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ABSTRACT: Recent successes in deriving human-induced
pluripotent stem cells (hiPSCs) allow for the possibility of
studying human neurons derived from patients with neuro-
logical diseases. Concomitant inhibition of the BMP and TGF-
β1 branches of the TGF-β signaling pathways by the
endogenous antagonist, Noggin, and the small molecule
SB431542, respectively, induces efficient neuralization of
hiPSCs, a method known as dual-SMAD inhibition. The use
of small molecule inhibitors instead of their endogenous counterparts has several advantages including lower cost, consistent
activity, and the maintenance of xeno-free culture conditions. We tested the efficacy of DMH1, a highly selective small molecule
BMP-inhibitor for its potential to replace Noggin in the neuralization of hiPSCs. We compare Noggin and DMH1-induced
neuralization of hiPSCs by measuring protein and mRNA levels of pluripotency and neural precursor markers over a period of
seven days. The regulation of five of the six markers assessed was indistinguishable in the presence of concentrations of Noggin
or DMH1 that have been shown to effectively inhibit BMP signaling in other systems. We observed that by varying the DMH1 or
Noggin concentration, we could selectively modulate the number of SOX1 expressing cells, whereas PAX6, another neural
precursor marker, remained the same. The level and timing of SOX1 expression have been shown to affect neural induction as
well as neural lineage. Our observations, therefore, suggest that BMP-inhibitor concentrations need to be carefully monitored to
ensure appropriate expression levels of all transcription factors necessary for the induction of a particular neuronal lineage. We
further demonstrate that DMH1-induced neural progenitors can be differentiated into β3-tubulin expressing neurons, a subset of
which also express tyrosine hydroxylase. Thus, the combined use of DMH1, a highly specific BMP-pathway inhibitor, and
SB431542, a TGF-β1-pathway specific inhibitor, provides us with the tools to independently regulate these two pathways
through the exclusive use of small molecule inhibitors.
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Recently developed methods to derive patient-specific stem
cells (human-induced pluripotent stem cells, hiPSCs)

provide the scientific and medical community the tantalizing
possibility of developing experimental model systems using
fully differentiated human cells.1,2 hiPSCs are derived from
somatic cells such as fibroblasts or keratinocytes and, by
definition, can be differentiated into cell types representing all
three germ layers. Thus, cells such as myocardiocytes, red blood
cells, and several types of neurons, including dopaminergic and
GABAergic neurons, motor neurons, and neural crest cells have
been derived by manipulation of signaling pathways known to
play a role in the in vivo differentiation of these cell types.3−11

Signal transduction by the transforming growth factor-β
(TGF-β) superfamily members plays many diverse roles in the

maintenance as well as differentiation of hiPSCs. There are over
30 different vertebrate TGF-β superfamily ligands that can be
divided into two main groups, the TGF-β1 group (TGF-βs,
activins, and nodals) and bone-morphogenic protein (BMP)-
like ligands (BMPs, GDFs, and MIS).12,13 These ligands induce
the association of ligand-specific type I and type II cell surface
receptors upon binding, an interaction that activates type II
receptor to phosphorylate type I receptor, which then
propagates the signal by phosphorylating receptor-activated
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SMAD (R-SMADS) proteins. The TGF-β1- and BMP-like
ligands bind to different receptor complexes resulting in the
phosphorylation of SMAD 2/3 and SMAD1/5/8 proteins,
respectively.12,14 The maintenance of stem cell pluripotency
requires signaling through the TGF-β1-group pathway but
repression of the BMP pathway.15−18 Differentiation of stem
cells into various cell lineages can be achieved by differential
inhibition and/or activation of these two pathways.19−22 Recent
studies have shown that the combined inhibition of the BMP
and TGF-β1 pathways, a process termed dual-SMAD
inhibition, results in highly efficient conversion of hES and
hiPSCs into neural precursor cells.5,23

BMP and TGF-β1 ligands are opposed in vivo by
endogenous extracellular ligand trap proteins (antagonists)
such as Noggin, Follistatin, and Chordin.13,14 Recombinant
forms of these antagonists have been successfully used for the
differentiation of hiPSCs; however, the use of small molecules
in place of these recombinant proteins has several advantages.
For example, small chemical compounds can be produced
relatively cheaply, in large quantities and of high purity. In
addition, since they diffuse more readily into tissues and are
more stable, their effectiveness is more consistent than the
variable activity often observed with different lots of
recombinant proteins.

Here, we compare the formation of neural precursor cells
derived from hiPSCs with dual SMAD-inhibition using the
highly specific TGF-β1-inhibitor SB43154224 in combination
with either recombinant Noggin or DMH1, a recently
developed highly selective small molecule BMP-inhibitor.25

We assessed DMH1 and Noggin-induced mRNA and protein
expression levels of pluripotency and neuronal precursor
markers of 9 different hiPSCs lines, which were derived from
a control subject, two patients with compound heterozygous
PARK2 mutations, and a patient with tuberous sclerosis
complex (TSC) due to a TSC1 mutation. The expression of
all markers was similarly regulated by Noggin and DMH1.
SOX1 expression, however, was dependent on the concen-
tration of the BMP-inhibitors, DMH1 or Noggin. We
demonstrate that DMH-1-induced neural precursor cells are
competent to further differentiate into β3-tubulin and tyrosine-
hydroxylase expressing neurons. The combined use of
SB431542 and DMH-1 enables us to regulate the two TGF-β
signaling pathways independently in hiPSCs with the exclusive
use of small molecules.

■ RESULTS AND DISCUSSION
To ensure the successful use of hiPSC-derived neural
precursors or differentiated neurons for cell-based therapy or
drug discovery, standardized, chemically defined, and econom-

Figure 1. Pluripotency of hiPSC lines. (A) The expression of 5 pluripotency marker proteins (Nanog, SSEA-3, SSEA-4, TRA-1-60, and OCT4) was
assessed in all hiPSC lines derived from patients CA, SM, PM, and TSC-12 by immunocytochemistry. All lines showed expression of all five markers.
Shown here is the SM4 line derived from a patient SM. Scale bar = 200 μm. (B) Expression levels of six pluripotency markers were assessed in all
hiPSC lines by real time quantitative RT-PCR (qRT-PCR). mRNA levels are expressed relative to the levels measured for the human embryonic
stem cell line HES-2. The marker DNMT3B was not detectable in fibroblasts, except for the PM-fibroblast in which we measured very low levels. e =
endogenous; t = total (endogenous and viral expression) (shown are mean ± STD of 4 technical replicates). (C) Teratomas generated from hiPSC
contain cell lineages from all three germ layers with gastrointestinal structures (endoderm, scale bar = 100 μm), cartilage (mesoderm, scale bar = 200
μm), and neural rosettes (ectoderm, arrow heads, scale bar = 200 μm). (D) Embryoid bodies (CA6) were stained with antibodies against α-
fetoprotein (α-FP, endoderm), α-smooth muscle actin (αsm-actin, mesoderm), and β3-tubulin (ectoderm). The cultures were counter stained with
Hoechst dye (blue). Scale bars = 100 μm.
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ically affordable methods to derive these cells need to be
developed. Small molecule agonists/antagonists have the
advantages that they can be produced cheaply and in large
quantities, are stable, show increased tissue penetration, and
allow for xeno-free culture conditions. Here, we tested the
efficacy of DMH1, a highly selective, small molecule analogue
of dorsomorphin, to replace Noggin, the endogenous BMP-
antagonists for the neuralization of hiPSCs.
Generation and Validation of hiPSCs. The efficiency

with which neural precursors can be derived varies substantially
between hiPSC lines,26,27 and it is therefore necessary to assess
and validate methods of hiPSC differentiation in sufficiently
large sets of cell lines derived from different subjects. Thus, in
order to compare Noggin and DMH1-induced neuralization,
we tested nine different hiPSC-lines derived from four subjects
(Supporting Information, Table S1), three lines (CA4, CA6,
and CA8) from a control subject (CA), four lines (SM3, SM4,
SM5, and PM1) from two brothers, SM and PM, who share a
heterozygous compound PARK2 mutation, and two lines
(TSC-12B2 and TSC-12B4) from a patient (TSC-12) with
tuberous sclerosis complex (TSC). All lines were validated
using an array of assays. Immunofluorescence staining
confirmed the expression of the pluripotency markers OCT4,
NANOG, TRA-1-60, SSEA-3, and SSEA-4 in all cell lines used
in this study (Figure 1A and data not shown). mRNA levels of
the pluripotency markers OCT4, SOX2, KLF4, C-MYC, and
DNMT3B were determined by qRT-PCR and compared to
those of the human embryonic stem cell line HES-2 (Figure 1B

and data not shown). The pluripotency of the derived lines was
further examined by assessing their potential to differentiate
into cell lineages of all three germ layers in teratomas (CA6)
(Figure 1C) or in embryoid body-mediated differentiation
(CA6, TSC-12B2, and TSC-12B4) (Figure 1D). All hiPSC
lines were successfully differentiated into neural precursors. All
hiPSC lines showed normal karyotype except for CA8, which
was trisomic for chromosomes 12 and 21, and CA4, which was
mosaic with 13.3% of the cells having trisomy for the long
(20q) and monosomy for the short arm (20p) of chromosome
20, and 5% of the cells being trisomic for chromosome 8
(Supporting Information, Figure S1 and data not shown). We
determined hiPSC population doubling times during the
exponential growth phase by two independent methods in
each experiment in parallel. In one assay, cell numbers were
determined by counting cells with a cell counter. The other
assay was performed by measuring the fluorescence intensity of
lysed cells stained with PicoGreen, a dye that fluoresces when
bound to DNA. The doubling times determined by these two
methods were comparable and similar to values published for
other hiPSCs and hES cells (Supporting Information, Figure
S2).28,29

Comparison of Noggin and DMH1-Induced Neural
Precursor Formation. Assessment of Pluripotency and
Neural Precursor Marker Protein Expression. We next
compared the efficacy of DMH1, a highly selective, small
molecule analogue of dorsomorphin, and Noggin, the
endogenous BMP-antagonists, to induce neuralization of

Figure 2. Noggin and DMH1-induced regulation of OCT4, Nanog, and PAX6 protein expression. Expression of OCT4, Nanog, and PAX6 proteins
was assessed on days 1, 3, 5, and 7 of neuralization induced with SB431542 and either Noggin or DMH1. (A) Cells (SM3) were stained with
antibodies against OCT4, Nanog, and PAX6 and counterstained with Hoechst dye. Scale bar in = 100 μm. (B) The percentage of OCT4-, Nanog-,
and PAX6-positive cells was determined for days 1, 3, 5, and 7. (C) Noggin- and DMH1-induced PAX6 expression at day 7 is shown for eight cell
lines. PAX6 data for day 7 in B (SM3 and CA6) are the same as in C. Weak signal for some of the Hoechst stained cells resulted in a slight
underestimation of nuclei by automated cell counting, explaining the slightly greater than 100% PAX6 positive cells calculated for PM1. Shown are
the mean ± SEM, *p < 0.05.
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hiPSC via dual-SMAD inhibition. We used the highly specific
TGF-β1 inhibitor SB43154230 in combination with either
Noggin (500 ng/mL) or DMH1 (0.5 μM), concentrations that
have been shown to efficiently block BMP signaling.25,31,32 The
percentage of cells expressing the pluripotency marker proteins
OCT4 and Nanog was significantly reduced by day 3 in both
SM3 and CA6 cells (p < 0.05), while PAX6 expression was
significantly up-regulated by day 5 and day 7 in CA6 and SM3
cells, respectively (p < 0.05); these differences were
independent of the treatment (p > 0.05 for Noggin versus
DMH1: OCT4 F3,24 = 0.4085, Nanog F3,24 = 0.114, and PAX6
F3,24 = 1.775) (Figure 2A,B). In six of the eight cell lines
examined, neuralization with DMH1 and Noggin resulted in a
comparable percentage of PAX6 positive cells at day 7
regardless of the efficiency of PAX6 expression, which ranged
from ∼10−20% in the two cell lines with abnormal karyotypes
(CA4 and CA8) to 100% in the PM1 line (Figure 2C). In two
cell lines, SM5 and TSC-12B4, the number of PAX6 positive
cells was higher in cultures neuralized with Noggin (Figure
2C).
Assessment of Pluripotency and Neural Precursor Marker

mRNA Levels. In order to determine overall expression levels of
the above markers as well as additional neuralization markers,
we quantified mRNA levels of two pluripotency markers OCT4
and NANOG and four neural precursor markers (PAX6,
FOXG1, OTX2, and SOX1) by qRT-PCR over the first 7 days
of neural induction for all nine cell lines. The degree and time
frame of the down-regulation of the hiPSC markers OCT4 and
NANOG were similar in the presence of Noggin and DMH1 in
all nine cell lines examined (Figure 3A and data not shown).
Overall, we observed a 10−100-fold down-regulation of both
OCT4 and NANOG by day 7 of neuralization with DMH1 or
Noggin in all the cell lines, except CA4, where OCT4 levels
decreased to a lesser degree in the presence of both, DMH1
and Noggin (data not shown). Assessment of OCT4 and
NANOG levels at the cell line level at day 7 revealed less than
2.5-fold difference between cells neuralized with DMH1 and
Noggin (Figure 3 and Supporting Information, Figure S3).
Thus, the Noggin- and DMH1-induced down-regulation of the
pluripotency marker mRNAs was comparable for all the cell
lines we assessed.

The levels of PAX6 mRNA, an early neuroectoderm and
neuronal precursor marker, increased dramatically between
days 3 and 5 and then either increased at a slower rate or
remained constant from days 5 and day 7 in all nine cell lines
examined (Figure 3A and data not shown). The relative
difference of Noggin and DMH1-induced PAX6 levels was
small (<4-fold) for all cell lines and at all time points assessed
(Figure 3 and Supporting Information, Figure S3). Similarly,
mRNA levels of FOXG1 (also known as BF1), which, like
PAX6, regulates proliferation of telencephalic progenitors in the
early neural plate and tube,33,34 were elevated by day 5 in the
presence of Noggin or DMH1. The differences between
Noggin and DMH1-induced FOXG1 mRNA levels were small
(<3-fold) for all cell lines (Figure 3 and Supporting
Information, Figure S3). Levels of OTX2, a marker of fore-
and midbrain neural progenitors,35,36 were modestly increased
by day 3, continued to increase until day 5, and then leveled off
in most cell lines (Figure 3A and data not shown). Noggin and
DMH1-induced OTX2 expression levels were comparable and
differed by <5-fold for all cell lines and at all time points
assessed (Figure 3A and Supporting Information, Figure S3).
The degree and timing of the Noggin-induced marker
expression in our study replicated observations made by
other authors using Noggin-induced neuralizations of hES or
hiPS cells cultured and neuralized under very similar
conditions.5

Levels of SOX1, a marker of early neuroectoderm, rose
before PAX6 and were increased 10−100-fold by day 3 in all
cell lines except in CA4 in which SOX1 levels increased
minimally (Figure 3A and data not shown). While both Noggin
and DMH1 cause an increase of SOX1 expression by day 3, this
increase was smaller in the presence of DMH1 in all cell lines
(Figure 3A,B, Supporting Information, Figure S3, and data not
shown). In the presence of DMH1, SOX1 levels were down-
regulated again by day 5 and 7, whereas in the presence of
Noggin, SOX1 levels remained elevated, a difference that is
manifested by the significant differences in Noggin and DMH1-
induced SOX1 expression at days 5 and 7 (Figure 3A,B and
Supporting Information, Figure S3). Indeed, in all cell lines,
except CA4, Noggin-induced SOX1 levels were 10- to 100-fold
higher than DMH1-induced levels at day 7 (Figure 3B and

Figure 3. Noggin and DMH1-induced regulation of pluripotency and neural precursor marker mRNAs. (A) Expression of two hiPSC markers
(OCT4, Nanog) and four neural precursor markers (PAX6, SOX1, FOXG1, and OTX2) was assessed during neuralization using dual-SMAD
inhibition with SB431542 and either Noggin or DMH1 by qRT PCR over a period of 7 days. Shown are the mean values and 99.5% confidence
intervals for the cell line SM5 (n = 6), D = DMH1, and N = Noggin. (B) The averaged ratios of Noggin-induced/DMH1-induced marker mRNA
levels of all 9 cell lines are plotted for day 3, 5, and 7 of neuralization. Values >1 indicate higher levels in the presence of Noggin, while values <1
indicate higher expression in the presence of DMH1. Shown are the means ± SEM. Marker ratios were independent of time (day) but dependent on
the marker protein (*p < 0.001, n = 9).
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Supporting Information, Figure S3). Examination of all six
markers was replicated in independent experiments for lines
CA6 and SM3 (data not shown) confirming our observations
for all nine lines that SOX1 is the only marker that was
differentially regulated by Noggin and DMH1. The Noggin/
DMH1-induced expression level ratios of all cell lines were
averaged and plotted as a function of time (Figure 3B). Except
for SOX1, the ratios for all markers (transcription factors) on all
days were close to 1 (0.7 ≤ ratio ≤1.9) indicating that these
transcription factors are similarly regulated by Noggin and
DMH1. Two-way ANOVA shows a significant interaction
between the expression level of these markers and the day of
neuralization (F10,144 = 2.607). Bonferroni posthoc tests indicate
that the ratio of Noggin/DMH1-induced SOX1 expression
levels is significantly different from all the other markers at days
5 and 7 (*p < 0.001), while the ratios for all the other markers
were comparable at all time points (Figure 3B).
The differential regulation of SOX1 mRNA in the presence

of Noggin and DMH1 led us to examine this transcription
factor at the protein level in more detail. Similar to our
observations of SOX1 mRNA levels, the number of cells
expressing SOX1 protein at day 7 was dramatically higher in
cultures neuralized with Noggin than those with DMH1 (at 0.5
μM) (Figure 4A). In the majority of the cells, SOX1 expression
colocalized with PAX6 expression. Flow cytometric analyses
confirmed our qPCR and immunocytochemical observations
that SOX1-protein expression is higher in the presence of
Noggin, while PAX6-protein expression is comparable in the
presence of Noggin and DMH1 at 0.5 μM (Figure 4B).
The DMH1 concentration (0.5 μM) used has been shown to

effectively inhibit signaling of the BMP type-1 receptors ALK2
and ALK3 in other systems25,31 and, as described above, with
the exception of SOX1, regulates the expression of the
pluripotency and neuralization markers in a manner com-
parable to that of Noggin. In another set of experiments, we
tested if increasing the DMH1 concentration would alter SOX1
expression levels. Immunocytochemical (Figure 4A) as well as
flow cytometric analysis (Figure 4B) revealed a DMH1
concentration-dependent increase of SOX1 expression with a
10-fold increase of DMH1 (5 μM) resulting in a percentage of
SOX1 expressing cells comparable to the number observed in
cultures neuralized with Noggin (500 ng/mL), while PAX6
expression was not affected by DMH1 concentration (Figure
4). Increasing the DMH1 concentration to 10 μM further
increased the percentage of cells expressing SOX1 (Figure 4)
but caused significant cellular toxicity manifested in a much
lower cell density after 7 days of neural induction (Figure 4A).
These observations suggest that the expression of SOX1 can be
regulated independently of PAX6 by manipulating the DMH1
concentration during the neural induction of hiPSCs.
Next, we tested if SOX1 expression is similarly dependent on

the Noggin concentration. We exposed four of our cell lines to
DMH1 at 0.5 μM, Noggin at 500 ng/mL (the concentration
used in the above-described experiments), to a 10-fold lower
Noggin concentration (50 ng/mL), or a combination of DMH1
(0.5 μM) and 10-fold lower levels of Noggin (50 ng/mL).
Similarly to DMH1, reducing the Noggin concentration by a
factor of 10 resulted in a decrease in the number of cells
expressing SOX1 (Figure 5A,B). DMH1 (0.5 μM) combined
with a low concentration of Noggin (50 ng/mL) induced a
higher percentage of SOX1-positive cells than either DMH1
(0.5 μM) or low Noggin alone but did not reach the levels
observed with Noggin at 500 ng/mL (Figure 5). PAX6

expression was similar under all neuralization conditions, except

in the case of the cell line CA4, which showed reduced PAX6

expression in the presence of low Noggin (Figure 5). Together,

these data suggest that SOX1, but not PAX6 expression, levels

depend on the concentration of the BMP-antagonist used for

neural induction.

In a final set of experiments, we assessed the differentiation

potential of DMH1-induced neural progenitor cells and

demonstrate that they can be further differentiated into β3-

tubulin neurons, some of which coexpress tyrosine-hydroxylase

indicative of a dopaminergic fate (Figure 6).

Figure 4. DMH1 concentration dependent SOX1 expression. hiPSCs
were neuralized with DMH1 at 0.5 μM, 2 μM, 5 μM, 10 μM, or
Noggin (500 ng/mL) for 7 days. Control cells were cultured in
mTeSR medium for the same length of time. (A) The micrographs
show SM3 cells that were stained with antibodies against PAX6
(green) and SOX1 (red) and counterstained with Hoechst dye (blue)
at day 7 of neuralization. Scale bar = 100 μm. (B) PAX6- and SOX1-
positive CA6 and SM3 cells were quantified by flow cytometry (traces
shown are for CA6 cells). Relative frequencies of cells (y-axis) against
fluorescence intensity (x-axis) and the gating used for quantification
are plotted for each antibody. The percentage of PAX6 and SOX1
labeled cells for each treatment group and cell line are plotted in bar
graphs.
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■ CONCLUSIONS

Efficient and reproducible methods to differentiate hiPSCs into
specific cell types, such as neurons, are critical to ensure the
successful use of these cells for the study of human
developmental processes, cellular mechanisms underlying
human disease, or the development of drug screening
platforms. Here, we tested the efficacy of DMH1, a highly
selective, small molecule BMP-inhibitor to induce neuralization
of hiPSCs. We report that Noggin and DMH1-induced hiPSC
neuralization occurs within the same time frame and that the
derived neural precursor cells display a very similar tran-
scription factor expression profile. DMH1 is a highly specific
BMP-antagonist that inhibits signaling through ALK1, ALK2,
and ALK3 receptors, with negligible effect on the ALK6
receptor and no other off-target effects.25,31 Dorsomorphin and
LDN-193189, two other small molecule BMP-inhibitors, have
been used to neuralize hiPSCs;23,27,37−39 however, both of
these compounds have been shown to inhibit the BMP- as well
as the TGF-β1 branches of the TGF-β pathways23,31 and have
many additional targets including AMP-activated kinase
(AMPK),40,41 receptor tyrosine kinases for PDGF and VEGF,
and many other kinases.23,25,42,43 Thus, using DMH1 in
combination with SB431542 allows us for the first time to
inhibit the BMP- and TGF-β1 pathways specifically and
independently through the exclusive use of small molecules.
We observed that the number of neural precursor cells

expressing SOX1 increased with increasing concentrations of
DMH1 or Noggin, while PAX6 expression was independent of
the BMP-inhibitor concentrations examined. Levels and timing
of SOX1 expression have been reported to affect neural
development and neural lineage specification.44−48 Thus, our
observations highlight the importance of determining the
optimal small molecule concentration that results in appro-
priate expression levels and timing of all transcription factors
relevant for the differentiation of a specific neuronal lineage.

■ METHODS
hiPSC-Line Generation. Skin biopsies (3 mm) were obtained

from four different subjects (patient information is provided in
Supporting Information, Table S1) for the purpose of generating
hiPSCs via informed consent under a protocol approved by the
Vanderbilt Institutional Review Board. The tissue was cultured in
complete DMEM medium (Invitrogen, Inc., Carlsbad, CA) containing
10% FBS (Sigma, St. Louis, MO), penicillin/streptomycin, (Media-

Figure 5. Lowering the Noggin concentration results in a decrease of
SOX1 protein expression. Four different cell lines (CA4, CA6, SM3,
and SM5) were neuralized with DMH1 (0.5 μM, D), a low
concentration of Noggin (LN, 50 ng/mL), a combination of DMH1
and a low concentration of Noggin (50 ng/mL; DN), or a high
concentration of Noggin (500 ng/mL; N). (A) The cells were stained
with antibodies against PAX6 (green) and SOX1 (red), counterstained
with Hoechst dye (blue), and expression assessed by fluorescence
microscopy. Scale bar = 100 μm. (B) Cells stained for PAX6 and
SOX1 were quantified by flow cytometry. Relative frequencies of cells
(y-axis) against fluorescence intensity (x-axis) and the gating used for
quantification are plotted for each antibody and cell line. The
percentage of PAX6 and SOX1 labeled cells for each treatment group
and cell line are plotted in bar graphs.

Figure 6. DMH1-induced neural precursors can be differentiated into β3-tubulin, tyrosine-hydroxylase positive neurons. We further differentiated
DMH1-induced neural precursor cells into β3-tubulin (green), some of which expressed tyrosine-hydroxylase (red) positive neurons. Neurons
tended to occur in clusters (left panel). Higher magnification images (right panel) show coexpression of β3-tubulin in tyrosine-hydroxylase positive
neurons. Cultures were counterstained with Hoechst dye (blue). Scale bar in A = 100 μm and in B = 50 μm.
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tech, Inc., Manassas, VA), and nonessential amino acids (Sigma). After
14 days, the residual skin tissue was removed and the emerging dermal
fibroblasts propagated in the same medium. hiPSCs from patients
coded as CA, SM, PM, and TSC-12 were generated by adapting
published methods.49,50 In brief, fibroblasts were first transduced with
a lentivirus for the mouse receptor Slc7a1. This virus was produced in
293FT cells cotransfected with the pLenti6/UbC/mSlc7a1 plasmid
DNA (Addgene, Cambridge, MA) and ViraPower (Invitrogen) using
Lipofectamine 2000 (Invitrogen). The fibroblasts were subsequently
transduced with equal volumes of supernatants from PLAT-E cells that
had been transfected via Fugene 6 (Roche, Indianapolis, IN) with one
of the following plasmids: pMXs-hc-MYC, pMXs-hKLF4, pMXs-
hOCT3/4, or pMXs-hSOX2 (Addgene). Fibroblasts from subject CA
were transduced with 4 factors (OCT4, SOX2, KLF4, and cMYC) and
the fibroblasts from patients PM and SM with 3 factors (OCT4, SOX2,
and KLF4). Nine days after transduction, CA cells were seeded onto
SNL feeder cells (MMRC, UC Davis, CA) and cultured in hES
medium (DMEM/F12 (Invitrogen), 20% Knockout serum replace-
ment (Invitrogen), 2 mM Glutamax (Invitrogen), nonessential amino
acids (Sigma), penicillin/streptomycin (Mediatech), 55 μM β-
mercaptoethanol (Sigma), and recombinant human FGF-2 (Promega,
Madison, WI)). Six days after transduction, PM and SM cells were
plated onto Matrigel (BD Biosciences, San Jose, CA) coated plates and
cultured in hES medium containing LIF (10 ng/mL, Millipore,
Billerica, MA), PD0325901 (0.5 μM, Cayman, Ann Arbor, MI),
SB431542 (2 μM, Tocris, Ellisville, MO), and thiazovivin (0.5 μM,
Stemgent, Cambridge, MA).51 Fibroblasts from patient TSC-12 were
transduced on two consecutive days with lentiviral particles expressing
KLF4, OCT4, and SOX2 (Stemgent).52 Seven days after transduction,
the fibroblasts were seeded onto SNL feeder cells. After about 3−6
weeks, emerging hiPSC colonies were picked, plated on Matrigel (BD
Biosciences, Bedford, MA), and propagated in mTeSR1 medium
(StemCell Technologies, Vancouver, Canada).50

hiPSC-Line Validation. The expression of the pluripotency
markers OCT4, NANOG, SOX2, KLF4, DNMT3B, SSEA-3, SSEA-4,
and TRA-1-60 was confirmed by quantitative real time PCR and/or
immunofluorescence (see below). Total RNA from the hES-line HES-
253 was used for comparison (a gift from Dr. Mark Magnuson,
Vanderbilt University). Genetics Associates, Nashville, TN performed
the karyotype analyses using standard protocols with at least 20
metaphase spreads per cell line being screened for chromosomal
abnormalities. Pluripotency was assessed in vivo by injection of hiPSC
into immune-compromised mice using established techniques. Briefly,
approximately 1 × 106 CA6 hiPSCs were injected below the left kidney
of each mouse following a retroperitoneal incision from the back.
Teratoma development was monitored by ultrasound at one and two
months postinjection. All mice were euthanized 2 months post-
injection and the left kidney and associated teratomas dissected. The
tissue was fixed overnight in 4% paraformaldehyde and then
embedded in paraffin. Embryoid bodies were formed in AggreWell
800 plates (StemCell Technologies) according to the manufacturer’s
instructions. Briefly, hiPSC cultures were washed once with DMEM/
F12 medium (Invitrogen), dissociated with accutase (Innovative Cell
Technologies, San Diego, CA) for 7 min at 37 °C min, sedimented,
and the cell pellet resuspended in hES medium containing Rho
Associated Kinase (ROCK) inhibitor, Y-27632 (10 μM, Tocris). Two
milliliters of hES medium containing 3 × 106 cells were transferred
into each well of an AggreWell 800 plate and the plate centrifuged at
100g for 3 min at room temperature. After 24 h, the embryoid bodies
were dislodged by gentle pipetting and separated from single cells
using a reversible restrainer. Embryoid bodies formed in a single
AggreWell plate were resuspended in 12 mL of hES medium and
evenly distributed into a 24 well plate coated with 0.1% gelatin. After 6
days, embryoid bodies were fixed and prepared for immunofluor-
escence staining. For the determination of the doubling times, hiPSCs
were plated at low density (6000 cells per well of a 96 well plate) and
cell numbers determined every 24 h in four biological replicates for
four days by two independent methods: by automated cell counting
with a Cellometer AutoT4 cell counter (Nexcelom Biosciences LLC.,
Lawrence, MA) and by measuring fluorescence intensity of cells that

had been labeled with PicoGreen, a dye that binds to double stranded
DNA. Fluorescence intensity was assessed in three technical replicates
as described.54 A minimum of two independent experiments was
performed for each cell line, and doubling times (Td) were
determined while cells were in the exponential growth phase.

Neural Induction. hiPSC cultures were dissociated with accutase
(Innovative Cell Technologies) for 8 min, washed twice with mTeSR1
medium (StemCell Technologies) containing ROCK inhibitor, Y-
27632 (10 μM, Tocris), and plated at 6 × 103 cells per well of
Matrigel-coated 96 well plates in the same medium. When the cells
reached confluence (4−6 days) neuralization was initiated in
neuralization medium (Knockout DMEM/F12, 15% KSR, glutamax
(all from Invitrogen), penicillin/streptomycin (Mediatech), nones-
sential amino acids, and 55 μM β-mercaptoethanol (both from
Sigma)) containing 10 μM of SB431542 (Tocris) and either human
recombinant Noggin (R&D systems, Minneapolis, MN) or DMH1
that was synthesized as described.25 On days 5−7, the cells were
cultured in neuralization medium containing 25% N2-medium
(DMEM/F12, N2 supplement, and high D-glucose at a final
concentration of 4.5 g/L, all from Invitrogen) as described.5 Neural
precursor marker expression was assessed on days 1, 3, 5, and 7 by
quantitative real time PCR (qRT-PCR) and immunocytochemistry as
described below.

Neuronal Differentiation. Dopaminergic neurons were derived as
described previously with minor modifications.5,55 At day 5 of neural
induction SB431542 was omitted, while 0.5 μM DMH1 was continued
until day 11, and increasing amounts of N2-medium were combined
with neuralization medium such that day 5/6, 7/8, and 9/10 media
contained 25%, 50%, and 75% N2-medium, respectively. As of day 11,
the cells were kept in 100% N2-medium. From days 5−11, sonic
hedgehog (200 ng/mL, SHH-C24II) was included in the medium, and
day 9−11 medium also contained recombinant human BDNF (20 ng/
mL), recombinant mouse FGF-8b (100 ng/mL), and ascorbate (200
μM). From day 12 on, the N2-medium was supplemented with BDNF
(20 ng/mL), recombinant human GDNF (20 ng/mL), recombinant
human TGFβ-3 (1 ng/mL) (all growth factors were obtained from
R&D Systems), ascorbate (200 μM), and dcAMP (0.5 mM, both from
Sigma). Differentiation was terminated and neurons fixed at days 21−
28.

Quantitative Real Time PCR (qRT-PCR). For validation of
hiPSC-lines, total RNA from hiPSC-lines was prepared using the
RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. To determine mRNA levels of pluripotency and neural
precursor markers, mRNA was prepared using the mRNA Catcher
Plus kit (Invitrogen) according to the manufacturer's descriptions.
Isolated mRNA was then reverse transcribed into cDNA on a
Mycycler Thermal Cycler (Bio-Rad, Hercules, CA) using SuperScript
III First-Strand Synthesis System (Invitrogen) according to the
protocol provided by manufacturer except that the concentration of
the superscript III enzyme was reduced 5-fold. qRT-PCR was
performed with Power SYBR Green Master Mix (Applied Biosystems,
Carlsbad, CA) on an ABI 7900HT fast real-time PCR detection
system (Applied Biosystems, Carlsbad, CA). Primer sequences used
are provided in Supporting Information, Table S2. The expression of
the housekeeping genes GAPDH, PGK1, UBC, and ACTIN were
assessed and ACTIN and UBC expression found to be the most
consistent; measured mRNA levels were all normalized to the
expression of ACTIN mRNA levels.

Immunofluorescence. The cells were fixed in PBS containing 4%
paraformaldehyde for 30 min at room temperature. After permeabi-
lization with 0.2% Triton-X100 for 20 min at room temperature, cells
were incubated in PBS containing 5% donkey serum and 0.05%
Triton-X100 for 2 h at room temperature or overnight at 4 °C. The
following primary antibodies were used: Nanog (1:20, R&D Systems),
Oct4 (1:200, Millipore,), Pax6 (1:200, Covance, Emeryville, CA), Sox1
(1:50, R&D Systems), SSEA-3 (1:500, Millipore), SSEA-4 (1:500, BD
Biosciences), Tra-1-60 (1:200, Millipore), Tu-20 (1:500, Millipore),
tyrosine-hydroxylase (1:500, Pel-Freez, Rogers, AR), α-fetoprotein
(1:100, R&D Systems), desmin (1:100), α-smooth muscle actin
(1:80), GATA4 (1:200), and Foxa2 (1:500) (all from Abcam,
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Temecula, CA). Secondary antibodies conjugated to DyLight 488
(1:200), DyLight 549 (1:400), or DyLight 649 (1:200) (Jackson
ImmunoResearch, West Grove, PA) were used. Images were Obtained
with a Zeiss ObserverZ1 microscope and AxioVs40 software (version
4.7.2). To quantify neural precursor marker expression, four images of
each of 4 replicate cultures per condition were acquired with a 10×
objective (EC Plan-NeoFluar 10×/0,3) and cell numbers determined
using ImageJ plugin ITCN (Image Based Tool for Counting Nuclei).
A total of 40,000 cells for each experimental condition were counted.
Flow Cytometry. Neural precursor cells were removed from the

culture surface by treatment with accutase (Innovative Cell
Technologies) for 10 min and were then triturated with a 1 mL
glass pipet to obtain a single cell suspension. The cells were fixed in 2%
paraformaldehyde in PBS for 12 min, permeabilized in 0.2% Triton-
X100 in PBS for 30 min on ice, and then incubated with Alexa Fluor
488-conjugated mouse antihuman PAX6- and PE-conjugated mouse
anti-Human SOX1 antibodies (BD Biosciences) for 30 min on ice.
The samples were analyzed on a Custom Becton Dickson five-laser
Fortessa analytical cytometer using BD FACSDiva acquisition (BD
Biosciences) and FlowJo analysis software (Tree Star, Inc., Ashland,
OR). A total of 10,000 events were acquired and analysis restricted to
live single cell events determined by light scatter properties.
Statistical Analysis. Comparisons of the relative changes in

marker mRNA levels were performed by testing for nonoverlap of the
99.5% confidence intervals to account for multiple comparisons using
Microsoft Excel 2008. All other comparisons of marker expression
levels were assessed by ANOVA using GraphPad Prism software
(version 5.0b, La Jolla, CA 92037). Pair-wise posthoc analyses were
done by t test with a Bonferroni multitesting correction. The alpha
level for all analyses was set at p < 0.05.
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