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ABSTRACT

The development of targeted therapeutics for rare neurodevelopmental disorders (NDDs) faces sig-
nificant challenges due to the scarcity of subjects and the difficulty of obtaining human neural
cells. Here, we illustrate a rapid, simple protocol by which patient derived cells can be reprog-
rammed to induced pluripotent stem cells (iPSCs) using an episomal vector and differentiated into
neurons. Using this platform enables patient somatic cells to be converted to physiologically active
neurons in less than two months with minimal labor. This platform includes a method to combine
somatic cell reprogramming with CRISPR/Cas9 gene editing at single cell resolution, which enables
the concurrent development of clonal knockout or knock-in models that can be used as isogenic
control lines. This platform reduces the logistical barrier for using iPSC technology, allows for the
development of appropriate control lines for use in rare neurodevelopmental disease research,
and establishes a fundamental component to targeted therapeutics and precision medicine. STEM
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SIGNIFICANCE STATEMENT

Creating stem cell models for neurodevelopmental disorders (NDDs) is time consuming and
technically difficult, affecting the type of disorders that are studied. Specifically, common disor-
ders are more likely to be studied because experimental outcomes will affect a greater number
of patients. Widening the net of disorders that can be studied requires lowering the barrier to
entry to technically challenging stem cell research. We have developed a user-friendly pipeline
for the non-expert which can achieve physiologically active forebrain GABA/glutamatergic or
midbrain dopaminergic neurons in under two months. This pipeline requires a modest input of
reagents and labour, while producing excellent reproducibility across cell lines. We also demon-
strate how simultaneous genetic engineering and cell reprogramming can be accomplished to
establish clonal control lines, an essential step to ensure experimental accuracy of measured
outputs. This pipeline provides a rapid way to make neurons and should prove useful for study-
ing and testing treatments for rare NDDs.

INTRODUCTION

Neurodevelopmental disorders (NDDs) affect
approximately 5% of the world’s population [1],
and have an estimated economic disease burden
of up to 200 billion dollars in the United States
alone [2]. The majority of these disorders are con-
sidered “rare,” with an incidence lower than 1/
2,000 persons [1, 3]. Many rare NDDs are geneti-
cally defined, which makes them good candidates
for the development of effective therapeutics [4].
However, most research attention has been
devoted to common NDDs such as Fragile X [5] or
Rett syndrome [6], where labor-intensive cell
modeling can benefit the most number of

affected individuals. However, even intensely
studied NDDs face immense hurdles in the devel-
opment of effective treatments [7].

Neurological diseases more generally have
been historically studied using either immortal-
ized cell lines or animal models [8–10]. While
these analogs of disease have been an invalu-
able research tool, concerns about the translat-
ability of results obtained in these models have
been raised since their inception [11]. Immor-
talized cell lines, while relatively easy to main-
tain and produce, have a different genetic
background than the patients that they purport
to model, and their responses may be
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influenced by the mutations that allow them to proliferate
indefinitely [12]. Transgenic animals have also been used to
provide a model in which CNS cells develop in a manner simi-
lar to the human brain [13]. However, they are resource inten-
sive to produce and maintain, and species differences coupled
with genetic background means that even neurological diseases
with defined mutations are sometimes unable to be modeled
accurately in animals [12]. Given the difficulty that has been
observed in the translation of therapies for very prominent dis-
eases from immortalized cells and animal models [14], the risk
of investing research resources to generate models of rare
diseases may discourage research into rare NDDs.

What is needed to produce viable treatments for rare
NDDs is a model that can be used to move rapidly from
genetics to therapeutics. One of the most promising scientific
discoveries of the 21st century has been the development of
induced pluripotent stem cells (iPSCs) [15]. iPSCs have several
advantages over more classical methods of modeling disease.
First, they can be derived from patient cells, which eliminates
both intraspecies and interspecies variation, and prevents the
confounding oncogenic effects observed in immortalized cell
lines [16]. Second, they might be able to be used to model
the development of human neural cells in a manner similar to
in vivo human development [8]. iPSCs have been shown to be
a particularly illuminating research tool when paired with
genome editing technologies like CRIPSR/Cas9 to create iso-
genic controls or model monogenic disorders [17, 18].

In order for iPSC-based NDD models to become a common-
place technique in rare neurodevelopmental research, there are
several logistical hurdles that need to be addressed. The process
of generating iPSCs and differentiating them into neurons can
be very long and complicated, with some protocols requiring
over 10 different media types, each with a complex set of
growth factors, and multiple steps of cell plating, aggregation,
and dissociation [19, 20]. Increases in protocol steps and time
may be one reason for reports of cell line variability, even from
neurons generated from the same patient in the same lab [21].
Generating models of NDDs with such a long and complex
methodology not only means that generating iPSCs is expensive,
but that only researchers with significant experience will be
able to successfully carry out the protocol [22], making model-
ing of rare NDDs impractical [23]. Therefore, simplifying and
optimizing the protocols required to generate neural cells from
iPSCs is an important step toward increasing the ease of gener-
ating iPSC-derived neurons and encouraging the more wide-
spread use of iPSC models.

In the present study, we established a research platform to
model rare neurodevelopmental disease in vitro. We have
developed and optimized protocols with an emphasis on reduc-
ing the required time and complexity of genome editing, iPSC
induction, and neuronal differentiation to facilitate the adoption
of these techniques by research groups with limited resources,
or lacking pluripotent cell culture experience. The set of proto-
cols contained in this platform details the generation of iPSCs
from fibroblasts and the differentiation of iPSCs into electrically
active neurons rapidly with high efficiency. The optional high-
efficiency gene editing protocol can be performed in parallel to
patient cell reprograming with minimal additional time require-
ments. This platform provides simplified methodologies for
developing cell models of NDDs while reducing heterogeneity in
final cell output.

MATERIALS AND METHODS

Culturing Skin Fibroblasts

Fibroblasts were obtained from Coriell or from patient biopsies
(Supporting Information Table 1). Cells were plated on tissue cul-
ture dishes (Corning), after incubation with 0.05% gelatin (Sigma-
Aldrich) for 60 minutes at room temperature. Cells were cultured
in Dulbecco modified Eagle’s medium (DMEM) (Thermofisher)
supplemented with 10% Fetal Bovine Serum (FBS) (Thermofisher),
and 1% Penicillin/Streptomycin (100 U/mL Penicillin and 100 lg/
mL Streptomycin) (Mediatech). Cells were passaged when cells
reached 80% confluency using 0.05% Trypsin-EDTA (Thermo-
fisher), and replated at a density of �2 3 106 cells per 100 mm2

plate.

Conversion of Fibroblasts to iPSCs

Fibroblasts were reprogrammed using episomal reprogramming
vectors containing Oct4, Sox2, Myc3/4, Klf4, and ShRNA P53
(ALSTEM) and a Neon Transfection System (Invitrogen, Burling-
ton). A total of 5.0 3 105 cells were reprogrammed with 5 lg of
episomal reprogramming vectors per reaction. Electroporation
parameters were as follows: 11,650 V, 10 ms, 3 pulses. Following
transfection, cells were plated on tissue culture plates coated with
Matrigel (Corning) in 10% FBS DMEM. The following day, the
media was exchanged for fresh 10% FBS DMEM supplemented
with 2 lg/mL puromycin (Sigma-Aldrich). Puromycin selection
was applied for 48 hours, after which the media was exchanged
with fresh TesR-E7 media. During the induction process, TesR-E7
(Stem Cell Technologies, Vancouver), media was changed every
day. After approximately 10 days following selection, colonies
were observed. These colonies were tracked until they formed
robust, distinct cell populations (�500–1,000 lm in diameter), at
which point cells were detached using ReLeSR media (Stem Cell
Technologies, Vancouver). Clumps of floating cells were then
picked and plated on Matrigel-coated plates in mTesR1 media
(Stem Cell Technologies, Vancouver) supplemented with ROCK
inhibitor y-27632 (Sigma-Aldrich) at a final concentration of 10
lM. Once formed, iPSC colonies were cryopreserved in fetal
bovine serum with 10% DMSO (Dimethyl sulfoxide, Sigma-
Aldrich), maintained in culture in mTesR1 media with daily media
changes, or differentiated into midbrain or forebrain cells.

iPSCs to Forebrain Cells

Direct Generation of Mature Neurons. iPSCs were dissociated
using Gentle Cell Dissociation Reagent (Stem Cell Technologies,
Vancouver) and resuspended in Neural Induction (NI) media
(DMEM/F12 supplemented with N2 [Invitrogen], B27 supple-
ment [Invitrogen], BSA [1 mg/mL], Y27632 [10 mM; AdooQ Bio-
science], SB431542 [10 mM; Selleckchem], and noggin [200
ng/mL; GenScript]), onto low-bind plates (Corning) or Petri
dishes (Corning). Cells were plated at a density of 2–3 3 106

cells per 100 mm2 plate.
Cells were cultured in suspension and monitored for the

formation of organoids, which occurred approximately 4 days
after suspension. Three days after the formation of embryoid
bodies (EBs), a 70-lm Falcon cell strainer was used to collect
aggregations, which were then resuspended in a fresh low-
bind/Petri dish in Neural Progenitor (NP) medium (DMEM/F12
supplemented with N2, B27 supplement, bFGF [20 ng/mL;
GenScript], EGF [20 ng/mL; GenScript], laminin [1 lg/mL;
Sigma-Aldrich]). The media was exchanged every day for fresh
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NP media for 14 days. Following 14 days in NP media, cell
aggregations were resuspended in Final Differentiation (FD)
medium (DMEM/F12 supplemented with N2, B27 supplement,
BDNF [20 ng/mL; GenScript], GDNF [20 ng/mL; GenScript],
laminin [1 lg/mL]). FD media was changed every 2 days for 7
days. Organoids were plated on polyornithine- and laminin-
coated tissue culture plates in Neuron Maturation (NM)
medium (DMEM/F12 supplemented with N2, B27 supple-
ment). Following attachment, organoids were dissociated with
0.05% trypsin-EDTA, and replated onto fresh polyornithine-
and laminin-coated plates in NM media. Half the media was
exchanged for fresh media every 3 days.

Generation of Forebrain Neural Progenitor Cells. If neural
progenitor cells (NPCs) were desired, the protocol was identical to
the One Step method described above, until the point where
organoids were resuspended in NP media. Instead of maintaining
cells in a three-dimensional (3D) culture (i.e., floating organoids),
cells were plated onto polyornithine- and laminin-coated tissue
culture plates after 1 week in NP media. Organoids were allowed
to attach for 24 hours, then were dissociated and replated on
fresh plates. Cells were then maintained in NP media for 7 more
days, with the media being changed every third day, before cells
adopted a NPC morphology and stained positive for NPC
markers. NPCs have been maintained as an NPC population in
NP media for 11 passages without any change in cell prolifera-
tion rate or morphology. To make mature neurons from these
NPC cells, NPCs at 70% confluency were cultured in FD media
for 1 week, with media being exchanged every 2 days, followed
by culturing in NM media. Half the media was exchanged for
fresh NM media every 3 days.

iPSCs to Midbrain Cells

iPSCs were disassociated using Gentle Cell Dissociation Reagent
and resuspended in midbrain Neural Induction (mNI) medium
(DMEM/F12 supplemented with Lglutamine [2 mM], N2, B27 sup-
plement, bovine serum albumin [1 mg/mL], Y27632 [10 mM; Toc-
ris], SB431542 [10 lM; Tocris], noggin [200 ng/mL], and SHH C24II
[200 ng/mL; Miltenyi Biotec]) at a density of �1 3 106 cells per
100 mm2 plate. Following EB formation and 3 days after suspen-
sion, 50% of the media was changed daily. Organoids were har-
vested on day 5 and resuspended in midbrain Neural Progenitor 1
(mNI1) medium (DMEM/F12 supplemented with L-glutamine
[2 mM], B27, N2 supplement, bovine serum albumin [1 mg/mL],
SHH C24II [200 ng/mL]) for 3 days. Aggregations were then sus-
pended in midbrain Neural Progenitor Medium II (mNP2)
(DMEM/F12 supplemented with N2, B27 supplement, bFGF [20
ng/mL], EGF [20 ng/mL], laminin [1 lg/mL], SHH C24II [200 ng/
mL], CHIR-99021 [3 lM; Stem Cell Technologies]) for 3 days, and
then switched to Neural Progenitor Medium III (mNP3) (DMEM/
F12 supplemented with Lglutamine [2 mM], B27, N2 supplement,
bovine serum albumin [1 mg/mL]) for 7 to 14 days. NPCs were
plated on polyornithine/laminin plates in midbrain Neural Progen-
itor Media IV (mNP4) (DMEM/F12 supplemented with Lglutamine
[2 mM], B27, N2 supplement, SHH C24II [200 ng/mL], FGF8 [100
ng/mL]) for expansion. When differentiation was desired, Gentle
Dissociation Medium was added to cultures of neural rosettes
until a large proportion of cell residing at the nucleus of rosettes
detached, but cells at the periphery of rosettes remained
attached. Media was decanted and cells plated at a density of 1 3

106cells per 10 cm Petri dish in midbrain Final Differentiation

Medium (mFDM) (DMEM/F12 supplemented with Lglutamine
[2 mM], N2, B27 supplement, BDNF [20 ng/mL], GDNF [20 ng/
mL], N6, dCAMP [0.5 mM; Sigma-Aldrich], ascorbic acid [200 lM;
Sigma], laminin [1 lg/mL]). Cell aggregations were observed to
form after approximately 3 days in mFDM. Four days after the for-
mation of cell aggregations, aggregations were plated in NM
media on polyornithine-/laminin-coated tissue culture plates. Half
of the media was exchanged every 3 days.

Direct Conversion of Fibroblasts to Neuronal Cells. Conversion
was carried out as previously described [24], using the chemical
cocktail VCRFSGY (V, valproic acid 0.5 mM; C CHIR99021 3 mM; R,
Repsox 1 mM; F, Forskolin 10 mM; S, SP600125 10 mM; G, GO6983
5 mM; Y, Y-27632 5 mM; all chemicals from Sigma-Aldrich). Fibro-
blasts were plated in 6-well plates, and specific wells harvested
for cell counting on days 1, 3, 5, and 7 following the initiation of
differentiation.

CRISPR/Cas9 Gene Editing

A double nickase CRIPSR/Cas9 gene editing system with
gRNA (DNA2.0) targeting a 51 base pair (bp) exonic sequence
of GRIN2B was generated with a Paprika RFP reporter (DNA
2.0). Five microgram of this construct was added per trans-
fection reaction, and transfection was carried out using the
parameters previously described for iPSC induction. Follow-
ing transfection, cells were plated on Matrigel-coated plates
in 10% FBS DMEM for 24 hours. Cells were then detached,
and sorted via Fluorescence Activated Cell Sorting (FACS) for
RFP1 cells. RFP1 cells were then replated on Matrigel-
coated plates, in 10% FBS DMEM supplemented with 2 lg/
mL puromycin. Following 48 hours of selection, cells were
dissociated using 0.05% EDTA-Trypsin and plated in Matrigel-
coated 6-well tissue culture plates (Corning) in TesR-E7
media at a density of �1,000 cells per well. Colony forma-
tion, picking, and purification proceeded as described for
iPSC induction.

Sequencing

Following the establishment of clonal CRIPSR/Cas9 transfected
iPSC colonies, DNA was extracted from iPSCs using a Blood & Cell
Culture DNA Mini Kit (Qiagen). Primers flanking the targeted
region were designed (see Supporting Information), and a PCR
preformed using Platinum Taq (Thermofisher). polymerase chain
reaction (PCR) products were loaded into a 1.8% agarose gel and
visualized using ethidium bromide (Thermofisher) to confirm
amplification and identify potential knockout or heterozygote col-
onies. Promising PCR products were then sent to Genome Quebec
(Montr�eal, QC) for Sanger Sequencing on a 3730xl DNA Analyzer
(Applied Biosciences).

Quantitative Polymerase Chain Reaction

In order to validate CRISPR/CAS9 knockouts and heterozygotes,
quantitative polymerase chain reaction (qPCR) was used to analy-
sis gene expression. To determine the expression level of the non-
deleted form of GRIN2B mRNA in wild type, in the heterozygous
and in the homozygous cells for deletions generated by the
CRISPR-Cas9 system, primers were specifically designed to gener-
ate an amplicon, which overlaped deleted and nondeleted
regions. Reverse transcriptions were done on total RNA fraction in
order to obtain cDNA. cDNA synthesis reaction was preformed
using 40 mL solutions containing 1 mg of total RNA; 0.5 mg random
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primers, 0.5 mM dNTPs, 0.01 M DTT, and 400 U M-MLV RT (Carls-
bad, CA). qPCR reactions were performed in 384 well plates using
a Quant Studio 6 Flex Real time PCR machine (Life Technology).
We used a reference pool of cDNA to generate a standard curve.
Serials dilution provided amounts ranging between 0.003052 and
50 ng. Each well included 10 mL of 2X gene expression master mix
(2X Power SYBR Green PCR Master Mix, Applied Biosystems), 1 mL
of 20X primer mix, 3.4 mL of RNase free water, and 2 mL of cDNA
and RNAse free water QSP 20 mL. GAPDH was used as internal
control for normalization.

Immunofluorescence

Cells were washed with phosphate-buffered saline (PBS),
then fixed with 3% paraformaldehyde (Sigma-Aldrich) on
slides for fifteen minutes. Samples were permeabilized with
0.5% TX-100 (Sigma-Aldrich) in 0.5% PBS-BSA for 15 minutes,
and then blocked in 0.5% PBS-BSA for an additional 15
minutes. Primary antibodies were added in appropriate dilu-
tions (Supporting Information Table 2) in 0.5% PBS-BSA and
added to samples for 30 minutes. Samples were washed,
0.5% PBS-BSA containing an appropriate dilution of secondary
antibody (Supporting Information Table 2) was added to the
samples and incubated for 30 minutes in the dark. Samples
were washed with 0.5% BSA and visualized on an Apotome
Fluorescent Microscope (Zeiss). Images analyzed using
ImageJ.

Fluorescent Activated Cell Sorting

Fibroblast cells were detached by Accutase (Millipore) and resus-
pended in Pre-Sort buffer (BD Biosciences). Red Fluorescent Pro-
tein (RFP) positive cells were aseptically sorted in a FACS ARIA
Fusion machine (BD Biosciences) using a 130 lm nozzle at 20 psi.
Cells were sorted in a 6-well plate in prewarmed fibroblast growth
medium, 2,000 RFP positive cells per well. Determination of RFP
negative and RFP positive populations, after doublet discrimina-
tion, was based on gating of unelectroporated and electroporated
cells in 616/23 and 695/40 filters.

Estimation of populations of forebrain and midbrain cells
was done by flow cytometry on BD FACS Aria Fusion. Mature
neurons were prepared for FACS as described, stained with
DAPI and labeled with a TUJ1 antibody coupled to Alexa488
(TUJ1-Alexa488). Forebrain cells we also labeled with MAP2-
Alexa647, and midbrain cells were labeled with TH-Alexa647.
Population of single cells was identified by doublet discrimina-
tion followed by DAPI positive gating. Neuronal and non-
neuronal populations were identified by gating of TUJ1-Alexa
488 positive and negative populations of cells, respectively.
MAP21 and TH1 populations were identified by gating from
TUJ11 population.

Whole Cell Recordings

Cultures were differentiated as described above but on glass
coverslips. Differentiated cells attached to glass coverslips
were transferred to plates containing a solution for whole cell
patch clamp recordings. The extracellular HEPES-based saline
contained, in mM: 140 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 15
HEPES, and 10 glucose (pH 7.3–7.4; 295–305 mOsmol). Cells
for recordings were identified based on their morphology
using an Eclipse E600FN inverted microscope (Nikon), and
recordings were performed at room temperature. Whole-cell
patch clamp recordings were obtained using borosilicate

pipettes (3–6 MX), filled with intracellular solution that con-
tained: 154 mM potassium gluconate, 2 mM EGTA, 1 mM
MgCl2, 10 mM phosphocreatine, 10 mM HEPES, 2 mM Mg-
ATP, (pH 7.2–7.3; 275–285 mOsmol). The resistance of the pip-
ettes was determined using Ohm’s law (V5 IR), by injecting a
small current in the circuit, to drop the voltage 5 mV from
holding. This was done when the pipette was in the bath posi-
tion before patching. Where indicated, TTX (200 nM) and TEA
(50 lM) were added to the saline solution. Data were
acquired using a Multiclamp 700B amplifier (Axon Instru-
ments). Currents were filtered at 2 kHz and digitized at
20 kHz. Responses were analyzed offline using Clampfit
(Molecular Devices).

RESULTS

Rapid Conversion of Patient Fibroblasts into iPSCs

We established a pipeline for generating iPSCs and neurons from
patient fibroblasts to effectively model genetically defined NDDs
(Fig. 1). We cultured skin fibroblasts, then transfected these cells
with episomal iPSC induction vectors which also contained a puro-
mycin resistance gene (Fig. 2A). Following transfection, cells were
plated on dishes for 24 hours, and exposed to puromycin for 24
hours. From 21 different experiments, 1,900–2,100 cells remained
after puromycin selection. These cells were maintained on
Matrigel-coated plates in mTesR-E7 for 14 to 20 days until colonies
of iPSCs formed. About 18 to 24 colonies were observed per
2,000 cells plated. Colonies were selected by gentle dissociation
using ReLeSR media and replated until pure colonies of iPSCs
were obtained (usually two-three passages of 5 to 7 days). Pure
colonies of iPSCs were consistently generated approximately 25
days after transfection (Fig. 2B). Pluripotency was confirmed by
staining colonies for TRA1-60, NANOG, SSEA, and OCT4 (Fig. 2C),
and genome ploidy was assessed by karyotype. At present, we
have created 21 iPSC lines using this methodology, using both
patient and commercial fibroblast lines (Supporting Information
Table 1).

Establishment of a Direct Method for the Generation of

Forebrain Neurons from iPSCs

To create a more efficient methodology for the differentiation of
iPSCs into forebrain neurons, we experimented with directly dif-
ferentiating forebrain neurons from organoids (Fig. 3A), using pre-
vious 3D culture protocols as our guide [25]. iPSCs were
disassociated and resuspended in NI media to allow aggregations
to form. Aggregations were maintained in NI media for approxi-
mately 15 days, followed by 5 days in NP media, and finally 5 days
in FD Media. These aggregations were then plated onto a poly-
orinthine/laminin coated plate (Fig. 3B). Following 24 hours of
attachment, these aggregations were dissociated and replated
onto polyornithine/laminin plates in NM Media. Both attached
organoids and dissociated cells were shown to uniformly express
both MAP2 and TUJ1 (Fig. 3C). FACS sorting of forebrain neurons
4 weeks after the initiation of differentiation identified 94.5% of
cells expressed TUJ1, with 100% of TUJ11 cells expressing MAP2
(Supporting Information Fig. 1). After a further 3 weeks in culture
following dissociation of organoids, TUJI1 continued to be
expressed, and mature neuronal markers GABAa1, GLUR1, and
SYT1 were observed (Fig. 3D).
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This protocol generates physiologically active cells, which
respond to GABA and glutamate activating drugs, results consist-
ent with expression GABA and glutamate receptors. Differentiated
cells also show a time-course dependent increase in cell proper-
ties consistent with neuronal maturation, for example, in
increased firing rate as cells mature (Fig. 4 A–4M).

We cryosectioned organoids 25 days following initiation of dif-
ferentiation, and found that they contain distinct populations of
TUJ11/MAP21 and TUJ1-/MAP21 cells (Supporting Information
Fig. 2). This suggests that organoids themselves show variation as
patterns of staining of Tuj1 and Map2 differed across organoids.
This variation has implications for cellular assays for mature neu-
ronal cells that may wish to be performed in case and control
cells.

This protocol has several important features: (a) organoids
are maintained in the same wells while media is changed,
avoiding potential disruption; (b) the maturation position of
each cell is maintained from NPC to neuron, which reduces

potential heterogeneity from breaking organoids and allowing
differentiation in two-dimensional (adherent) cultures, where
cells differ from each other in distance to neighbouring cells;
and (c) this 3D (floating, nonadherent) method generates cells
with good physiological activity consistent with maturing
neurons.

Establishment of a Method for the Generation of
Forebrain NPCs from iPSCs

In many cases, it is helpful to have NPCs derived from an
iPSC colony because these can be frozen down and expanded
at a later date. To generate NPCs, we next attempted to
develop a simple addendum to our One Step protocol that
would allow differentiation to be halted at a NP stage of
development, but which would allow differentiation to
forebrain neurons to be rapidly resumed (Supporting Infor-
mation Fig. 3). As previously described, we allowed aggrega-
tions to form iPSCs in NI media for 1 week, and kept them in

Figure 1. iPSC and forebrain neuron generation timeline. Patient fibroblasts are transfected with iPSC episomal vectors using electropora-
tion to form colonies of iPSCs, which are purified through successive passages until pure iPSC colonies are achieved. Organoids are generated
from iPSCs, and are either maintained in an aggregate state or plated as NPCs as different media are utilized to guide the differentiation of
the cells into forebrain neurons. Once putative forebrain neurons have been generated, they are validated using immunocytochemistry and
electrophysiology. Scale bar indicates 30 lm. Abbreviations: EBs, embryoid bodies; FBS, Fetal Bovine Serum; DMEM, Dulbecco modified
Eagle’s medium; iPSC, induced pluripotent stem cell; NPC, neural progenitor cells.
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NP media for another week before disassociating the cells
and plating them on polyornithine/laminin plates. These dis-
sociated cells multiplied rapidly, displayed NPC morphology,
did not express pluripotent markers, and were positive for
the NPC markers NESTIN, SOX1, and PAX6 (Supporting Infor-
mation Fig. 3). These NPCs could be maintained in culture
without noticeable decreases in replication for at least 11
passages (Supporting Information Fig. 4). When differentia-
tion into neurons was desired, cells were cultured in FE
media for 1 week, followed by 1 week of culture in NM
media. Forebrain neuron phenotypes were confirmed identi-
cal to the One Step protocol.

Simultaneous CRIPSR/CAS9 Genome Editing and iPSC
Induction

CRSIPR/Cas9 gene editing technology can be used to create
genetic knockouts or genetic knockouts or to correct patient
mutations. For rare NDD research, this is an extremely

important tool because it allows for the generation of either
isogenic controls or control lines generated directly from patient
cells. One key concern when introducing CRIPSR/CAS9 gene editing
is heterogeneity. Although the CAS9 enzyme cleaves DNA at a very
specific point, the repair of double-stranded breaks introduces ran-
dom mutations into the cut site, which can produce very different
mutations in different cells, which consequently have different phe-
notypes [26]. It is therefore desirable to make a CRIPSR-CAS9 gene
edited cell line in which all cells are descended from a single gene-
edited cell.

We developed a protocol to make clonal cell lines from a
CRISPR/Cas9 edited cell (Fig. A).We tested this approach perform-
ing a targeted editing of GRIN2B, a gene implicated in rare NDDs
[27]. Importantly, the nature of this protocol allows for the crea-
tion of heterozygous cell lines, which will be an invaluable tool for
those NDDs caused by reduced dosage, including GRIN2B deletion
syndrome. This is because some cells will by chance be cut at only
one allele. Fibroblasts from healthy subjects were transfected

Figure 2. Induction of iPSCs from fibroblasts. (A): Schematic illustrating the steps of differentiation, media used and time course.
Days are measured with respect to the end of selection. (B): Brightfield images showing different timepoints in the process of induc-
tion from fibroblasts to iPSCs. Scale bar indicates 30 lm. (C): Staining of iPSC colonies demonstrates all cells express the pluripotent
markers TRA1-60, Nanog, SSEA, and OCT4. Scale bar indicates 30 lm. Abbreviations: FBS, Fetal Bovine Serum; DMEM, Dulbecco modi-
fied Eagle’s medium; iPSC, induced pluripotent stem cell.
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with an episomal CRIPSR/CAS9 construct containing a gRNA tar-
geting the gene GRIN2B and RFP marker gene, as well as episomal
iPSC vectors containing a puromycin resistance gene (Fig. 5A).
Electroporation was performed using identical electroporation
parameters to iPSC transfection. After transfection, cells were
plated for 24 hours, then sorted using FACS into RFP1 and RFP2

single cell fractions (Supporting Information Fig. 5). From 21 cell
lines tested, we observed 1,900-2,100 RFP1 cells from 100,000
initial cells transfected. RFP1 cells were replated, puromycin

selection was applied, and colonies allowed to form, which were
found to be uniformly RFP1 initially, but gradually became RFP2

as induction proceeded (Fig. 5B). Pure iPSC colonies were
achieved in the same time and using the same methodology
described above (Fig. 5A). From 21 cell lines, we observed 18 to
24 colonies form per cell line tested. Once pure colonies formed,
DNA was extracted, and PCR performed to identify potential
knockouts. We used this methodology to produce a heterozygote
and knockout cellular model for GRIN2B (Fig. 5D), which

Figure 3. Direct method of differentiating iPSCs into forebrain neurons. (A): Schematic illustrating the steps of differentiation, media used,
and time course. Days are measured with respect to dissociation of iPSCs. (B): Brightfield images of organoids at 1 week and 4 weeks after
dissociation of iPSC colonies. Image of an EB attached to a plate immediately before dissociation, and the resulting culture 5 days after replat-
ing cells. Scale bar indicates 30 lm. (C): Staining of attached organoids and dissociated cells 5 days after plating reveals cell in both conditions
to uniformly express both MAP2 and TUJ1. Scale bar indicates 30 lm. (D): Top: Staining of putative forebrain neurons 4 weeks after plating
from EBs shows all cells express SYT1 and TUJ1, and that both GABAergic and glutamatergic neurons are present. Bottom: Punctate staining
is present for GABAa1, GluR1, and SYT1. Scale bars indicate 30 lm. Abbreviations: EB, embryoid body; FD, final differentiation; iPSC, induced
pluripotent stem cell; NI, neural induction; NM, neuron maturation; NP, neural progenitor.
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Figure 4. Electrophysiological characterization of forebrain neurons derived from induced pluripotent stem cells (iPSCs). (A): Sample phase images
of forebrain neurons in culture at D30, D60, and D90 postdifferentiation. Scale bars indicate 25 lm. (B): Representative recordings of AP in current-
clamp mode, induced by somatic current injection (DI 5 20 pA, from membrane potential of 270 mV) from forebrain neurons at D30, D60, and D90
postdifferentiation. (C, D): AP amplitude and AP half-width measures in forebrain neurons over development. Stars denote statistical significance of
change in AP parameters as a function of time spent differentiating cells (*�0 .05, **� 0.01). (E): Experimental voltage pulse-step protocol (top)
and representative voltage-clamp recording traces (from a holding potential Vhold5 260 mV), from forebrain neurons at D30 (including expanded
view of Na currents [dashed boxes, insert]), D60, and D90, postdifferentiation. (F): Average Na and K currents recorded from iPSC-NPC1 at D30, D60,
and D90 postdifferentiation, plotted as a function of step voltage amplitudes. Stars indicate significance of change in average currents as a function
of time spent in differentiation (*� 0.05, ***� 0.001). (G, H): Representative voltage clamp traces of forebrain neurons at D90 postdifferentiating in
the presence of the sodium channel block TTX and the potassium channel blocker TEA. (I): Membrane voltage at rest, determined immediately after
establishing the whole-cell configuration, without current injection. (J): Membrane capacitance determined from the compensatory circuit in voltage-
clamp. (K): Membrane resistance, while in the GOhm range, decreases during development. (L): Representative trace of miniature EPSCs from a fore-
brain neuron held at 260 mV. (M): Representative traces of macroscopic currents elicited by puffs of agonist-containing solution targeting AMPA
receptors, NMDA receptors, and GABAA receptors. Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AP, action poten-
tials; NMDA, N-methyl-D-aspartate; GABA, g-aminobutyric acid.
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respectively showed reduced and ablated GRIN2B expression (Fig.
5E, Supporting Information Fig. 8). Sanger Sequencing was per-
formed to confirm potential homozygous and heterozygous

colonies (Fig. 5F, G). Out of ten clonal colonies sequenced search-
ing for GRIN2B mutants, two were confirmed to contain homozy-
gous knockouts, and one was a heterozygote.

Figure 5. Simultaneous CRIPSR/CAS9 genome editing and iPSC induction. (A): Schematic illustrating the transfection, selection, and induc-
tion process. (B): Bright field and fluorescent images of an iPSC colony 7 days and 25 following transfection. Successfully induced colonies are
initially RFP1, but become RFP2 due the episomal nature of the vector. Scale bars represent 30 lm. (C): Details of the CRIPSR/CAS9 and
iPSC induction episomal vectors used. (D): Gel showing untransfected, homozygous KO, and heterozygous generated iPSC lines for the gene
GRIN2B. (E): Expression of the GRIN2B gene as assessed via quantitative polymerase chain reaction in forebrain neurons derived from the
iPSC lines shown in (D) 28 days after the initiation of differentiation. Expression levels normalized to GAPDH expression. (F): Sanger sequenc-
ing results from the GRIN2B locus of the polymerase chain reaction products shown in (D). (G): Representative chromatogram plots illustrat-
ing the deletion found in one allele of the GRIN2B knockout. All chromatogram plots can be found in the supplement. Abbreviations: iPSC,
induced pluripotent stem cell; KO, knockout; RFP, red fluorescent protein.
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We suggest that this methodology is efficient in the sense
that we required only one attempt to get the desired clones of
interest. We have approximately a 2% success rate in Yamanaka
vector transfection, and a 2% efficiency of colony formation. Gene
editing does not appear to have any effect on transformation effi-
ciency of cells.

Generation of Midbrain Cells

While forebrain cells offer many advantages in modeling many
neurodevelopmental diseases, many NDD’s would be better mod-
eled in other types of neuronal cells. Therefore, in order to test
the flexibility of our research platform, we examined how easily
our protocols could be shifted to generate alternative varieties of
neurons. Due to their critical role in many NDDs, we focused our
efforts on generating midbrain cells. By altering a select few sup-
plements in the NI stage of development based on previously
described protocols [28–30], and employing a second round of
organoid formation, in which selection was based on cell adher-
ence, we were able to generate cellular cultures that were TUJ11

and TH1 (Supporting Information Fig. 6B). Furthermore, staining
of midbrain NPCs showed cells to be uniformly positive for the
midbrain floorplate midbrain markers FOXA2, OTX2, and LMX1
(Supporting Information Fig. 6A). FACS of midbrain cells 4 weeks
after the initiation of differentiation found 95.8% to be TUJ11,
with all TUJ11 cells expressed TH, meaning that 95.8% of the
total cellular population expressed key markers of midbrain neu-
rons (Supporting Information Fig. 1). This is, to our knowledge, the
highest proportion of TH1 neurons derived from iPSCs yet
reported [30, 31]. These results indicate that this research plat-
form is well suited to generating cellular midbrain models, and
suggests that this research platform is flexible enough to be
adapted to generate a wide variety of neuronal models.

Direct Conversion of Fibroblasts to Neurons

Speed and efficiency are critical for modeling rare NDDs and any
technology that can decrease time spent without decreasing qual-
ity should be evaluated. In this context, we tested several parame-
ters of a recently published method whereby skin cells could be
directly converted to neurons [24] to determine if this would be a
viable method for modeling rare NDDs (Supporting Information
Fig. 7). If successful, this methodology would enable the genera-
tion of neuronal cells from fibroblasts without generating iPSCS,
saving time and lowering costs. However, while we could observe
neuronal conversion of fibroblasts early in the induction process
of the protocol, we observed very high rates of cell death (even
after changing multiple parameters—see Supporting Information).
While this method may be appropriate for some uses, the high
rate of cell death (>90%) makes it currently impractical for rare
NDD research.

DISCUSSION

iPSCs have tremendous potential in modeling neurological disor-
ders. However, the logistical and technical challenges of generat-
ing neurological models of disease from iPSCs present a significant
barrier, particularly for rare NDDs. This research platform offers
relatively fast and low complexity methodologies to generate neu-
rological models of disease. Moreover, the induction of iPSCs can
be combined with CRISPR/Cas9 genome editing with minimal
increase to the length, cost, and complexity of the induction
protocol.

In the described protocols, we utilized episomal vectors in our
transfection to induce patient fibroblasts into iPSCs. Episomal vec-
tors were utilized over other methods of iPSC induction, such as
Sendai Virus reprogramming, due to its relatively high efficiency
and inability to integrate into the host genome of transfected cells
[22]. Utilizing a vector with puromycin selection enabled much
faster induction of iPSCs, as the rate limiting step in the induction
process is the generation of pure iPSC colonies [32]. Performing
genome editing in fibroblasts combined with FACS allows for
single-cell work, unlike iPSCs, which mostly require cell–cell con-
tact to remain in a pluripotent state [33]. Having neurons derived
from a single, edited fibroblast ensures genotypically homogenous
cells—essential for establishing control cell lines.

This platform allows for the simultaneous integration of
CRIPSR/Cas9 genome editing and iPSC induction. CRIPSR editing
of iPSCs allows for the modeling of monogenic diseases even
when patient tissue is unavailable, and gives the option to test
potential genetic contributions to genetically complex diseases. In
contrast to existing protocols that combine genome editing with
iPSC-based models [34–36], our methodology does not extend
the timeline of generating iPSCs, due to our dual transfection of
episomal iPSC vectors and CRIPSR/Cas9 construct, and efficient
selection of double transfected cells.

To generate forebrain and midbrain neurons from iPSCs, we
generated organoids, clusters of differentiating cells floating in
suspension, before plating them as immature neurons.We utilized
this direct approach out of several other protocols established in
the literature, such as embedding iPSCs into supportive substrate
and culturing on a spinning bioreactor [37], or differentiating cells
plated as a monolayer [38], due to the diminished complexity of
the procedure and increased homogeneity of the cells produced
[25]. It seems plausible that the increased homogeneity of neuro-
nal cells produced from an organoid as opposed to a monolayer
may be due in part to the organoid providing a more analogous
developmental environment for immature neuronal cells.

Recognizing the convenience that rapidly proliferating NPC
populations provide in a variety of applications, such as high-
throughput assays or collection of biological reagents [38], we
have incorporated a simple addendum to the direct differentiation
of iPSCs into forebrain neurons that enables the generation of
NPCs as an intermediate step toward differentiated neurons.

Heterogeneity is a constant concern in models, and iPSC
models in particular are noted for producing variable pheno-
types depending on what protocol is followed [39]. We have
found that differentiating cells in organoids gives superior
homogeneity. Using the protocol described here, 94.8% of the
cells in organoids plated after 4 weeks in culture were found to
express mature forebrain neuronal markers. As mentioned
above, we suspect this is due to the more consistent cell–cell
contact that organoids offer cells. That the protocol is adapta-
ble to successfully generate midbrain neurons with a similarly
high yield by only altering a few key media compositions is an
indicator of the flexibility of the platform for generating neural
models of disease from different cell types.

CONCLUSION

iPSCs represent a powerful and demanding platform for mod-
eling disease. With this platform, we hope to demonstrate
how the logistical barrier to using iPSCs can be lowered and
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encourage more widespread use of iPSCs, particularly in mod-
eling rare NDDs.
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