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For the promise of human induced pluripotent stem cells (iPSCs) to
be realized, it is necessary to ask if and how efficiently theymay be
differentiated to functional cells of various lineages. Here, we have
directly compared the neural-differentiation capacity of human
iPSCs and embryonic stem cells (ESCs). We have shown that human
iPSCs use the same transcriptional network to generate neuro-
epithelia and functionally appropriate neuronal types over the
same developmental time course as hESCs in response to the same
set of morphogens; however, they do it with significantly reduced
efficiency and increased variability. These results were consistent
across iPSC lines and independent of the set of reprogramming
transgenesused toderive iPSCsaswell as thepresenceor absenceof
reprogramming transgenes in iPSCs. These findings, which show a
need for improving differentiation potency of iPSCs, suggest the
possibility of employing human iPSCs in pathological studies,
therapeutic screening, and autologous cell transplantation.
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Human embryonic stem cells (hESCs) can efficiently differ-
entiate into functional neurons and glia with a mechanism

akin to in vivo development (1–6). However, the optimism sur-
rounding hESCs has been hampered by ethical concerns as well as
the potential immune rejection on transplantation because of the
nature of allograft. Induced pluripotent stem cells (iPSCs), which
have been shown to be truly pluripotent in mouse studies (7–9),
have also been generated from human somatic cells, such as skin
cells, by a set of core pluripotent transcription factors (10–12).
These human iPSCs would overcome the drawbacks of using
hESCs and allow for the direct examination of diseased cells for
pathological studies and drug screening; this has recently been
performed on iPSCs from patients of amyotrophic lateral sclerosis
(13), spinal muscular atrophy (14), and familial dysautonomia
(15). Indeed, based onmorphology or gene-expression profiles, all
of the iPSC lines generated independently in various laboratories
show remarkable similarity to hESCs (10–12). Most recently,
human iPSCs free of transgenes have been generated (16–18) and
are expected to grant human iPSCs true pluripotency unfettered
by exogenous gene expression.
Regardless of the aims and methods of reprogramming iPSCs,

fundamental questions that must be addressed are whether or not
human iPSCs, like hESCs, can efficiently differentiate into target cell
lineages and whether or not those iPSC-derived cells are functional.
Human iPSCs are capable of generating hematopoietic and neural
cells, at least fromthe reported lines (19, 20).However,whetherornot
human iPSCsdifferentiateafteran intrinsicdevelopmentalprogramis
not known. In addition, iPSCs used in these studies were generated
with integrating viral methods. Thus, it is unclear if human iPSCs free
of integrated transgenes will show improved differentiation.
Here,wecompared theneural-differentiationpotential ofhuman

iPSCs, including those with or without integrating transgenes, with

hESCs.We found that human iPSCsdifferentiate toneuroepithelial
(NE) cells and functional neurons or glia after the same time course
and through the same transcriptional networksashESCsdobutwith
increased variability, which is independent of transgene integration.
This indicates that although human iPSCs are invaluable for future
regenerative medicine and disease studies, techniques other than
simple removal of reprogramming transgenes are needed to
improve the differentiation efficiency and potency for iPSCs.

Results
Human iPSCs Convert to NE Cells After the Same Differentiation
Program as hESCs.To test whether or not human iPSCs, like hESCs,
can differentiate to NE cells, we compared 12 human iPSC lines,
established through lentiviral (11, 21), retroviral, or nonintegrating
episomal methods (16), and 5 hESC lines (22–24) (Table S1). The
human iPSCs exhibited typical characteristics of hESCs (i.e., large
nucleus and multiple, prominent nucleoli; growing as round colonies
and expressing pluripotency markers such as OCT4) (Fig. 1 A and B
and Fig. S1 A–D). After separation from the feeder fibroblasts, both
the iPSCs and hESCs formed spherical aggregates known as em-
bryoid bodies (EBs), which were indistinguishable across lines by
gross morphological analysis (Fig. S1 E–H).
The iPSCs aggregates (EBs) were plated at day 7 for NE differ-

entiation (25, 26). ColumnarNE cells appeared at day 10 and formed
typical neural tube-like rosettes at day 15 (Fig. 1A). The rosettes were
morphologically indistinguishable from those differentiated from
hESCs (Fig. 1A), although iPSC-derived individual colonies either
hadhomogeneous neural rosettes or no neural cells. Immunostaining
indicated that at day 10, the columnar cells in rosettes uniformly
expressed PAX6 but not SOX1 (Fig. 1B). By day 15, most of these
cells became positive for both PAX6 and SOX1 (Fig. 1B). This same
temporal progression, as observed in hESC (2, 25), occurred in all
human iPSC lines regardless of how iPSCs were reprogrammed (Fig.
1A andC), indicating that the two types of stem cells follow the same
neural-differentiation program.

Human iPSCs Sequentially Differentiate into Functional Neurons and
Glia in Vitro. hESC-derived NEs differentiate into neurons in the
first month and into astrocytes or oligodendrocytes after 2–3months
(2, 6, 27). To determine whether or not human iPSC-derived NEs
behave similarly, we enriched theNEs from four representative iPSC
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lines (iPS(IMR90)-1and4,M4-10, andDF6-9–12)anddifferentiated
the neural precursors on a laminin substrate at day 25. iPSC-derived
neurons, labeled with βIII-tubulin, extended long processes by day 42
(Fig. S2A). These neurons gradually expressed synapsin; by 12weeks,
thiswasdistributed inneurites inapunctuatepattern (Fig. 1DandE),
an indication of synaptic maturation that has been observed pre-
viously in hESC-derived neurons (28). Whole-cell patch clamping
further showed that iPSC-derived neurons attained the capacity to
fire trains-of-actionpotentials by 7–8weeks (Fig. S2C), the same time
point for neurons differentiated from hESCs (27).
In cultures for glial differentiation, S-100β+ astrocyte progenitors

were first observed after 4 weeks of differentiation (Fig. S2B). At
around 3 months, glial fibrillary acidic protein (GFAP) expressing
astrocytes appeared and exhibited a satellite-like morphology in the
presence of serum (Fig. 1F and Fig. S2 D and E). Oligodendrocytes
labeledwithO4began toappearafter 4monthsofdifferentiation (Fig.
1G), similar to the time course of oligodendroglial differentiation
from hESCs (6). Together, these results indicate that the order and
timing of neurogenesis and gliogenesis in human iPSC differentiation
resemble those in hESCs and normal brain development.

Human iPSCs Differentiate into NE with Increased Variability Between
Lines. Various hESC lines differentiate into NE at a similar
efficiencyunderour chemically definedadherent colony culture (29),
thus minimizing the propensities that may manifest if using alter-
native protocols (30, 31). FACS analysis indicated that all hESC
lines, generated fromdifferent laboratories (22–24), yieldeda similar
high proportion (90–97%) of PAX6-expressing NE cells at day 15
(Fig. 2A). In contrast, iPSCs reprogrammed with lentiviral methods
(11) exhibited lower and variable neural differentiation (15–79%)
(Fig. 2A), regardless of the origins of fibroblasts from which the
iPSCs were derived (neonatal lung vs. adult forearm skin). Even
among those lines generated from the same fibroblasts, the neural-
differentiation efficiency varied significantly as well [15% in iPS
(IMR90)-1 vs. 79% in iPS(IMR90)-4]. Similarly, the two retrovirally
induced iPSC lines also showed less efficient neural differentiation
(∼15% PAX6+ cells) (Fig. 2A). Thus, integrating viral methods or
reprogramming genes alone is unlikely to account for the observed

variability and reduced efficiency of neural differentiation from
human iPSCs.
Residual transgene expression in iPSCs generated using inte-

grating viral approachesmay affect pluripotency and differentiation
(10, 11). Hence, nonintegrating strategies may overcome this
problem. Somewhat surprisingly, iPSCs generated using the non-
integrating episomal vectors (16) exhibited similarly low and vari-
able neural-differentiation rates (Fig. 2A). This low and variable
neural differentiation was not caused by an altered developmental
course, because the neural-differentiation process of these iPSCs
followed the same time line (Fig. 1C).

Neural Differentiation of Some but Not All iPSC Lines Can Be Improved
by Regulating FGF and Bone Morphogenetic Protein (BMP) Signaling.
Efficient NE differentiation in our protocol is largely because of
endogenous FGF signaling and/or inhibition of bonemorphogenetic
protein (BMP) signaling (32), and it was recently reported that
SMAD (a family of proteins that are homologous to the gene prod-
ucts of theDrosophila gene ‘mothers against decapentaplegic’ (Mad)
and the C. elegans gene sma, and that modulate the activity of
transforming growth factor-beta ligands) inhibition by two inhibitors
together can significantly increase neural differentiation of hESCs
and two iPSC lines (33). To test if FGF2 or SMAD inhibition could
improve their neural differentiation, we selected six lines from both
transgenic and transgene-free human iPSCs. FGF2 significantly
increased the proportion of PAX6+ cells in only one iPSC line,
(IRM90)-1 (Fig. 2B). Application of two SMAD antagonists
improved NE differentiation of some iPSC lines (iPS-DF6-9–9 and
iPS-DF6-9-12)butnotothers (Fig. 2B).Two iPSClines (iPS-DF19-9–
11 and iPS-DF4-3-7) responded to neither FGF2 nor SMAD inhib-
ition and exhibited consistently poor neural differentiation (Fig. 2B).
Together, these data indicate that lower neural-differentiation effi-
ciency of human iPSC lines is caused by the variability in response to
neural inducers.

Enriched iPSC-Derived NE Cells Can Be Efficiently Patterned to
Regional Neurons. As in development, NE cells differentiated
fromhESCs in our chemically defined system initially expressed an
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Fig. 1. Human iPSCs and hESCs follow the same temporal course of neural differentiation. (A) Phase contrast images show that hESCs and iPSCs grew as
individual colonies, differentiated to columnar epithelial cells at days 8–10, and formed neural tube-like rosettes at day 15. (B) Both iPSCs and hESCs were
positive for OCT4 at day 0, for PAX6 but not SOX1 at days 8–10, and for both PAX6 and SOX1 at day 15. (C) FACS analyses indicate that differentiating cells
from H9 hESCs, iPS(IMR90)-1 and 4, iPS-M4-10, iPS-DF6-9–12, and iPS109 began to generate PAX6-expressing cells at days 6–8, and this reached a plateau at
day 14 but with different efficiency. Shown are curves of the average from three replicates for each cell line. (D and E) By 12 weeks in culture, many MAP2+
neurons also expressed synapsin; higher magnification indicated a punctuate staining pattern on the cell bodies and neurites. (F) GFAP+ astrocytes were
present in differentiated cultures at 12 weeks. (G) O4+ ramified oligodendrocytes were observed in cultures after 16 weeks. Except when noted elsewhere,
images of iPSCs are presented with iPS(IMR90)-4 in this and the following figures. (Scale bar, 50 μm.)
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anterior transcription factor OTX2 but not homeobox protein
HOXB4 (Fig. 3A) (2, 25). Similarly, human iPSC-derived NE
uniformly expressedOTX2 but notHOXB4 (Fig. 3B), particularly
after enrichment by manually selecting typical neural tube-like
rosettes or scratching off nonepithelial colonies (29) (Fig. S3). This
expression pattern was retained for at least 4 weeks of differentiation
in the absence of morphogens. RT-PCR confirmed that these cells
expressed anterior transcription factors BF1 and OTX2 but not
HOXB4 (Fig. 3G) or the mid/hindbrain transcription factors EN1
andGBX2.Thus, human iPSCs, like hESCs, differentiate toNE cells
with a default anterior phenotype.
To determine if the iPSC-derived NE cells can be patterned in a

similar manner as hESC-derived cells, NE cells from four iPSC lines
[iPS-M4-10, iPS-DF6-9–12, iPS(IMR90)-1, and iPS(IMR90)-4] were
treated with 0.1 μM retinoic acid (RA) from day 10. Similar to cells
derived fromhESCs (Fig. 3C andE), immunostaining indicated that
iPSC-derived NE cells cultured without RA retained OTX2 expres-
sion until day 24 (Fig. 3D), whereas cells treated with RA became
HOXB4+(Fig. 3F). FACSconfirmed thatwhenpatterningwithRA,
90% of the iPSC-derived and 97% of hESC-generated neural pro-
genitors expressedHOXB4 (Fig. 3 J andK). Therefore, iPSC-derived
NE, like those derived from hESCs (2, 25), can be effectively pat-
terned to caudal progenitors in response to the same factors at the
same concentration.
The patterned progenitors were then differentiated to neurons

according to previously established methods (2, 25, 28). Neurons
with extensive neurites were readily observed in all cultures. The
Tuj1+ neurons generated from the anterior progenitors expressed
OTX2, whereas those from RA-patterned progenitors were pos-
itive for HOXB4 at 4 weeks of differentiation (Fig. 3 H and I).
Thus, using methods established for hESC-derived neurons,

human iPSCs can be specified to neurons that bear regional
identities of the central nervous system.

Human iPSCs Differentiate into Functional Neuronal Subtypes. One
of the ultimate goals of using human iPSCs is to generate functional
target cells formedical screening and therapeutic applications. In the
present study, we used the well-established motoneuron differ-
entiation system (2, 29) to address whether or not human iPSCs can
differentiate into functionally specialized neurons. Treatment of NE
cells from four iPSC lines and H9 hESCs with RA and sonic
hedgehog (SHH) for 2 weeks resulted in an efficient induction of
motoneuronprogenitors thatwere identifiedbyOLIG2expressionat
day 28 (Fig. 4A), which further generatedmotoneuronswith complex
processes and coexpressionof themotor neuron transcription factors
HB9 and ISL1/2 at the fifth and sixth week (Fig. 4 A, C, and D).
Furthermore, the majority of the βIII-tubulin+ neurons expressed
HOXC8 (Fig. 4E), indicating that iPSC-derived motoneurons attain
an appropriate rostro-caudal identity similar to hESC-derived cells.
Interestingly, theproportionofOLIG2+progenitorswashigher in

iPSC-derived (60–70%) than in hESC-derived progenies (41± 4%),
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but the population ofHB9+motor neurons was only about 10–23%,
in contrast to 30–50% achieved from hESC differentiation (Fig. 4B).
Altering the concentration and duration of RA or SHH did not
increase the proportion of HB9+ motoneurons.
Whole-cell patch clamp recording indicated that human iPSC-

generated ChAT+ spinal motoneurons (Fig. 4F) expressed large
inward currents and outward currents by 8 weeks (Fig. 4G). A single
action potential (AP) could be generated in all neurons tested,
whereas trains of APs could be generated in a portion of these cells (3
of 11) after at least 8 weeks (Fig. 4H). In older cultures (>8 weeks),
spontaneous synaptic currents were also observed, most of which had
fast rise times indicative of excitatory postsynaptic currents (EPSCs)
(Fig. 4I); however, some displayed slower kinetics typical of inhibitory
postsynaptic current (IPSCs). These results indicate that human iPSC-
generated motoneurons are electrophysiologically active and may
formfunctional synapseswith surroundingneurons, and the functional
maturation is similar to that seen inhESC-differentiatedneurons (28).
Cocultures of iPSC-derived motor neurons with C2C12 muscle-

like cells for 2 weeks resulted in the formation of myotube-like

structures and connections of neurites with the myotubes. Con-
tractions of myotubes were readily observed, particularly in areas of
robust neurite innervation. Aggregated Bungarotoxin (BTX) stain-
ing, which labels postsynaptic acetylcholine receptors, appeared in
close apposition to the presynaptic marker synapsin that was present
on iPSC-derived motor neurons, which was confirmed by confocal
analysis (Fig. 4J). In myocytes with no neurites contacts, the BTX
staining was diffusive. We conclude that iPSC-differentiated spinal
motoneurons are indeed functional.

Discussion
Ourpresent study shows that human iPSCsdifferentiate to theneural
lineage according to the same temporal program as that of hESCs.
Similarly, the iPSC-derived NEs, in response to a same set of ex-
tracellular molecules, differentiate to regional progenitors, which
further produce functional neurons. However, neural differentiation
of human iPSCs was variable and less efficient. Unexpectedly,
transgene-free iPSCsdidnot show improvedneural differentiation to
a level comparable with that of hESCs. Although these findings raise
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hopes of applying human iPSCs in modeling diseases and potential
autologous cell transplantation, they also suggest that the differ-
entiation of individual human iPSC lines are variable and unpre-
dictable, which does not seem to relate to the presence or absence
of transgenes.
Human iPSCs, by definition, should behave like hESCs in their

self-renewal and lineage differentiation. This was revealed in the
present study through a direct comparison of human iPSC and
hESCs on their neural differentiation. The temporal course and
gene-expression pattern during NE specification was nearly
identical between the two types of stem cells, regardless of if the
iPSCs were from adult or neonatal cells, if the iPSCs were gen-
erated by transfection with 3 or 4 genes (M3-6 vs. other lines in the
category reprogrammed with lentivirus), or if the iPSCs were
established with or without transgene integration (transgenic vs.
episomal lines). Even though the iPSCs originated from different
tissue sources such as foreskin or lung fibroblast, the iPSC-derived
NEs all uniformly bear a phenotype of anterior brain regions,
which is virtually the same as that for in hESCs differentiation.
Furthermore, human iPSC-derived NEs responded to morph-
ogens in the same manner as did hESC-derived NEs, and the
sequential neuron–glial differentiation is similar to that revealed
in hESC differentiation (6). Together, these findings provide
strong evidence that human iPSCs, like hESCs, differentiate into
the neural lineage after an intrinsic developmental program.
Anoticeable difference is the lower and variableNE and neuronal

differentiation efficiencies among the human iPSC lines. The lower
efficiency does not seem to stem from technical considerations,
because the iPSCsandhESCswere culturedanddifferentiatedunder
the same conditions and were initially morphologically and immu-
nologically indistinguishable from one another. Also, the reduced
efficiency is not caused by the differentiation protocol, because
addition of FGF2 or inhibition of SMAD, which are known to
enhance the neural differentiation of pluripotent stem cells (32, 33),
did not consistently improve the iPSC differentiation. During neu-
ronal differentiation, we also noticed that human iPSCs tended to
generatemoreOLIG2+ventral progenitors but relatively lessHB9+
postmitotic motoneurons (Fig. 4B). We have previously shown that
expression of OLIG2 is strictly dependent on SHH, (2, 6) and sus-
tained OLIG2 expression prevents the generation of HB9+ moto-
neurons (34). However, increasing RA to promote neurogenesis or
reducing SHH to accelerate cell-cycle exit did not increase themotor
neuron population, suggesting that progenies of human iPSCs may
respond toextracellular signalsdifferently fromthoseofhESCsor the
body at certain stages of differentiation. These phenomena again
suggest that individual human iPSC lines might be epigenetically
unique and predisposed to generate cells of a particular sublineage.
Cell differentiation is preprogrammed and coordinated by down-

regulation of pluripotent genes and concomitant up-regulation of
stage-specific lineage genes. During hESC differentiation to NE
cells,NANOGandOCT4are down-regulatedbeforePax6 becomes
highly expressed (25). Initially, we attributed the lower and variable
differentiation of iPSCs to transgene expression, because iPSCs
generated using lentiviruses or retroviruses showed residual trans-
gene expression (10, 11) that we believed inhibited the iPSCs from
efficiently differentiating. Thus, we expected that human iPSCs free
of transgene integration may overcome this drawback. However,
our present study clearly shows that removal of transgenes during
iPSC generation does not improve the low efficiency and variability
of neural differentiation.
Our findings that neural differentiation of human iPS cells follows

the intrinsic developmental program and that the neurons are
functional suggest that the human iPSCs are suitable for applications
that simply require generating certain cell types. For pathological
and related studies, such as modeling neural developmental dis-
orders, the variability and lowefficiencyofdifferentiationneeds tobe
taken into consideration. The fact that mouse iPSCs are capable of
germline transmission and tetraploid complementation (7, 8) shows

that iPSCs hold the pluripotent differentiation potential at least in
the blastocyst andovary/testis environment. In this regard,modifying
the culture environment for establishing and maintaining human
iPSCs may overcome the low and variable neural-differentiation
efficiency, particularly in light of the different culture systems that
have been employed for derivation of iPSCs andhESCs (23, 24). The
finding that neural-differentiation efficiency of some but not all lines
can be improved by applying extra neural inducers suggests that the
lower neural-differentiation efficiency cannot be explained by single
mechanisms, and different iPSC colonies are likely different during
derivation. From the application standpoint, additional criteria
besides the pluripotency assays (e.g., differentiation to target cell
types) may help select more uniform iPSCs.

Methods
Neural Differentiation from Human ESCs and iPSCs. Human ESCs (H1, H9, H13,
HSF-1.14, and ES103, passage 25–40) and human iPSC lines [iPS(IMR90)-1,
iPS(IMR90)-4, M4-8, M4-10, M3-6, DF4-3-7, DF6-9-9, DF6-9-12, DF19-9-7, DF19-
9-11, iPS-108, and iPS-109] (11, 16, 22–24) (SI Text and Table S1) were main-
tained and differentiated according to our previously established methods
(24–26) and acclimated to the same culture condition for several passages
before differentiation. Partially differentiated colonies were manually
removed (29) before differentiation analysis. After separation from feeder
cells and culture in suspension for 7 days, aggregates of human iPSCs or hESCs
were differentiated to primitive NEs in an adherent culture in the neural
medium consisting of DMEM/F12, N2 supplement, and nonessential amino
acid, as detailed (26, 29). Neural tube-like rosettes at day 15 of differentiation
were then detached mechanically and cultured in suspension in the same
medium. FGF2 or Nogginwere added to cultures for thefirst 15 days, SB43152
was added from day 0–5 according to published protocols (26, 33).

Neuron and Glial Differentiation. Primitive NE cultures were treated with or
without RA (100nM) fromday 10and SHH (100ng/mL) fromday 14.Onday 25,
neural progenitors were differentiated on a laminin substrate in the differ-
entiationmediumconsistingofneurobasalmedium,N2supplement,andcAMP
(1 μM). For motoneuron differentiation, the patterned progenitors were
adhered to laminin substrate and cultured in the presence of a mixture of
BDNF, glial cell-derived neurotrophic factor (GDNF), and IGF1 (10 ng/mL) (2,
29). For glia differentiation, progenitors were expanded in suspension for
another 2 months in a medium consisting of DMEM/F12, N1 supplement
(Sigma; 100ng/mL), and cAMP (1 μM), and for oligodendorcytes, T3 (60ng/mL),
platelet-derived growth factor-AA (PDGF-AA), insulin-like growth factor 1
(IGF1), and neurotrophin 3 (NT3), all at 10 ng/mL (6), were added. The pro-
genitors were then adhered to plastic (for astrocytes) or ornithine substrate
(for oligodendrocytes) and cultured for 7 days before immunocytochemical
analysis. For coculture, C2C12 myoblasts from the American Type Culture
Collection (ATCC) were differentiated for 2 days in DMEM containing 2% FBS.
hESC- or human iPSC-derived motoneuron clusters were then plated onto the
myocyte cultures, and the medium was changed to that for motoneuron dif-
ferentiation as described (2).

Immunocytochemistry and Microscopy. Immunofluorescence on coverslip
cultures was described previously (2, 6), and primary antibodies were listed in
Table S2. Acetylcholine receptors on differentiated C2C12 cells were labeled
with Alexa Fluor 594 conjugated α-bungarotoxin (BTX, Molecular Probes
Inc., Eugene, OR; 1:500) at 20 °C for 30 min (2). Images were obtained with a
Nikon TE600 fluorescent scope with a SPOT camera (Diagnostic Instruments)
or a Nikon C1 laser-scanning confocal microscope (2, 25).

Quantification and Statistics. Randomly selected region of interest (ROI) from
images of biological replicates were subjected to cell counting with a plug-in
of ImageJ. Statistical analyses were performed using t test or multiple
comparisons (Dennett) in R environment (R Development Core Team).

RNAExtractionandPCR.RNAwas extracted using the TRIzol reagent, and RT-PCRs
were performed in a two-stepway as described (25). Primers are listed in Table S3.

FACS. The whole cultures (adherent from day 7 to 15 and suspension cultures
before day 7 and after day 15) were trypsinized and stained for FACS. FACS
were performed with a Becton Dickinson FACSCaliber and analyzed with
CellQuest Pro (BD Biosciences) as described (25).
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Electrophysiological Recording. hESCs- or iPSCs-derived telencephalic neurons
andmotoneuronswere recordedwithpatch clampas described (28). Onepercent
neurobiotin was added to the intracellular solution. Current clamp and voltage
clamp recordings were performed using a MultiClamp 700B amplifier (Axon
Instruments). Signalswerefilteredat4kHzandsampledat10kHzusingaDigidata
1322A analog–digital converter (Axon Instruments). Data were acquired and
analyzed using pClamp software v.9 (Axon Instruments). Access resistance was

typically 8−15MΩ andwas typically compensated by 50−80%, but it was omitted
for miniature postsynaptic current analysis.
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