FBM), the
major hematopoietic organs in fetal stage, on the growth of blasts
in TAM. The obtained findings indicate that blast progenitors in
TAM are dependent on the microenvironment of the FL and that
granulocyte-macrophage colony-stimulating factor (GM-CSF)
produced by FL stromal cells is particularly important for the
growth of TAM blasts.

MATERIALS AND METHODS

CELLS
TAM blasts were obtained from the peripheral blood of four patients
with TAM (TAM-1 through TAM-4) after obtaining the informed
consent of their parents. The clinical profile of these patients and
GATA1mutations of the blasts have been published (TAM-1 through
TAM-4 correspond to patients 1 through 4 in the reference,
respectively) [Miyauchi et al., 2010]. AML blasts from two adult
patients (AML-1 and AML-2; FAB subtypes, M5a and M1,
respectively) were also obtained from the peripheral blood after
obtaining informed consent. Blast cells were enriched by depleting
monocytes and lymphocytes by plastic adherence and immuno-
magnetic bead methods, respectively, as previously described
[Miyauchi et al., 2010], and these patient samples were confirmed
to contain more than 95% blasts morphologically and to possess
GATA1 mutations.

Stromal cells of human FL and FBM were obtained from two
fetuses (FL1/FBM1 from fetus 1; FL2/FBM2 from fetus 2) that had
been artificially aborted during the 16th and 13thweeks of gestation,
respectively, because of maternal health problems, after informed
consent for the use of fetal tissues for research purposes had been
obtained. Single-cell suspensions of FL and FBM stromal cells were
prepared as previously described [Campagnoli et al., 2001]. Briefly,
FBM cells were flushed out of the femur using a syringe with a 23-
gauge needle into the growth medium (a-minimum essential
medium [aMEM] supplemented with 10% fetal calf serum [FCS]),
whereas FL was minced with scalpels, incubated in 0.25% trypsin
solution containing 1mM EDTA, filtered through a 70mm nylon
mesh and suspended in the growth medium. These cells were
incubated at 37°C in 5% CO2. Non-adherent cells were removed after
48 h and adherent cells were expanded in fresh growth medium for
2–3 weeks with 3–4 passages. The confluent adherent cell layers in
primary cultures of the FL and FBM, consisting of morphologically
homogeneous populations of fibroblast-like spindle cells, were
trypsinized and cryopreserved.

A stromal cell line, KM101, which is derived from human adult
bone marrow and known to support the growth of hematopoietic
progenitors [Harigaya and Handa, 1985], was provided by Prof. K.
Harigaya at Chiba University, Japan, and stem-cell-factor (SCF)-
dependent leukemic cell line KPAM1 [Toki et al., 2009], derived from
AMKL-DS, was provided by Dr. T. Toki and Prof. E. Ito at Hirosaki
University, Japan. The experimental procedures using human cells
described above were approved by the Ethics Committee of Tokyo
Dental College Ichikawa General Hospital.

COCULTURE OF BLASTS AND STROMAL CELLS
Stromal cells of the FL and FBM were irradiated with 15Gy, while
KM101 cells were with 10Gy, and seeded onto 12-well plates
(Corning, Lowell, MA) in 1.6ml of growth medium. The following
day, half of the medium was removed and the same volume of fresh
growth medium containing 8� 105 TAM or AML blasts was placed
on the confluent monolayer of the adherent stromal cells. In another
set of cultures, chambers with a microporous membrane (Transwell,
pore size 0.4mm; Corning) were placed in culture wells and blasts
were placed into the chambers. For controls, blasts were cultured
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without the stromal cell layer in the presence or absence of
hematopoietic growth factors. After 7 days of culture, cells were
harvested and counted. Blasts cultured without a microporous
membrane were treated as follows: (1) blasts that were not attached
to the stromal cell layer were harvested as non-adherent cells, and (2)
the remaining cells, including the adherent stromal cells and blasts
that were attached to them, were trypsinized, harvested together, and
the number of blasts was counted, with co-existing stromal cells
being easily recognized by their larger size and excluded. Co-
existing stromal cells were removed by culturing the cells for 3 h,
allowing them to adhere again. The remaining cells were washed and
plated in methylcellulose for subsequent colony assay. The number
of blast progenitors (clonogenic cells) that had been recovered from
these cultures was calculated bymultiplying the plating efficiency in
the colony assay by the total number of cells after coculture.

SUSPENSION CULTURE
TAM blasts were cultured at 2.5–5� 105 cells/ml in 24-well tissue
culture plates (Becton Dickinson, Franklin Lakes, NJ) or Linbro/
Titertek 96-well plates (MP Biomedicals, Solon, OH) in the growth
medium with or without hematopoietic growth factors or culture
supernatants of FL stromal cells. The recovery of blast progenitors
from these cultures was evaluated as described above using
subsequent colony assay.

COLONY ASSAY
Colony formation of blast progenitors was assessed using methyl-
cellulose culture as previously described [Miyauchi et al., 1987].
Blasts were plated at a concentration of 5� 103 cells/well in 96-well
plates in 0.1ml of growth medium. As a growth stimulant,
interleukin-3 (IL-3) was used for TAM blasts since it has been
shown to be the most powerful growth stimulator for TAM blasts
[Miyauchi et al., 2010], whereas granulocyte-CSF (G-CSF) or IL-3
was used for G-CSF- or IL-3-dependent AML blasts, respectively.

IMMUNOCYTOCHEMISTRY
The stromal cells of the FL and FBM, seeded onto Culture Slides (BD
Biosciences, Bedford, MA) and cultured, were air-dried, fixed with
buffered formalin-acetone for 30 s and subjected to immunocyto-
chemistry for analysis of their phenotypic antigen expression. The
cell samples were pretreated for antigen retrieval with 0.1M citrate
buffer (pH 6.0 or 9.0) in a microwave oven or a pressure cooker
according to the manufacturers’ instructions and immunocyto-
chemistry was performed using an automated slide preparation
system (Ventana Japan, Yokohama, Japan). The antibodies (mouse
monoclonal, unless otherwise stated) used are as follows: anti-
vimentin (clone V9; Nichirei, Tokyo, Japan), anti-CD146 (clone
EPR3208; Abcam, Tokyo, Japan), anti-nestin (clone 2C1.3A11;
Abcam), anti-a-smooth muscle actin (a-SMA; clone 1A4; DAKO,
Tokyo, Japan), anti-cytokeratin 8 (CK8; clone C-43; Abcam), anti-
CK18 (clone DC10; DAKO), anti-a-fetoprotein (AFP; clone ZSA06;
Nichirei), anti-E-cadherin (clone NCH-38; DAKO), anti-HepPar1
(clone OCH1E5; DAKO), anti-CD31 (clone JC70A; DAKO), anti-CD34
(clone QBEnd-10; DAKO), anti-CD54 (rabbit polyclonal; Cell
Signaling, Boston, MA), anti-CD4 (clone SP35; Roche, Tokyo,
Japan), anti-desmin (clone D3; Nichirei), anti-glial fibrillary acidic

protein (GFAP; rabbit polyclonal; DAKO), anti-synaptophysin
(rabbit polyclonal; Invitrogen, Tokyo, Japan), anti-CD56 (NCAM;
clone CD564; Leica, Newcastle, UK), anti-lysozyme (rabbit poly-
clonal; DAKO), anti-CD68 (clone PGM1; DAKO), anti-CD45 (clone
PD7/26, 2B11; Nichirei), and anti-CD10 (clone 56C6; Nichirei).

HEMATOPOIETIC GROWTH FACTORS
G-CSF was provided by Chugai Pharmaceutical (Tokyo, Japan) and
the other hematopoietic growth factors were purchased from various
manufacturers: IL-3 (Strathmann Biotech AG, Hamburg, Germany),
GM-CSF (Prospec-Tany, Rehovot, Israel), SCF (BioVision, Mountain
View, CA), thrombopoietin (TPO; PeproTech EC, London, UK) and
insulin-like growth factor 2 (IGF2; Abcam). IL-3, GM-CSF, SCF, TPO
and G-CSF were used at a final concentration of 50 ng/ml unless
otherwise stated, whereas IGF2 was used at 100 ng/ml based on the
result of titration experiments (data not shown).

ELISA ASSAY
Culture supernatants of the FL and FBM stromal cells were harvested
3 days after the cells had become confluent and floating cell debris
was removed by centrifugation and microfiltration with a 0.2mm
Acrodisc Syringe Filter (PALL, Ann Arbor, MI). Concentrations of
IL-3, GM-CSF, G-CSF, TPO, SCF, and IGF2 in the culture
supernatants of the FL and FBM stromal cells were measured with
ELISA kits (IL-3, GM-CSF, G-CSF, TPO, and SCF: R&D Systems,
Minneapolis, MN; IGF2: Mediagnost, Reutlingen, Germany) accord-
ing to the manufacturers’ instructions.

NEUTRALIZING ANTIBODIES
The antibodies against GM-CSF and G-CSF were purchased from
PeproTech (Rocky Hill, NJ) and the antibody against SCF was
purchased from Abcam. These antibodies were used at concen-
trations above the one-half maximal inhibition doses described in
the manufacturers’ instructions. Before being added to the cultures,
these antibodies were incubated with the culture supernatants or
hematopoietic growth factors at 4°C for 4 h.

RESULTS

CHARACTERIZATION OF FL AND FBM STROMAL CELLS
Prior to the experiments using the FL and FBM stromal cells,
phenotypic antigen expression of these cells on culture slides was
determined by immunocytochemistry (Table I). Both FL and FBM
stromal cells were intensely positive for vimentin (a general
mesenchymal cell marker), a-SMA (an antigen expressed in hepatic
stellate cells and mesenchymal stem cells [MSCs]; Fig. 1A,B), CD146
and nestin (antigens expressed in perivascular cells/pericytes and
MSCs) [Covas et al., 2008; Crisan et al., 2008; Mendez–Ferrer et al.,
2010; Gerlach et al., 2012; Corselli et al., 2013;] (Fig. 1C,D). In
addition, a small fraction of the FL stromal cells weakly expressed
CK8 (an epithelial antigen expressed in hepatoblasts and hepato-
cytes; Fig. 1E), although they were negative for other epithelial
markers such as CK18, E-cadherin, AFP, and HepPar1 (antigens
expressed in hepatoblasts and/or hepatocytes). The FBM stromal
cells were positive for CD10 (an antigen expressed in bone marrow
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reticular cells; Fig. 1F), but negative for epithelial markers. Both
types of stromal cell were negative for other antigens examined,
namely, general endothelial markers (CD34, CD31), markers of
hepatic sinusoidal endothelial cells (CD54/ICAM-1, CD4), those of
Kupffer cells (lysozyme, CD68) and those of hepatic stellate cells
(also called Ito cells; desmin, GFAP, synaptophysin, CD56/NCAM),
except for a-SMA (Table 1). These findings indicate that both the FL
and the FBM stromal cells that we used represent the perivascular
MSCs, with the former corresponding to hepatic pericytes and the
latter being consistent with bone marrow reticular cells. The FL
stromal cells also appeared to have some features of cells in
epithelial-mesenchymal transition (EMT cells), known to be seen
under certain conditions, including developing organs [Choi and
Diehl, 2009; Kalluri and Weinberg, 2009] and to support fetal
hematopoiesis in the liver [Chagraoui et al., 2003].

Since it has been shown that murine FL EMT cells are induced to
differentiate into hepatocytes and lose their hematopoiesis-supporting
ability in the presenceof oncostatinM (OSM),we testedwhether our FL
stromal cells also exhibit such changes in response to OSM treatment
according to a method previously described [Chagraoui et al., 2003].
Although the in vitro growth rate of the FL stromal cells was
suppressed by the addition of 1 ng/ml OSM, spindle cell morphology

and immunophenotypic features were largely unchanged, with no
obvious enhancement or induction of epithelial cellmarker expression
and only a slight decrease in a-SMA expression.

COCULTURE OF TAM BLASTS AND STROMAL CELLS
To examine the influence of cells constituting the fetal hematopoi-
etic microenvironment on the in vitro growth of TAM blasts, we
analyzed the growth-supporting ability of stromal cells of the FL and
FBM obtained from two human fetuses by coculturing them with
TAMblasts obtained from four patients. To eliminate the influence of
cell-to-cell contact, a transwell coculture systemwith a microporous
membrane, separating blasts from stromal cells and allowing only
the passage of humoral factors between the two chambers, was used.
To compare the functions of stromal cells of the fetal and postnatal
hematopoietic microenvironment, we also examined the effects of
an adult human bone marrow-derived stromal cell line, KM101,
which is known to be capable of supporting hematopoiesis. Since we
found in the preliminary experiments that KM101 cells form
colonies in methylcellulose, which makes it difficult to analyze the
data of TAM blast colony assay if these cells coexist in the same
samples, KM 101 cells were used only in the presence of transwells.
When TAM blasts were cocultured with the FL stromal cells in the
presence of a transwell, the growth of TAM blast progenitors was
potently supported in all patients and the numbers of blast
progenitors recovered to levels comparable to those of the cultures
with IL-3 in three patients (Fig. 2A–C), although it was slightly below
the level of IL-3 in one patient (Fig. 2D). After the coculture of TAM
blasts and the FL stromal cells in the absence of transwells, numerous
viable TAM cells were present in culture and the growth of blast
progenitors, particularly in non-adherent layers, was efficiently
supported although to lower levels than that of the cultures with
transwells in all patients (Fig. 2A–D). The immunophenotypic
features of the FL stromal cells were unchanged before and after the
coculture (data not shown). In contrast, after the culture with FBM
stromal cells, TAM blasts dramatically decreased in number and the
recovery of TAM blast progenitors was very poor and significantly
lower than in the cultures with the FL stromal cells under all culture
conditions irrespective of the presence or absence of transwells
(Fig. 2A–D). After the coculture of TAM blasts with KM101 cells, the
growth of TAM blast progenitors was supported to levels similar to,
or slightly lower than, those of the FL stromal cells in the presence of
transwells (Fig. 2A–D). These findings indicate that the growth of
TAM blast progenitors is dependent on the stromal cells of FL, but
not FBM, and supported mainly by humoral factors produced by the
FL stromal cells, and that adult bone marrow stromal cells are also
capable of supporting the growth of TAM blast progenitors.

COCULTURE OF AML BLASTS AND STROMAL CELLS
To determine if the growth-supporting ability of the FL stromal
cells is limited to hematopoietic cells of FL origin such as TAM
blasts and to test whether FBM stromal cells are capable of
supporting the growth of leukemic cells derived from the bone
marrow, we next examined the influence of the FL and FBM
stromal cells on the growth of AML blasts in adult patients. Since
the growth patterns of adult AML blasts in response to
hematopoietic growth factors are heterogeneous among patients,

TABLE I. Immunocytochemistry of the Stromal Cells Isolated From
FL and FBM

Markers FL FBM

Mesenchymal cell/perivascular cell
Vimentin þþþ þþþ
a-Smooth muscle actin (aSMA) þþþ þþ
CD146 þþ þþ
Nestin þþ þþ

Epithelial cell
Cytokeratin 8 (CK8) �/þ –

Cytokeratin 18 (CK18) – –

E-Cadherin – –

a-Fetoprotein (AFP) – –

Hepatocyte antigen (Hep/Par1) – –

Endothelial cell
CD34 – –

CD31 – –

Hepatic sinusoidal endothelial cell
CD54 (ICAM-1) – –

CD4 – –

Hepatic stellate cell (Ito cell)
a-Smooth muscle actin (aSMA) þþþ þþ
Desmin – –

Glial fibrillary acidic protein (GFAP) – –

Synaptophysin – –

CD56 (NCAM) � –

Kupffer cell/macrophage
Lysozyme – –

CD68 – –

Hematopoietic cell
CD34 – –

CD45 – –

Bone marrow reticular cell
CD10 – þ

þþþ, 100% positive; þþ, 50–99% positive; þ, 10–49% positive; –/þ, 1–9%
positive; –, negative.
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two patient samples were selected for this experiment; blast
progenitors in patient AML-1 are dependent on IL-3, GM-CSF, and
SCF as in the case of TAM, whereas those of patient AML-2 are
dependent almost exclusively on G-CSF and SCF. These AML
blasts were cultured with the FL or FBM stromal cells in the same
way as for TAM blasts. The growth of blast progenitors in AML-1
and AML-2 was stimulated by IL-3 and G-CSF, respectively, as
expected (Fig. 3A,B). In both cases, the FL stromal cells in the
presence, but not the absence, of a transwell stimulated the growth
of AML blast progenitors more effectively than IL‐3 or G‐CSF
alone. The FBM stromal cells also exhibited some degree of
growth-supporting activity on AML blasts in the presence of
transwells, particularly for those of AML-1, but the activity was
still significantly weaker than that of the FL stromal cells. Hence, it
was shown that the growth-supporting ability of the FL stromal
cells is not limited to fetal hematopoietic cells but is also valid for
adult leukemic blasts originating in the bone marrow, whereas the
stromal cells of the FBM that we used, at the gestational ages of 13
and 16 weeks, do not support the growth of either fetal or adult
myeloid leukemia cells as efficiently as the FL stromal cells do,
possibly due to their functional immaturity.

HEMATOPOIETIC GROWTH FACTORS PRODUCED BY STROMAL
CELLS
Since the growth of TAM and AML blasts was potently supported by
the FL stromal cells in transwell cultures with a microporous
membrane hindering cell-to-cell contact between blasts and stromal
cells, humoral factors must be secreted from the stromal cells into the
culturemedium. In order to identify the humoral factors produced by
the stromal cells, we measured the concentrations of six major

human hematopoietic growth factors: IL-3, GM-CSF, G-CSF, SCF,
TPO, and IGF2, in culture supernatants of the FL and FBM stromal
cells by ELISA. High concentrations of GM-CSF, G-CSF, SCF and
IGF2were detected in the culture supernatants of the FL stromal cells
obtained from both of the two fetuses (FL1 and FL2; Table II).
Compared with the culture supernatants of the FL stromal cells,
similar or even higher amounts of SCF and IGF2 were detected in
those of the FBM stromal cells, but GM-CSF was barely detectable
and G-CSF was undetectable. Notably, IGF2 was detected even in the
control growth medium containing 10% FCS, but its concentration
was lower than in most of the FL and FBM stromal cell culture
supernatants. IL-3 and TPO were not detected in any culture
supernatants of the stromal cells. Among these hematopoietic
growth factors, the key factors that caused the big difference in
growth-supporting ability for TAM blast progenitors between the FL
and FBM stromal cells should be those that are present at higher
concentrations in the stromal cell culture supernatants of FL than
those of FBM. Since the concentrations of SCF and IGF2 were not
uniformly higher in the FL stromal cell culture supernatants and our
previous study showed that G-CSF is not a very active stimulator of
the growth of TAM blasts [Miyauchi et al., 2010], we speculated that
GM-CSF might be the most likely candidate for such a factor.

EFFECTS OF NEUTRALIZING ANTIBODIES
To ascertain the important hematopoietic growth factor(s) for the
growth of TAM blasts that are produced by the FL stromal cells, we
tested the effects of neutralizing antibodies against GM-CSF, G-CSF
and SCF on the culture supernatants of the FL stromal cells.
Antibodies against IL-3, TPO, and IGF2 were not included because
neither IL-3 nor TPO was detected in any culture supernatants and

Fig. 1. Immunocytochemistry of FL and FBM stromal cells. Stromal cells of the FL and FBM cultured on culture slides were immunostained for a-SMA (A,B), nestin (C,D), CK8
(E), and CD10 (F). (A), (C), and (E) are FL stromal cells, and (B), (D), and (F) are FBM stromal cells. Scale bars indicate 500mm (A–D,F) and 200mm (E).
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IGF2 was not shown to be a potent growth stimulator for TAM blasts
in our experiments as described below. Prior to the experiments, the
neutralizing ability of these antibodies was confirmed using colony
assay of three AML cell lines, OCI-AML1, MO7e, and KPAM1, the
growth of which is dependent on G-CSF, GM-CSF, and SCF,
respectively. Each antibody completely inhibited colony-stimulat-
ing activity of the corresponding cytokine (Supplementary Fig. S1A–
C), and the antibody against GM-CSF at concentrations higher than
1mg/ml completely neutralized the activity of 10 ng/ml GM-CSF
(Supplementary Fig. S1D). Then, we tested the effects of these
antibodies on the culture supernatants of the FL stromal cells (two
samples, FL1 and FL2), using suspension culture and colony assay of
TAM blasts obtained from three patients. The antibody against GM-
CSF alone almost completely inhibited both cell growth in
suspension culture (Fig. 4A and C and Supplementary Fig. S2A)
and colony formation in methylcellulose culture (Fig. 4B and D and
Supplementary Fig. S2B) of TAM blasts with all FL culture
supernatants and TAM patient samples. In the colony assay of
patient TAM-4, the antibody against GM-CSF inhibited colony

formation to levels even below that of the negative control (no added
culture supernatants and antibodies; Fig. 4D), suggesting that TAM
blasts of this patient may produce a small amount of GM-CSF in an
autocrine fashion and that such activity was also neutralized by the
antibody. On the other hand, the antibodies against G-CSF and SCF
and the control non-immune IgG did not significantly affect the
growth of TAM blasts (Fig. 4 and Supplementary Fig. S2).

EFFECTS OF IGF2 ON THE GROWTH OF TAM BLASTS
IGF2 is produced in fetal organs, including the liver [Zhang and
Lodish, 2004; Pollak, 2008], and it has been shown that abnormali-
ties in the IGF2 signaling pathway may be involved in the
pathogenesis of TAM and AMKL-DS [Klusmann et al., 2010].
However, our previous study showed that growth medium
supplemented with FCS, which contains a high concentration of
IGF2 as shown in Table II, alone does not significantly stimulate the
growth of TAMblasts [Miyauchi et al., 2010]. To ascertain if IGF2 has
any growth-stimulating activity for TAM blasts, we tested the in
vitro effects of IGF2 on TAM blasts in two patients. Both colony

Fig. 2. Effects of FL and FBM stromal cells on the growth of TAM blast progenitors. (A–D) TAM blasts of four patients (TAM-1 through TAM-4) were cocultured with the FL or
FBM stromal cells or KM101 cells in the presence or absence of the transwell system for 7 days. The number of TAM blast progenitors (clonogenic cells) recovered from the culture
is shown. The stromal cells of FL1 and FBM1 were used in (A) and (B) and those of FL2 and FBM2 in (C) and (D). Memb, microporous membrane separating TAM blasts from the
stromal cells; NA, non-adherent layer; AD, adherent layer; NG, no growth factor; BM, bone marrow; ND, not determined. Statistically significant difference is indicated by
asterisks (*P< 0.05) while NS indicates no significant difference.
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formation in methylcellulose culture (data not shown) and recovery
of blast progenitors from suspension culture only slightly increased
when IGF2 was added at high concentration (100 ng/ml), but the
maximum activity was still much lower than that of other
hematopoietic growth factors such as IL-3 and TPO in both patients
(Fig. 5). Furthermore, no synergistic effects were detected with any
combinations of IGF2 and another hematopoietic growth factor
(data not shown). Although the experiments were performed in the
presence of 10% FCS, these findings indicate that IGF2 on its own
has only modest growth-stimulating activity on TAM blasts.

DISCUSSION

The present coculture experiments demonstrated that in vitro growth
of blast progenitors in TAM is dependent on stromal cells of the FL,
but not FBM, indicating that the microenvironment of the FL could
play an important role in the pathogenesis of TAM. This result is
consistent with the data described by Tunstall-Pedoe et al. [2008]
that FLs, but not FBMs, in DS patients exhibit perturbed myeloid

hematopoiesis with a higher frequency of megakaryocyte-erythroid
progenitor cells compared with normal individuals, indicating that
trisomy 21 provides a background for leukemogenesis in the FL
preceding the acquisition of GATA1 mutations. These data support
the hypothesis previously proposed by us that TAM is a special form
of leukemia arising in the FL [Miyauchi et al., 1992]. Although the
number of TAM samples used in this study is small, we have
previously shown that growth characteristics of TAM blast
progenitors in response to hematopoietic growth factors are quite
uniformwith very little patient heterogeneity [Miyauchi et al., 2010].
This could be a reflection of the relatively simple cytogenetic
background of TAM, in which the rate of mutations other than
GATA1 is very low [Nikolaev et al., 2013; Yoshida et al., 2013] and a
variety of GATA1mutations all result in an uniform abnormality of
GATA1 protein, namely, generation of GATA1s and abrogation of
full-length GATA1 [Gurbuxani et al., 2004]. Therefore, our present
findings may represent the general biological nature of TAM blasts.
Furthermore, our present in vitro findings are consistent with the in
vivo observations of human patient samples that blasts and/or
atypical megakaryocytes proliferated predominantly in the liver in

TABLE II. ELISA of Culture Supernatants of FL and FBM Stromal Cells

Hematopoietic growth factor FL1 S/N FBM1 S/N FL2 S/N FBM2 S/N aMEM þ 10% FCS

GM-CSF 6,100 19 1,210 12 UD
G-CSF 131,000 UD 12,000 UD UD
SCF 240 43 220 190 UD
IGF2 14,345 6,500 14,285 19,060 6,770
IL-3 UD UD UD UD UD
TPO UD UD UD UD UD

Values are given in pg/ml. S/N, supernatant; FL1 and FBM1 represent FL and FBM stromal cells of fetus 1, respectively. Likewise, FL2 and FBM2 represent those of fetus 2;
UD, undetectable (below the sensitivity level).

Fig. 3. Effects of FL and FBM stromal cells on the growth of AML blast progenitors. AML blasts of two adult patients (AML-1 and AML-2) were cocultured with the FL or FBM
stromal cells in the presence or absence of the transwell system for 7 days. The number of AML blast progenitors (clonogenic cells) in patients AML-1 (A) and AML-2 (B) recovered
from the culture is shown. The stromal cells of FL2 and FBM2 were used in both (A) and (B). Abbreviations are the same as for Figure 1. Statistically significant difference is
indicated by asterisks (*P< 0.05) while NS indicates no significant difference.
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autopsy cases of stillborns or liveborn infants with DS and TAM,
which corroborate our present data [Becroft and Zwi, 1990; Ruchelli
et al., 1991; Miyauchi et al., 1992; Ishigaki et al., 2011].

Although we used TAM samples enriched for >95% blasts
morphologically, a minor proportion of normal hematopoietic
progenitors may have coexisted in the samples and formed colonies
in culture. However, all the patient samples enriched for blasts
harboredGATA1mutations and one of them (TAM-4) exhibited only
mutated GATA1 sequences both before and after culture with
hematopoietic growth factors [Miyauchi et al., 2010], indicating that
all colonies of this patient sample should be derived from TAM
blasts. Since coculture results of the other patients were very similar
to that of this particular patient, the influence of coexisting non-
leukemic hematopoietic progenitors, if any, seems to be small and
negligible.

MSCs are mesodermal progenitors with the potential to differenti-
ate to multilineage mesenchymal cells [Pittenger et al., 1999].
Perivascular cells, or pericytes, which reside ubiquitously around
endothelial cells of capillaries andmicrovessels inmany organs, have

been shown to represent ancestors of, or basically the same
population as, MSCs [Covas et al., 2008; Crisan et al., 2008] and to
be capable of supporting hematopoietic stem cells (HSCs) [Corselli
et al., 2013]. In addition to the originally detected endosteal niche, the
existence of a perivascular niche for HSCs in the bone marrow, such
as CXCL2-expressing reticular cells [Sugiyama and Nagasawa, 2012]
or nestin-expressing MSCs [Mendez-Ferrer et al., 2010], has been
demonstrated. Concerning the liver, perisinusoidal hepatic stellate
cells, residing in the space of Disse, express antigens associated with
MSCs, produce cytokines, including GM-CSF, and support HSCs
[Kordes et al., 2013], suggesting that these cells may be liver-resident
perivascularMSCs that form anHSC niche in the liver. The FL stromal
cells that we used expressed CD146, nestin and a-SMA, which is
consistent with hepatic pericytes/MSCs [Gerlach et al., 2012].
Although these cells might correspond to the immature form of
hepatic stellate cells since only one of the stellate cell-associated
antigens (a-SMA)was positive, this point needs further confirmation.
In addition to the mesenchymal antigens, these cells also expressed
CK8, an epithelial cell marker, indicating that they could belong to the

Fig. 4. Effects of neutralizing antibodies on culture supernatants of FL stromal cells. TAM blasts were cultured in suspension or in methylcellulose with 20% culture
supernatants of FL1 or FL2 stromal cells in the presence of a neutralizing antibody against G-CSF (aG-CSF, 2.5mg/ml), GM-CSF (aGM-CSF, 2.5mg/ml), or SCF (aSCF, 5.0mg/ml),
or non-immune IgG (IgG), or in the absence of culture supernatants and any antibody (None). The total number of cells in patient samples TAM-2 and TAM-4 after suspension
culture is shown in (A) and (C), and the number of colonies after methylcellulose culture in (B) and (D), respectively. Statistically significant difference is indicated by asterisks
(*P< 0.05). Double asterisks in (D) indicate significant difference compared with the culture without the supernatants and antibody (None).
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unique category of cells called EMT cells. It has been shown that such
cells are present in the FL and associated with florid hematopoiesis
[Chagraoui et al., 2003]. However, only a minor fraction of our FL
stromal cells expressed CK8 and did not express other epithelial
markers, even after treatment with OSM, which is different from the
results ofmurine FL stromal cell lines with EMT cell natures described
by Chagraoui et al. The exact reason for this discordance is not clear,
but it could be due to the difference of species.

Although it has been shown that perivascular MSCs maintain the
stemness of HSCs by cell-to-cell contact, cell contact between TAM
blasts and FL stromal cells in our study did not enhance, or even
reduced, the recovery of TAM blast progenitors, indicating that
humoral factors produced by the stromal cells stimulated the growth
of TAM blasts. This is in agreement with previous findings that fetal
HSCs pass through the cell cycle at a higher frequency during fetal
development than adult HSCs, which are largely quiescent [Martin
and Bhatia, 2005]. However, it is also possible that FL stromal cells
provide a hematopoietic niche for a minor population of quiescent
leukemic stem cells in TAM and support their long-term survival
through cell-to-cell contact in vivo.

Like the case of TAM, the growth of AML blasts in adult patients
was supported more efficiently by stromal cells of the FL than those
of the FBM, and adult bone marrow stromal cell line KM101 also
supported the growth of TAM blasts. Hence, FL stromal cells do not
exclusively support the growth of fetal hematopoietic cells and the
growth of TAM blasts is not exclusively dependent on FL stromal
cells but also supported by adult bone marrow stromal cells. These
results can be explained by the present findings that FL stromal cells
produce hematopoietic growth factors, including GM-CSF, G-CSF
and SCF, that stimulate the growth of adult AML blasts and by the
data of other investigators showing that KM101 cells produce GM-

CSF [Nakajima et al., 1994] that stimulates the growth of TAM blasts.
These data do not support the hypothesis that we previously
proposed [Miyauchi et al., 1992] that the cessation of FL
hematopoiesis and a shift of major hematopoietic organ from the
liver to the bonemarrow after birth cause the inhibition of TAM blast
growth and spontaneous resolution of TAM because of the loss of a
suitable microenvironment. Spontaneous resolution of TAM there-
fore appears to be more likely associated with a change of the
intrinsic genetic program controlling fetal hematopoiesis rather than
a shift of the site of hematopoiesis after birth. The FBM stromal cells
that we used were not very active in supporting the growth of
leukemic blasts in either TAM or adult AML, indicating that FBM
stromal cells at the 13th and 16th weeks of gestational age may still
be immature and incapable of constituting a functional hematopoi-
etic microenvironment. The low concentrations of secreted hemato-
poietic growth factors, particularly GM-CSF and G-CSF, in the
culture supernatants of the FBM stromal cells suggest this possibility.

We showed in the present study that the FL stromal cells produce
several hematopoietic growth factors and secrete them into the
culture medium. We have previously shown that IL-3, GM-CSF, and
SCF are the major growth factors for TAM blasts in vitro, all of which
directly and potently stimulate the growth of TAM blasts [Miyauchi
et al., 2010]. However, IL-3 has not been described to be produced in
the liver and was not detected in the culture supernatants of the FL
stromal cells. Although low concentrations of SCF were detected in
the culture supernatants of FL stromal cells, the anti-SCF antibody
did not significantly affect the growth of TAM blasts in the presence
of FL stromal cell culture supernatants, indicating that SCF secreted
into the culture supernatants at these concentrations did not
potently stimulate the growth of TAM blasts. Since the antibody
against GM-CSF alone significantly inhibited the growth-

Fig. 5. Effects of IGF2 on the growth of TAM blast progenitors in suspension culture. TAM blasts were cultured in suspension with IGF2, IL-3, or TPO, or in the absence of growth
factors (NG) for 7 days. The number of TAM blast progenitors (clonogenic cells) in patient samples TAM-2 (A) and TAM-4 (B) recovered from the culture is shown. Statistically
significant difference is indicated by asterisks (*P< 0.05).
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stimulating activity of the FL culture supernatants on TAM blasts, it
seems highly likely that, among the cytokines produced by FL
stromal cells, GM-CSF is the most important hematopoietic growth
factor for TAM blasts and might play an important role in the
pathogenesis of TAM. However, megakaryoblastic features of TAM
blasts are hardly ascribable to the function of GM-CSF alone since
GM-CSF is not a potent inducer of megakaryocytic differentiation.
We have previously shown that TPO has such an activity for TAM
blasts, although its growth-stimulatory effect is weaker than that of
GM-CSF [Miyauchi et al., 2010]. Since hepatocytes are known to be
the major source of TPO and to release it into the blood [Sungaran
et al., 1997] and TPO was not detected in the culture supernatants of
our FL stromal cells, it seems plausible that megakaryocytic
differentiation of TAM blasts in vivo is induced by TPO produced
by fetal hepatocytes or hepatoblasts, while their growth is stimulated
by GM-CSF produced by FL stromal cells. Although it has been
shown that IGF2 is produced by fetal hepatocytes and involved in the
pathogenesis of TAM andAMKL-DS [Klusmann et al., 2010], it seems
unlikely that IGF2 is a major growth regulator of TAM blasts since
our data indicate that IGF2 on its own is only a modest growth
stimulator of TAM blasts in vitro.

In conclusion, our present study demonstrated that FL stromal
cells with unique immunophenotypic features of EMT cells
constitute a functional hematopoietic microenvironment that
supports the expansion of TAM clones originating from the FL
and that GM-CSF produced by FL stromal cells may play an
important role in the pathogenesis of TAM.
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