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Figure 5. Enhanced osteoblast differentiation from ES cells and iPS cells in Ad-CA-Runx2-transduced cells. (A): ES-EBs or iPS-EBs were

transduced in triplicate with 10.000 vector particles/cell of Ad-CA-LacZ or Ad-CA-Runx2. After culturing for 15 days with or without OS, ALP
activity in the cells was determined. Data are expressed as the mean = SD (n = 3). *. p < .05, compared with nontransduced or Ad-CA-LacZ-
transduced ES cells. #. p < .05, compared with nontransduced or Ad-CA-LacZ-transduced iPS cells. Matrix mineralization in the cells was
detected by von Kossa staining (B) and deposition of calcium was quantified as described in Materials and Methods (C). (B): a, nontreated ES-
EBs: b, ES-EBs with OS: ¢, ES-EBs with OS plus Ad-CA-LacZ: d, ES-EBs with OS plus Ad-CA-Runx2; e, nontreated iPS-EBs; f, iPS-EBs with
OS: g, iPS-EBs with OS plus Ad-CA-LacZ; h, iPS-EBs with OS plus Ad-CA-Runx2. Scale bar = 60 pgm. (C): Data are expressed as the mean +
SD (n = 3). **, p < .01, compared with nontransduced or Ad-CA-LacZ-transduced cells. ##, p < .01, compared with nontransduced or Ad-CA-
LacZ-transduced iPS cells. (D): Total RNA was isolated, and semiquantitative reverse transcriptase-polymerase chain reaction was performed
using primers for Runx2, osterix. bone sialoprotein, osteocalcin, collagen type 1. and GAPDH. Lane I. nontreated ES-EBs: lane 2, ES-EBs with
OS: lane 3, ES-EBs with OS plus Ad-CA-LacZ: lane 4, ES-EBs with OS plus Ad-CA-Runx2: lane 3, nontreated iPS-EBs; lane 6, iPS-EBs with
OS: lane 7. iPS-EBs with OS plus Ad-CA-LacZ; lane 8, iPS-EBs with OS plus Ad-CA-Runx2. Abbreviations: AD, adenovirus: ALP, alkaline
phosphatase: CA, cytomegalovirus enhancer/fi-actin promoter: ES. embryonic stem; EB. erythroid body: GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase: IPS, induced pluripotent stem: LacZ, fi-galactosidase: OS, osteogenic supplements; Runx2, runt-related transcription factor 2: w/o.
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despite the low levels of CAR expression in MEFs [16]. This
would lead to high transduction efficiency in mouse iPS cells
when conventional Ad vectors containing the CA and the EF-
lz promoter were used. In addition, we showed that more
than 80% or 90% of the mouse iPS cells expressed mCherry
after transduction with the Ad vector containing the CA pro-
moter at 3,000 or 10,000 VPs/cell, respectively, without any
decrease in the expression of pluripotent genes or viability
(Fig. 2B-2D, 2F, supporting information Figs. 2, 3). Notably,
Ad vector-transduced iPS cells still exhibited teratoma forma-
tion in vivo (Fig. 2E), and the efficiency of adipocyte or
osteoblast differentiation in Ad-CA-LacZ-transduced iPS cells
was similar to that in nontransduced iPS cells (Figs. 4, 5).
indicating that Ad vector transduction did not change the plu-
ripotency of iPS cells. These results indicate that gene transfer
into mouse ES and iPS cells using an optimized conventional
Ad vector would be useful for the application of these cells to
both regenerative medicine and basic research.

We found that the CMV promoter, which is currently in
wide use in transduction experiments, had weak activity in both
mouse ES cells [16, 35] and mouse iPS cells (Fig. 2A, support-
ing information Fig. S1). Several groups have reported that un-
differentiated ES cells expressed low levels of transgene when
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the CMV promoter was used. whereas the expression levels of
reporter genes, when driven by the CMV promoter, were mark-
edly increased in ES cell-derived neurons or cardiomyocytes
[36, 37]. Consistent with our results (Fig. 3, supporting infor-
mation Fig. S4), other authors have shown that the activity of
the CMV promoter in ES-EBs was also lower than that of the
CA and the EF-12 promoters [37]. These results suggest that
the CMV promoter in the Ad vector would be silenced, possi-
bly owing to DNA methylation [38] in mouse ES, ES-EB, and
iPS cells. Interestingly, we observed that the CMV promoter
was more strongly activated in mouse iPS-EBs than in ES-EBs
(Fig. 3, supporting information Fig. S4). We have no idea why
the CMV promoter was able to drive robust transgene expres-
sion in mouse iPS-EBs. It is possible that cellular types that
comprise iPS-EBs might be different from those of ES-EBs
because iPS cells showed slightly slower proliferation than ES
cells (Fig. 2F) [4]. which may have led to the difference in the
transduction efficiency in iPS-EBs and ES-EBs when the CMV
promoter was used. On the other hand, the expression levels of
the three germ layer marker genes in iPS-EBs were largely
comparable to those in ES-EBs (Fig. 1A), suggesting that, as
for ES cells, iPS cells differentiate into ectoderm, mesoderm,
and endoderm cells. Therefore, which kinds of cells in iPS-EBs
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could express transgenes after the transduction with Ad vector
containing the CMV promoter should be investigated. As with
iPS-EBs, it has been reported that human ES cells and human
ES cell-derived EBs, albeit not all ES cell clones, could also be
transduced with an Ad vector containing the CMV promoter
[39, 40]. Hence, further analysis of the precise mechanism reg-
ulating the CMV promoter in stem cells will be also needed.
We observed that mouse iPS cells could be differentiated into
adipocytes and osteoblasts using the same protocols as those used
for mouse ES cells (Figs. 4, 5). However, mouse iPS cells
showed less efficient adipocyte differentiation than ES cells (Fig.
4), although almost no difference in osteoblast differentiation was

observed between ES and iPS cells. aP2 is a valuable indicator of

adipocyte differentiation but there is no evidence that aP2 is an
adipocyte master gene (Fig. 4C). In addition, mouse iPS cells
proliferated more slowly than ES cells as described above (Fig.
2F) [4], and thus their differentiation into adipocytes may have
been delayed. To examine whether this is a general difference
between ES and iPS cells or a specific characteristic of 20D17,
we attempted to differentiate other iPS cell clones (38C2 and
stm99-1) into adipocytes. Oil red O staining showed that the effi-
ciency of adipocyte differentiation in 38C2-derived cells was
equivalent to that in ES cell-derived cells, whereas stm99-1, like
20D17, had slightly less adipogenic potential than ES cells (sup-
porting information Fig. S5). This result suggests that there is a
difference in the differentiation potential among iPS cell clones.
Therefore, to differentiate iPS cells into functional cells, the
choice of appropriate iPS cell clone would be essential,

We showed that the efficiency of adipocyte differentiation
from iPS cells was significantly increased by the triple trans-
duction of the PPARy gene (Fig. 4). We found previously that
single transduction with Ad-CA-PPARy into ES-EBs at day 35
was not enough for enhancing the adipocyte differentiation
(our unpublished data). Although the transgene was not
expressed in all of the cells that comprise ES-EBs or iPS-EBs
even by triple transduction (Fig. 3C), transgene expression by
at least triple transduction, but not by single transduction,
should be necessary to trigger efficient differentiation. Thus,
we concluded that gene transduction in triplicate into iPS
cells would be required for promoting the differentiation of
iPS cells into functional cells. Notably, PPAR? transduction
in mouse iPS cells was more effective than that in mouse ES
cells probably because the efficiency of Ad vector transduc-
tion was higher in mouse iPS cells than in mouse ES cells
(Fig. 2C). Our data thus demonstrate that our transduction
system can be successfully applied to mouse iPS cells. We
also succeeded in efficient osteoblast differentiation from
mouse ES cells and iPS cells by Ad vector-mediated Runx2
transduction. Previously, Tai et al. [41] reported that stable
transduction of the osteriv gene, which is required for osteo-
blastogenesis [42], in mouse ES cells promoted osteoblast dif-
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