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ABSTRACT

Human pluripotent stem cells (PSCs) are a promising cell resource for various applications in regen-
erative medicine. Highly efficient approaches that differentiate human PSCs into functional lineage-
specific neurons are critical for modeling neurological disorders and testing potential therapies. Pro-
neural transcription factors are crucial drivers of neuron development and hold promise for driving
highly efficient neuronal conversion in PSCs. Here, we study the functions of proneural transcription
factor Atoh1 in the neuronal differentiation of PSCs. We show that Atoh1 is induced during the neu-
ronal conversionofPSCsand thatectopicAtoh1expression is sufficient todrivePSCs intoneuronswith
high efficiency. Atoh1 induction, in combination with cell extrinsic factors, differentiates PSCs into
functional dopaminergic (DA) neurons with >80% purity. Atoh1-induced DA neurons recapitulate
keybiochemical andelectrophysiological featuresofmidbrainDAneurons, thedegenerationofwhich
is responsible for clinical symptoms in Parkinson’s disease (PD). Atoh1-induced DA neurons provide
a reliable disease model for studying PD pathogenesis, such as neurotoxin-induced neurodegenera-
tion in PD. Overall, our results determine the role of Atoh1 in regulating neuronal differentiation and
neuron subtype specification of human PSCs. Our Atoh1-mediated differentiation approach will en-
able large-scale applications of PD patient-derivedmidbrain DA neurons in mechanistic studies and drug
screening for both familial and sporadic PD. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:888–898

INTRODUCTION

Human pluripotent stem cells (PSCs), including
embryonic stem cells (ESCs) and induced pluripo-
tent stem cells (iPSCs), exhibit unique character-
istics such as indefinite self-renewal capacity
and multilineage differentiation potential. Hu-
man PSCs, especially patient-derived iPSCs, hold
enormous promise for various applications in re-
generative medicine, including diseasemodeling,
drug development, and cell replacement therapy
[1–3]. In order to fully use these patient-specific
iPSCs in regenerative medicine, highly efficient
differentiation strategies are required to drive
iPSCs into desired lineages and generate func-
tional cell progenies, such as various subtypes
of neurons. Current protocols for differentiating
human PSCs into lineage-specific neurons (e.g.,
dopaminergic [DA] neurons) are based on embry-
oid body formation, stromal feeder coculture, se-
lective survival conditions, or inhibitors of SMAD
signaling [4–8]. These PSC-derived neurons have
allowed scientists to study molecular mecha-
nisms underlying various neurological disorders,
test potential drugs, and optimize strategies for

cell replacement therapy. However, current neu-
ron differentiation protocols for PSCs involve
months of stem cell culture procedures and mul-
tiple reagents, which cause significant variation,
especially for researchers who have limited prac-
tice in PSC culture and desire functional neurons
at high purity for disease-in-a-dish models. A
broad desire for a robust system to generate
human PSC-derived neurons motivated us to
develop a highly efficient strategy to generate
lineage-specific functional neurons using the pro-
neural transcription factor Atoh1.

ATOH1 (themammalian homologofDrosoph-
ila Atonal) belongs to the proneural transcription
factors of the basic helix-loop-helix family [9, 10].
Proneural transcription factors are crucial in driv-
ing the acquisition of a generic neuronal fate and
regulating neuronal subtype specification during
development [9, 11]. Atoh1 proteins form heter-
odimers with E proteins, and these heterodimers
function as transcriptional activators by binding E
box motifs (CANNTG) in the regulatory regions of
their target genes [10, 12]. Atoh1 is a key regula-
tor of neurogenesis, governing the differentiation
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of various neuronal lineages, including cerebellar granule neu-
rons, brainstem neurons, inner ear hair cells, and numerous com-
ponents of the proprioceptive and interoceptive systems, as well
as some non-neuronal cell types [13–17]. Atoh1 can activate cru-
cial neurogenic transcription factors, such as NeuroD1, NeuroD2,
NeuroD6, Nhlh1, and Nhlh2, to initiate a neuronal differentiation
program that later becomes self-supporting and Atoh1-
independent [10]. Certain members of the proneural transcrip-
tion factor family, such as ASCL1, Ngn2, and NeuroD1, have been
successfully used to generate neurons from both PSCs and so-
matic cells [18–22]. However, the role of Atoh1 in the neuronal
differentiation and neuron subtype specification of human
PSCs is largely unknown, and, as a result, Atoh1-based strate-
gies for the neuronal conversion of human PSCs are still
unavailable.

Here, we show that Atoh1 is induced during the neuronal dif-
ferentiationof humanPSCs. By transiently inducing ectopicAtoh1
expression, we are able to efficiently convert PSCs into neurons.
Atoh1 induction, in combination with two neural patterning
morphogens (Sonic Hedgehog [SHH] and fibroblast growth factor
8b [FGF8b]), leads to rapid and highly efficient conversion of PSCs
into DA neurons that recapitulate key biochemical and electro-
physiological features of primary midbrain DA neurons. We also
demonstrate that Atoh1-induced DA neurons serve as a reliable
model for analyzing 6-hydroxydopamine (6-OHDA)-induced neu-
rotoxicity in human midbrain DA neurons. Because most symp-
toms of Parkinson’s disease (PD) result from the degeneration
of midbrain DA neurons located in the substantia nigra [23],
Atoh1-induced DA neurons provide an in vitro neuron model
for mechanistic studies and drug testing for PD.

MATERIALS AND METHODS

Cell Culture

The human H1 ESC line was obtained from WiCell Research
Resources (WiCell Research Institute, Madison, WI, http://
www.wicell.org). The human iPSC line ND27760 (passages
25–30)wasderived fromhuman skin fibroblasts fromaPDpatient
with a SNCA triplication that were obtained from the Coriell Cell
Repositories (Camden, NY, http://ccr.coriell.org). Cell reprogram-
mingwasperformedusinganonintegrating 4 factor (SOX2/OCT4/
KLF4/MYC) Sendai virus system (CytoTune-iPS Reprogramming
Kit; Life Technologies, Rockville, MD, http://www.lifetech.com).
The pluripotency of this iPSC line has been characterized by
immunocytochemistry for pluripotent cell markers (NANOG,
OCT4, TRA-1-60, and SSEA-3) and embryoid body differentiation.
Human ESCs and iPSCs were maintained as feeder-free cultures
in Essential 8 medium (Life Technologies) or mTESR1 medium
(StemCell Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) in5%CO2/95%air conditions at 37°C andwerepas-
saged using dispase (Life Technologies). Karyotype analysis of
G-banded metaphase chromosomes was performed to confirm
the chromosomal integrity of these ESCs and iPSCs. All experi-
ments involving human stem cells were performed with the ap-
proval of the Johns Hopkins Medicine Institutional Review
Boards.

Lentiviral Transduction

Human Atoh1 cDNAwas constructed using high-fidelity polymer-
ase chain reaction (PCR) kit (Roche, Indianapolis, IN, http://www.

roche.com) and cloned into pTRIPZ vector (Thermo Scientific)
with AgeI and MluI. The Trans-Lentiviral Packaging System
(Thermo Scientific) was used for lentivirus packaging. Cells were
infected by lentivirus at an multiplicity of infection of 5 for 24
hours with the addition of TransDux virus infection solution (Sys-
tem Biosciences). Stable cell lines were established by puromycin
selection (0.5mg/ml). All recombinant DNA and lentivirus experi-
mentswereperformed following theNational Institutes ofHealth
guidelines.

Cell Differentiation and Cryopreservation

To measure Atoh1 expression during the neuronal conversion
of human PSCs, cells were differentiated following a dual-SMAD
inhibition protocol [7]. Noggin in this protocol was replaced by
LDN193189 (100 nM; Stemgent, Cambridge, MA, https://www.
stemgent.com).

For the Atoh1-induced neuron differentiation protocol, cells
were plated (83 104 cells per cm2) on Matrigel (BD Biosciences,
SanDiego, CA, http://www.bdbiosciences.com) in Essential 8me-
dium (Life Technologies) with the ROCK inhibitor (Y-27632, 10mM;
Stemgent). Atoh1was induced by doxycycline (0.5mg/ml; Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) in culture
medium from day 1 to day 5. From day 1 to day 3, cell cultureme-
diumwas changed every day and gradually shifted from Essential
6 medium (Life Technologies) to N2 medium (Dulbecco’s modi-
fied Eagle’s medium/F-12 medium with N2 supplement; Life
Technologies). Cells were cultured in N2 medium until day 7, dis-
sociated using Accutase (Sigma-Aldrich), and replated (3 3 105

cells per cm2) on dishes precoated with poly-D-lysine (1 mg/ml)
and laminin (1mg/ml) using neuron culture medium (Neurobasal
mediumwith B27 supplement, brain-derived neurotrophic factor
[20 ng/ml; PeproTech, Rocky Hill, NJ, http://www.peprotech.
com], glial cell line-derived neurotrophic factor [20 ng/ml; Pepro-
Tech], transforming growth factor typeb3 [1 ng/ml; R&DSystems
Inc., Minneapolis, MN, http://www.rndsystems.com], ascorbic
acid [0.2 mM; Sigma-Aldrich], dibutyryl cAMP [0.5 mM; Sigma-
Aldrich], and g-secretase inhibitor DAPT [10 mM; Stemgent]).
From day 8 to day 36, half of the cell culture mediumwas replen-
ished every 3–4 days. For Atoh1-induced DA neuron differentia-
tion protocol, the protocol above was modified by adding SHH
(SHH C25II, 100 ng/ml; R&D Systems) and FGF8b (100 ng/ml;
PeproTech) from day 1 to day 5.

Atoh1-induced DA neuron precursors at differentiation day 7
were dissociated using Accutase. Then, 13 106 cells were cryo-
preserved in 1 ml of freezing medium (40% Neurobasal medium
with B27 supplement, 50% fetal bovine serum, and 10% DMSO)
using a freezing container (Nalgene) in 280°C for 24 hours and
stored in liquid nitrogen.

Quantitative Real-Time PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen).
Reverse transcription was performed using murine leukemia
virus reverse transcriptase (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com) and oligo(dT) primers.
Quantitative real-time PCR (qRT-PCR) was performed using SYBR
Green PCR Master Mix (Applied Biosystems) and the IQ5 RT-PCR
detection system (Bio-Rad, Hercules, CA, http://www.bio-rad.
com). All primer sequences are listed in supplemental online
Table 1. Relative expression of each gene was normalized to
the 18S rRNA.
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Western Blot

Total cellular proteins were extracted with RIPA buffer (Sigma-
Aldrich) containing a protease and phosphatase inhibitor cocktail
(Calbiochem, San Diego, CA, http://www.emdbiosciences.com).
SDS-polyacrylamide gel electrophoresis was performed with
50 mg of total cellular proteins per lane using 4%–12% gradient
Tris-glycine gels (Lonza, Walkersville, MD, http://www.lonza.
com). Western blot was performed using a QuantitativeWestern
Blot System (LI-COR Biosciences, Lincoln, NE, http://www.licor.
com/) following the manufacturer’s instructions. The primary
antibodies were: mouse anti-FALG M2 (Sigma-Aldrich), rabbit
anti-Atoh1 (Millipore, Billerica, MA, http://www.millipore.com),
and mouse anti-b-actin (Sigma-Aldrich). Secondary antibodies
were labeledwith IRDye IRdyes, andprotein levelswerequantified
with Odyssey IR Imaging System (LI-COR Biosciences).

Immunofluorescence and Cell Counting

Differentiated cells were fixed in 4% paraformaldehyde/1% su-
crose in phosphate-buffered saline (pH 7.4) at room temperature
and blocked with 5% normal goat serum and 0.2% Triton X-100.
Primary antibodies (listed in supplemental online Table 2) were
diluted in 5% normal goat serum and incubated with samples
overnight at 4°C. Cy3- andAlexa Fluor 488-labeled secondary anti-
bodies were applied for 2 hours. Samples were counterstained
with 49,6-diamidino-2-phenylindole (DAPI) andmounted on glass
slides using ProLong antifade kit (Life Technologies).

The percentage of marker-positive cells was determined in
samples derived from at least three independent experiments.
In Adobe Photoshop software, images from10 randomly selected
fields were used for counting the number of DAPI-positive cells
expressing a specific marker.

Electrophysiological Recordings

Voltage-clamp or current-clamp recordings were performed at
35°C in a chamber perfused with regular artificial cerebrospinal
fluid (124 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2,
1 mMNaH2PO4, 26.2mMNaHCO3, 20mM glucose, pH 7.4, equil-
ibrated with 95% O2 and 5% CO2, ∼310 mosm), which flowed at
4ml/minute. Patch electrodeswerepulled fromborosilicate glass
and had resistances of 2–4.0MVwhen filled with an intracellular
solution (135 mM KMeSO4, 5 mM KCl, 5 mM HEPES, 0.25 mM
EGTA-free acid, 2 mM Mg-ATP, 0.5 mM GTP, 10 mM
phosphocreatine-tris, pH 7.3, ∼290 mosm).

Neurons were identified using a 310 objective mounted on
an upright microscope with transmitted light, and their neuronal
somatawere then visualized through a340water immersion ob-
jective using IR differential interference contrast optics. The cell
somatic recordings were made using an Axopatch 200B amplifier
in combination with pClamp 9.0 software (Molecular Devices).
Neuronswere voltage-clamped at280mV.Rseries andRinput were
monitored using a 2.5-mV 100-ms depolarizing voltage step in
each recording sweep. Current traces were filtered at 5 kHz, dig-
itized at 10 kHz using a Digidata 1322A interface, and stored for
off-line analysis. Leak andcapacitative currentswere correctedby
subtracting a scaled current elicited by a +2.5-mV step from the
holding potential.

For current clamp recording, the same Axopatch 200B ampli-
fierwas used; whole-cell modewas achieved initially in the voltage
clamp configuration. Then the recordingwas switched into current
clamp mode. The resting membrane potential was monitored for

more than 5minutes. The experimentwas discontinued if the rest-
ing membrane potential becamemore positive than240mV. The
action potential was continually monitored for 5 minutes, and if
therewasnothreshold change, the reagentperfusioncommenced.
All reagents were bought from Sigma-Aldrich except tetrodotoxin
(TTX; Abcam, Cambridge, U.K., http://www.abcam.com) and
ML252 (Vanderbilt Center for Neuroscience Drug Discovery,
Nashville, TN, http://www.vcndd.com/index.php).

High-Performance Liquid Chromatography Analysis

On day 36 of differentiation, mediumwas replaced by Hanks’ bal-
ancedsaline solutionbufferwith theadditionof56mMKCl (200ml
per well in 24-well plates) and incubated for 15 minutes at 37°C.
Mediumwas collected and centrifuged (15,000g for 15minutes at
4°C) to clear cell debris. Sampleswere immediately frozen in liquid
nitrogen and stored at280°C. For high-performance liquid chro-
matography (HPLC) analysis, samples were thawed and concen-
trated using a vacuum (Savant SDP 121P; Thermo Fisher
Scientific, Waltham, MA, http://www.thermofisher.com) con-
nected with refrigerated vapor trap (Savant RVT 5105; Thermo
Fisher Scientific), and the freeze-dried sampleswere resuspended
in 10 mM perchloric acid. Monoamines were analyzed by HPLC
electrochemical detection by dual channel Coulochem III electro-
chemical detector (model 5300; ESA Inc., Chelmsford,MA, http://
www.esainc.com), and monoamines were separated by using a
reverse phase C18 column (3-mm 3 150-mm C-18 RP-column;
Acclaim Polar Advantage II; Thermo Fisher Scientific) with a flow
rate of 0.600 ml/minute. Monoamine concentrations were
quantified by comparison of the area under the curve to known
standard dilutions.

6-OHDA Treatment in DA Neurons and Lactate
Dehydrogenase Analysis

Neuron culture mediumwas changed to Neurobasal medium be-
fore treatment. 6-OHDA was freshly prepared in vehicle solution
(0.15% ascorbic acid in H2O) and quickly added to the neuron cul-
ture. Control cells were treated with vehicle solution alone. After
15 minutes at 37°C, the medium was removed, and the neurons
were gently washed twice with Neurobasal medium. Two
hundred microliters of neuron culture medium (Neurobasal
medium with B27 supplement) was added to each well and fur-
ther incubated for 24 hours. Cytotoxicity induced by 6-OHDA
was measured using a lactate dehydrogenase (LDH) cytotoxicity
detection kit (Roche) following the manufacturer’s instructions.
The percentage of cytotoxicity was calculated using the following
equation: Cytotoxicity (%) = (Experiment value 2 Low control)/
(High control2 Low control)3 100, where low control indicates
culture medium, and high control indicates total cell lysate.

Data Analysis and Statistics

All results reported here represent at least three independent
replications. Statistical analysis was performed using Prizm soft-
ware (GraphPad, San Diego, CA, http://www.graphpad.com).
Post hoc tests included the Student’s t test and the Tukeymultiple
comparison tests as appropriate. All of the data are represented
as mean values 6 SEM.

For neurophysiological recordings, the recorded data were
first visualized with Clampfit 9.2 and exported toMATLAB (Math-
works, Natick, MA, http://www.mathworks.com) for further
analysis and plotting. The recording traces are visualizedwith Igor
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6.0 (WaveMetrics, Portland, OR, http://www.wavemetrics.com).
All group data are reported as means 6 SD except otherwise
stated.

RESULTS

Atoh1 Is Induced During the Neuronal Differentiation of
Human PSCs

We followed a dual-SMAD inhibition protocol [7] for differentiat-
ing human iPSCs into neurons. Differentiated cells first expressed
neurectodermal marker (PAX6) and neural rosette marker (NES-
TIN) at day 10 of differentiation (Fig. 1A, left). Mature neurons at
day 40 of differentiation expressed neuronal marker b-Tubulin III
(TUJ1) andMAP2 (Fig. 1A, right).We further examined theexpres-
sion of various markers at differentiation days 0, 10, and 20 by
qRT-PCR, which confirmed the inhibition of pluripotency marker
(NANOG) and the induction of neural markers (PAX6, Ngn2, and
NEUROD1) (Fig. 1B). Next,weexaminedAtoh1expression byqRT-
PCR and found that ATOH1was induced at differentiation days 10
and 20 when compared with undifferentiated cells (Fig. 1B).
Western blotting also confirmed the induction of Atoh1 protein
at differentiation day 20 (Fig. 1C). These data suggested that
Atoh1 is involved in the neuronal conversion of human PSCs,
which warranted further study.

Ectopic Atoh1 Expression Induces Highly Efficient
Neuronal Conversion of Human PSCs

To address whether Atoh1 induction is sufficient for the neuronal
differentiation of human PSCs, we established a lentivirus-
mediated gene delivery system to achieve doxycycline (Dox)-
inducible Atoh1 expression in human PSCs. We constructed
a Tet-On lentiviral vector that harbors human Atoh1 transgene
with N-terminal FLAG tag (Fig. 2A). Human iPSCs and ESCs were
infected with Atoh1 lentivirus to establish stable cell lines
(Atoh1-iPSC andAtoh1-ESC) after puromycin selection. Dox treat-
ment for 48hours inAtoh1-iPSCs inducedAtoh1expression asde-
termined by immunoblotting against FLAG tag, and transgenic
Atoh1 expression was turned off after Dox withdrawal (Fig. 2B).
Immunostaining against FLAG tag also confirmedAtoh1 induction
after 3-day Dox treatment and the silencing of Atoh1 transgene
after Dox withdrawal for 3 days (Fig. 2C).

Next, we induced ectopic Atoh1 expression in PSCs for neu-
ronal differentiation following a protocol outlined in Figure 2D

(also see details in Materials and Methods). Atoh1-iPSCs were
maintained in a feeder-free culture system, and Atoh1 was in-
duced by Dox for 5 days to drive neuronal conversion. After Dox
withdrawal, neuronal precursorswere passaged and allowed to
furthermature in vitro. On differentiation day 6, Atoh1 induced
robust expression of the neuronal differentiation marker TUJ1,
which was not detected in Dox-untreated cells (Fig. 2E). On day
7, cells were dissociated and replated on surfaces precoated for
neuron culture. Two days after cell passaging, Atoh1-induced
cells adhered and formed neuronal processes. In contrast, con-
trol cells failed to attach or grow in neuron culturemedium (Fig.
2F). After further maturation in vitro for 30 days, Atoh1-
induced neurons coexpressed the synaptic vesicle protein
Synapsin and neuronal marker (TUJ1), demonstrating the es-
tablishment of synaptic terminals and neuronal maturation
(Fig. 2G). We also replicated these results in Atoh1-ESC, in
which Atoh1 also initiated the neuronal differentiation process
and generated mature neurons (supplemental online Fig. 1).

To further optimize the Atoh1-mediated differentiation
strategy,we askedwhat is theminimum timeof Atoh1 induction
for successful neuronal conversion. Equal numbers of Atoh1-
iPSCs received different durations of Dox treatment (1–5 days),
after which cells were replated and allowed to mature in vitro
for additional 30 days. Cells with Dox treatment for 1 day failed
to attach after replating. In contrast, Dox treatment for 2–5 days
successfully differentiated iPSCs into neurons expressing TUJ1
andMAP2 (supplemental online Fig. 2). By quantifying the num-
ber of TUJ1+/MAP2+ neurons, we found that longer Atoh1 in-
duction time did not increase the purity of Atoh1-induced
neurons (Fig. 2H) but did significantly increase the yield of neu-
rons, especially when comparing Atoh1 induction for 4–5 days
to 2-day induction (Fig. 2I). To compare the level of neurogenic
signaling before and after silencing ectopic Atoh1 expression,
we treated Atoh1-iPSCs with Dox for 2 days and then withdrew
Dox for 3 days (Fig. 2J, 2K). As determined by qRT-PCR, Atoh1
showed 49-fold up-regulation after Dox treatment and de-
creased after Dox withdrawal. Two neurogenic transcription
factors (NEUROD1 and Ngn2) showed six- and fivefold induc-
tion, respectively, in response to Atoh1 induction. After Dox
withdrawal, their expression did not decrease but increased fur-
ther to 261- and 189-fold higher than control cells, respectively.
These results suggest that ectopic Atoh1 expression in PSCs ini-
tiates a neurogenic program that becomes self-sustaining after
the withdrawal of ectopic Atoh1.

Figure 1. Atoh1 is induced during the differentiation of human pluripotent stem cells into neurons. (A):Human induced pluripotent stem cells
(iPSCs)weredifferentiated intoneurons following thedual-SMAD inhibition protocol. By day10ofdifferentiation, cells expressedneural lineage
markers (PAX6 and NESTIN). By day 40 of differentiation, iPSC-derived neurons expressed neuronal markers (TUJ1 andMAP2). Cell nuclei were
counterstainedwith DAPI. Scale bars = 50mm. (B, C):Markers for pluripotent cells (NANOG), neural (PAX6), and neuronal (Ngn2 andNEUROD1)
lineages were analyzed by quantitative real-time polymerase chain reaction (qRT-PCR) during iPSC differentiation at days 0, 10, and 20. Atoh1
expression was analyzed by qRT-PCR (B) and Western blotting (C). The data represent means6 SEM. p, p, .01 compared with day 0. Abbre-
viation: DAPI, 49,6-diamidino-2-phenylindole.
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To determine the subtype specification of Atoh1-induced
neurons, we characterized neurons induced from Atoh1-iPSCs
with various neuron subtype markers (Fig. 3). By day 36 of differ-
entiation, ∼35% of Atoh1-induced neurons expressed tyrosine
hydroxylase (TH), the rate-limiting enzyme in DA synthesis and
a widely used DA neuron marker. Less than 10% of total cells
expressed glutamate decarboxylase (GAD67) and serotonin,
markers for GABAergic and serotonergic neurons, respectively.
Glutamatergic neurons expressing vesicular glutamate trans-
porter 1 were not detected in Atoh1-induced neurons.

Atoh1-Mediated Differentiation of Human PSCs Into
DA Neurons

We found that ectopic Atoh1 expression preferentially drives the
differentiation of human PSCs to TH-expressing neurons,

suggesting a DA lineage specification. Two morphogens (SHH
and FGF-8b) for neural patterning have been widely used to drive
DA lineage specification during the neuronal conversion of hu-
man PSCs [5, 7, 24, 25].We combined Atoh1 inductionwith these
twomorphogens to differentiate PSCs into DAneurons, following
a protocol outlined in Figure 4A. Ectopic Atoh1 expression alone
induced multiple DA neuron markers, such as FOXA2, NURR1,
LMX1A, OTX2, Ngn2, TH, dopamine transporter (DAT), and
VMAT2, most of which were further upregulated significantly
by combining Atoh1 induction with SHH and FGF-8b (Fig. 4B).
At day 36 of differentiation, Atoh1-induced neurons derived from
both iPSCs and ESCs coexpressed the neuronal marker (TUJ1) and
the DA neuron marker (TH) (Fig. 4C; supplemental online Fig. 3).
The Atoh1-mediated protocol yielded DA neurons from human
iPSCs and ESCswith 82%68%and 84%69%purity, respectively,

Figure2. Ectopic Atoh1expressiondrives neuronal conversion in inducedpluripotent stemcells (iPSCs). (A):Diagramof the lentiviral vector for
Dox-inducible Atoh1 expression. (B): Dox controls the on/off switch of Atoh1 expression. Human iPSCs were infected with lentivirus harboring
Dox-inducible Atoh1. Stable Atoh1-iPSCs after puromycin selection were treated with or without Dox for 48 hours and transferred to Dox-free
medium. Whole cell lysates collected on each indicated time point were subjected to immunoblot using anti-FLAG antibody. (C): Atoh1-iPSCs
were treated with Dox (+Dox) for 3 days and changed to Dox-free medium (Dox withdrawal) for 3 days. Cells were immunostained with FLAG
antibody. (D): Diagram of Atoh1-induced neuron differentiation protocol. Atoh1 is induced by Dox from days 1 to 5. (E): Immunostaining from
cell cultures at differentiation day 6 shows TUJ1 expression in Atoh1-induced cells but not in control cells. (F): Bright-field microscope images
show cell adhesion and neuronal process formation in Atoh1-induced cells on differentiation day 10. (G): Immunostaining shows the coexpres-
sionof TUJ1and Synapsin inAtoh1-inducedneuronsondifferentiationday36. (H, I):During a5-day timeperiod, an equal number ofAtoh1-iPSCs
received different lengths of Dox treatment (from 1 to 5 days). After being matured for 30 days, cells were immunostained against neuronal
marker TUJ1andMAP2. Thepercentageof TUJ1+/MAP2+ cells overDAPI+ cells and the total numberof TUJ1+/MAP2+ cellswerequantified in 10
random-selectedmicroscopic fields (p,p, .01 comparedwith cells that had 4- and 5-dayAtoh1 induction). (J, K):Atoh1-iPSCswere treatedwith
Dox for 2days and returned toDox-freemedium for 3days (J). The expression of Atoh1,NEUROD1, andNgn2wasmeasured byquantitative real-
timepolymerase chain reaction in control, Atoh1 induction, andAtoh1 silencing samples (p,p, .01 comparedwith control). In (C) and (E–G), cell
nuclei were counterstainedwithDAPI. Scale bars = 20mm. Thedata representmeans6 SEM. Abbreviations: Con, control; DAPI, 49,6-diamidino-
2-phenylindole; Dox, doxycycline; FLAG-Atoh1, FLAG-tagged Atoh1; IRES, internal ribosome entry site; Puror, puromycin selection marker;
rtTA3, reverse tet-transactivator; TRE, tet-inducible promoter; UBC, human ubiquitin C promoter.

892 Atoh1 Drives Highly Efficient Neuronal Conversion

©AlphaMed Press 2014 STEM CELLS TRANSLATIONAL MEDICINE

http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2013-0213/-/DC1


as determined by the percentage of TH+/TUJ1+ cells over DAPI+
cells (Fig. 4D).

In order to store Atoh1-induced DA neurons, Atoh1-induced
DA neuron precursor cells (NPCs) at differentiation day 7 were
cryopreserved, and these cells showedhigh viability andneuronal
morphology upon being recovered from cryopreservation and
cultured for 7 days (Fig. 4E). From 1 3 106 iPSCs, the Atoh1-
mediated protocol generated 4.7 3 106 DA NPCs and yielded
2.7 3 106 or 1.4 3 106 DA neurons after direct cell passaging
or cryopreservation, respectively (Fig. 4F).

Next, we analyzed the expression of midbrain DA neuron
markers in Atoh1-induced neurons. By differentiation day 36,
these neurons expressed the midbrain DA neuron markers
FOXA2, NURR1, Engrailed 1 (EN1), TH, G protein-regulated
inward-rectifier potassium channel 2 (GIRK2), and DAT (Fig.
5A–5E), which are also expressed inmidbrain DA neurons located
in substantia nigra pars compacta. These Atoh1-induced DA neu-
rons show extensive TUJ1+ nerve fiber growth and robust expres-
sion of synaptic vesicle protein Synapsin (Fig. 5E). GABAergic
(GAD67+) or serotonergic (serotonin+) neurons were not
detected in Atoh1-induced neurons derived from iPSCs, and un-
differentiated iPSCs (SOX2+ or OCT4+) were also not detected
(supplemental online Fig. 4).

Functional Characterization of Atoh1-Induced
DA Neurons

We asked whether Atoh1-induced DA neurons exhibit key phys-
iological properties of mature midbrain DA neurons. Dopamine
release was quantified in Atoh1-induced DA neurons at differen-
tiation day 36. HPLC analysis demonstrated the release of
dopamine and its metabolites evoked by KCl depolarization
(Fig. 5F, 5G).

It has been well established that midbrain DA neurons are
pacemaker neurons that discharge spontaneously at a rate be-
tween 1 and 10 Hz with an average rate of 4.5 Hz [26–30]. To test
whether Atoh1-induced DA neurons display similar electrophys-
iological properties to primary midbrain DA neurons, we per-
formed patch-clamp recording in Atoh1-induced DA neurons
(n = 57) derived from human iPSCs at differentiation days
36–49 (Fig. 6A). In voltage-clampexperiments, the series input re-
sistance of theseAtoh1-inducedDAneuronswas 7.763MV; the
input resistance was 295.86 174.5 MV, and the average resting
membrane potential was 75.36 9.9mV.Of these neurons, 64.9%
showed spontaneous spiking activity (Fig. 6B; n = 37) with an am-
plitude of 66.16 18.3 mV and a mean frequency of 6.26 4.7 Hz

(Fig. 6C;n=37).Of theseneurons, 26.3%dischargedactionpoten-
tials during current injection either by depolarization or hyperpo-
larization (n = 15), and only 8.7% (n = 5) of these neurons did not
have typical actionpotential either bypositive or negative current
injection.

We further investigated the maturation of intrinsic ion chan-
nels in Atoh1-inducedDAneurons. As shown in Figure 6D,we first
injected current (70 pA) into a neuron to depolarize the mem-
brane potential. This induced a train of action potentials
(Fig. 6D, top), which were completely blocked by the sodium
channel blocker TTX (0.5 mM, 5 minutes of administration; Fig.
6D,middle). This effectwas reversed by TTXwashout, after which
the action potentials recovered in 17 minutes (Fig. 6D, bottom).

Midbrain DA neurons have been found to also have KCNQ
potassium channels that contribute to their tonic spontaneous
activity, andduringhyperpolarization theseneuronsdisplay a typ-
ical sag in voltage [31]. Here, we injected negative current to hy-
perpolarize the membrane of Atoh1-induced neurons (Fig. 6E).
This negative current injection produced hyperpolarization sag
and rebound action potentials that resemble the tonic spontane-
ous spiking activity. Both events were blocked by ML252 (5 mM,
a KCNQ2 inhibitor) [32]. We further investigated the voltage-
sensitive sodium and potassium currents in voltage-clamp
mode by elevating membrane potentials to different levels
(Fig. 6F, left). After the treatment of sodium and potassium chan-
nel inhibitors (TTX [0.5mM]and 4-AP [25mM], respectively), both
sodium and potassium currents are significantly attenuated
(Fig. 6F, right).

Atoh1-Induced DA Neurons Are Sensitive to
6-OHDA Treatment

6-OHDA is a neurotoxin widely used to induce neurotoxicity
both in vivo and in vitro to model DA neuron loss in PD patho-
genesis [33–35]. In neuron cultures from the substantia nigra of
neonatal rat brains, 6-OHDA treatment at 40 mM causes selec-
tive DA neuron loss without affecting GABA neurons [33]. Here,
we tested the response of Atoh1-induced DA neurons to
6-OHDA treatment. 6-OHDA treatment (40 and 100 mM) for
15minutes causedmorphological signs of neuron death, includ-
ing cell condensation and neurite fragmentation (Fig. 7A), and
neuron death was also confirmed by LDH cytotoxicity assay
(Fig. 7B). Thus, Atoh1-induced DA neurons derived from human
iPSCs are sensitive to 6-OHDA treatment at a concentration that
selectively damages primary DA neurons isolated from substan-
tia nigra.

Figure 3. Neuron subtype specification in Atoh1-induced neurons. (A): Atoh1-induced neurons derived from Atoh1-induced pluripotent stem
cells were allowed to mature in vitro, and cells at differentiation day 36 were immunostained with antibodies detecting dopaminergic (TH),
GABAergic (GAD67), serotonergic (serotonin), and glutamatergic (VGluT1) neuron subtypes. Cell nuclei were counterstained with DAPI. Scale
bars = 50mm. (B): Immunostainedneurons from10 random-selectedmicroscopic fieldswere counted to calculate the percentage of TH+,GAD67+,
serotonin+, andVGluT1+ cells overDAPI+ cells. Thedata representmeans6 SEM.Abbreviations:DAPI, 49,6-diamidino-2-phenylindole; N.D., not
detected; TH, tyrosine hydroxylase; VGluT, vesicular glutamate transporter 1.
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DISCUSSION

Human iPSCs provide a unique cell resource for establishing
patient-specific disease models and for testing potential thera-

pies. Because of the limited resource of human neurons,

lineage-specific neurons derived from human iPSCs are the most

desirable cells for modeling various neurological disorders, such

as midbrain DA neurons for PD, striatal GABAergic neurons for

Huntington’s disease, and cholinergic motor neurons for

amyotrophic lateral sclerosis [1]. It is critical to develop highly ef-
ficient protocols for neuronal conversion in PSCs, to translate cur-
rent iPSC-derived neuron models from small-scale laboratory
applications to large-scale personalized drug testing platforms.
Proneural transcription factors are core drivers of neurogenesis,
and multiple members in this family (e.g., ASCL1, Ngn2, and Neu-
roD1) have been used to differentiate PSCs into neurons and
more recently transdifferentiate somatic cells into neurons
[1, 19, 20, 22, 36, 37].Wenowshow that Atoh1 is a highly efficient

Figure 4. Ectopic Atoh1 expression and cell extrinsic factors induces dopaminergic (DA) neurons from PSCs. (A): Diagram of DA neuron dif-
ferentiation induced by Atoh1, SHH, and FGF8b. (B): Atoh1-iPSCs were differentiated by Atoh1 induction alone or in combination with SHH and
FGF8b. The expression of DA lineagemarkerswas analyzed by quantitative real-time polymerase chain reaction using cells at differentiation day
6. Control cells followed the same differentiation protocol but did not receive Dox treatment. Atoh1 induction in combination with SHH and
FGF8bmore robustly induced DA lineagemarkers than Atoh1 alone or untreated cells. The data represent means6 SEM. p, p, .01 compared
withAtoh1 alone;♦,p, .01 comparedwith control. (C, D):Atoh1-iPSCswere differentiated following the protocol shown in (A). Atoh1-induced
neurons at differentiation day 36were immunostained for neuronalmarker (TUJ1) andDA neuronmarker (TH). Cell nuclei were counterstained
with DAPI. Scale bars = 20 mm. TH+/TUJ1+ DA neurons derived from Atoh1-iPSCs and Atoh1-ESCs from 10 random-selected microscopic fields
were counted to calculate the percentage of TH+/TUJ1+ cells over DAPI+ cells. The data represent means6 SEM. (E): Bright-field microscope
image of Atoh1-induced iPSC-derived DA neurons 7 days after being recovered from cryopreservation. Scale bars = 20 mm. (F): Atoh1-iPSCs
(1 3 106) were differentiated following the protocol shown in (A). Cells were counted to calculate the number of NPCs (differentiation day
7), DA neurons (differentiation day 14), and post-thaw DA neurons (frozen at differentiation day 7 and cultured 7 days after cryopreservation).
Abbreviations: Atoh1+S/F, Atoh1 induction in combination with SHH and FGF8b; DAPI, 49,6-diamidino-2-phenylindole; DAT, dopamine trans-
porter; ESC, embryonic stem cell; FGF, fibroblast growth factor; iPSC, induced pluripotent stem cell; NPC, neuron precursor cell; SHH, Sonic
Hedgehog; TH, tyrosine hydroxylase.
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driver for neuronal conversion in PSCs, and Atoh1 induction in
combination with cell extrinsic factors rapidly differentiates hu-
man PSC to functional DA neurons at high purity.

Multiple proneural transcription factors (e.g., ASCL1, Ngn2,
andNeuroD1) areactivatedduring theneuronal conversionofhu-
man PSCs, which initiate and sustain a neurogenic transcriptional
network [24]. We identified Atoh1 as a proneural transcription
factor that is also upregulated during this neuronal conversion
process. By using a Tet-On gene expression system to transiently
induce ectopic Atoh1 expression in PSCs, we found that Atoh1 in-
duction alone is sufficient for highly efficient neuronal conversion
in PSCs.We further determined that 2days is theminimal amount
of time and that 4–5 days is ideal for transient Atoh1 induction to
achieve successful neuronal conversion in PSCs. Several studies
have suggested that Atoh1 and other proneural transcription fac-
tors are able to activate aneurogenic transcription factor network
that over time becomes self-supporting. We also found that the
neurogenic transcription factor NeuroD1 and Ngn2were induced
by ectopic Atoh1, and their expression was sustained after the
silencing of exogenous Atoh1. This demonstrates that Atoh1-
induced neuronal differentiation program in PSCs can become
self-supporting and independent of exogenous Atoh1. It is note-
worthy to mention that although exogenous Atoh1 was not de-
tectable by Western blotting after Dox withdrawal, Atoh1
expressiondidnot return tobaseline. This result is consistentwith

ourprevious result in Figure1Bshowing thatendogenousAtoh1 is
upregulated during the neuronal conversion of PSCs. The persis-
tence of endogenous Atoh1 expression can be explained by the
evidence that Atoh1 protein binds to its own enhancer to estab-
lish an autoregulation loop for maintaining its expression [38].
Overall, our results support the mechanism that transient Atoh1
expression in PSCs can activate a cell intrinsic program for neuro-
nal commitment (a neuroprogramming process). This process
might share similar features to somatic cell reprogramming, in
which transient expression of reprogramming transcription fac-
tors induces the remodelingof epigeneticmarkers anddrives cells
into a self-sustaining pluripotent status [39]. The epigenetic dy-
namics during this neuroprogramming process warrants further
studies, and a deep understanding of this process might lead to
more potent approaches for converting both PSCs and somatic
cells into neurons.

Proneural transcription factors have been shown to coordi-
nately control the acquisition of a generic neuronal fate and
the neuron subtype specification [9]. The functions of proneural
transcription factors during neural development are strongly
influenced by the spatial and temporal context includingmultiple
modifiers such as transcriptional cofactors and cell extrinsic fac-
tors [11]. Atoh1 has been found to drive the differentiation of nu-
merous neuronal populations (e.g., cerebellar granule neurons,
spinal cord neurons, and inner ear hair cells), as well as diverse

Figure 5. The expression of midbrain DA neuron markers and dopamine release in Atoh1-induced neurons. (A–E): Atoh1-induced pluripotent
stem cells were differentiated following the protocol shown in Fig. 4A. DA neurons at differentiation day 36 were immunostained for midbrain
DAneuronmarkers (FOXA2,NURR1, EN1, TH,GIRK2, andDAT) andmatureneuronmarker (Synapsin). Cell nucleiwere counterstainedwithDAPI.
The arrows and arrowhead in (E) indicateDAT+ andDAT2neurons, respectively. Scale bars = 20mm. (F, G):Representative HPLC chromatogram
(F) and quantification (G) of DA and itsmetabolites (DOPAC, 3-MT, andHVA) released fromAtoh1-induced DA neurons at differentiation day 36
in response to KCl-evoked depolarization for 15minutes. The data representmeans6 SEM (n = 2). Abbreviations: DA, dopaminergic; DAPI, 49,6-
diamidino-2-phenylindole; DAT, dopamine transporter; DOPAC, 3,4-dihydroxy-phenylacetic acid; GIRK2, G protein-regulated inward-rectifier
potassium channel 2; HVA, homovanillic acid; 3-MT, 3-methoxytyramine; TH, tyrosine hydroxylase.
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non-neuronal cell types (e.g.,Merkel cells and intestinal secretory
lineages) [13–17], suggesting that the functions of Atoh1 depend
on specific developmental contexts. When ectopic Atoh1 was
expressed in the context of human PSCs, we detected a high per-
centageof neurons expressing theDAmarker TH, andmultipleDA
neuron markers were induced in response to ectopic Atoh1 ex-
pression. Moreover, SHH and FGF8b, two neural patterning
morphogens for DA specification further promoted the

expression of DA neuron markers and increased the efficiency
of Atoh1-induced DA neuron conversion. These results suggest
that Atoh1-induced neurons respond to extrinsic factors for gen-
erating lineage-specific neurons. A recent report shows that in
embryonic bodies derived from mouse ESCs, Atoh1 induction in
combination with extrinsic factors promotes the generation of
cerebellar granule neurons [40]. Atoh1 induction has also been
found to induce inner ear hair cell-like cells from mouse

Figure 6. Electrophysiological properties of Atoh1-induced dopaminergic (DA) neurons. (A): Differential interference contrast image of
a patched Atoh1-induced DA neuron. Scale bar = 20 mm. (B, C): Atoh1-induced DA neurons derived from Atoh1-iPSCs showed spontaneous
spiking activity. This cell has a resting membrane potential of265 mV (B) (a zoomed view is shown in the right panel) and an average spiking
frequencyof 4.8Hz (C) (left panel). The spontaneous spiking frequencies from37neuronswereplotted in the right panel of (C)with themeans6
SEMmarked inside. (D):Whole cell current-clamp recording of action potentials evoked by 70pA current injection (top panel). Action potentials
were suppressed by sodium channel blocker (TTX) (middle panel). Action potentials recovered after TTX withdrawal (bottom panel). (E): An
hyperpolarized injection of current (0.2 nA) evoked hyperpolarization and rebound tonic spiking. A typical hyperpolarization sag was observed
in the upper panel, which was dampened by ML252 (5 mM, a KCNQ2 inhibitor, lower panel). (F): Voltage-clamp recording of Atoh1-induced
neurons. Depolarized sodium and potassium currents were evoked by elevation the membrane potential to different levels (left panel). Both
sodium and potassium currents were attenuated by sodium and potassium channel inhibitors (TTX [0.5 mM] and 4-AP [25 mM], respectively).
Abbreviations: ACSF, artificial cerebrospinal fluid; TTX, tetrodotoxin.

Figure7. Neurotoxicity inducedby6-OHDA inAtoh1-induceddopaminergic (DA)neurons. (A):Atoh1-inducedDAneuronsderived fromAtoh1-
iPSCs at differentiation day 36were treated with 6-OHDA for 15minutes. Bright-field microscope images show themorphological signs of neu-
ron death at 24 hours after treatment. Scale bar = 100mm. (B): Cell deathwas quantified by LDH cytotoxicity assay. The data representmeans6
SEM (n = 3). p, p , .01 compared with control. Abbreviations: LDH, lactate dehydrogenase; 6-OHDA, 6-hydroxydopamine.
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ESC-derivedembryonic bodies [41].Overall, it is possible toderive
different neuron subtypes fromhumanormouse PSCs by control-
ling the temporal induction of Atoh1 in various differentiation
stages of PSCs and combining Atoh1 induction with different cell
intrinsic and extrinsic factors (e.g., neuron subtype-specific tran-
scription factors or morphogens). Other proneural transcription
factors also show this plasticity in specifying various neuron
subtypes. For example, ASCL1 has been used to generate
glutamatergic/GABAergic, DA, and cholinergic neurons [18–21].

Weestablished ahighly efficient Atoh1-mediated approach for
generating lineage-specific functional neurons from human PSCs.
Inducible Atoh1 transgene was delivered using a single-vector
Tet-On lentivirus and is stable in PSCs after .15 passages with
puromycin selection (data not shown). Atoh1-induced DA neuron
cultures derived from human iPSCs and ESCs showed.80% pan-
neuronal purity and.80% DA subtype purity. This protocol yields
DA neurons from PSCs with a rate of return of.250% or.100%
after the cryopreservation ofAtoh1-inducedNPCs. The cryopreser-
vation of Atoh1-induced DA NPCs will enable us to establish
patient-specific DA neuron banks. After in vitro maturation,
Atoh1-induced DA neurons expressed midbrain DA neuron
markers (such as GIRK2, NURR1, FOXA2, and DAT) and exhibited
robust synapse formation. The functional maturation of these
DA neuronswas further confirmed by DA release and spontaneous
spiking activity. Overall, Atoh1-induced DA neurons derived from
human iPSCs recapitulatekey featuresofprimarymidbrainDAneu-
rons,making this Atoh1-mediated approachparticularly applicable
for PD modeling using patient-derived iPSCs. It has been reported
thatprimaryDAneuronsbutnotGABAergic neurons, fromthe sub-
stantia nigra of neonatal rat brains are sensitive to 6-OHDA treat-
ment at low concentration (40 mM) [33]. We also demonstrated
that Atoh1-inducedDAneurons showed similar 6-OHDA sensitivity
to primary midbrain DA neurons, supporting that Atoh1-induced
DA neurons can serve as a reliable neurotoxicity model for PD.

Because of the use of genome-integrating lentivirus for ec-
topic Atoh1 expression, our Atoh1-induced DA neurons will not
be optimal for cell replacement therapy. However, we found that
transient Atoh1 expression for 3–5 days is sufficient for highly ef-
ficient neuronal conversion in PSCs. Thus, nonintegrating viruses
(e.g., adenovirus and Sendai virus) should be suitable to over-
come the limitation because of using lentivirus. More recently,
multiple virus-free systems based on mRNA or protein delivery
have been established to generate transgene-free human iPSCs
[42–44], and these approaches can be applied to generate
transplant-ready Atoh1-induced DA neurons. It is also notewor-
thy that chemical compounds that induce Atoh1 expression
have been identified and patented (patent publication number
US20090232780A1), thus providing another potential method
for Atoh1 induction in PSCs that warrants further testing.

CONCLUSION

Atoh1 is a potent driver for highly efficient neuronal conversion in
human PSCs. Atoh1 induction in combination with cell extrinsic
factors differentiates PSCs into functional DA neurons in high pu-
rity. Atoh1-induced DA neurons derived from human iPSCs reca-
pitulate key features of primarymidbrainDAneurons andprovide
a useful cell model for studying the pathogenesis of both familial
PD and, more importantly, sporadic PD and testing potential PD
therapies.
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