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Abstract Induced pluripotent stem (iPS) cells were origi-
nally generated from somatic cells by ectopic expression of
four transcription factor genes: Oct3/4, Sox2, Kilf4 and c-
Myec. Currently, iPS cell lines differ in tissue origin, the
combination of factors used to construct them, the method of
gene delivery and expression of pluripotency markers. Thus
to evaluate iPS cells for haematotherapy, the hematopoietic
potential among iPS lines should be compared. Here, we
compare differentiation capacity of six iPS lines into
mesodermal cells and hematopoietic cells (HCs) through
embryoid body (EB) formation. We show that the mouse
embryonic fibroblast (MEF)-derived iPS lines 20D17 and
178B5 resemble CCE ES cells in terms of morphology in
culture, number and size of EBs and differentiation capacity
into mesodermal cells compared to iPS cells derived from
adults, although all iPS lines could form EBs. The number of
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mesodermal cells differentiated from MEF-derived iPS cell
lines showed a 3.9-407-fold increase compared to that from
iPS lines derived from adults. Furthermore, 178B5 iPS cells
generated Terl19" erythroid cells (3.35%) efficiently in
culture. We conclude that hematopoietic potential differs
among the six lines and that MEF-derived 20D 17 and 178B5
iPS cells generate HCs more efficiently than adult-derived
iPS cells.

Keywords Induced pluripotent stem cells - Embryoid
body - Differentiation - Mesodermal cells - Hematopoietic
cells

Introduction

Ectopic expression of four transcription factors (Oct3/4,
Sox2, Klf4, and c-Myc) can reprogram somatic cells into
pluripotent cells exhibiting properties similar to embryonic
stem (ES) cells [1]. Such induced pluripotent stem (iPS)
cells resemble ES cells in morphology, ability to differen-
tiate into numerous cell types, teratoma formation in
immuno-deficient mice, and generation of chimeric mice
with germline transmission [2]. iPS cells should become
extremely valuable tools for regenerative medicine, devel-
opmental biology, and drug screening. Oct3/4, Sox2, Kif4,
and c-Myc-carrying retroviruses were first used for reprog-
ramming of somatic cells [1]. Since both transduction of the
c-Myc oncogene and retroviral infection are associated with
malignancy, investigators have attempted to avoid using
both, either by (1) omitting c-Mye [3], (2) using adenovirus
[4], or (3) using plasmids to deliver genes into somatic cells
[5]. To facilitate selection of iPS cells, Fbx15 and Nanog
reporter constructs have been used as pluripotency indica-
tors. Nanog-selected mouse iPS cells are more similar to ES
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cells than are Fbxl5-selected cells in terms of gene
expression, DNA methylation, and germline transmission
[1, 2]. In addition to using varied transcription factors and
reporters, investigators have reprogrammed different types
of somatic cells such as mouse embryonic fibroblasts
(MEFs), tail-tip fibroblasts (TTFs) [3], pancreatic (3-cells
[4], hepatocytes and gastric epithelial cells [6], B cells [7],
and CD34" cord blood cells [8, 9].

Investigators in the field of hematology have employed
several methods to generate hematopoietic cells (HCs) from
ES/iPS cells via mesodermal cells [10]. For example, ES
cells can be induced to form embryoid bodies (EBs), cystic
structures containing aggregates of endoderm, mesoderm,
and ectoderm [11]. Myeloid and definitive erythroid cells are
generated in EBs at differentiation days 6 to 10 [12, 13]. ES
cells can also be directly co-cultured with OP9 stromal cells
in the presence of cytokines to generate HCs [14, 15]. In
addition, when ES cells are cultured on collagen type I'V-
coated dishes, Flk1"-mesodermal cells emerge, which further
differentiate into HCs with additional culture time [16].

Efficient use of iPS cells for haematotherapy requires
comparison of hematopoietic potential among iPS lines
established by different methods. In the current study, we
used EB formation to compare the differentiation
capacity of mesodermal cells and HCs among six iPS
cell lines of different origin and established by different
methods.

Materials and Methods
ES and iPS Cell Maintenance
The origin of iPS cells, the method of induction, and reporters

used for pluripotency analysis are summarized in Table 1.
CCE ES and iPS cells were maintained on feeder cells,

Table 1 List of iPS cell lines

mouse embryonic fibroblasts (MEFs), in StemMedium® (DS
Pharma Biomedical, Hyogo, Japan) containing 0.1 mM
2-mercaptoethanol (Nacalai Tesque, Inc., Kyoto, Japan)
and 1,000 U/ml mouse leukemia inhibitory factor (LIF)
(prepared in Dr. Minetaro Ogawa's Laboratory). CCE ES
and iPS cells were cultured in feeder-free conditions for 23
passages before differentiation.

Embryoid Body (EB) Formation

CCE ES and iPS cells (6x10%) were cultured in 3 ml of
Iscove’s Modified Dulbecco’s Medium (IMDM, SIGMA-
ALDRICH, Saint Louis, MO) containing 15% FBS (a pre-
selected batch showing the highest efficiency in inducing
HCs), 2 mM L-glutamine (SIGMA-ALDRICH), 0.0026%
(vol/vol) monothioglycerol (MTG, Wako Pure Chemical
Industries, Osaka, Japan), 50 pg/ml L-ascorbic acid
(Wako Pure Chemical Industries), 10 U/ml penicillin, and
10 pg/ml streptomycin (SIGMA-ALDRICH). Petri dishes
(60-mm in diameter, Kord-Valmark™, Ontario, Canada)
were used to generate EBs. On culture days 4, 5, and 6 cells
were collected by gentle pipetting, washed once with PBS,
and then incubated with Cell Dissociation buffer (Life
Technologies, Carlsbad, CA) at 37°C for 30 min. An equal
volume of medium containing 10% FBS was added and
mixed gently, and the cell suspension was passed through a
40-mm nylon mesh. The number of living cells was
determined after staining with 0.4% Trypan blue (Life
Technologies).

Flow Cytometry

To analyze mesodermal cells, cells were stained with an
APC-conjugated anti-CD324 (E-cadherin) Ab (Alexa Fluor®
647, eBioscience, San Diego, CA), a Pacific Blue™ anti-
mouse Flk-1 (VEGFR2) Ab (BioLegend, San Diego, CA), a

Cell lines Origin and phenotype Transcription factors References

1. iPS-MEF-Ng-20D17 MEF-derived Oct3/4, Sox2, Kif4, TS8A c-Myc [2]
Nanog-GFP expression

2. iPS-MEF-Ng-178B5 MEF-derived Oct3/4, Sox2, KIf4 [3]
Nanog-GFP expression

3. iPS-MEF-Ng-492B4 MEF-derived Oct3/4, Sox2, Klf4, c-Myc [5]
Nanog-GFP expression

4. iPS-TTF-DsRed-256H18 TTF-derived Oct3/4, Sox2, Kif4 3]
actb-DsRed expression

5. iPS-Hep-FB/gfp-98A-1 Hepatocyte-derived Oct3/4, Sox2, Klf4, c-Myc [6]
actb-GFP expression

6. iPS-Stm-FB/gfp-99-1 Gastric epithelial cell-derived Oct3/4, Sox2, Klf4, c-Myc [6]

actb-GFP expression

MEF mouse embryonic fibroblast, 77F tail-tip fibroblast, actb actin-beta
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biotin-conjugated anti-mouse CD140x (PDGFRx) Ab
(eBioscience), and a PE-Cy7-conjugated anti-mouse c-Kit
(CD117) Ab (eBioscience). After washing once in PBS, cells
were incubated with streptavidin APC-Cy7™ (BD Bioscien-
ces, San Jose, CA). To stain dead cells, propidium iodide (PI,
Life Technologies, Eugene, Oregon) was used for CCE ES and
GFP-expressing iPS cells and TO-PRO®-1 iodide (515/531)
(Life Technologies) was used for 256H18 iPS cells expressing
DsRed. Cells were analyzed using a FACS Aria cell sorter
(Becton Dickinson, Franklin Lakes, NJ). Data files were
analyzed using FlowJo software (Tree Star, San Carlos, CA).
For analysis of HCs, cells were stained with a APC-conjugated
anti-mouse c-Kit Ab (BD Biosciences), a PE-Cy7-conjugated
anti-mouse CD45 Ab (BioLegend), a biotin-conjugated anti-
mouse CD71 (transferrin receptor) Ab (BD Biosciences) and
PB-conjugated streptavidin (eBioscience), and an APC-Cy7-
conjugated anti-mouse Ter119 Ab (eBioscience).

Cytology
Cytospin preparations were performed as follows: 5,000—

10,000 cells were cytocentrifuged onto glass slides
(Matsunami, Osaka, Japan) using a Shandon Cytospin®

CCEES

.‘lj:v: |

3 cytocentrifuge (Thermo Electron Corporation, Pitts-
burgh, PA) at 450 rpm for 7 min. Cells were observed
under light microscopy after staining with May-
Griinwald and Giemsa (Muto PureChemicals, Tokyo,
Japan).

Results
iPS Cell Morphology and EB Formation

All'iPS cell lines were cultured without feeder layers for 2—
3 passages before induction of EB formation. Although
20D17, 178B5, and 492B4 iPS cells were maintained
without feeder layers, they still expressed the pluripotency
marker Nanog-GFP (Fig. 1). The morphology of all lines
except 256H18 and Hep-98A-1 was similar to that of CCE
ES cells in terms of roundness, large nucleoli, and low
cytoplasmic content (Fig. 1). Morphologically, 256H18 iPS
cells were not round, and Hep-98A-1 iPS cells were larger
relative to other iPS lines (Fig. |). All iPS cell lines were
competent to form EBs, and their morphologies were
similar to CCE ES cells (Fig. 2a). The size of EBs from
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Fig. 1 Morphology of CCE ES and iPS cells. CCE ES and iPS cell
lines maintained in feeder-free culture are shown by phase contrast,
GFP fluorescence, and DsRed staining. MEF-derived iPS lines
20D17, 178B5, and 492B4 express Nanog-GFP. The adult somatic

cell-derived iPS line 256H18 constitutively expresses DsRed under
control of the B-actin (actb) promoter, while Hep-98A-1 and Stm-99-1

constitutively express actb-GFP. Scale bars are 200 um
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