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We examined the gene expression and DNA methylation of 49
human induced pluripotent stem cells (hiPSCs) and 10 human
embryonic stem cells and found overlapped variations in gene
expression and DNA methylation in the two types of human
pluripotent stem cell lines. Comparisons of the in vitro neural
differentiation of 40 hiPSCs and 10 human embryonic stem cells
showed that seven hiPSC clones retained a significant number of
undifferentiated cells even after neural differentiation culture and
formed teratoma when transplanted into mouse brains. These
differentiation-defective hiPSC clones were marked by higher
expression levels of several genes, including those expressed from
long terminal repeats of specific human endogenous retroviruses.
These data demonstrated a subset of hiPSC lines that have aberrant
gene expression and defective potential in neural differentiation,
which need to be identified and eliminated before applications in
regenerative medicine.

Human pluripotent stem cells possess a robust potential for
proliferation and provide useful sources of cells for re-

generative medicine and drug discovery. Two types of human
pluripotent stem cells have been generated: human embryonic
stem cells (hESCs) derived from blastocysts (1) and induced
pluripotent stem cells (hiPSCs), which are generated from so-
matic cells by factor-mediated reprogramming (2, 3).
In the past few years, findings have been controversial in

regard to whether hESCs and hiPSCs are distinct cell types.
Some reports have argued that they could not be clearly distin-
guished (4–6), whereas others have reported that they have dif-
ferences in their gene expression (7–10), DNA methylation (10–
13), and capacity for differentiation (14). In the latter papers,
relatively small numbers of cell lines were generally compared.
In addition, most comparisons used pluripotent cell lines from
various laboratories, so the observed differences may be attrib-
utable to laboratory-specific variations owing to technical dif-
ferences (15).
To overcome these problems, we compared the mRNA and

microRNA (miRNA) expression and DNA methylation between
10 hESCs and 49 hiPSCs that had been cultured under the same
conditions. Furthermore, we compared the in vitro directed
neural differentiation of these pluripotent stem cells.

Results
Overlapped Variations of mRNA Expression and DNA Methylation in
hiPSCs and hESCs. We analyzed a total of 49 hiPSCs derived from
four types of somatic cells, including human dermal fibroblasts
(HDFs), dental-pulp stem cells (DP), cord blood cells (CB), and
peripheral blood mononuclear cells (PBMN), generated using
three gene delivery methods, including those using retroviruses,
nonintegration episomal plasmids, and Sendai viruses (Table 1
and Dataset S1). Most clones were generated in our own labo-
ratory, except for three clones that were established in another
laboratory (16). Before the analyses of gene/miRNA expression
(Fig. 1 A and B) and DNA methylation (Fig. 1C) we cultured these
hiPSCs, as well as 10 hESCs, under the same culture conditions for

at least three passages. In addition, we analyzed the original somatic
cells, two human embryonic carcinoma cell (hECC) lines (NTera2
cloneD1 and 2102Ep 4D3), and three cancer cell lines (HepG2,
MCF7, and Jurkat).
The mRNA microarray analyses (Fig. 1A) identified 61 probes

with significant differences in expression between hESCs and
hiPSCs [t test, false discovery rate (FDR) <0.05]. Each of the 61
probes showed variable expression among both the hESCs and
hiPSCs, and the distributions of the expression levels in the two
groups overlapped (Fig. 1D). Of note, hESCs established at
Kyoto University (Kyoto hESCs) were more similar to hiPSCs
than to the remaining hESCs (other hESCs) in their expression
of 15 probes that were differentially expressed between hESCs
and hiPSCs [FDR <0.05 and fold change (FC) >3] (Fig. S1A). In
contrast, hierarchical clustering using all probes showed no clear-
cut separation among Kyoto hESCs, other ESCs, and iPSCs,
indicating that the similarities between Kyoto ESCs and iPSCs
are confined to a small set of genes (Fig. S1B). In addition, the
miRNA array analyses (Fig. 1B) did not find any significant
differences between hESCs and hiPSCs (t test, FDR <0.05). The
expressions of hsa-miR-886-3p and hsa-miR-142-3p tended
to be higher in hiPSCs, but the expression levels of these
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miRNAs showed overlapped variations among hiPSCs and
hESCs (Fig. S1A).
We next compared the global DNA methylation status be-

tween hiPSCs and hESCs by the Illumina Infinium Human
Methylation27 BeadChip assay. Among 27,445 CpG dinucleotides

examined, we did not identify significantly differentially meth-
ylated CpG regions (CG-DMR) between the hESCs and hiPSCs
(Mann–Whitney U test, FDR <0.05) (Fig. 1C).
We then validated the CG-DMRs reported in previous stud-

ies. Three studies identified a total of 205 regions as CG-DMRs,
including 130, 71, and 4 regions identified by comparing five
hiPSCs and two hESCs (13), three versus three (12), and nine
versus three (10) cell lines, respectively. Of the 205 regions, 46
regions containing 66 CpG dinucleotides were covered by the
Infinium platform used in our study (Table S1A). Based on the
methylation levels in our hiPSCs and hESCs, these CpGs were
clustered into three groups (Fig. 1E). Two-thirds of these CpGs
belonged to group A: They tended to be highly methylated in
hESCs, ECCs, and cancer cell lines and to be hypomethylated in
hiPSCs, as well as somatic cells. However, they were also hypo-
methylated in Kyoto ESCs (17). The methylation status of the
upstream region of the paraoxonase 3 (PON3), a representative
example of CpGs in group A, was confirmed by pyrosequencing
(Fig. 1F). Thus, the CpG methylation status in group A may

Table 1. Summary of the iPSC clones used in this study

Method used to generate clones

Origin Retrovirus Episomal plasmid Sendaivirus Total

HDFs 22 (5, 0) 3 (0, 0) 0 (0, 0) 25 (5, 0)
DP 1 (0, 0) 2 (1, 1) 0 (0, 0) 3 (1, 1)
CB 3 (1, 2) 4 (0, 0) 5 (0, 0) 12 (1, 2)
PBMN 0 (0, 0) 5 (0, 1) 4 (0, 0) 9 (0, 1)
Total 26 (6, 2) 14 (1, 2) 9 (0, 0) 49 (7, 4)

Total clone numbers with type-1 defective clone numbers and type-2
defective clone numbers in parentheses are shown.
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Fig. 1. hiPSCs and hESCs have overlapped variations in RNA expression and DNA methylation. Scatter plots of mRNA expression (A), miRNA expression (B),
and DNA methylation (C) data comparing the average of 49 hiPSC lines (y axis) to the average of 10 hESC lines (x axis). The RNA expression value is shown on
a log 2 scale. Green lines indicate twofold differences in the RNA expression levels between the clones. Differentially expressed probes (t test, FDR < 0.05) are
shown in magenta. (D) The variations in the mRNA expression levels of 61 differentially expressed probes in hESCs (red) and hiPSCs (black) are shown. Probes
are arranged in order of the absolute value of the FC between hESCs and hiPSCs. (E) The DNA methylation profiles for CpGs contained in reported hES-hiPS
DMRs and overlapping with our platform. Probes are arranged in order of the differences between the average DNA methylation level of hESCs and that of
hiPSCs. The heat map represents the DNA methylation levels from completely methylated (1, magenta) to unmethylated (0, white) samples. The methylation
status of the upstream region of PON3 (F) and TCERG1L (G) was examined by pyrosequencing.
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distinguish some, but not all, hESCs from hiPSCs. Seventeen
CpGs belonged to group B, which showed similar methylation
levels in both hESCs and hiPSCs. Five CpGs, representing
three genes, belonged to group C and showed higher meth-
ylation levels in some, but not all, hiPSCs compared with hESCs.
The remaining hiPSCs showed low methylation levels, comparable
to those in hESCs. We confirmed the methylation status of a rep-
resentative example of CpGs in group C, the upstream region of
the transcription elongation regulator 1-like (TCERG1L), by
pyrosequencing; the methylation levels were low in 21 of the 49
hiPSCs (Fig. 1G). Therefore, the CpGs in group Cmay distinguish
some, but not all, iPSCs from hESCs.
A previous report (12) showed that many CG-DMRs were

located in CpG shores, rather than CpG islands. Because only
a few (9 out of 71) of their CG-DMRs were covered by our
Infinium platform, we analyzed five CG-DMRs in CpG shores by
pyrosequencing, including ataxin-2 binding protein 1 (A2BP1),
insulin-like growth factor 1 receptor (IGF1R), POU domain,
class 3, transcription factor 4 (POU3F4), protein tyrosine phos-
phatase, receptor type, T (PTPRT), and zinc finger protein 184
(ZNF184) (Fig. S1C). We detected significant differences in the
averaged DNA methylation levels between hESCs and hiPSCs in
four out of five genes. However, variations of DNA methylation
levels in hESCs and hiPSCs are overlapped. They may distin-
guish some, but not all, hiPSCs from hESCs.

A Subset of hiPSC Clones Retain Undifferentiated Cells After Neural
Differentiation. To examine whether hESCs and hiPSCs have
comparable differentiation potential, we performed in vitro di-
rected differentiation into neural stem and progenitor cells using
the modified serum-free floating culture of embryoid body-like
aggregates (SFEBq) method (Fig. 2A) (18). We initially per-
formed the neural induction of two hESCs and 21 hiPSCs.
Fourteen days after induction, the differentiation efficiency was
evaluated based on the expression of an early neural marker,
polysialylated neural cell adhesion molecule (PSA-NCAM). We
found that all hESCs and hiPSCs differentiated into PSA-
NCAM+ cells with more than 80% efficiency (Fig. 2B). We also
quantified the expression levels of the early neural marker paired
box 6 (PAX6) and the late neural marker microtubule-associated
protein 2 (MAP2) in neurospheres by quantitative RT-PCR
(qRT-PCR) (Fig. S2A). All of the examined hES/iPSCs expressed
PAX6 at >100-fold higher levels and MAP2 at >20-fold higher
levels in comparison with undifferentiated H9 hESC. However, in
some hiPSCs, we noticed slightly lower differentiation efficiency
than in the remaining hiPSCs and hESCs (Fig. 2B). This lower
efficiency in neural differentiation was inversely correlated with
a higher proportion of POU class 5 homeobox 1 (POU5F1, also
known as OCT3/4)+ and TRA1-60+ undifferentiated cells (Fig.

2C). We also detected residual undifferentiated cells after a dif-
ferent neural differentiation protocol using adhesion culture (19)
(Fig. S2B).
We then increased the number of clones and examined the

proportions of OCT3/4+ undifferentiated cells after neural in-
duction from 10 hESCs and 40 hiPSCs. The 50 clones were
ranked according to their proportions of OCT3/4+ cells on day
14 (Dataset S1 and Fig. 2D). The proportions of OCT3/4+ cells
varied from 0 to ∼20%. Thirty-eight clones, including nine
hESCs and 29 hiPSCs, showed less than 1% OCT3/4+ cells in
all experiments. We designated these clones as “good” clones.
However, seven hiPSCs contained more than 10% OCT3/4+
cells after neural differentiation in at least one experiment.
We designated these clones as “differentiation-defective” clones.
Clones that were not good or defective were categorized as
“intermediate.”

Activation of Specific LTR7 Elements in Differentiation-Defective
Clones. To identify molecular signatures that can predict differ-
entiation-defective clones, we compared the global gene expres-
sion patterns of 38 good clones and seven differentiation-defective
clones under the culture conditions used for the undifferentiated
state. We identified 19 probes (13 putative transcripts) that
showed greater than fivefold differences in expression, with an
FDR <0.05, shown by magenta dots in Fig. 3A and listed in
Table S1B.
Of the 19 probes identified, five probes recognized HHLA1

(human endogenous retrovirus-H LTR-associating 1). Previous
reports have shown that HHLA1 is regulated by a long terminal
repeat (LTR) of a human endogenous retrovirus-H (HERV-H)
(20). The LTR inHHLA1 is classified as LTR7.Moreover, among
the genes recognized by the 19 probes, we found that at least two
others, abhydrolase domain containing 12B (ABHD12B) and
chromosome 4 open reading frame 51 (C4orf51), also contained
LTR7 sequences in their gene bodies. According to a microarray
analysis, we confirmed that these three LTR7-containing genes
were up-regulated in the differentiation-defective hiPSCs, as
well as the nullipotent hECC line 2102Ep 4D3 (21), but they
were expressed at lower levels in the good hiPSCs, hESCs, and
pluripotent hECC line NTera2 cloneD1. They were almost not
expressed in the original somatic cells (Fig. 3B).
The Agilent Technologies microarray platform has 12 probes,

including two reverse probes [d(r), f(r)], for HHLA1 and its
neighboring gene, otoconin 90 (OC90), which is reported to
make a fusion transcript with HHLA1 (20) (Fig. 3C). Among
them, seven probes located downstream of LTR7 showed higher
expression levels in differentiation-defective clones than in good
clones (Fig. 3 C and D). Similarly, there are two probes for
ABHD12B, designed for exons 4 and 13 (Fig. 3C). Only the exon

“defective” “good”

<SFEBq method>

SB431542+Dorsomorphin+Y27632

hES/iPSCs Flow cytometry
A

B C

O
C

T3
/4

 p
os

iti
ve

 c
el

ls
 (%

) 

10

20

1
0

TK
C

B
V

5-
6 

(6
)

TI
G

10
7-

3f
1 

(4
)

TI
G

10
8-

4f
3 

(7
)

45
1F

3 
(7

)

TI
G

11
8-

4f
1 

(6
)

13
75

-4
f1

 (2
)

61
0B

1 
(2

)
60

4A
1 

(2
)

TI
G

12
0-

4f
1 

(2
)

TI
G

10
7-

4f
1 

(3
)

TI
G

11
4-

4f
1 

(2
)

H
9 

(6
)

14
88

-4
f1

 (2
)

24
6G

1 
(2

)

70
3A

1 
(3

)
66

5A
1 

(3
)

K
hE

S
1 

(9
)

TK
C

B
7-

2 
(3

)
20

1B
2 

(2
)

TK
C

B
V

4-
2 

(3
)

70
3B

1 
(3

)

71
1A

6 
(2

)
71

1A
1 

(2
)

60
6B

1 
(2

)
60

6A
1 

(2
)

25
3G

4 
(2

)

41
4C

2 
(3

)

40
9B

2 
(2

)

20
1B

7 
(7

)

62
2G

1 
(2

)
60

4A
3 

(2
)

71
1C

1 
(2

)
66

5A
7 

(3
)

62
2E

1 
(2

)
61

0A
2 

(2
)

60
4B

1 
(2

)

58
5A

1 
(3

)

45
4E

2 
(3

)

40
4C

2 
(2

)

25
3G

1 
(3

)

15
03

-4
f1

 (3
)

20
1B

6 
(2

)

K
hE

S
3 

(1
)

H
1 

(2
)

K
hE

S
4 

(3
)

K
hE

S
5 

(3
)

E
S

03
 (3

)

E
S

04
 (3

)

E
S

06
 (3

)

S
A

02
 (2

)

P
S

A
-N

C
A

M
 (+

) c
el

ls
 (%

)

K
hE

S
1

H
9

20
1B

2
20

1B
7

25
3G

1
25

3G
4

TI
G

10
7-

4f
1

TI
G

10
7-

3f
1

TI
G

10
8-

4f
3

TI
G

11
4-

4f
1

TI
G

11
8-

4f
1

TI
G

12
0-

4f
1

13
75

-4
f1

14
88

-4
f1

24
6G

1
TK

C
B

V
4-

2
TK

C
B

V
5-

6
TK

C
B

7-
2

40
4C

2
40

9B
2

41
4C

2
45

1F
3

45
4E

2

Exp.1 Exp.2

hESCs hiPSCs

HDF HDFCB DP(origin)
(method) Retrovirus Episomal

100
80
60
40
20

0

100
80
60
40
20

0 p
os

iti
ve

 c
el

ls
 (%

)

H
9

20
1B

2

TI
G

10
8-

4f
3

TI
G

11
8-

4f
1

TK
C

B
V

5-
6

hESC hiPSCs

D

PSA-NCAM
OCT3/4 TRA1-60

Fig. 2. A differentiation-defective phenotype in a subset of hiPSC clones. (A) A schematic diagram of the SFEBq method used for neural differentiation. (B)
Neural induction was performed for 2 hESC and 21 hiPSC lines which were established from various origins by retroviral or episomal vector methods. On day
14, we examined the proportion of PSA-NCAM–expressing cells by flow cytometry (n = 2). (C) The proportions of PSA-NCAM- (white), OCT3/4- (gray), and
TRA1-60-positive (black) cells 14 d after neural differentiation. (D) The proportions of OCT3/4-positive cells on day 14 after neural differentiation are ranked in
order of their maximum value. The numbers in parentheses show the number of trials.
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13 probe, located downstream of LTR7, showed a higher ex-
pression in differentiation-defective clones than in good clones
(Fig. 3D). We also performed an exon array (Affymetrix) of
ABHD12B and C4orf51 and found that exons downstream
of LTR7 were preferentially up-regulated in differentiation-
defective hiPSC clones (Fig. 3E). We also found that the
methylation status of LTR7s in these three genes were lower in
differentiation-defective hiPSC clones than in good clones (Fig.
3F). These results indicate that the three genes are transcribed
from activated LTR7.

DNA Hypomethylation Exists in Some, but Not All, LTR7s in
Differentiation-Defective Clones. According to the Repeatmasker
software program, there are 3,523 LTR7 elements in the human
genome. To extract microarray probes that are potentially af-
fected by LTR7s, we first selected genes containing LTR7s in
their gene bodies or regions 2 kb upstream from their tran-
scription start sites. We then retrieved the microarray probes
located between each LTR7 and the 3′ end of the corresponding
gene body. As a result, we selected 763 probes as LTR7-related
probes (Fig. S3A and Table S1C). We found that most of these
probes showed comparable expression levels in good and de-
fective lines (Fig. S3B), with the exception of some probes, such
as those corresponding to arrestin, beta 1 (ARRB1), fatty acid
amide hydrolase 2 (FAAH2), and TBC1 domain family, member
23 (TBC1D23), that were differentially expressed between good
and defective clones (FDR <0.05 and FC >2) and showed
slightly higher expression in defective lines.
We then checked the DNA methylation status of the LTR7

regions in these three genes and three other genes DNA (cyto-
sine-5-)-methyltransferase 3 beta (DNMT3B), ATP-binding cas-
sette, sub-family A (ABC1), member 1 (ABCA1), and amyloid
beta (A4) precursor protein (APP)] whose expression levels were
not significantly different between the good and defective clones.
By pyrosequencing and clonal bisulfite sequencing, we found that
the LTR7 regions in four genes (ARRB1, FAAH2, TBC1D23,
and APP) were hypomethylated in defective clones compared
with good clones. In contrast, the LTR7 regions in two genes

(DNMT3B and ABCA1) did not show such hypomethylation (Fig.
S3C). Therefore, the activation of LTR7 is not confined to
HHLA1, ABHD12B, and C4orf51; DNA hypomethylation exists
in some, but not all, LTR7s in defective hiPSCs.

Differentiation-Defective hiPSC Clones Form Teratomas in Mouse
Brains. To further evaluate the defective hiPSCs, we induced
their differentiation into dopaminergic neurons, which were then
transplanted into the striata of nonobese diabetic/severe com-
bined immune-deficient (NOD/SCID) mouse brains (Fig. 4A).
Thirty and 60 d after transplantation, we obtained T2-weighted
images of the mouse brains with an MRI scanner to observe the
graft sizes at the transplanted sites (Fig. 4B). The quantification
of the MRI images showed that defective hiPSC clones resulted
in significantly larger graft sizes than good clones (Fig. 4C).
Notably, some mice that had received defective clones died or
developed symptoms that required euthanasia before day 60
(Table S2). Therefore, we could not obtain the graft size data on
day 60 in these mice.
To identify the composition of the surviving grafts, we per-

formed a histological analysis of the brains of animals that died
or that became moribund after transplantation. The remaining
healthy mice were euthanized 14–41 wk after transplantation.
Sections were stained with H&E. Thirty-six of the 42 grafts
(85.7%) from defective clones contained nonneural lineage tis-
sues, such as intestine-like epithelial cells, cartilage, or mes-
enchymal cells (Fig. 4D and Fig. S4A). In contrast, grafts from
good clones largely consisted of neural tissues. Immunostaining
confirmed grafts were positive for human neural cell adhesion
molecule (NCAM) (Fig. S4B). A qRT-PCR analysis of pre-
transplanted cells from defective clones revealed higher expres-
sion levels of OCT3/4, suggesting that some undifferentiated
cells still remained even after 29 d of neural induction (Fig. 4E).
We then depleted the TRA-1-60+ cells on day 22 during neural
induction and transplanted cells on day 29. The TRA-1-60–depleted
cells from defective clones resulted in significantly smaller grafts
that did not contain nonneural tissues (Fig. S4C).
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We also observed that 14 out of the 63 (22.2%) grafts from
good clones, including those from hESCs, contained a nonneural
component in the graft tissue after transplantation (Fig. 4D and
Table S2), although these clones did not show high expression
levels of OCT3/4 in the pretransplantation samples (Fig. 4E). We
referred to these clones as “type-2 defective” clones, which were
distinct from “type-1 defective” clones that contained OCT3/4+

undifferentiated cells in the pretransplantation samples. We
observed higher expression levels of SRY (sex determining
region Y)-box 17 (SOX17, an endoderm marker) and goose-
coid homeobox (GSC, an endoderm and mesoderm marker) in
the pretransplantation samples of type-2 defective clones (Fig. 4
F and G), demonstrating the presence of other lineages in these
pretransplantation samples.

Discussion
We identified two types of defective pluripotent stem cell lines
in this study. The first type consisted of hiPSCs that retained
a substantial number of undifferentiated cells after in vitro di-
rected neural differentiation. Seven out of the 40 iPSCs (17.5%)
examined in this study fell into this category. In contrast, we did
not observe such defects in any of the 10 hESCs. More clones
should be analyzed to confirm that hESCs are free from this
deficiency. Nevertheless, it is likely that type-1 defectiveness is
more common in hiPSCs than in hESCs. The type-1 defective
hiPSCs are accompanied by an aberrant epigenetic status. Among
the 13 putative transcripts that were highly expressed in these
defective clones, at least three were expressed from the LTR of
endogenous retroviruses. Normally, these LTRs are silenced by
various epigenetic modifications, including DNA methylation (22–
24). In type-1 defective iPSC clones, the LTR locus in the three
genes showed lower DNA methylation levels than in good clones
and original somatic cells. Notably, the same regions were hypo-
methylated in the nullipotent hECC line, 2102Ep 4D3, suggesting
that the loss of DNA methylation in these LTR loci is correlated
with the lower ability to differentiate. At present, the biological
significance and relationship between activation of specific LTRs
and the defective phenotype is unclear. Recent reports showed
that endogenous retrovirus may play roles in the establishment
and maintenance of transcription network in pluripotent stem
cells (25, 26). Furthermore, updated annotations revealed that

one of the differentially expressed probes in type-1 defective
hiPSCs (A_19_P00325604) encoded large intergenic noncoding
RNA regulator of reprogramming (Linc-ROR), which contained
LTR7 in its 5′ region. Linc-ROR is reported to have multiple
roles in the induction and maintenance of pluripotency (27, 28).
Future studies should be undertaken to clarify why these epi-
genetic abnormalities occur and how they are related to the
defective differentiation.
Kim et al. (29) showed that there is an inverse correlation

between the hsa-mir-371–373 expression and the efficiency of
neural differentiation. They also showed that Kruppel-like factor
4 (gut) (KLF4) may induce the expression of hsa-mir-371–373. In
our analyses, the hsa-mir-371–373 cluster was highly expressed in
all of the seven type-1 defective hiPSC clones (Fig. S5A). How-
ever, the cluster was also highly expressed in many good clones.
KLF4was highly expressed in some defective clones (Fig. S5B), and
four out of six retroviral defective clones failed to silence KLF4
retroviral transgenes (Fig. S5C). There was no correlation between
the OCT3/4 transgene expression and type-1 defectiveness (Fig.
S5D). Taken together, these findings indicate that high expres-
sion levels of the hsa-mir-371–373 cluster, KLF4, and transgenes
cannot function as absolute markers for type-1 defectiveness.
We previously reported that the origin of mouse iPSCs was

a major determinant of defectiveness in directed neural differ-
entiation; mouse iPSCs from adult tail tip fibroblasts showed the
highest incidence of resistance to differentiation (30). In the
present study using human iPSCs, five out of seven type-1 de-
fective clones were derived from fibroblasts of donors of various
ages, and six out of the seven clones were generated using ret-
roviruses (Table 1). This may suggest that type-1 defectiveness is
associated with fibroblast origin and retroviral induction. How-
ever, in this study, most of the fibroblast-derived iPSCs were
generated by retroviruses, and most of the nonfibroblast iPSCs
were generated by nonretroviral methods. Future studies will
need to be undertaken to determine whether the origin or the
generation method (or both) has a significant impact on the
frequency of type-1 differentiation-defective iPSCs.
The second type of defective group includes hiPSCs and

hESCs that contained differentiated cells of nonneural lineages
after in vitro directed differentiation into dopaminergic neurons.
We have previously shown that the optimal conditions for hepatic
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differentiation are different for each clone (16). By optimizing
the protocols, it may be possible to induce complete neural dif-
ferentiation to avoid type-2 defective clones. Alternatively, puri-
fication of neural cells using a cell sorter may work to avert type-2
defective clones.
Several studies have reported sets of genes whose DNA

methylation status is different between hiPSCs and hESCs. We
validated these CG-DMRs and found that many of them can
distinguish some hESCs from hiPSCs (group A in Fig. 1E). They
are highly methylated in some hESCs, but not in hiPSCs or
original somatic cells. Thus, these CG-DMRs may represent
epigenetic memories of somatic cells in iPSCs. However, we
found a set of hESCs that showed low methylation status of these
CG-DMRs, which were comparable to hiPSCs. We also found
another set of the reported CG-DMRs that showed high meth-
ylation status in some hiPSCs but not in original somatic cells or
hESCs (group C in Fig. 1E). These likely represent aberrant
methylation associated with reprogramming. However, we also
found many hiPSCs showed normal methylation patterns of
these CG-DMRs. A more recent study identified nine genes
that can segregate hiPSCs from hESCs in DNA methylation
and gene expression (31). However, we did not observe such a
clear distinction in gene expression of these genes between
our hiPSCs and hESCs (Fig. S6). Two of these genes, TCERG1L
and FAM19A5, may distinguish some, but not all, hiPSCs
from hESCs.
In our analyses, 35 hiPSCs had records of the donor’s genetic

background; 14 were derived from Caucasians and 21 were from
Japanese subjects (Dataset S1). Thus, the similarity of some
signatures between the Kyoto hESCs and our hiPSCs cannot be
attributed to the racial or ethnic backgrounds of the donors.
Another possible cause of the differences is the method used to
establish the hESCs and the subsequent culture conditions. The
Kyoto hESCs were generated on feeders consisting of a 1:1
mixture of mouse embryonic fibroblasts and SL10 cells (17, 32),
which were subcloned from STO cells. Most of our hiPSCs were

established on SNL feeders, which were also derived from STO
cells. A recent report showed that the feeders have profound
effects on established hiPSCs (33). To confirm the importance of
the culture conditions, more studies comparing hESC/hiPSCs
established under different conditions will be needed.
In conclusion, our results revealed that a subset of hiPSCs is

defective in neural differentiation and marked with activation of
endogenous retroviruses. We also confirmed that some hiPSCs
are different from hESCs in molecular signatures, including CG-
DMRs, which has been previously reported. It remains to be
determined whether these molecular signatures specific for some
hiPSCs have functional consequences.

Materials and Methods
Gene expression profiling was carried out using the SurePrint G3 human GE
microarray (Agilent Technologies). Most of the data were analyzed using the
GeneSpring GX 11.5.1 software program (Agilent Technologies). Neural in-
duction was performed as described previously (18). Detailed descriptions of
methods are available in SI Materials and Methods.
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