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ABSTRACT

Functional hepatocytes, cardiomyocytes, neurons, and retinal pigment epithelial (RPE) cells derived
from human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) could
provide a defined and renewable source of human cells relevant for cell replacement therapies, drug
discovery, toxicology testing, and disease modeling. In this study, we investigated the differences
between the differentiation potentials of three hESC lines, four retrovirally derived hiPSC lines, and
one hiPSC line derived with the nonintegrating Sendai virus technology. Four independent protocols
were used for hepatocyte, cardiomyocyte, neuronal, and RPE cell differentiation. Overall, cells
differentiated from hESCs and hiPSCs showed functional similarities and similar expression of genes
characteristic of specific cell types, and differences between individual cell lines were also detected.
Reactivation of transgenic OCT4 was detected specifically during RPE differentiation in the retrovi-
rally derived lines, which may have affected the outcome of differentiation with these hiPSCs. One
of the hiPSC lines was inferior in all directions, and it failed to produce hepatocytes. Exogenous KLF4
was incompletely silenced in this cell line. No transgene expression was detected in the Sendai
virus-derived hiPSC line. These findings highlight the problems related to transgene expression in
retrovirally derived hiPSC lines. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:83-93

to increase the similarity between hESCs and
iPSCs [10, 11].

Recent studies have revealed that iPSCs main-
tain differential DNA methylation patterns as a sign
of incomplete reprogramming [12, 13]. The possi-
ble consequences of this “epigenetic memory” still
remain unknown. Some recent studies indicate
that the origin of iPSCs is relevant for their differen-
tiation capacity. iPSCs derived from retinal pigment
epithelial (RPE) cells have a high tendency for pig-
mentation [14], and reprogramming of cardiac fi-
broblasts produces more cardiomyocytes than fi-
broblasts from other sources [15]. Although hiPSCs

INTRODUCTION

Human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs), collec-
tively termed human pluripotent stem cells
(hPSCs), are considered a renewable source of
cells for regenerative medicine because of their
potential to differentiate into all cell types found
in the adult human body [1]. hESCs are derived
from the inner cell mass of developing embryos
[2], whereas hiPSCs are reprogrammed from so-
matic cells [3, 4]. hiPSCs share several character-
istics with hESCs, including similar morphology,
expression of pluripotency markers, and the abil-

ity to differentiate into definitive cell lineages [5—
8]. Initial studies have suggested that fully re-
programmed iPSCs are indistinguishable from
ESCs [3, 4, 9]. More comprehensive studies
have revealed that particularly early passage
iPSCs show differences in their gene expres-
sion profile, but continued propagation tends

in general seem to differentiate into specific lin-
eages as efficiently as hESCs, there are several ex-
amples of incomplete pluripotent differentiation
capacity, possibly reflecting their epigenetic barri-
ers [11, 16].

Most studies comparing the properties of
hESCs and hiPSCs have focused on their undif-
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ferentiated phenotype, their uncontrolled differentiation capac-
ity in embryoid bodies or teratomas, or their differentiation to-
ward a single specific lineage [6, 17-19]. However, many ex-
tended protocols have been developed for the differentiation of
specific derivatives of all germ lines, such as hepatocytes (endo-
derm), cardiomyocytes (mesoderm), or neurons and retinal cells
(ectoderm). The rationale of our study was to systematically
compare the capability of the same hiPSC and hESC lines to de-
velop into functional cell types following the protocols optimized
by researchers dedicated to their respective line of differentia-
tion. We studied four hiPSC and three hESC lines for their ability
to differentiate into functional hepatocyte-like cells (HLCs), beat-
ing cardiomyocytes, neurons forming active neuronal networks,
and highly pigmented mature RPE cells. Cell lines hiPSC1 to
hiPSC4 were derived in two different laboratories, from neonatal
and adult fibroblasts using retroviral vectors. One of the cell lines
was derived using NANOG, OCT4, SOX2, and LIN28, whereas the
other cell lines were derived by overexpressing OCT4, SOX2,
KLF4, and c-MYC. In addition, the hiPSC5 line was derived with an
integration-free Sendai-viral system. All of the cell lines were
adapted in the same culture conditions prior to each differenti-
ation protocol to avoid variation caused by different culture en-
vironments. Our results did not point to a systematic difference
in the differentiation efficiency between hiPSC and hESC lines,
except for one cell line with incomplete transgene silencing. Re-
activation of transgenes was occasionally observed, especially
with a long RPE differentiation protocol. These observations
raise concerns related to the use of integrating reprogramming
methods.

MATERIALS AND METHODS

Ethical Issues

The Institute of Biomedical Technology has an approval of Na-
tional Authority for Medicolegal Affairs Finland to study human
embryos (Dnro1426/32/300/05), as well as the support of the
Ethical Committee of Pirkanmaa Hospital District to derive, cul-
ture, and differentiate hESC lines from surplus human embryos
(R05116) and to produce new hiPSC lines (R08070). The genera-
tion of hiPSC lines in Biomedicum Stem Cells Center Helsinki was
approved by the Coordinating Ethics Committee of the Helsinki
and Uusimaa Hospital District (Nro 423/13/03/00/08).

Cell Lines and Cell Culture

Three hESC lines (H7 [hESC1; WiCell Research Institute, Madison,
WI, http://www.wicell.org], FES29 [hESC2] [20], and Regea 08/
023 [hESC3] [21]) and five hiPSC lines (FiPS5-7 [hiPSC1] [22],
UTA.00112.hFF [hiPSC2] [23], A116 [hiPSC3] [supplemental on-
line Fig. 1], UTA.01006.WT [hiPSC4] [23], and Hel24.3 [hiPSC5]
[supplemental online Fig. 1]) were used in this study. The hiPSC
lines FiPS5-7 and UTA.00112.hFF were derived from human fore-
skin fibroblasts (hFFs) (CRL-2429; American Type Culture Collec-
tion, Manassas, VA, http://www.atcc.org), and the hiPSC lines
A116, UTA.01006.WT, and Hel24.3 were derived from adult skin
fibroblasts. FiPS5-7 (hiPSC1) was reprogrammed with NANOG,
OCT4, SOX2, and LIN28 and the other hiPSC lines with OCT4,
SOX2, KLF4, and c-MYC. The cell lines used in this study are pre-
sented in supplemental online Table 1. Details of hiPSC repro-
gramming conditions are provided in the supplemental online
Materials and Methods.

©AlphaMed Press 2013

Differentiation Protocols

Pluripotent stem cell lines were differentiated into hepatocyte-
like cells, cardiomyocytes, neural cells, and RPE cells. Detailed
methods of differentiation and characterization are provided in
the supplemental online Materials and Methods.

The efficiency of hepatic differentiation was evaluated by
studying the expression of OCT4, SOX17, FOXA2, AFP, and
Albumin at day (d) 7, d14, and d21 by quantitative polymerase
chain reaction (qPCR) analysis and by studying the expression
of OCT4, FOXA2, SOX17, AFP, and albumin with immunocyto-
chemistry. The definitive endoderm induction was analyzed at
d7 by flow cytometry for CXCR4+ cells, and the functionality
of the differentiated hepatocyte-like cells was studied by al-
bumin secretion measured with an enzyme-linked immu-
nosorbent assay.

Cardiac differentiation was characterized by studying the ex-
pression of Nanog, OCT4, SOX17, Brachyury T, and NKX2.5 at
time points d0, d3, d6, d13, and d30 by qPCR and by studying the
expression of a-actinin, Troponin T, connexin-43, and ventricular
myosin heavy chain (MHC) with immunocytochemistry. The effi-
ciency of cardiac differentiation was evaluated by immunocyto-
chemical analysis of cytospin samples on day 20 and counting the
number of beating areas in the end of differentiation on day 30.
The functionality of the cardiomyocytes was analyzed using the
microelectrode array (MEA) platform.

Neural differentiation was evaluated at the 4- and 8-week
time points by studying the expression of OCT4, Musashi, Neu-
rofilament-68 (NF-68), and glial fibrillary acidic protein (GFAP) by
gPCR and by studying the expression of OCT4, EpCAM, Nestin,
microtubule-associated protein 2 (MAP-2), GFAP, brain lipid-
binding protein (BLBP), chondroitin sulfate proteoglycan (NG2),
and galactocerebroside (GalC) by immunocytochemistry. The
morphological analysis was performed with time-lapse imaging.
The spontaneous functionality of developing neuronal networks
was characterized using MEA.

To evaluate putative RPE cell differentiation, the appearance
of the first pigmented cells was followed daily and recorded. The
percentage of pigment-containing cell aggregates from the to-
tal amount of aggregates was counted on day 28 *= 1 of the
differentiation. The expression of OCT4, MITF, BEST1, and
RLBP1 was analyzed by gPCR from d0, d28, d52, and d82 of
RPE differentiation. The expression of OCT4, MITF and bestro-
phin-1 proteins was quantified with cytospin analysis on day
82 or on day 116.

Statistical Analysis

Statistical analysis between two groups was performed with the
unpaired Student’s t test or Mann-Whitney U test according to
the sample set. In the case of multiple groups, one-way analysis
of variance and the Tukey post hoc test were used. A p value of
<.05 was considered statistically significant.

RESULTS

Transgene Silencing

hiPSC lines hiPSC1 [22], hiPSC2 [23], and hiPSC4 [23] were inde-
pendently established by retroviral infection (OCT4, SOX2,
¢-MYC, and KLF4 or OCT4, SOX2, NANOG, and LIN28) and char-
acterized as described previously [22, 23]. hiPSC3 and hiPSC5
(supplemental online Fig. 1) lines were separately characterized
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Figure 1. Transgene silencing. (A): Quantitative polymerase chain reaction (qPCR) analysis for expression of the transgenes OCT4, SOX2,
NANOG, LIN28, c-MYC, and KLF4 at the onset of differentiation (d0). The data are shown as the average (£SEM) relative value from four
independent experiments. The value 1 indicates total silencing of transgenes. One-way analysis of variance with Tukey post hoc test was used
for statistical analysis. **, p < .01. (B): qPCR analysis for activation of transgene expression during each differentiation protocol. The value 1
indicates no change in transgene expression. *, p < .05. Abbreviations: d, day; hiPSC, human induced pluripotent stem cell; NEURO, neural

differentiation.

for this study. Relative transcriptional levels of the transgenes
were studied by gPCR before and at the end of each differentia-
tion protocol in lines hiPSC1-hiPSC4. The results revealed con-
stant expression of exogenous KLF4 in hiPSC4 at dO, whereas
transgenes in other cell lines were silenced (Fig. 1A; supplemen-
tal online Fig. 2A). Transgene expression in general was not sig-
nificantly induced by the differentiation protocols, with one re-
markable exception. Levels of exogenous OCT4 mRNA were
systematically increased at the end of the long-term RPE differ-
entiation protocol in all retrovirally derived hiPSC lines (Fig. 1B;
supplemental online Fig. 2B), and OCT4+ cells could be detected
by immunocytochemistry after 82 days of RPE differentiation
(supplemental online Fig. 3B). In addition, exogenous LIN28 and
NANOG mRNA levels were markedly increased during the RPE
differentiation in hiPSC1, the only cell line derived by overexpres-
sion of these factors (supplemental online Fig. 2B). When the
Sendai-virally derived hiPSC5 line was differentiated into RPE

www.StemCellsTM.com

cells, no reactivation of transgene expression was detected (sup-
plemental online Fig. 3A, 3B).

Definitive Endoderm Differentiation

Hepatocyte differentiation protocol consists of three stages,
slightly modified from that described by Hay et al. [24] (Fig. 2A).
The first stage directs the cells from pluripotent cells into com-
mitted definitive endoderm (DE) cells. In this stage, after 7
days from the onset of induction, all the cell lines had lost
their embryonic stem-like small, round, and dense morphol-
ogy and the cells were growing as homogeneous monolayers.
gPCR analysis showed marked upregulation of the anterior
definitive endoderm genes SOX17 and Hhex in all lines at day
7 (Fig. 2B; supplemental online Fig. 4A). During differentia-
tion, the expression of OCT4 decreased in all cell lines and
became undetectable by day 14. The process was somewhat
slower in hiPSCs than hESCs (Fig. 2D). There was no change in

©AlphaMed Press 2013
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the expression level of the extraembryonic endoderm gene
SOX7 (data not shown). In immunocytochemical analysis
more than 90% of the cells were positive for definitive endo-
derm marker FOXA2, and very few if any OCT4+ cells could be
found (Fig. 2C; supplemental online Fig. 5A). The percentage
of CXCR4+ cells as analyzed by flow cytometry varied be-
tween 65% and 96% between all the lines (supplemental on-
line Fig. 5B), and there were no significant difference between
hESC (n = 3) and hiPSC (n = 4) lines in group comparison (Fig.
2E). These results suggest that the hESC and hiPSC lines used
in this study differentiated into definitive endoderm stage
with equal efficiency.

©AlphaMed Press 2013
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»

do, d7, d14, and d21. The columns show
the average fold change from at least two
independent experiments = SEM, dem-
onstrating the rapid downregulation in
both hESC and hiPSC lines. (E): Fluores-
cence-activated cell sorting analysis of
cells expressing the endoderm marker
CXCR4 at d7. Columns represent the aver-
age for hESCs (n = 6) and hiPSCs (n = 8).
(F): Albumin secretion into the medium by
the differentiated cells. In the upper
graph, each cell line is presented sepa-
rately (two or three repeated experi-
ments). Lower graph shows the compari-
son between iPSCs (n = 10) and hESCs
(n = 6). (G): Representative immunostain-
ing after 21 days of differentiation of
hESC2 and hiPSC5. Hepatocyte markers
ALB and AFP are shown. Magnification,
X20. Abbreviations: AFP, a-fetoprotein;
ALB, albumin; d, day; DMSO, dimethyl sul-
foxide; hESC, human embryonic stem cell;
HGF, hepatocyte growth factor; hiPSC, hu-
man induced pluripotent stem cell.

Hepatocyte Differentiation

Theresulting DE cells were then differentiated into HLCs by 7-day
culture in medium supplemented with 1% dimethyl sulfoxide
(stage 2) and by a final maturation step in medium supple-
mented with hepatocyte growth factor and Oncostatin M for a
further 7 days [24] (Fig. 2A). During this time the cells displayed
morphological changes from a spiky shape to a polygonal shape.
On day 21, the cultures contained foci exhibiting features of hu-
man hepatocytes, including a typical polygonal shape with dis-
tinct round nuclei, and many of the cells were binuclear (supple-
mental online Fig. 5C). Only hiPSC4-derived cells failed to develop a
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distinct hepatocyte-like morphology (supplemental online Fig. 5C).
In gPCR analysis, AFP was highly upregulated at day 14 and Albumin
at day 21 (Fig. 2B; supplemental online Fig. 4A).

The HLCs derived from hiPSC2 expressed the highest levels of
AFP and Albumin, whereas the expression of these hepatocyte-
specific markers was nearly undetectable with hiPSC4-derived
cells. Variation in the differentiation efficiency, as measured by
albumin expression, was detected between hESCs and iPSCs, but
the differences were not statistically significant in a group com-
parison. The hepatocyte-specific functionality of the differenti-
ated cells was analyzed by albumin secretion assay. The results
correlated well with gPCR data; there was no overall difference
in albumin secretion rate between the hESC1-hESC3 lines and
the hiPSC1-hiPSCS5 lines in a group comparison, although there
was variation between the individual cell lines (Fig. 2F), particu-
larly because hiPSC4 failed to develop into albumin-secreting
cells. Taken together, both the highest and the lowest levels of
differentiation were observed in the hiPSC lines, whereas there
was less variation among the hESC lines.

Cardiomyocyte Differentiation

hPSC lines were differentiated into cardiomyocytes using the
END-2 coculture method [25]. The progression of cardiac differ-
entiation was monitored and cells analyzed as shown in Figure
3A. All four hiPSC and three hESC lines differentiated into beating
cardiomyocytes, but the differentiation efficiency was variable.
In addition, the cardiac differentiation efficiency varied between
separate differentiation experiments within the same cell line.
All cell lines formed compact structures in END-2 coculture ex-
cept hiPSC4, which tended to form more cystic structures than
the other cell lines. Cardiomyocytes derived from the cell lines
expressed a-actinin, Troponin T, connexin-43, and MHC in im-
munocytochemical stainings (Fig. 3B). The electrical activity of
cardiomyocytes was monitored with MEA measurements. The
normal beating rate of the cell clusters was measured and the
beating rate was increased by adding the -adrenergic agonist
isoprenaline to MEA chambers. All hESC- and hiPSC-derived car-
diomyocytes beat and gave a signal on MEA and thus can be
considered functional cardiomyocytes (Fig. 3C).

Quantitative immunocytochemical analysis was performed
on cells cultured in END-2 cocultures on day 20, and beating
areas were counted at the end of differentiation on day 30. The
number of beating areas was highly variable between separate
differentiation experiments within the same cell line. As a group,
hESCs formed more beating areas than hiPSCs (p < .001, Fig. 3D).
hESC1 had the most efficient cardiac differentiation efficiency,
whereas hiPSC1 and hiPSC4 had the least efficient cardiac differ-
entiation and the lowest number of beating areas (Fig. 3D). The
results from the quantitative immunocytochemical analysis de-
tecting cardiac Troponin T-positive cells were in accordance with
the number of beating areas (Fig. 3E). In the hESC1 line, the
beating areas were smaller than in other cell lines, but there
were more beating areas. This may explain the difference be-
tween quantitative immunocytochemical results and the num-
ber of beating areas detected.

The expression of pluripotency markers NANOG and OCT4
was highest on day 0 and descended during cardiac differentia-
tion (supplemental online Fig. 6A, 6B). The expression of endo-
dermal SOX17 was the highest on day 3 in all hiPSCand hESC lines
(supplemental online Fig. 6C). The expression of Brachyury T was
also the highest on day 3 with the hESC lines (Fig. 3F). Interest-

www.StemCellsTM.com

ingly, with hiPSC lines the highest expression of Brachyury T was
detected on day 6, and it was significantly higher in hiPSC lines
than in hESC lines (p = .003), suggesting a slower tempo of car-
diac differentiation. The expression of Nkx2.5 ascended evenly
during differentiation in all hiPSC and hESC lines.

Neural Differentiation

The neural differentiation protocol and the analyses used in this
study are summarized in Figure 4A. Cell lines displayed clear dif-
ferences when differentiated and cultured as neurospheres in
neural differentiation medium. Neurospheres usually develop
into firm cell aggregates within 2 weeks. The hiPSC3-derived
neurospheres, however, showed persistent growth of unwanted
cystic structures up to 4 weeks of differentiation (supplemental
online Fig. 7). When the cysts were repeatedly manually re-
moved from the cultures, the cyst formation declined. In addi-
tion to hiPSC3, the hiPSC2 line produced relatively fast-growing
and less firm neurospheres. The growth of hiPSC4-derived neu-
rospheres was weaker than that in the other lines. Neurospheres
derived from hESC lines showed less variation during differenti-
ation and culture.

According to qPCR analysis, the expression of OCT4 was
strongly downregulated within every cell line during the neural
differentiation at 8 weeks (Fig. 4B). The downregulation was,
however, significantly stronger in neurospheres derived from
hESC than from hiPSC lines (p < .01). The expression of neural
precursor cell marker Musashi and neural marker NF-68 in-
creased during differentiation, and both were significantly
higher in neurospheres derived from hESCs than from hiPSC lines
(Musashi week 8, p = .034; NF-68 weeks 4 and 8, p = .002 and
p = .01, respectively) (Fig. 4B). Expression of glial marker GFAP
was undetectable in 0 and 4 weeks, and it was expressed at a low
level in every cell line after 8 weeks of differentiation. Line-spe-
cific expression of OCT4, Musashi, and NF-68 is shown in supple-
mental online Figure 4.

The cells were monitored with time-lapse imaging at 4 and 8
weeks during the neural differentiation. Quantitative analysis of
time-lapse imaging data was performed by Cell-IQ analysis software
(Chip-Man Technologies Ltd., Tampere, Finland) [26], but the accu-
rate neuronal cell number could not be reliably determined because
of confluence of the cultures (supplemental online Fig. 7). Qualita-
tive analysis of the imaged data showed that hESC3 and hiPSC3
produced very pure neuronal populations in 8 weeks, whereas
hiPSC4 was clearly the weakest cell line for neural differentiation,
producing a lot of flat epithelial-like cells (Fig. 4C). The cells in
hiPSC1-derived cultures were also mostly neuronal, but more cells
with non-neuronal morphology were detected compared with
hESC3- and hiPSC3-derived cultures.

Immunocytochemical staining supported the results of the
time-lapse imaging analysis (Fig. 4D). The highest levels of MAP-2-
positive cells were detected within hESC3- and hiPSC3-derived cul-
tures. In hiPSC4-derived cultures only single cells positive for MAP-2
could be detected. The number of Nestin-positive cells decreased in
all lines from 4 weeks to 8 weeks. No OCT4, CD326, GFAP, or BLBP
was detected in any cell lines, indicating that no undifferentiated
cells, astrocytes, or radial glial cells were present in the cultures.
Only single cells positive for NG2 or GalC could be detected at 8
weeks, indicating the presence of few oligodendrocyte precursor
cells in the cultures (supplemental online Fig. 7).
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Figure 3. Cardiomyocyte differentiation. (A): Schematic presentation of the cardiac differentiation protocol and experimental design. (B):
Cardiomyocytes derived from all human pluripotent stem cell (hPSC) lines expressed a-actinin, connexin-43, and ventricular myosin heavy
chain proteins. Representative images of hiPSC2 line. Scale bars = 100 um. (C): All hPSC lines gave a signal on the MEA platform, and the
beating rate was increased by isoprenaline (80 nM). Shown are representative images of the hiPSC3 line. (D): The number of beating areas in
one well with each hPSC line (left) and in hESC and hiPSC groups (right). Error bars show the SEM. *, p < .001. (E): Scatter plots (left) show the
number of Troponin T-positive cells in one well, and the columns (right) show the Troponin T-positive cells found in the hESC and hiPSC groups.
Error bars show the SEM. (F): Results of the gene expression analysis on Brachyury T and Nkx2.5 genes at the dO, d3, d6, d13, and d30 time
points during cardiac differentiation. The expression of genes was compared between hESC and hiPSC lines. In hiPSC lines the highest
expression of Brachyury T was detected on day 6, and it was significantly higher in hiPSC lines than in hESC lines (*, p < .003). Error bars show
the SEM. Abbreviations: c-43, connexin-43; d, day; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; MEA,
microelectrode array; MHC, myosin heavy chain; RNA, quantitative polymerase chain reaction samples.
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Figure 4. Neuronal differentiation. (A):
Schematic presentation of the neural dif-
ferentiation protocol and experimental
design. (B): Results of the gene expression
analysis of OCT4, Musashi, and NF-68 at
the 0-, 4-, and 8-week time points. The ex-
pressions of the genes were compared be-
tween hESC and hiPSC lines. Columns rep-
resent an average of hESC (n = 3) and
hiPSC (n = 4) lines = SEM. Musashi week
8,p = .034; NF-68 weeks 4and 8, p = .002
and p = .01, respectively. *, p < .05,
Mann-Whitney U test. (C): Morphologies
of the cells derived from different cell
lines at the 8-week time point. hESC3-,
hiPSC1-, and hiPSC3-derived cells dis-
played mostly neuronal morphology
(thick arrows), whereas other cell lines
produced cells with flat epithelial cell-like
morphology (thin arrows). Scale bar =
100 um. (D): Immunocytochemical char-
acteristics of the differentiated cells. Neu-
ral precursor cell marker Nestin (red) and
neural marker MAP-2 (green) were both
detected in all the populations derived
from hESC and hiPSC lines. Cell cultures
derived from hESC3 and hiPSC3 lines were
detected with high amounts of MAP-2-

hiPSC4

hiPSC3

MAP-2/Nestin

Electrophysiological Properties of Neuronal Networks

As previously described [27], the first form of electrical activity
detected from the neuronal networks was single spikes, whereas
the mature neuronal networks displayed bursts containing mul-
tiple spikes simultaneously on several electrodes (supplemental
online Fig. 8). The cell lines with the highest neural differentia-
tion efficiencies based on morphological and immunocytochem-
ical characterizations (hESC3 and hiPSC3) displayed burst-activ-
ity within 3 weeks in MEA culture. The spontaneously active
bursting neuronal networks were routinely recorded from
hESC3- and hiPCS3-derived cultures. The neuronal networks
formed by the other cell lines displayed activities varying from
single spikes to bursts.

www.StemCellsTM.com

positive cells at both time points, whereas
clearly fewer MAP-2-positive cells could
be detected from the cultures of hESC1
and hiPSC4. The number of Nestin-posi-
tive cells decreased within all the cell lines
from 4 to 8 weeks. Scale bar = 100 um.
Abbreviations: Cell-IQ, time-lapse imag-
ing; hESC, human embryonic stem cell;
hiPSC, human induced pluripotent stem
cell; ICC, immunocytochemistry; MAP-2,
microtubule-associated protein 2; MEA,
microelectrode array; NF-68, Neurofila-
ment-68; RNA, quantitative polymerase
chain reaction samples; wk, week.

hiPSC4

RPE Differentiation

The hESC and hiPSC1-hiPSC5 lines were differentiated into RPE cells
according to a previously reported protocol, which is based on sponta-
neous differentiation in EB-like cultures [8]. The differentiation protocol
and analyses are summarized in Figure 5A. The RPE differentiation po-
tential of the cell lines was studied by monitoring the appearance of the
first pigmented cells emerging in the cultures. In addition, the percent-
age of cell clusters containing pigmented cells was counted on day 28
after initiation of differentiation.

All the examined cell lines produced pigmented cells on av-
erage within 22 days after initiation of differentiation (Fig. 5B).
hESC lines produced pigmented cells on average 2 days earlier
than hiPSC lines. The first pigmented cells were detected on day
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Figure 5. Retinal pigment epithelial (RPE) differentiation. (A): Schematic representation of the RPE differentiation protocol and experimental
design. (B): Appearance of the first pigmented cells in the cultures at the beginning of RPE differentiation. Columns are representing an
average of two to four independent experiments (n) = SEM. Shown are hESC1 (n = 4), hESC2 (n = 4), hESC3 (n = 3), hiPSC1 (n = 4), hiPSC2
(n = 3), hiPSC3 (n = 2), and hiPSC4 (n = 3). (C): Rate of pigmentation on differentiation day 28. Box plots show the sample minimum, lower
quartile, median, upper quartile, and sample maximum of two to four independent experiments. The number of experiments/total number
of cell clusters counted were as follows: hESC1, 4/674; hESC2, 3/448; hESC3, 3/339; hiPSC1, 3/656; hiPSC2, 3/427; hiPSC3, 2/445; and hiPSC4,
2/704. (D): QPCR analysis for expression of genes marking key stages of human pluripotent stem cell differentiation (OCT4) into pigment-
producing cells (MITF) and subsequently into RPE-like cells (BEST1 and RLBP1). The columns show the average fold change from at least two
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Table 1. Differentiation potential of individual human pluripotent
stem cell lines

Ectodermal lineage

Cell Endodermal lineage: Mesodermal

line hepatocyte lineage: cardiac Neuronal RPE
hEsC1 ++ +++ + +
hESC2 ++ ++ ++ ++
hESC3 +++ + +++ 4+
hiPsc1 ++ + ++ +
hiPsc2 +++ ++ ++ +++
hiPSC3 ++ ++ +++  ++
hiPSC4 + + + +
hiPSC5 +++ +++

Shown is the differentiation efficiency of the cell lines based on the
rate of albumin secretion (hepatocyte), number of beating
cardiomyocytes (cardiac), morphological and immunocytochemical
criteria (neural), and rate of pigmentation (retinal pigment epithelial).
+ indicates lower differentiation potential than average, + + indicates
average differentiation capacity, and ++ + indicates excellent
differentiation capacity.

Abbreviations: hESC, human embryonic stem cell; hiPSC, human
induced pluripotent stem cell; RPE, retinal pigment epithelial.

13 (hESC3). On day 28, the highest proportion of pigmented cell
clustersin hESC lines was detected in hESC3 (31%) and the lowest
in hESC1 (11%) (Fig. 5C). Of the hiPSC lines, the best performer
was hiPSC2 (43%) and the weakest hiPSC1 (6%) (Fig. 5C). In a
groupwise comparison, none of the differences between the
hESC and hiPSC lines were statistically significant.

During differentiation, the expression of endogenous OCT4
decreased in all cell lines. However, it was higher in the hiPSC
than in the hESC lines on day O (p = .03) and day 52 (p < .001)
(Fig. 5D). Expression of the selected differentiation markers
MITF, BEST1, and RLBP1 increased in all cell lines during differ-
entiation. In a comparison of hESC and hiPSC lines, the pigment
cell marker MITF was higher in hESC on day 52 (p = .011) (Fig.
5D). The more RPE-specific markers BEST1 and RLBP1 appeared
higher on d82 in the hiPSC lines, but the differences were not
statistically significant (Fig. 5D). The Sendai-virally derived
hiPSC5 line was characterized only partially, but it also differen-
tiated into pigmented epithelium with cobblestone morphology
and bestrophin-1immunoreactivity (Fig. 5F). At the protein level,
all cell lines expressed MITF and bestrophin-1 proteins. The high-
est proportion of MITF-positive cells in hESC lines was detected
in hESC2 (72%) and the lowest in hESC1 (69%). The results were
less reproducible in the hiPSC lines (Fig. 5G). Bestrophin-1-posi-
tive cells tended to be more abundant in the hiPSC than the hESC
lines (Fig. 5G), and the results correlated with BEST1 gene ex-
pression and also with the rate of pigmentation.

When analyzed comprehensively, it appears that the hESC lines
(particularly hESC1 and hESC3) displayed variable propensities for
mesodermal versus ectodermal differentiation. The same cell lines
differentiated consistently more efficiently in the ectodermal (neu-
ronal and RPE) directions or mesodermal (cardiac) direction. How-
ever, none of the induced pluripotent stem cell (iPSC) lines showed
such preferential differentiation capacity (Table 1).

DISCUSSION

We studied the differentiation capacity of three hESC and five hiPSC
lines. The four retrovirally derived hiPSC lines were characterized in
detail using four well-established differentiation protocols and spe-
cific functional assays. Through this approach, we hope to elucidate
the true variability between human pluripotent stem cell lines with
respect to their most important characteristic: the ability to develop
into physiologically functional cell types.

To our knowledge, our study is the first to use four separate
extended differentiation protocols into derivatives of all germ layers
in a systematic comparison of hPSC lines. In this study most of the
cell lines showed no differentiation preference toward any specific
cell lineages but rather showed more or less differentiation poten-
tial toward all different cell types produced. Only two of the cell lines
(hESC1 and hESC3) had consistently more differentiation potential
toward specific lineages. hESC1 differentiated well into beating car-
diomyocytes and poorly into ectodermal lineages, and hESC3 had
the best ectodermal differentiation capacity but produced few
beating areas in cardiomyocyte differentiation. One reason for
these differences may be the fact that the cardiac (END2 coculture)
and neuronal (EB formation) protocols in this study are based more
on the spontaneous differentiation of the cells than the hepatocyte
protocol, which is based on guidance by specific growth factors. It is
likely that the genetic background of the cells plays a more crucial
role in the former than the latter situation.

Analysis of transgene expression showed that KLF4 was incom-
pletely silenced in hiPSC4 (Fig. 1A; supplemental online Fig. 2A),
suggesting that this cell line was only partially reprogrammed. The
retroviral transgenes are usually silenced as a late event of the re-
programming process [28] because of the activation of DNA [29]
and histone methyltransferases [12]. This process, however, is often
incomplete, resulting in partially reprogrammed cell lines [9, 30, 31].
This residual activity of viral transgenes in hiPSC-derived cells can
affect their developmental potential [9]. Partially incomplete repro-
gramming may explain the poor differentiation capacity of hiPSC4,
which was observed throughout this study.

All of the hESC and hiPSC lines differentiated efficiently into
early DE progenitors. However, when the DE cells were further
induced into HLCs some variability became evident. Although all
the hESC lines differentiated with approximately equal effi-
ciency, the iPSC lines were much more variable, ranging from
very poor (hiPSC4) to excellent (hiPSC2). This variation was not
correlated with the method used for hiPSC induction, and it is
unlikely that it would be due to the different donor age (neonatal
vs. adult). It has also been noted by others that there are differ-
ences in the timing of onset of expression of hepatocyte-specific
genes between different cell lines [7].

The cardiomyocyte differentiation protocol used in this
study produced beating areas from all the cell lines with variable
efficiency. Overall, cardiac differentiation on END-2 cocultures is
rather unspecific, and many other cell types besides cardiomyo-
cytes are also induced [32]. Normally, the highest peak of

independent experiments = SEM. *, p < .05; *#%, p < .001. Statistical analyses were performed with independent samples t test or
Mann-Whitney U test according to the sample set. (E): QPCR analysis for expression of BEST1 on d82 in each analyzed cell line. The columns
show the average fold change from at least two independent experiments = SEM. (F): Top row: Bestrophin-1 (BEST1) staining for cytospin
samples collected from hiPSC5-derived RPE cells. Bottom row: pigmented cells derived from hiPSC5 at d210 in passage 2. (G): Expression of
MITF and bestrophin-1 proteins on d82. Scatter plots show the percentage of positive cells from one or two independent experiments. The
total number of cells counted were as follows for MITF/bestrophin-1: hESC1, 326/274; hESC2, 351/337; hESC3, 466/454; hiPSC1, 184/202;
hiPSC2, 579/518; hiPSC3, 355/402; and hiPSC4, 288/269. Abbreviations: d, day; hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell; ICC, immunocytochemistry; Neg, negative; QPCR, quantitative polymerase chain reaction.
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Brachyury T expression is observed on day 3 in END-2 cocultures
[32], and the delayed expression peak leads to poor cardiac dif-
ferentiation efficiency [33, 34]. In this study, the expression peak
of Brachyury T was extended up to day 6 with hiPSCs, which was
associated with a lower lowest number of beating areas than in
hESCs. However, high variation in cardiac differentiation effi-
ciency was also detected between different passages/differenti-
ation experiments within the same cell line, indicating that the
cell line characteristics change over time in culture.

The neural differentiation protocol used here has been used
routinely with several hESC lines previously [35, 36]. Both hESC
and hiPSC lines were successfully differentiated toward neural
cells regardless of their origin. Previous studies have, however,
demonstrated the differences between the innate differentia-
tion propensities within hESC and hiPSClines [11, 16—18, 35] and
between hESC and hiPSC lines [6]. In contrast, two other studies
have suggested that in general, hESCs and hiPSCs have similar
differentiation capacity toward neural cells, but line-specific
variation can be detected in both groups [16, 17]. Our results
were more compatible with the latter view.

Electrophysiological properties are an essential aspect of the
characterization of neuronal cells. In the present study, all the
cell lines differentiated into neuronal networks that were able to
display some form of spontaneous electrical activity regarded as
a feature of functional neuronal networks [27, 37]. However,
obvious maturation stage-related functional variability was ob-
served. None of the gene or protein level markers of neuronal
differentiation directly correlated with the functional properties
of the derived neuronal networks. Thus, it is difficult to predict
the efficiency of a particular cell line to produce functional neu-
ronal networks without electrophysiological analyses.

Lastly, we differentiated the hPSCs into another ectodermal
cell type, RPE cells. During mammalian development, RPE is de-
rived from optic neuroepithelium by approximately the seventh
week of gestation [38], and RPE cell fate specification in vitro has
been shown to follow a time course reminiscent of normal reti-
nal development [39]. All the cell lines examined produced pig-
mented cells within 3 weeks after initiation of differentiation. On
average, hiPSC lines produced pigmented cells slightly more
slowly than hESC lines. This is compatible with the findings by
Meyer et al., who also reported longer differentiation times with
hiPSCs than hESCs [39]. hESC3 produced pigmented cells the
fastest. This cell line also produced eventually mature RPE cells.
Two hiPSC lines also produced mature RPE cells, suggesting that
the time of pigment appearance is not a crucial factor for the
later maturation of RPE cells.

Consistent reactivation of the OCT4 transgene was observed in
all retrovirally induced hiPSC lines during RPE differentiation (Fig.
1B; supplemental online Fig. 2B). The reactivation was most dra-
matic in hiPSC1. In addition, the NANOG and LIN28 transgenes were
also reactivated in hiPSC1 during the RPE differentiation. On the
contrary, transgene reactivation was not observed with the Sendai
virus-induced iPSC5 line (supplemental online Fig. 3). Interestingly,
hiPSC1 was differentiated successfully into both HLCs and cardiomy-
ocytes, and transgene reactivation was not seen during those exper-
iments. During RPE differentiation, hiPSC1 appeared to produce a
high number of MITF and bestrophin-1-positive cells. However,
hiPSC1-derived RPE cells peeled off from the culture membranes
easily, allowing only one successful experiment to be completed.
The RPE differentiation protocol is much (almost 3 months) longer
and more spontaneous than the other protocols, which could be
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one explanation for the difference. Obviously, these observations
raise concerns about the safety of hiPSCs that have integrated trans-
genes in their genome.

CONCLUSION

Part of the variation in the differentiation efficiency between the
individual hiPSCs could be explained by residual activity of viral
transgene KLF4 in hiPSC4 and the reactivation of several transgenes
during RPE differentiation. In contrast, the hiPSC line that was de-
rived through the nonintegrating Sendai virus technology differen-
tiated well into both HLCs and RPE cells and did not show signs of
transgene expression. Our study strongly suggests that many of the
“first-generation” retrovirally derived iPSC lines are hampered by
potential transgene reactivation, with specific effects on their fur-
ther differentiation properties. These findings highlight the need for
integration-free reprogramming technologies, resulting in trans-
gene-free iPSCs, which could also be potentially therapeutically ap-
plicable, unlike the retrovirally derived cells used in this study. Sev-
eral such technologies have been established, in addition to Sendai
viruses [40]: polycistronic minicircle vectors [41], PiggyBac trans-
posons [42], and modified mRNA-based [43] or protein transduc-
tion-based methods [44]. Future studies should focus on nontrans-
genic iPSC lines generated through these methods.
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