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ABSTRACT

Current protocols for in vitro differentiation of human induced pluripotent stem cells (hiPSCs) to
generate dopamine (DA) neurons are laborious and time-expensive. In order to accelerate the
overall process, we have established a fast protocol by expressing the developmental transcription
factors ASCL1, NURR1, and LMX1A. With this method, we were able to generate mature and func-
tional dopaminergic neurons in as few as 21 days, skipping all the intermediate steps for inducting
and selecting embryoid bodies and rosette-neural precursors. Strikingly, the resulting neuronal
conversion process was very proficient, with an overall efficiency that was more than 93% of all the
coinfected cells. hiPSC-derived DA neurons expressed all the critical molecular markers of the DA
molecular machinery and exhibited sophisticated functional features including spontaneous elec-
trical activity and dopamine release. This one-step protocol holds important implications for in vitro
disease modeling and is particularly amenable for exploitation in high-throughput screening
protocols. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:473—479

INTRODUCTION

Dopamine (DA) neurons are key regulators of
emotional behavior and motor coordination in
vertebrates. In humans, the degeneration of the
DA neurons of the midbrain substantia nigra (A9)
leads to Parkinson’s disease (PD), which is the
second most common neurodegenerative dis-
ease [1]. Great efforts are in place to understand
the molecular mechanisms that trigger PD, tak-
ing advantage of human genetics [2] and animal
modeling [3, 4]. However, a better comprehen-
sion of PD pathological mechanisms would cer-
tainly be accelerated if a renewable culture sys-
tem of human DA neurons were accessible. With
this aim, in the past decades immortalized cell
lines were used [5], but they are far from repli-
cating DA neurons’ physiological properties. Pri-
mary cultures from aborted fetuses are not read-
ily available, and the fraction of DA neurons in
these cell preparations is very low [6]. In this sce-
nario, human induced pluripotent stem cells
(hiPSCs) [7, 8] provided an unprecedented tool
for a straightforward and renewable source of
human neurons from healthy and diseased do-
nors [9]. Importantly, recent studies have dem-
onstrated how hiPSC-derived DA neurons from

PD patients could be advantageous in modeling
disease-specific molecular mechanisms [10-12].

In order to obtain human embryonic stem cell
(hESC)- and hiPSC-derived DA neurons, several dif-
ferentiation protocols have been described that
are based on embryoid body formation [13], cocul-
ture with feeder stromal cells [14], or neurosphere
generation [15]. Moreover, genetic strategies, such
as transcription factor (TF) overexpression, have
been developed to further enhance the efficiency
of hESC and hiPSC differentiation into DA neurons
[16, 17]. However, all these protocols require sev-
eral intermediate steps and many different cell cul-
ture conditions [10, 15, 18, 19]. Moreover, these
protocols are extremely laborious and time-con-
suming, in particular when hiPSC-derived DA neu-
rons are expected to acquire evident functional
properties.

We previously reported that mouse and hu-
man fibroblasts can be directly reprogrammed into
dopaminergic-like neuronal cells by the combined
expression of the three cell lineage TFs ASCL1,
NURR1 (NCBI: NR4A2), and LMX1A (ANL). Forced
expression of these TFs is sufficient to convert fi-
broblasts into functional DA neurons without pass-
ing through a stage of pluripotent or neuronal stem
cells [20, 21]. Although mouse fibroblasts can be
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Figure 1. Differentiation of IMR90-hiPSCs into DA neurons after ANL overexpression. (A): Schematic representation of the one-step differ-
entiation protocol. DA neurons are characterized after 14 DIV from viral transduction. (B=G): Immunocytochemical analysis for TH and
Blli-tubulin in ANL-infected (B—D) and Ctrl (E-G) IMR90-hiPSC-derived neurons. (H): Quantification of TH™/BllI-tubulin™ and Blil-tubulin/
4’ 6-diamidino-2-phenylindole (DAPI) yield. (1, J): High magnification of Blll-tubulin/TH immunostaining highlights a more differentiated
morphology in IMR90-hiPSC-derived neurons infected with ANL (J) when compared with control (l). (K, L): Comparison of neurite length and
number between ANL and control conditions. The nuclei are stained with DAPI. Scale bars = 100 um (B—G) and 20 wm (I, J). Student’s t test
was used. *, p < .05; **, p < .01. Abbreviations: ANL, ASCL1, NURR1, and LMX1A; Ctrl, control; DA, dopamine; DIV, days in vitro; hiPSCs,
human induced pluripotent stem cells; TH, tyrosine hydroxylase; BllI-tub, Blll-tubulin.

reprogrammed at high efficiency (15% final yield) and in a short time
window (2 weeks), human fibroblasts are significantly more resis-
tant to undergoing neuronal reprogramming (<4% final yield).
Here, we asked whether a similar strategy could be applied to
hiPSCs and compared its outcome with that obtained with somatic
cells. Therefore, we describe a straightforward one-step protocol
for differentiating hiPSCs into DA neurons based on the overexpres-
sion of the three cell lineage-specific TFs ASCL1, NURR1, and LMX1A

MATERIALS AND METHODS

See supplemental online data for details.

RESULTS

Efficient Differentiation of hiPSCs Into DA Neurons by

(ANL) [20]. We have applied this protocol to hiPSCs derived from
fetal (IMR90) and PD patient adult fibroblasts, and in both cases we
obtained a high number of tyrosine hydroxylase-positive (TH*) neu-
rons, which showed dopaminergic and midbrain markers after 2
weeks and robust functional properties from 21 days.

©AlphaMed Press 2013

Forcing Expression of ASCL1, NURR1, and LMX1A

hiPSCs were generated (with 0.01% efficiency) by reprogram-
ming IMR90 fetal fibroblasts by retroviral-mediated overexpres-
sion of SOX2, OCT4, and KLF4 according to the protocol devel-
oped by Yamanaka and colleagues [7, 8] (without using MYC) and
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tested for pluripotency by morphological analysis (supplemental
online Fig. 1A, 1B) and pluripotency marker expression (alkaline
phosphatase, NANOG, SOX-2, OCT 3/4, TRA-1-60, and SSEA-4)
(supplemental online Fig. 1C—1H; supplemental online Tables 2,
3). To functionally test pluripotency in vitro, hiPSCs were vali-
dated for stemness markers and their multilineage differentia-
tion ability (mesoderm, ectoderm, and endoderm) (supplemen-
tal online Fig. 11-1L).

Thus, we optimized infections of hiPSCs with lentiviruses ex-
pressing the three reprogramming TFs and the doxycycline-in-
ducible reverse tetracycline transactivator. hiPSCs were pre-
treated with ROCK inhibitor [22], selectively harvested from
feeder cells by collagenase treatment, and dissociated to single
cells by incubation with Accutase (Life Technologies, Rockville,
MD, http://www.lifetech.com). hiPSCs were then infected in sus-
pension with the lentiviral cocktail for 4 hours, washed, and
plated on either Matrigel-coated glass or feeder layers for short-
and long-term analysis, respectively (Fig. 1A). In these condi-
tions, a single viral infection transduced approximately 85% of
the entire cell population, whereas coinfection with all four vi-
ruses was estimated to be 55% (data not shown). Infected hiPSCs
were then maintained in neuronal inducing medium for the sub-
sequent differentiation process until the final analysis without
any further manipulation. Control hiPSCs were disaggregated
into single cells infected with either scrambled or green fluores-
cent protein (GFP)-expressing lentiviruses and then cultured in
conditions identical to those of infected cells.

After 2 weeks in neuronal inducing medium supplemented
with doxycycline, 51 = 4% of all the ANL-infected hiPSCs (ANL-
hiPSCs) were differentiated into B-lll-tubulin (BllI-tub)™ neu-
rons, among which 65 = 5% expressed the catecholaminergic
marker TH (Fig. 1B—1D, 1H). In the control condition, the number
of Blll-tub™ neurons was 32 + 4%, and the Blll-tub™/TH™ ratio
was 30 £ 3% (Fig. 1E-1H). In addition, ANL viral transduction
elicited a robust effect on cell morphology. In fact, ANL-infected
neurons developed multiple neurites with complex branched
morphology, whereas the majority of control neurons displayed
an unipolar morphology (Fig. 11-1L). hiPSCs transduced with
each single TF showed a reduced differentiation efficiency and
limited mature morphology, indicating that the three factors
have a strong synergic effect (supplemental online Fig. 2A-2F).

Molecular and Functional Characterization of
IMR90-hiPSC-Derived DA Neurons

In order to characterize the subtype neuronal identity, ANL-hiPSC-
derived neurons were analyzed for the expression of molecular
markers, electrophysiological properties, and dopamine content.
After 2 weeks of differentiation, ANL-hiPSC-derived neurons coex-
pressed TH together with other well-known dopaminergic markers,
such as MAP2, DDC, ALDH1A1, VMAT2 (NCBI: SLC18A2), calbindin,
and GIRK2 (Fig. 2A—2F), and expressed the DA transporter (DAT;
NCBI: SLC6A3) and the DA receptor type 2 (D2R; NCBI: DRD?2) (Fig.
2H). Moreover, expression of midbrain regional markers as FOXA2,
PITX3, and CORIN was detected, suggesting that at least a fraction of
ANL-hiPSC-derived neurons have acquired a specific midbrain-re-
gional code (Fig. 2H). This was confirmed by neurons coexpressing
TH/GIRK2 as shown by substantia nigra DA neurons (Fig. 2F, 2G).
Interestingly, ANL-hiPSC-derived TH™ neurons presented synap-
totagmin- and synapsin-positive puncta along the neurites, indicat-
ing the formation of bona fide DA presynaptic contacts (Fig. 3A—3C
and data not shown). Moreover, we also evaluated the expression
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of the neural precursor marker nestin together with TH along the
differentiation of ANL-hiPSC-derived neurons in order to assess the
presence of neuronal precursors in our cultures. As shown by im-
munocytochemical analysis (supplemental online Fig. 3A, 3B), nestin
and TH never colocalize, but nestin-positive precursors are still present
after 21 days of differentiation (supplemental online Fig. 3C).

At the functional level, in voltage-clamp recordings ANL-hiPSC-
derived DA neurons revealed prominent inward and outward cur-
rents, which according to their temporal profiles appeared as Na™
and K™ currents and were able to discharge a train of action poten-
tials after current stimulation (Fig. 3D-3F; supplemental online Ta-
ble 1). Importantly, approximately 50% of the hiPSC-derived neu-
rons exhibited regular spontaneous discharges as typical for DA
neurons (Fig. 3G; supplemental online Table 1). In addition, at the
same differentiation stage, these neurons were able to produce and
release DA in the culture medium even without any previous depo-
larizing treatment (Fig. 3H). Control hiPSC-derived neuron neither
exhibited spontaneous neuronal firing nor released measurable DA
levels in the culture medium (data not shown and Fig. 3H). To test
the inherent stability of the reprogrammed neuronal state, ANL-
hiPSC-derived neurons were studied after removal of doxycycline
for 2 weeks. In these conditions, the rate of differentiated TH™/glII-
tub™ neurons remained unchanged, and ANL-hiPSC-derived neuro-
nal progeny preserved the expression of MAP2 and VMAT2 (Fig.
4A—-4G). Importantly, expression of the endogenous 3'-un-
translated region of NURR1, LMX1A, and ASCL1 genes was
maintained, whereas the exogenous viral genes were shut
down after doxycycline withdrawal, as revealed by transcrip-
tional analysis (Fig. 4H).

We next decided to test the in vivo integration ability of
these cells. With this aim, we transplanted GFP* ANL-hiPSC-de-
rived DA neurons into P1 mice brain (n = 6). Interestingly, 12
days after transplantation, ANL-hiPSC-derived DA neurons were
found integrated into four out of six mice brains, and a fraction of
them displayed a neuronal-like morphology and TH expression
(supplemental online Fig. 4A—A4F).

Efficient Differentiation of hiPSCs Derived From Adult
PD Patient Fibroblasts Into DA Neurons Through
Overexpression of ANL

To expand the significance of this protocol, we applied it to dif-
ferentiate hiPSCs derived (efficiency 0.008%) from fibroblasts of
a PD patient with a-synuclein (SNCA) gene duplication (aSYN-
dup-hiPSCs). After ascertainment of the pluripotent state (sup-
plemental online Fig. 5A-51), aSYN-dup-hiPSCs were differenti-
ated with or without ANL transduction, and neuronal progeny
were analyzed 14 and 21 days later. Similar to previous results, a
high fraction of ANL-hiPSC-derived neurons were Blll-tub/TH
double-positive (48 + 4% Blll-tub™ /4’,6-diamidino-2-phenylin-
dole-positive [DAPI™] neurons; 26 = 3% TH™/ Blll-tub ™ /DAPI™;
supplemental online Fig. 6A—6G), showing a differentiated mor-
phology as compared with control cultures (supplemental online
Fig. 6H, 61). In addition, most of the TH™ neuronal progeny also
coexpressed dopaminergic markers such as DDC, calbindin, and
GIRK2 (supplemental online Fig. 7A-7D). Finally, aSYN-dup-
hiPSC-derived DA neurons showed Na™ and K™ currents, spon-
taneous and evoked firing of action potentials, and basal release
of DA (supplemental online Fig. 7E-71). In contrast, control
hiPSC-derived neurons underwent a limited differentiation and
failed to display active membrane properties and DA production
and release (supplemental online Fig. 71 and data not shown).
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Figure 2. IMR90-human induced pluripotent stem cell (hiPSC)-derived dopamine (DA) neurons express dopaminergic and midbrain markers
after 14 days of differentiation. (A—F): Immunocytochemical analysis of IMR90-hiPSC-derived DA shows coexpression TH with MAP2 (A), DDC
(B), ALDH1A1 (C), VMAT2 (D), calbindin (E), and GIRK2 (F). (G): Quantification of calbindin*/TH* and GIRK2"/TH™" yield in ANL-infected and
Ctrl cells. (H): Transcriptional characterization of dopaminergic and midbrain markers in ANL-infected and control IMR90 hiPSC-derived DA
neurons. The nuclei are stained with 4’,6-diamidino-2-phenylindole. Scale bar = 40 um. Student’s t test was used. *, p < .05; **, p < .01.
Abbreviations: ANL, ASCL1, NURR1, and LMX1A; Ctrl, control; DIV, days in vitro; TH, tyrosine hydroxylase.

DISCUSSION

The aim of this study was to develop a fast and straightforward
protocol for generating a large number of functional dopaminergic
neurons starting from any hiPSC line. In fact, several protocols have
been already reported for generating such a neuronal subtype, but
all these methods necessitate several laborious and inefficient dif-
ferentiation steps requiring numerous weeks of in vitro culturing
before differentiated dopaminergic neurons might exhibit func-
tional properties. With this aim, we have here reported an ex-
tremely efficient procedure for the in vitro generation of hiPSC-de-
rived DA neurons that relies on a unique technical step consisting of
the infection of naive hiPSCs with the ANL-expressing viral cocktail.
Through the overexpression of the three developmental TFs, ap-
proximately 93% of all the coinfected hiPSC population is forced to
differentiate into postmitotic DA neurons.

The easiness and reliability of this method makes it particu-
larly amenable for applications in high-throughput screening
mode. Indeed, with this protocol it would be feasible to produce
a large number of functional human DA neurons suitable for
rapid pharmacological and toxicity tests.

©AlphaMed Press 2013

The procedure herein described allows for detecting dopa-
minergic functional activity after only 3 weeks of in vitro differ-
entiation, and this was possible only when all three (ANL) TFs
were equally expressed. Indeed, control cells or cells infected
with a single or any pairwise gene-viral combination never ac-
quired electrical activity and DA release capability at the same
differentiation time point (data not shown).

In this study, we proved that this protocol is robust enough to be
applied to different hiPSC lines producing similar levels of DA neu-
ronal production. We initially used hiPSCs derived from IMR90, fetal
fibroblasts that differentiated into DA neurons after ANL overex-
pression in high amounts. Indeed, after 2 and 3 weeks of in vitro
differentiation, more than 60% of the neurons showed, respec-
tively, dopaminergic marker expression and functional properties.
These hiPSC-derived DA neurons were able to release DA in the
medium without requiring any deporalizing stimulus and were able
to integrate in vivo after grafting into newborn mouse brains.

Subsequently, in order to prove this protocol suitable for
adult fibroblast-derived hiPSCs, we overexpressed ANL in hiPSCs
derived from PD patient adult fibroblasts harboring a SNCA gene
duplication. These experiments proved this protocol to be able

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. Functional characterization of IMR90-human induced pluripotent stem cell (hiPSC)-derived DA neurons after 21 days of differen-
tiation. (A—C): Immunocytochemical analysis shows that ANL-infected IMR90-hiPSC-derived DA neurons coexpress TH and SYT. (D-G): These
cells share electrophysiological activity such as incoming Na™ (D) and outgoing K* (E) ionic currents, multiple evoked potential (F), and
spontaneous pace-making activity (G). (H): Dopamine content released in the cell culture medium in basal conditions. The nuclei are stained
with 4',6-diamidino-2-phenylindole. Scale bar = 20 um. Student’s t test was used. #*#, p < .001. Abbreviations: ANL, ASCL1, NURR1, and
LMX1A,; Ctrl, control; DA, dopamine; DIV, days in vitro; SYT, synaptotagmin-I; TH, tyrosine hydroxylase.

also in this setting to generate a high number of dopaminergic
neurons that become functional after 21 days of in vitro cell
differentiation. These results provide clear evidence that this
protocol represents a valuable method even for in vitro model-
ing of late-onset neuropathologies such as PD.

Our results show that the ANL combination is the minimal set
of TFs able to give rise to functional DA neurons in a short time
frame. Indeed, as we previously described [20], the ANL factor
combination was able to directly convert mouse fibroblasts into
functional dopaminergic neurons in an efficient way. However,
human adult fibroblasts are less prone to transdifferentiate into
functional DA neurons, with only a minority of them (<5%)
successfully completing neuronal conversion [20]. Interestingly, in
stark contrast with adult human fibroblasts, hiPSCs proved ex-
tremely responsive to ANL forced expression; indeed, the ratio be-
tween neuronal-reprogrammed and ANL-infected cells is approxi-
mately 93% (51%:55%) in fetal fibroblast-derived hiPSCs and 87%
(48%:55%) in adult fibroblast-derived hiPSCs. This significant differ-
ence between human differentiated somatic cells (fibroblasts) and
iPSCs likely lies in the different epigenomic profile and the relative
chromatin state, which strongly influence the cell differentiation
plasticity of the two different cell types. It would be valuable to
identify those particular epigenetic determinants that strongly influ-
ence this different response to neuronal differentiation stimuli.

We anticipate that this procedure will be particularly useful for
drug-screening and disease-modeling experimental purposes. In
contrast, it should be emphasized that our protocol at this stage is
not suitable for direct applications of cell replacement therapy. In-
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deed, this approach uses integrating lentiviral vectors that bear a
considerable risk of genotoxicity caused by their almost random
insertion in the host cell genome. Moreover, we found that even
after weeks of differentiation, hiPSC cultures included a fraction of
proliferating nestin-positive precursors. Thus, it is conceivable that
after transplantation in vivo, these cells might generate neural out-
growth similar to what was previously reported by using other neu-
ronal differentiation procedures [23, 24], although at reduced lev-
els. The presence of nestin-positive precursors in the neural
progenitors of the hiPSC-differentiated progeny is likely the conse-
quence of a lack or insufficient overexpression of any of the three
TFs. This shortcoming might be overcome by generating a single
multicistronic viral vector, which would guarantee the expression of
nearly equal amounts of the three programming TFs in infected
cells. With this and possible other future implementations, we an-
ticipate that this hiPSC differentiation method assisted by neuronal
cell lineage TF overexpression might become the system of choice
for multiple applications in hiPSC-based high-throughput screen-
ings, systematic in vitro disease modeling, and experimental cell
therapy approaches.

CONCLUSION

Herein, we describe a protocol for differentiating hiPSCs into
mature and functional dopaminergic neurons based on the sim-
ple viral transduction of three cell lineage TFs. This single manip-
ulation is sufficient for a fast and efficient DA neuronal differen-
tiation of naive hiPSCs skipping any intermediate differentiation

©AlphaMed Press 2013



478 hiPSC-Derived DA Neurons

pili-tub

+DOX -DOX
G “ ANL (+DOX) “ANL (-DOX) H ooc [ — s |
o L Foxa2 ==
g o0 GIRK2 ===
§50 |l VMAT2 —— — |
& 40 h-3'UTR-ASCL1 |
[}
3 30 h-3’'UTR-NURR1 [l
¥ h-3'UTR-LMX1A i
8 ‘ v-ASCLA1 (— |
10
il VNURRT
% v-LMX1A - |
plll-tub/DAPI TH/BllI-tub
GAPDH — —
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IMR90-hiPSCs were infected with ANL viral cocktail, and then DOX was added for the first 6 days of differentiation and withdrawn for other 14
DIV. (A-D): Immunocytochemical analysis shows that 14 days after DOX withdrawal, IMR90-hiPSC-derived DA neurons stably coexpress
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untranslated region.

step procedure. ANL-hiPSC-derived DA neurons exhibited so- (to V.B.), Telethon-GGP11095 (to V.B and A.D.), and Fondazione
phisticated functional properties like spontaneous regular action Istituto Italiano di Tecnologia (to R.R.G. and A.D.).

potentials and DA release in as few as 21 days from transduction.
This one-step protocol is extremely attractive for high-through-
put screening applications where a large quantity of neurons
needs to be generated in a manner that is reproducible and ame-
nable to automation.
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