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Fig. 2 Proliferation and ditferentiation of CCE ES and iPS cells. a
Morphology of EBs at days (d) 4, 5, and 6. Scale bars on days 4 to 6
are 200 pm, while on day 9 it is 400 pm. b Total number of
differentiated ES/iPS cells during formation of EBs at days 4, 5, and 6.
¢ Decrease in Nanog-GFP expression during EB formation of MEF-
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derived iPS cells (lines 20D17, 178B5, and 492B4). Shown is the
percentage of GFP-negative and -positive cells (first and second peak,
respectively) at days 0 (before EB formation), at days 4, 5, 6, and 9 of
EB formation
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20D17, 178B5, and 492B4 iPS cells was identical to that of
CCE ES cells, while EBs from 256H18, Hep-98A-1, and
Stm-99-1 iPS cells were relatively smaller than those from
other iPS lines (Fig. 2a). In addition to size, Hep-98A-1 and
Stm-99-1 iPS cells yielded a lower number of EBs;
specifically, with those lines the number of CCE ES cells
gradually increased from days 4 to 6, while the number of
20D17, 178BS, and 492B4 iPS cells increased from days 4
to 5 of culture and then decreased at day 6 (Fig. 2b). By
contrast to MEF-derived iPS cells, the number of 256H18
iPS cells slightly decreased from days 4 to 5 and then
increased at day 6 (Fig. 2b). The number of Hep-98A-1 and
Stm-99-1 iPS cells was overall lower than that from other
lines and slightly increased from days 4 to 6 (Fig. 2b).
These observations suggest that in the same culture
conditions, different iPS lines exhibit differences in
proliferation and capacity to form EBs.

Nanog-GFP activity of 20D17, 178B5, and 492B4 iPS
cells was observed in EBs at day 4 and fluorescence decreased
by day 6 of culture (Fig. 2a). Flow cytometry analysis
indicated that Nanog-GFP-positive cells from 20D17,
178B5, and 492B4 iPS cells gradually decreased during
EB formation and constituted a small proportion of cells
(3.79%, 1.52%, and 2.98%, respectively, p<0.05) by culture
day 9 (Fig. 2c). Taken together, our results indicate that
MEF-derived 20D17, 178B5, and 492B4 iPS cells resemble
CCE ES cells in terms of morphology in feeder-free cultures,
number and size of EBs, and proliferation compared to
adult-derived 256H18, Hep-98A-1, and Stm-99-1 iPS
cells.

Generation of Mesodermal Cells from EBs

Blood cells have been generated from mesoderm marked by
Flkl [17, 18]. Thus, we compared the number of
mesodermal cells (E-cadherin™ Flk1™) differentiated from
iPS cell lines during the course of EB formation. It is
reported that a high percentage of FIkl" mesodermal cells
are obtained from EBs around days 4 to 4.5 [19, 20]. We
extended this culture period in order to count the number of
mesodermal cells from Hep-98A-1 and Stm-99-1 iPS cells,
which proliferated more slowly than did other lines
evaluated. The percentage and number of E-cadherin
Flk1" cells from CCE ES cells gradually decreased from
days 4 to 6 (Fig. 3a, ¢, and Supplemental Fig. 1). This
pattern was similarly observed in 20D17 and 178BS5 iPS
lines (Fig. 3a, ¢, and Supplemental Fig. 1). By contrast, the
number of E-cadherin™ Flk1" cells from 492B4, 256H18,
Hep-98A-1, and Stm-99-1 iPS cells increased from days 4
to 5 and then decreased (Fig. 3a and c).

Mesodermal cells can be divided into two sub-
populations: paraxial, which expresses platelet-derived
endothelial growth factor receptor & (PDGFR«) and

proximal lateral mesoderm, which does not. To determine
which sub-populations are generated from each iPS line, we
first compared the number of E-cadherin” PDGFRa" cells
in various lines. From days 4 to 6, E-cadherin® PDGFRo"
cells from CCE ES and 178B5 iPS cells gradually
decreased, while E-cadherin®™ PDGFR«a* cells from
20D17, 492B4, Hep-98A-1, and Stm-99-1 iPS cell lines
increased from days 4 to 5 and then decreased (Fig. 3b and
¢). The number of E-cadherin™ PDGFR«x' cells from
256H18 iPS lines slightly decreased from days 4 to 6
(Fig. 3b and c). Relevant to the percentage of E-cadherin”
PDGFR«" cells, two expression patterns were observed: 1)
percentage of PDGFR«" cells from CCE ES, 20D17, and
178BS5 iPS cells decreased from days 4 to 5 and then
increased at day 6 (Supplemental Fig. 1), and 2) the
percentage of PDGFR«" cells from 492B4, 256H18, Hep-
98A-1, and Stm-99-1 iPS cells increased from days 4 to 5
and decreased at day 6 (Supplemental Fig. 1). Taken
together, 20D17 and 178B5 iPS cells showed similar
differentiation into E-cadherin™ Flk1" mesodermal cells
and E-cadherin® PDGFR«' paraxial lateral mesodermal
cells to that of CCE ES cells, compared to other iPS lines.

Hematopoietic Potential of iPS Cells in EBs

Next we determined the percentage of HCs in EBs at day 9
of culture among iPS cell lines. In the presence of SCF, IL-
3, and EPO, CCE ES cells differentiated into hematopoietic
progenitors (c-Kit' CD45"), myeloid cells (CD45") and
erythroid cells (Ter119%) at 0.45%, 25.9% and 3.85%,
respectively (»<0.05) (Fig. 4a). No c-Kit" CD45" cells
were generated from any iPS line. The percentage of
CD45" and Terl19" cells varied among iPS cell lines.
Specifically, the percentages of CD45" cells in iPS lines
were Hep-98A-1 (1.37%), 256H18 (1.03%), Stm-99-1
(0.85%), 20D17 (0.69%), 178B5 (0.22%), and 492B4
(0.03%), and the percentages of Ter119" cells were 178B5
(3.35%), Hep-98A-1 (1.53%), Stm-99-1 (1.48%), 492B4
(0.39%), 20D17 (0.11%), and 256H18 (0.077%) (Fig. 4b).
The morphology of sorted CD45" cells from 20D17,
256H18, and Hep-98A-1 iPS lines is shown in the
Fig. 4c. The morphologies of iPS-derived CD45" and
Terl19" cells were similar to that of CD45" and Ter119"
cells differentiated from CCE ES cells. Taken together, Hep-
98A-1 iPS cells generated the highest percentage of CD45"
myeloid lineage cells, while the 178B5 iPS line generated
the highest percentage of Ter119" erythroid lineage cells.

Discussion

iPS cell lines are grossly similar to ES cells in terms of
morphology, pluripotency, gene expression patterns and
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epigenetic status [1, 2]. However, here we demonstrated
variation among six iPS cell lines in terms of differentiation
capacity. MEF-derived 20D17, 178B5 and 492B4 iPS cells
resembled CCE ES cells in terms of cell morphology in
feeder-free culture, the number and size of EBs, and
differentiation into mesoderm, but adult-derived iPS cell
lines 256H18, Hep-98A-1, and Stm-99-1 differed in some
properties. This tendency was independent of c-Myc gene
transduction and Nanog/Fbx15 selection. These findings
suggest that cell origin affects differentiation capacity of
iPS cells and those embryonic cells are more capable of
differentiation into mesodermal cells and HCs. The six iPS
lines analyzed here were not identical in either proliferation
or differentiation into mesodermal cells during EB forma-
tion. The adult-derived iPS lines 256H18, Hep-98A-1, and
Stm-99-1 proliferated and differentiated more slowly than
did the MEF-derived iPS lines 20D17, 178B5, and 492B4.
Compared to other iPS cells, the 20D17 and 178B5 lines
were similar to CCE ES cells in the percentage of
mesodermal cells, whether they were E-cadherin
PDGFR«" cells (defined as paraxial lateral mesodermal)
or E-cadherin™ Flk1" cells (defined as proximal lateral
mesodermal). Taken together, these findings suggest that
MEF-derived iPS cells resemble CCE ES cells in meso-
dermal cell differentiation during EB formation, but adult-
derived iPS cells do not.

The three MEF-derived iPS lines analyzed were con-
structed using different combinations of transcription
factors and gene delivery methods. It remains unclear
whether c-Myc transduction alters differentiation of iPS
cells into mesodermal cells and HCs. Thus, we also
compared the three MEF-derived lines (492B4, 20D17,
and 178B5) generated by ectopic expression of Oct3/4,
Sox2 and Kif4 combined with wild type c-Myc, T58A c-
Myc (an active form) or without ¢-Myc. We found that the
number of mesodermal and undifferentiated cells express-
ing Nanog-GFP at day 9 of EB formation was not
correlated with ¢-Myc transduction, suggesting that c-Myc
does not function in mesodermal differentiation capacity of
iPS cells. This result is similar to reports that the neuronal
potential of iPS lines is not correlated with c-Myc
transduction [21]. However, we found that c-Myc transduc-
tion affected the hematopoietic potential of iPS cells.
20D17 iPS cells showed more potent myeloid differentia-
tion, while 178B5 iPS cells showed more potent erythroid
differentiation, although the origin of the cells and the
combination of transduced genes used to create them were
same except for c-Mye. Taken together, c-Myc transduction
does not alter differentiation into mesodermal cells but does
affects hematopoietic potential of MEF-derived iPS lines.
Moreover, we demonstrate that among MEF-derived iPS
cells, the efficiency of myeloid and erythroid cell differen-
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Fig. 3 Mesodermal cells derived from CCE ES/iPS cells. a Thep
percentage of mesodermal cells (E-cadherin™ Flk1™ cell) at days (d) 4,
5, and 6 of EB culture was analyzed by flow cytometry. Like CCE ES
cells, mesodermal cells derived from 20D17, 178B5, 492B4, and
256H18 iPS cells gradually decreased in number from days 4 to 6. b
Percentages of E-cadherin® PDGFR«” and E-cadherin® PDGFR«”
population in EBs. ¢ Summary of the total number of E-cadherin
Flk1™ and E-cadherin® PDGFR&” (mesoderm and paraxial lateral
mesoderm, respectively) cells, 20D17 and 178B5 iPS lines gave
highest total cell number of E-cadherin” FIk1™ cells at day 4, while
492B4, 256H18, Hep-98A-1, and Stm-99-1 iPS lines yielded highest
total number of E-cadherin™ FIk1™ cells at day 5

tiation was the lowest in 492B4 iPS cells. 492B4 iPS cells
differ from 20D17 and 178B5 iPS cells in the method of
gene delivery. In 492B4 iPS cells, MEFs were repeatedly
transfected with plasmids carrying Oct3/4, Sox2, Kif4, and
wild type c-Myc in order to attain sufficiently high
expression levels [5]. Although 492B4 cells expressed
Nanog-GFP after several passages without feeder layers
and formed a significant number of EBs, the level of
transcription factors expressed might alter their hematopoi-
etic potential.

We also observed that capacity to differentiate into HCs
is related to somatic cell origin. Among the iPS six lines
evaluated, Hep-98A-1 cells generated the highest percent-
age of CD45" myeloid cells and 178B5 cells generated the
highest number of Ter119" erythroid cells. Moreover, Hep-
98A-1 and Stm-99-1 iPS cells had greater potential to
differentiate into erythroid cells than did 256H1S8, but
showed no significant difference in the percentage of
CD45" HCs. This suggests that iPS cell origin affects
hematopoietic potential. However, DsRed, which is
expressed in 256H18 cells, is reportedly more toxic to
mouse ES cells than is GFP [22], suggesting that it also
could affect hematopoietic potential.

A proposed use for iPS cells is to generate patient-
specific lines from tissues from children or adults to serve
as a source for HCs for transplantation: for example, it has
been demonstrated that transplantation of HCs derived from
autologous iPS cells could be used to treat humanized
sickle cell anemia in mice [23]. iPS cells could also serve as
a source of mature blood cells for transfusion. Moreover,
disease-specific iPS cells may be useful to analyze
mechanisms underlying hematological disease [24]. Finally,
the efficacy and toxicity of a drug could be screened with
iPS cells. Here, we demonstrate that MEF-derived 20D17
and 178BS iPS cell lines have enhanced hematopoietic
potential. A skin-derived iPS cell line is preferable to lines
derived from other tissues in terms of access. It will be
necessary to develop adult somatic cell-derived iPS cell
lines that can differentiate into HCs more efficiently in the
near future.
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Fig. 4 Hematopoietic potential of iPS cells. a Hematopoietic
progenitors (c-Kit™ CD45"), myeloid (CD45"), and erythroid cells
(CD71" and Ter119") in day 9 EBs derived from CCE ES cells and six
iPS lines. To induce HCs, SCF, IL-3, and EPO were added to the
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culture. b Summary percentages of CD45" myeloid and Terl19™
erythroid cells. ¢ Morphologies of CD45" and Terl19" cells
differentiated from CCE ES and iPS lines. Cells were sorted by flow
cytometry and stained with May-Giemsa
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