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Human embryonic stem cells (hESCs)?! have received
enormous attention because of their potential to produce
somatic cells of all three germ layers, a property known as
pluripotency. Recent advances in hESC biology have enabled
the directed differentiation of hESCs into several types of
neurons, including motor neurons,!'!-2!8 which are specifi-
cally lost in amyotrophic lateral sclerosis (ALS). However, in
vitro differentiation protocols are flawed in that motor neuron
populations are contaminated by hyperproliferative neural stem
cells that can cause overgrowths in transplanted animals. The
ability to obtain enriched populations of hESC-derived motor
neurons is essential to their use in cell replacement therapy and
to understanding the pathophysiology of ALS.

One approach to identifying and enriching hESC-de-
rived motor neuron populations is the restricted expression of
markers, such as green fluorescent protein (GFP), by motor
neuron-specific promoters. Hb9 is a homeodomain transcrip-
tion factor, which, within the central nervous system, is
specifically expressed in spinal motor neurons.!-'!-12.25 The
Hb9 promoter is, therefore, a good candidate for motor
neuron-specific transgene expression. Here we describe a
new technology that allows the transgenesis of hESCs via
nucleofection®!? with a bacterial artificial chromosome
(BAC) expressing GFP under the control of the mouse Hb9
promoter (Hb9::GFP BAC). BACs consist of large fragments
of mammalian genomic DNA (150-250 kb), which contain
genes along with their surrounding promoter and enhancer
elements.® A large library of engineered mouse BACs has
been developed at Rockefeller University (GENSAT library).
Such BACs contain the promoters and enhancers of specific
genes whose coding sequences have been replaced by the
GFP reporter gene (Fig. 21.14). Thus, the GFP-expressing
BACs may be used as transcriptional reporters. Because
BACs typically contain many more promoter and enhancer
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elements critical to the transcriptional regulation of a gene
than conventional short promoter constructs, they confer a
much higher fidelity of transgene expression. Moreover, BAC
transgenesis does not require the precise mapping of promot-
er/enhancer sequences that is needed for the engineering of
short promoter constructs. Thus, the use of GFP-expressing
BAC:s as transcriptional reporters may be critical for accurate
gene expression studies, disease model generation, and trans-
plantation experiments.

METHODS

Human ESC Culture, Nucleofection, and BAC
Engineering

The National Institutes of Health—approved WA-09
(H9) hESC line was used. hESCs were maintained on mitot-
ically inactivated mouse embryonic fibroblasts (MEFs), as
previously described.'> Accutase (Innovative Cell Technolo-
gies, San Diego, CA)-dissociated hESCs (5 X 10°) were
treated with 10 uM Y27632 (Sigma-Aldrich, St. Louis, MO)
to increase their clonogenic potential?# and then were nucleo-
fected®!” (Amaxa) with 5 ug of the mouse Hb9::GFP BAC.
To select for stably transfected clones, G418 (Sigma-Aldrich)
was started on day 4 at 25 ug/mL followed by 50 wg/mL on
day 14. The mouse Hb9::GFP BAC was obtained from the
GENSAT library at Rockefeller University and modified to
express the neomycin resistance gene.?? Differentiation to
mesoderm and endoderm were as previously described.?

Human Motor Neuron Differentiation, Flow
Cytometry, and Postsort Culture

Motor neurons were derived from hESCs as previously
described.!! Briefly, we obtained neural stem cells from hESCs
through a process termed neural induction.®!! Differentiation of
such neural stem cells to the motor neuron linecage was achieved
with C25II sonic hedgehog (Shh, 125 ng/mL; R&D Systems,
Minneapolis, MN) and retinoic acid (1 uM; Sigma-Aldrich),
which act to ventralize and caudalize, respectively, neural stem
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FIGURE 21.1. Basic characterization
of bacterial artificial chromosome
(BAC)-transgenic human embryonic
stem cell (hESC) line. A, Schematic
showing the basic architecture of en-
gineered BACs. The genomic DNA
(orange) contains the promoter/en-
hancer elements for a given gene, and
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Karyotype and fluorescent in situ hy-
bridization (FISH) analysis of the BAC-
transgenic clone. E, The BAC trans-
gene is indicated by a red arrow,
whereas the endogenous Hb9 gene is
indicated by green arrows. F, Immu-
nofluorescence  analysis of hESC
marker expression in the undifferenti-
ated transgenic hESCs. G, The trans-
genic hESCs maintain their pluripo-
tency. When directed to mesodermal
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Brachyury and smooth muscle actin
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cells, thereby biasing them to the motor neuron fate. FACS
analysis was performed on a FACSCalibur device (BD Bio-
sciences, San Jose, CA), while either a MoFlo (Dako, Carpin-
teria, CA) or a FACSAria (BD Biosciences) device was used for
cell sorting. After sorting, motor neurons were cocultured with
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hESC-derived mesenchymal feeders? in medium containing
glial cell line—derived neutrophilic factor (20 ng/mL), ciliary
neurotrophic factor (50 ng/mL), brain-derived neurotrophic fac-
tor (20 ng/mL) (all obtained from R&D Systems), and ascorbic
acid (0.2 mM; Sigma-Aldrich).
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Immunofluorescence and Microscopy

Immunofluorescent analysis was performed either with
a conventional epifluorescence microscope or with a confocal
microscope (Leica MicroSystems, Inc., Allendale, NJ). Cells
were fixed with paraformaldehyde, blocked, and permeabil-
ized with 1% bovine serum albumin/0.3% Triton X-100 and
treated with antibodies to the following antigens: GFP (Ab-
cam, Cambridge, MA), Oct4 (Santa Cruz Biotechnology,
Santa Cruz, CA), Nanog (R&D Systems), SSEA-3 (DSHB,
Iowa City, IA), SSEA-4 (DSHB), SSEA-1 (DSHB), TRA
1-60 (Millipore, Bedford, MA), TRA 1-81 (Millipore), Pax6
(Covance, Princeton, NJ), Brachyury (R&D Systems), Sox17
(R&D Systems), smooth muscle actin (Sigma-Aldrich), Hb9
(DSHB), Isll (DSHB), Lim3 (DSHB), Nkx6.1 (DSHB),
Nkx2.2 (DSHB), Tuj1 (Covance), nestin (Neuromics, Edina,
MN), ChAT (Millipore), and Rap1A (Santa Cruz Biotechnol-
ogy). Appropriate secondary antibodies were conjugated to
the fluorophore Alexa 488, 546, 555, 568, or 633 (Invitrogen,
Carlsbad, CA). Nuclear counterstaining was performed with
4',6-diamidino-2-phenylindole (DAPI; Invitrogen). In exper-
iments aimed at identifying dividing cells, cultures were
exposed to 5 ug/mL BrdU (Sigma-Aldrich) for 16 hours, and
on fixation, BrdU was detected with anti-BrdU antibody
(Abcam). Alkaline phosphatase staining was performed using
a commercially available kit (Sigma-Aldrich). Evaluation of
the extent of colocalization of GFP with relevant markers was
done on 0.15-mm? microscopic fields. A total of 1020 hESC-
derived cells were counted.

Quantitative Polymerase Chain Reaction and
Transcriptome Analysis

For quantitation of the GFP transgene in genomic DNA,
purified DNA (Qiagen, Studio City, CA) was subjected to
quantitative polymerase chain reaction using the primers 5’ AA-
GATCCGCCACAACATCGAG3' and 5'CGTTGGGGTCTT-
TGCTCAGG3' and a SYBR green (Quanta Biosciences, Gaith-
ersburg, MD)-based assay. A relative expression level of the
GFP transgene at 5% of the levels observed in the EF/a::GFP
line (a control hESC line stably transfected with a plasmid
expressing GFP under the control of the EF/a promoter) was
defined as positive for the transgene. For quantitative reverse
transcriptase polymerase chain reaction of the Hb9, Isll, Lim3,
and ChAT transcripts, we used the corresponding Tagman
probes (Applied Biosystems, Norwalk, CT). Transcriptome
analysis was performed on Affymetrix U133 Plus 2.0 microar-
rays (Affymetrix, Santa Clara, CA) with duplicate GFP-positive
and GFP-negative RNA samples. The transcriptomes of the two
populations were compared with the transcriptome of hESC-
derived neural stem cells® using the LIMMA package.

Electrophysiological Analysis
Cells were recorded in current-clamp mode using patch

pipettes at room temperature (20-22°C) using the Multi-
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clamp 700B amplifier (Axon Instruments, Inc., Foster City,
CA). Neurons were identified under Nomarski (differential
interference contrast) optics. The membrane potential was
manually adjusted to —60 mV. The extracellular solution
contained 145 mM NacCl, 3 mM KCl, 1.5 mM CaCl,, | mM
MgCl,, 5 mM glucose, and 10 mM HEPES. The intracellular
solution contained 135 mM potassium gluconate, 2 mM
NaCl, 1 mM CaCl,, I mM MgCl,, 10 mM HEPES, 10 mM
ethyleneglycol-bis-(3-aminoethylether)-N,N,N',N'-tetraacetic
acid, 2 mM Mg-adenosine triphosphate, and 0.4 mM Na-
guanosine triphosphate. In some experiments, the fluorescent
marker Alexa 594 (Invitrogen) was included in the intra-
cellular solution to facilitate visualization of the recorded
neuron. Current steps were applied for 500 ms to evoke
action potentials. Tetrodotoxin (Sigma-Aldrich) was ap-
plied at a final concentration of 0.5 uM to block action
potentials in some recordings. Data were analyzed with
Clampfit (Axon Instruments).

Statistical Analysis
Student’s ¢ test was used for statistical comparisons.
The cutoff for statistical significance was set at P < 0.05.

RESULTS

BAC Transfection Protocol

We previously showed that the GENSAT library of
BACs® can be used toward the stable transgenesis of mouse
ESCs (mESCs) after retrofitting with a neomycin resistance
cassette.?>2> The translation of BAC transgenesis from
mESCs to hESCs has been hampered by the difficulty in
transfecting the latter, especially given the large size of BACs
(150-250 kb). Thus, when we attempted to transfect hESCs
with BACs via electroporation?” or lipofection,® we did not
obtain stably transfected clones.

We then tested a new strategy with a number of modifi-
cations for the stable transfection of hESCs with the Hb9::GFP
BAC. Using nucleofection®!” of Accutase-dissociated single
hESCs treated with the rho-associated kinase inhibitor Y-27632
(10 uM)?* to increase their clonogenic potential, we obtained
BAC-transgenic hESC lines for the first time. An outline of our
protocol is presented in Figure 21.1B.

A total of 28 clones were obtained after nucleofec-
tion with the Hb9::GFP BAC. After differentiation to the
motor neuron fate and screening for GFP expression, only
one clone (3.6%) produced GFP-labeled motor neurons. A
secondary screen based on quantitative polymerase chain
reaction of genomic DNA identified nine of 27 clones
(33.3%) as positive for GFP (Fig. 21.1C), suggesting that
only a fraction of the clones were transfected with the
intact BAC.
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Basic Characterization of BAC Transgenic hESC
Line

The GFP-expressing clone had a normal karyotype (46,
XX; Fig. 21.1D). Fluorescent in situ hybridization analysis
indicated a single BAC integration site at 7q31, a site distinct
from the endogenous Hb9 locus at 7q36 (Fig. 21.1E), indi-
cating that BAC integration into the genome did not occur via
homologous recombination. Undifferentiated transgenic
hESCs expressed appropriate nuclear and surface markers
and were GFP negative (Fig. 21.1F). In particular, undiffer-
entiated hESCs were positive for the transcription factors
Oct4 and Nanog; the cell surface markers SSEA-3, SSEA-4,
Tra 1-60, and Tra 1-81; and the cytoplasmic marker alkaline
phosphatase, but negative for the cell surface marker
SSEA-1. Moreover, the transgenic hESCs could be differen-
tiated to cells belonging to mesodermal (Brachyury and
smooth muscle actin—positive cells) and endodermal (Sox17-
positive cells) lineages in vitro (Fig. 21.1G), suggesting that
they remained pluripotent.

Differentiation of BAC Transgenic hESCs to the
Motor Neuron Lineage

Using our published differentiation protocol,'! we pat-
terned GFP and Hb9-negative neural stem cells® derived from
transgenic hESCs with retinoic acid and Shh for 11 to 15 days
(Fig. 21.24). We first observed GFP-expressing cells after 8
days of patterning (Fig. 21.2B, top). After 14 days of pat-
terning, the number of GFP-positive cells and the fluores-
cence intensity increased (Fig. 21.2B, bottom). No GFP or
Hb9 expression was seen when cells were directed to a
dopaminergic fate,'> suggesting that the expression of GFP
was specific to motor neurons (data not shown). Fluores-
cence-activated cell sorter analysis indicated that the induc-
tion of GFP expression was dependent on Shh (Fig. 21.2C
and D) (0.2 = 0.2% GFP-positive cells with no Shh versus
5.8 £ 1.1% with Shh; ¢ test, P < 0.01), a finding consistent
with the hypothesis that GFP was expressed in motor neu-
rons, whose ventral identity is established by Shh. Confocal
microscopic analysis of the GFP-positive cells showed
66.1 = 3.0% colocalization with endogenous Hb9 immuno-
reactivity (Fig. 21.2F). The transcription factor profile of the
GFP-positive motor neurons was developmentally appropri-
ate, as 85.5 = 5.7% colocalized with Isll, 80.8 * 2.4% with
Lim3, and 46.1 = 13.2% with Nkx6.1 (Fig. 21.2F), all
transcription factors involved in the specification of motor
neurons. Moreover, GFP showed little colocalization with
Nkx2.2 (1.7 £ 1.0%), a marker of a ventral spinal interneuron
domain'¢ (Fig. 21.2F). The GFP-positive motor neurons
expressed neuronal B-tubulin (Tujl), a neuronal marker, but
not Oct4, a marker of hESCs, or nestin, a neural stem cell
marker (Fig. 21.2F). Likewise, GFP-positive cells did not
stain with BrdU (2.8 = 1.1%), indicating that they were
postmitotic (Fig. 21.2F).
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Enrichment for Motor Neurons via Cell Sorting

The GFP-positive motor neuron pool could be sepa-
rated from GFP-negative cells by flow cytometry with yields
averaging 2.6 = 0.7% (n = 6; Fig. 21.34). The enriched
motor neuron pool was compared with the GFP-negative pool
by quantitative reverse transcriptase polymerase chain reac-
tion for the HbY, Isl1, Lim3 and ChAT (choline acetyltrans-
ferase, the enzyme responsible for acetylcholine biosynthesis
in motor neurons) transcripts. We found robust enrichment
(31.9 = 19.5-fold, n = 3) for HbhY in the GFP-positive pool
compared with its GFP-negative counterpart, suggesting co-
ordinate transcriptional regulation of the endogenous Hb9Y
gene and the GFP transgene (Fig. 21.3B). Transcripts for
Isll, Lim3 and ChAT were also enriched in the motor neuron
pool by 4.3-, 20.8-, and 10.7-fold (n = 2 for each), respec-
tively (Fig. 21.3B).

Fluorescence microscopy of living cells immediately
after sorting showed an excellent separation of GFP-positive
and -negative cells (Fig. 21.3C). The sorted motor neurons
could be cultured long term on a layer of hESC-derived
mesenchymal feeders.? Immunofluorescence analysis of such
cocultures demonstrated ChAT expression in motor neurons
(Fig. 21.3D) and the elaboration of dendritic and axonal
processes, including putative growth cones. In contrast, the
GFP-negative pool contained hyperproliferative nestin-posi-
tive neural stem cells, but few ChA4T-expressing neurons.

Electrophysiological Analysis of Human Motor
Neurons

Fluorescence-activated cell sorter—purified motor neu-
ron populations cocultured on human mesenchymal feeders
for 1 week were subjected to electrophysiological analysis
using whole-cell patch recordings. Motor neurons were tar-
geted using Nomarski (differential interference contrast) op-
tics and filled with Alexa 594 through the recording electrode
for easy visualization (Fig. 2/.3E). When the membrane
potential was held at —60 mV, neurons responded to 500-ms
depolarizing current pulses with action potential (AP) firing
(Fig. 21.3F). In 10 of 16 recorded neurons, trains of APs were
evoked whose frequency increased with the amplitude of the
current pulse (Fig. 21.3F). The AP trains were characterized
by tonic firing without any obvious accommodation and were
blocked by 0.5 uM tetrodotoxin (n = 4; Fig. 21.3G), indi-
cating that they were sodium current dependent. There were
no rebound calcium spikes elicited after hyperpolarization
(data not shown). In summary, these recordings indicated that
the transgenic human motor neurons are capable of tonic AP
firing in vitro.

Analysis of the Human Motor Neuron
Transcriptome

We then analyzed the motor neuron transcriptome us-
ing microarray technology (Affymetrix U133 Plus 2.0). We
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FIGURE 21.2. Motor-neuron specific expression of green fluorescent protein (GFP) in the transgenic human embryonic stem cell
(hESC) line. A, Neural stem cells derived from transgenic hESCs were used for generating motor neurons after treatment with
retinoic acid and Shh. Such neural stem cells were negative for GFP and Hb9, but positive for Pax6, a transcription factor expressed
in neural precursors. B, After 8 days of treatment with retinoic acid and Shh, we observed GFP-positive neurons in the cultures.
By day 14, the number of GFP-positive cells had increased substantially. C and D, Fluorescence-activated cell sorter analysis
indicated that the production of GFP-positive cells required Shh. E, Confocal microscopic images showed extensive colocalization
between the GFP signal and the endogenous Hb9 immunoreactivity, suggesting that the bacterial artificial chromosome BAC
transgene functioned appropriately. F, Immunofluorescence analysis of the GFP-positive motor neurons demonstrated colocal-
ization of GFP with the transcription factors Isl1, Lim3 and Nkx6.1, but not Nkx2.2 or Oct4. Moreover, the GFP-positive cells were
positive for neuronal B-tubulin (Tuj1), but not nestin or BrdU.
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FIGURE 21.3. A, Cell sorting of green fluorescent protein
(GFP)-positive and —negative cell populations. B, Quantitative
reverse transcriptase polymerase chain reaction analysis of
RNA extracted from the GFP-positive and negative pools indi-
cated robust enrichment of the human Hb9 transcript in the
GFP-positive cells, again suggesting coordinate regulation of
the GFP transgene and the endogenous Hb9 gene. The motor
neuron markers Is/1, Lim3, and ChAT were also enriched in the
GFP-positive pool. C, Plating of cells immediately after cell
sorting and fluorescence microscopy showed good separation
of the GFP-positive and -negative pools. D, Motor neurons
cultured on human embryonal stem cell-derived mesenchy-
mal feeders for 1 week after cell sorting expressed ChAT and
B-tubulin (Tuj1). E, Motor neurons were visualized with No-
marski optics (top) and filled through the patch electrode with
Alexa 594 for confirmation of their neuronal character (bot-
tom) before electrophysiological recordings. DIC, differential
interference contrast. F and G, Motor neurons responded to
current injection with tonic action potential firing that was
blocked by tetrodotoxin (TTX).

identified 78 transcripts (three duplicates) specifically up-
regulated in the GFP-positive population compared with
neural stem cells,® of which 49 (62.8%) were enriched more
than twofold when compared with the GFP-negative cells
(Fig. 21.44 and B). Importantly, the Hb9 transcript (green in
Fig. 21.4B) was 16.7-fold enriched compared with the GFP-
negative pool. Other notable genes up-regulated in motor
neurons whose function is consistent with motor neuron
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biology were the transcription factors Is/22° and Lim4,'3
Grin2A4 (N-methyl-p-asparate receptor subunit 2A), Ret (gli-
al-derived neurotrophic factor receptor),'# and Slc547 (cho-
line transporter).” The majority of the 49 genes have not been
implicated before in motor neuron biology. To validate the
results of the transcriptome analysis, we performed immuno-
fluorescence analysis of GFP-positive motor neurons with an
antibody against Rap1A, a Ras-like guanosine triphosphatase,
previously shown to modulate synaptic function.2® The ex-
periment showed enrichment of Rapl A immunoreactivity in
motor neuron neurites (Fig. 21.4C), consistent with the find-
ing that the RaplA transcript is 60.4-fold enriched in motor
neurons. This experiment allowed us to analyze the transcrip-
tional signature of human motor neurons for the first time.

We are currently working on analyzing the electrophys-
iological behavior of human motor neurons and establishing
an ALS disease model by overexpressing mutant SODI, an
established genetic cause of inherited ALS. Moreover, we are
examining the engraftment potential of human motor neurons
in healthy and mutant SOD/-transgenic rats.!°

DISCUSSION

The field of regenerative medicine has witnessed an
unprecedented renaissance over the past decade since the
establishment of the first hESC lines.2! The excitement sur-
rounding their use stems from two fundamental properties of
hESCs. First, they can be cultured for prolonged periods of
time while remaining in an undifferentiated state. Second,
they possess a theoretically unlimited potential to differenti-
ate into every cell type in the body under the right conditions,
a property known as pluripotency. Harnessing the power of
hESCs will enrich our understanding of human biology and
pathophysiology and lead to novel treatments of human
disease.

One of the major endeavors in the hESC field has been
the development of protocols that allow their directed differ-
entiation to specific cell types, such as neurons. However,
such protocols are prone to contamination by undesirable cell
types, including hyperproliferative stem cells, which may
cause overgrowths when transplanted into experimental ani-
mals.>!° Our study aims at eliminating this contamination
problem by providing a means for enriching differentiation
protocols for specific cell types using developmentally regu-
lated cell type—specific promoters in BACs to drive GFP
expression. Future cell replacement therapies will require
purified cell populations devoid of contaminants that may
cause adverse effects in vivo.

This study is the first to demonstrate the use of BAC
transgenesis in hESCs as a tool to molecularly and function-
ally define a human neural lineage. BAC transgenesis has
been routinely used for the generation of transgenic mice. An
extensive library of BAC-transgenic mice with reporters
relevant to neural development has been established at Rock-
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FIGURE 21.4. Microarray analysis of
the human motor neuron transcrip-
tome. A, The transcriptome of the
green fluorescent protein (GFP)-
positive and -negative pools was
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efeller University (http://www.gensat.org). The technology
presented here should enable the establishment of large-scale
hESC-based BAC transgenic reporter libraries as a novel
genetic model system of human development.

Spinal motor neurons are lost in several neurodegen-
erative diseases, including ALS and spinal muscular atrophy.
The HbY::GFP hESC reporter line may facilitate studies on
disease-related genes in purified human motor neurons. One
of our ongoing efforts is the introduction of mutant SOD/
transgenes into the Hb9::GFP BAC-transgenic hESC line in
an effort to establish a human disease model for ALS. Such
a model would allow us to characterize transcriptional, cel-
lular, and biochemical changes in diseased human motor
neurons and to test novel treatments. In particular, our recent
implementation of high-throughput screening of drug librar-
ies in hESCs* represents an attractive technology for the
testing of the effects of novel compounds on human motor
neuron biology.

Our experiments demonstrated that enriched motor
neuron populations can survive in vitro for prolonged periods
of time. We are currently testing the engraftment potential of
enriched human motor neuron populations in the rodent
spinal cord. Importantly, we are pursuing such experiments
with both normal rats, as well as rats transgenic for mutant
SOD1,"° which represent an animal model for ALS. As
mentioned above, our ability to obtain enriched human
motor neuron populations is critical in performing such
experiments.
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CONCLUSIONS

We have developed a novel technology that allows the
stable transfection of hESCs with the Hb9::GFP BAC, which
drives GFP expression specifically in motor neurons. The use
of BACs theoretically confers a much higher fidelity of
transgene expression compared with short promoter con-
structs. This technology represents the first step toward the
easy identification of motor neurons and their enrichment by
flow cytometry. Our strategy allowed us to examine the
electrophysiological profile and transcriptome of human mo-
tor neurons for the first time. In addition, the enrichment of
motor neuron populations is a prerequisite for transplantation
studies because of the elimination of contaminant hyperpro-
liferative neural stem cells that may cause overgrowths in
vivo.
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