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Accelerated Neuronal Differentiation Toward Motor Neuron
Lineage from Human Embryonic Stem Cell Line (H9)

David Lu, MS,"" Eric Y.T. Chen, PhD, 2" Philip Lee, BS, Yung-Chen Wang, BS;
Wendy Ching, BS,' Christopher Markey, BS,' Chase Gulstrom, BS,
Li-Ching Chen, PhD,* Thien Nguyen, MD, PhD® and Wei-Chun Chin, PhD’

Motor neurons loss plays a pivotal role in the pathoetiology of various debilitating diseases such as, but not
limited to, amyotrophic lateral sclerosis, primary lateral sclerosis, progressive muscular atrophy, progressive
bulbar palsy, pseudobulbar palsy, and spinal muscular atrophy. However, advancement in motor neuron re-
placement therapy has been significantly constrained by the difficulties in large-scale production at a cost-
effective manner. Current methods to derive motor neuron heavily rely on biochemical stimulation, chemical
biological screening, and complex physical cues. These existing methods are seriously challenged by extensive
time requirements and poor yields. An innovative approach that overcomes prior hurdles and enhances the rate
of successful motor neuron transplantation in patients is of critical demand. Iron, a trace element, is indis-
pensable for the normal development and function of the central nervous system. Whether ferric ions promote
neuronal differentiation and subsequently promote motor neuron lineage has never been considered. Here, we
demonstrate that elevated iron concentration can drastically accelerate the differentiation of human embryonic
stem cells (hESCs) toward motor neuron lineage potentially via a transferrin mediated pathway. HBY ex-
pression in 500nM iron-treated hESCs is approximately twofold higher than the control. Moreover, iron
treatment generated more matured and functional motor neuron-like cells that are ~ 1.5 times more sensitive to
depolarization when compared to the control. Our methodology renders an expedited approach to harvest motor
neuron-like cells for disease, traumatic injury regeneration, and drug screening.

Introduction

MOTOR NEURON LESIONS occur in conditions such as
stroke, traumatic brain injury, and motor neuron dis-
eases, which can result in weakness, immobility, and mor-
tality."* Unfortunately, the paucity of effective medicinal
treatment and the inability to repair motor axons renders the
path toward regeneration seemingly insurmountable. Ham-
pered by limited therapeutic options, current strategies aim
to reestablish damaged connections/functions and transplant
with derived motor neurons.”™ As a result, stem cell therapy
is being developed as a potential new avenue to ameliorate
the pathology. Traditionally, motor neuron derivation pro-
tocols call for multistep procedures from human embryonic
stem cells (hESCs) in more than 30 days. These complicated
processes necessitate generation of neuralepithelial cells in
~2 weeks followed by 4-6 weeks of motor neuron differ-

entiation. Reinforcing the cumbersome nature, long-term
incubation with a myriad of chemicals, growth factors and
excessive transcriptional activators such as, but not limited
to, purmorphamine, cAMP, retinoic acid (RA), sonic hedge-
hog (SHH), fibroblast growth factors (FGFs), nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF),
glial-derived neurotrophic factor, and insulin-like growth
factor-1 (IGF-1) are indispensable, in addition to modifying
oxygen level during culture.’™'® It does, however, appear
that biochemical contributions have reached a plateau in
advancing motor neuron differentiation, which has subse-
quently spawned an array of investigations on alternative
stimulations.

In recent years, a growing body of evidence has attributed
motor neuron differentiation and maturation to physical
signals. Recently, attention has been directed toward micro-
and nano-architectures such as geometry of extracellular
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matrices, patterns, grooves, and alignments that promote
survival, growth, processes of neuritogenesis, and polarity
formation of motor neurons. For instance, both aligned and
randomly orientated poly-L-lactic acid (PLLA) electrospun
nanofibers significantly accelerated the spinal motor neuron
neuritogenesis and major neurite development compared
with flat surface without engineered topography.!' Other
factors influencing motor neuron growth includes surface
functionalization since polyanionic film had been demon-
strated to enhance neuritic arborization and length of motor
neurons.'? Despite the positive effects of biophysical cues in
motor neuron differentiation and development, costly small-
scale fabrication severely hinders stem cell-derived motor
neuron transplantation as a feasible therapy or a potential
clinical application. Therefore, more economical and effi-
cient strategies to accelerate motor neuron differentiation
and functional maturity are very much in need.

In addition to both biological and topographical stimu-
lations, various ions had been demonstrated to critically
influence cellular proliferation, homeostasis, and degenera-
tion.">™'® The question of whether a simple modification in
ionic concentration can modulate regeneration by promot-
ing neuronal differentiation toward motor neuron lineage
has not, heretofore, been considered. Iron is fundamentally
required by all mammalian cells for DNA synthesis, DNA
repair, proliferation, oxygen transport, electron transfer,
neurotransmitter metabolism, and mitochondrial energy
production.'®?° Tron concentrations in the cerebral cortex,
cerebellum-pons, and midbrain are at their highest imme-
diately after birth. It is crucial for myelination, neurotrans-
mitter synthesis, synaptogenesis, and neuronal development
and function.”’ While ferric and ferrous forms are widely
distributed in the rat brain, they are concentrated in areas
such as the globus pallidus, basal ganglia, amygdaloid body,
cerebellar nuclei, red nucleus, vestibular nuclei, and tri-
geminal motor nucleus.?' Iron rapidly accumulates in these
areas during neural development, suggesting its participa-
tion in behavioral organization and motor activities. In fact,
some neurons specifically involved in the motor system
contain high level of ferric and ferrous ions, and iron reg-
ulatory proteins in axons, cytoplasm, and lysosomes.?' Co-
incidentally, iron deficiency is strongly correlated with
adverse effects on brain function including cognitive im-
pairments, learning impairments, and motor deterioration in
infants and young children.***® For instance, iron insuffi-
cient rats traveled significantly slower in the elevated plus
maze and fell off rotarod faster than control rats indicating
damaged motor functions.”* Iron-deficient humans (espe-
cially during childhood) also show decreased physical ac-
tivity, weakened skeletal motor performance, and motor
impairments such as restless legs syndrome.”*2° In addition
to modulating motor activities, iron regulates cellular energy
metabolism and ATP production.?” Cellular energy is a criti-
cal controller of proliferation rate, self-renewal, and differ-
entiation. Neurons and axons maintain high levels of iron to
support a continuous demand for high metabolic activities.
Experiments have also shown that iron treatment increased
generation of oligodendrocytes from glial precursors.’
Additionally, during neuronal differentiation, mitochondrial
biogenesis coupled with ATP production support neurite
outgrowth.”® Hence, increasing iron availability may be pro-
viding the energy needed for neuronal differentiation; how-
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ever, whether iron can promote motor neuron differentiation
remains an enigma.

Currently available motor neuron differentiation ap-
proaches rely on stimulations from biochemical and physi-
cochemical means, little is known whether iron may provide
additional improvement for the existing methods. Since iron
exerts crucial influence on neural physiology and the lack of
which leads to morbidity, we examined the ability of iron to
facilitate neural differentiation toward motor neuron lineage
and the mechanism involved.

Materials and Methods
hESC culture

hESC lines H9 from Wicell (passage 30-50) were cultured
in 20% knockout (KO) serum replacement medium on mito-
mycin C (Sigma-Aldrich)-treated mouse embryonic fibro-
blasts (MEFs).2%-32 The standard 20% KO serum replacement
medium contained 20% KO serum replacement (Invitrogen),
1% nonessential amino acids (Invitrogen), 1 mM L-glutamine
(Invitrogen), Dulbecco’s modified Eagle’s medium (DMEM/
F12; Invitrogen), 0.1 mM b-mercaptonethanol (Sigma-Al-
drich), and 4ng/mL. FGF-2 (Sigma-Aldrich). The medium
was changed every day and hESCs were passed every 7 days.

Embryoid body formation

hESC colonies were treated with dispase (0.5 mg/mL;
Invitrogen) to remove colonies from MEF feeder layer. The
colonies were cultured in an ultra-low attachment dish
(Costar, Fisher) for 5 days in 20% KO serum replacement
medium without FGF-2 to form embryoid bodies (EBs).

Iron supplement

To allow attachment, EBs were transferred to wells coated
with PLO and Laminin®*? and subsequently incubated with
N2 medium supplement consisting of DMEM/F12, non-
essential amino acids, sodium pyruvate (Invitrogen), N2
supplement (Invitrogen), 0.1 mM b-mercaptonethanol (Sigma-
Aldrich), and FGF-2 (8 ng/mL). For experimental purpose,
EBs were treated with N2 medium containing iron (III)
chloride at various concentrations (100nM, 500nM, and
1 uM) (Sigma-Aldrich) for a maximum of 14 days. At day
5 of differentiation, N2 medium was replaced with Neural-
basal media containing 2 M L-glutamine, 2% B27 serum-free
supplement, and 25 ng/mL NGF to further the maturation of
neural-like colonies for an additional 3 days.>* Samples were
then fixed for immunofluorescent staining or collected for
western blot analysis.

Immunocytochemistry

Adherent cells were rinsed with Hank’s solution and fixed
with 4% paraformaldehyde (Sigma-Aldrich) for 20 min.
Cells were treated with 0.1% Triton X-100 (Sigma-Aldrich)
and 1% bovine serum albumin for 30 min before they were
incubated at 4°C overnight in primary antibodies B-III tu-
bulin (1:500; Millipore), Peripherin (1:200; Santa Cruz),
choline acetyltransferase (ChAT, 1:200; Millipore), microtubule-
associated protein 2 (MAP2, 1:500; Millipore), NeuN (1:200;
Millipore), neurofilament (NF, 1:1000; Millipore), synapsin
(1:500; Millipore), and HB9 (motor neuron-specific transcription
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factor, 1:500; Santa Cruz). Secondary fluorescent antibodies
were used at 1:500 for 1 h at room temperature (AlexaFluor
488 and Cy3; Invitrogen), cell nuclei were stained with DAPI
(1:5000). Cell imaging obtained using same exposure time
for image acquisitions in each group. Images were acquired
by Nikon Eclipse TE2000-U fluorescent microscope (Nikon
Eclipse TE2000-U).

Image analysis

Quantification of the axonal length. Axonal length was
quantified in accord to our protocol published previously.*®
In brief, more than 20 fluorescently stained axons were mea-
sured at random from each of ~10 EBs. Axons were mea-
sured (in pixels using NIS-Elements software) from the tip of
axons to the end and averaged. Micron beads (F13838; In-
vitrogen) were used for calibration converting pixel to length
(mm) of axons. The results were obtained using the NIS-
ELEMENTS software (Nikon Instruments).

Quantification of the axonal density. Axonal density was
quantified in accordance with our previously published
protocol.*® In short, axonal density was assessed by quan-
tifying the total fluorescence intensity of axons using ran-
dom placement of more than 30 defined regions of interest.
Axonal density was measured from more than 10 EBs in
pixels and analyzed with NIS-ELEMENTS software. Final
ratios were derived by dividing total intensity of axons
cultured with iron additive by that of the controls. Because
the cells were subjected to the same staining conditions and
assessment procedures, potential inconsistencies in fluores-
cence intensity could be counteracted.

Western blot

Neuronal differentiated stem cells were harvested and
lysed. A total of 50 ug of protein was loaded into each well
and subsequently resolved on 10% SDS-PAGE gel with a
5% stacking SDS-PAGE. Proteins were transferred onto
Immobilon-P Membrane (PVDF; Millipore) overnight at
4°C. The membranes were blocked in 5% nonfat milk and
hybridized with primary antibodies including B-III tubulin
(1:1000; Millipore), peripherin (1:1000; Santa Cruz Bio-
technology, Inc.), NeuN (1:1000; Millipore), and GAPDH
(1:10,000; Millipore). Membranes were then rinsed with TBST,
incubated with secondary antibodies (goat anti-mouse, don-
key anti-goat, and goat anti-rabbit HRP; Millipore) and
developed with SuperSignal West Pico Chemiluminesent Sub-
strate (Thermo Scientific). Images were taken with Chemi-
Doc XRS (Bio-Rad Laboratories, Inc.) and analyzed with
Quantity One software (Bio-Rad Laboratories, Inc.).

Neural functional assay

Neural functional assay was measured by testing for de-
polarizing-dependent synaptic vesicle recycling in accord to
our previously established protocol.’® In brief, cells were
carefully rinsed with DPBS, loaded with FM1-43 dye
2 M) (Agx=510nm and Ag,,=626) (Invitrogen) for 5 min,
and were carefully rinsed again. Exocytosis of synaptic
vesicles was triggered by 50uM glutamic acid, 200 pM
acetylcholine (ACh), or depolarizing solution (high K*) (in
mM: 20.9 NaCl, 100 KCI, 1.2 MgCl,, 1.2 NaH,PO,, 1.2

LU ET AL.

Na,SOy, 2.5 CaCl,, 25 NaHCO3;, and 10 glucose, pH 7.3;
Sigma-Aldrich). Data were collected with Nikon Eclipse
TE2000-U microscope with heated stage controlled at 37°C.

Acquisition of granular pH

Granular pH of EBs was monitored by loading EBs with
1 uM of LysoSensor™ Green DND-189 (Ag, =443 nm and
/Em=1505) (Invitrogen) for 30 min.>° LysoSensor Green DND-
189 was carefully rinsed with Tyrode solution. Granular
fluorescence was captured using Nikon Eclipse TE2000-U.
The images were analyzed with Simple PCI software (Compix,
Inc., Imaging Systems).

Iron uptake disruption

A modification from prior published protocol was used to
disrupt transferrin acidification.* Methylamine hydrochlo-
ride (100 pM) was added to the culture medium and cultured
in the same fashion with varying iron concentrations. Me-
thylamine is a known blocker of transferrin-iron release
through their lysosomotropic properties.

Statistical analysis

The data were presented as mean+ SD. Each experiment
was performed independently at least three times. Statistical
significance was determined using a Student’s 7-test analysis
with p-values of <0.005 (Microsoft Excel and GraphPad
Prism 4.0; GraphPad Software, Inc.).

Results

Elevated iron concentration accelerated
neuronal differentiation from hESCs

We examined whether higher iron concentration can ac-
celerate neuronal differentiation and maturation. Conven-
tional protocol uses basal neural differentiation (N2) medium
(with existing 1.5 uM of basal iron) to promote differentia-
tion.>*'2 To test the hypothesis, hESC EB was supple-
mented with 0.1-1 uM FeCl; in N2 medium. Iron-instigated
accelerated differentiation toward neural lineage was assessed
by measuring axonal extension (length) and density of fluor-
escently labeled B-III tubulin (Fig. 1) and peripherin anti-
bodies (Fig. 2). These two biomarkers signify matured axonal
development during neuronal differentiation.”®>> Elevating
iron concentrations increased axonal length and density from
day 2 to 8 of differentiation (Fig. 1). Major differences be-
tween the control and iron-enriched groups were observed
after 5 days of differentiation. The axonal lengths were en-
hanced by ~1.52%, 1.61x, and 1.76 X when compared with
the control, at 0.1, 0.5, and 1 uM of FeCls, respectively (Fig.
1B). Simultaneously, augmenting iron levels distinctly im-
proved axonal density by ~1.35-, 1.5-, and 1.48-folds at
0.1, 0.5, and 1 uM of FeCls, respectively (Fig. 1C). Axonal
growth reached a plateau after 11 days of differentiation
(Figs. 1 and 2). A commensurate increase in axonal length
and density was also independently confirmed with periph-
erin staining (Fig. 2). Our data suggested that higher iron
concentrations can accelerate neuronal differentiation by en-
hancing axonal sprouting and elongation in a dose-dependent
fashion throughout 2-8 days of differentiation.
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FIG. 1. Human embryonic stem cells (hESCs)-derived neuronal progemtor with varying additive Fe . (A) Immuno-
fluorescence of B-III tubulin staining of the control (nonadditive Fe**), 100nM, 500nM, and 1 uM Fe** at 2, 5, 8, and 11
days of differentiation (red; scale bar=200 pm). Analysis of (B) axonal length (mm) and (C) density of B- 111 tubulin with
varying concentrations of Fe’* at 2, 5, 8, and 11 days of differentiation (n>100, **p <0.005). (D) Western blot of B-III
tubulin with (E) quantitative analysis of B-III tubulin protein expression fold of increase for 5 and 11 days of differentiation
(n=3, ***¥p<0.001). Color images available online at www.liebertpub.com/tec

In addition to morphological changes, western blotting After 5 days of differentiation, B-III tubulin expression
was conducted to quantitatively assess key neuronal bio- levels were notably elevated by about 1.6-, 3.0-, and 2.0-
markers for accelerated differentiation. Analysis of global folds at 0.1, 0.5, and 1 pM of FeCls, respectively (Fig. 1D,
cellular expression of B-III tubulin and peripherin showed E). After 11 days of differentiation, both neuronal markers
that the optimal neuronal differentiation occurred at day 5. revealed no significant differences between iron-enriched
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FIG. 2. hESC- derlved neuronal progenitor with varying additive Fe’*. (A) Immunofluorescent of peripherin staining
control (nonadditive Fe? *), 100nM, 500 nM, and1 uM Fe3+ at 2, 5, 8, and 11 days of dlfferentlatlon (scale bar=200 pm).
Analysis of (B) axonal length (mm) and © den51ty of peripherin with varying concentrations of Fe** at 2, 5, 8, and 11 days
of differentiation (n =100, **p <0.005). Color images available online at www.liebertpub.com/tec
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and the control samples (Fig. 1E). Figure 1E is also well
corroborated by the peripherin data from Figure 2B and C.

Further neuronal maturation of elevated iron
concentration accelerated cells in neurobasal medium

Knowing that iron accelerated neuronal differentiation,
we subsequently investigated whether elevated iron levels

FIG. 3. TIron induces maturation
of hESC-derived neurons. Im-
munofluorescent staining of ma-
ture neuron makers (A) NeuN
(red), Map2 (green), and DAPI
(blue) and (B) choline acetyl-
transferase (ChAT; green), neuro-
filament (NF; red) for the control,
and 500nM Fe** (scale bar=40
pm). (C) Immunofluorescent
staining of mature motor neurons
expressing HB9 in the control and
500nM Fe®* (scale bar=100 pum)
with (D) expression of HB9/DAPI
(n=17, ***p<0.001). (E) Wes-
tern blot analysis of NeuN with
the (F) quantitative analysis of
NeuN protein expression folds of
increase for control and 500 nM
Fe** (n>3, **p<0.005). Color
images available online at
www.liebertpub.com/tec
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could hasten cellular maturation. We subjected differen-
tiated neuron-like cells, previously cultivated in iron-
enriched N2 media for 5 days, in neurobasal medium
(NBM)** for an additional 3 days. The 0.5 pM iron-treated
neuronal cells developed more abundant MAP2 and
NeuN expressions in NBM in contrast to control (Fig. 3A).
According to western blotting data, NeuN expression is
~ 1.8-fold higher in the iron supplement groups than the
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control (Fig. 3E, F). Our data indicated that higher iron
concentrations fostered maturation of differentiated neurons
within 8 days of differentiation. With establishment of iron-
enriched acceleration in neuronal differentiation and matu-
ration, we further investigated whether it preferentially
promoted a motor neuron lineage. After cultured in NBM
for 3 days, cells previously treated with 0.5 UM iron were
positively stained with biomarkers, including ChAT, NF,
and HB9,8 characteristics of matured motor neurons (Fig.
3B-D). Quantitative immunofluorescence measurement of
HBO expression also unveiled ~2.5-fold upregulation in
iron-enriched cultures comparing with the control (Fig. 3D).

Neuronal functional assay

With Figure 4A showing positive colocalized Synapsin I
and B-III tubulin expression, our next step examined the
functionality of the derived motor neurons with FM 1-43
dye to label active synaptic vesicles.*® High potassium (K*)
buffer was used to depolarize motor neurons and facilitate
dye uptake. Physiological relevant agonists such as ACh,
glutamic acid, and high potassium depolarization buffer
were used to induce synaptic depolarization®® (Fig. 4B, C).
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Synaptic depolarization stimulated with ACh, glutamic acid,
and high K* was drastically apparent in the 0.5 uM Fe®*
group. Our results suggest that higher iron levels led to more
mature and functional motor neuron-like cells with active
synaptic vesicles.

Differential role of Fe** and Fe** in accelerating
neuronal differentiation

Both ferric and ferrous forms can coexist in nature and in
differentiation media. To explore the role of each ionic
species that contributes to the acceleration, Fe** (0.5 pM),
Fe™* (0.5 uM), and the combination of the two (0.25 uM of
each) were examined separately. Fe’* treatment clearly
accelerated axonal sprouting by ~ 1.25-fold and enhanced
axonal density by ~ 1.4-fold in comparison with the control
(Fig. 5). On the contrary, Fe?* seemed to foster inhibitory
effects on axonal growth and slightly promoted axonal den-
sity (Fig. 5). The combinatory treatment of Fe®>* and Fe**
substantially increased both sprouting density and axonal
length (Fig. 5). Therefore, while both ionic species coexist
in solution, Fe** ions played a more predominant role in the
acceleration effect observed in this study.

Merge

- - - -
- - - -

FIG. 4. Functional proper-
ties of hESC-derived moto-
neuron. (A) Confocal images
of synapsin I and B-III tubulin
colocalize staining (scale
bar=40 um). (B) Synaptic
vesicles loaded with FM1-43
Dye of the control and 500 nM
Fe** (scale bar=80 pum). (C)
Cytocyolic fluorescence of the
control (red circle) and
500nM Fe** (blue circle)
treatment groups loaded with
FM1-43 dye and stimulated
with 50 pM glutamic acid,
200 uM acetylcholine, and
potassium (90 mM) solution to
observe cell synaptic re-
cycling responses to different
natural agonist (n =3,

**p <0.005). Photo bleaching
was tested to normalize dif-
ferences (black circle). Color
images available online at
www liebertpub.com/tec
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Fe?*
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Immunofluorescent staining of (A) B-III tubulin for hESC-differentiated neurons with Fe?* (0.5 uM), Fe’*

(0.5 uM), and a combination of both solution (0.25 pM of Fe 2 respectfully) (scale bar=200 pm). Analy§1s of the (B)
axonal length (mm) (n>100, ***p<0.001) and (C) axonal density on varying iron concentrations. Color images available

online at www.liebertpub.com/tec

Reactive oxidative species involvement
in iron-induced acceleration

We then analyzed the partake of reactive oxidative spe-
cies (ROS)37 in determining accelerated differentiation.*®
N-acetyl-L-cysteine (NAC; 1 mM) was added to Fe**-treated
hESCs to block generation of ROS.* We found NAC
treatment was not able to reduce acceleration or differenti-
ation (Fig. 6A). The result suggested that ROS might not be
involved in accelerating differentiation and that an alterna-
tive mechanism must be engaged. The data led to the pos-
tulation of an iron-mediated neuronal differentiation.

Transferrin mediated iron-induced acceleration

We postulated that an iron directed mechanism may
be attributed to faster differentiation. By inhibiting granu-
lar acidification with methylamine chloride, transferrin-

>

FIG. 6. Reactive oxidative
species and transferrin inhi-
bition in iron induced hESC-
derived neurons. (A) hESC
cultured with N-acetyl-L-
cysteine (NAC; 1 mM) in
both control and 500 nM
Fe** groups stained with f-
IIT tubulin (green) (scale
bar=200 pm) and (B) me-
thylamine treated (100 uM)
hESC expressing B-1II tubu-
lin (green) (scale bar=80
pm). Color images available
online at www.liebertpub
.com/tec

B =11l Tubulin

Control

B = 1l Tubulin

Fe3*

mediated iron intake can be blocked.***° Figure 6B showed
that blocking transferrin pathway significantly attenuated
axonal sprouting and density (Fig. 3). LysoSensor Green
DND-189 (Invitrogen) was used to verify the effect of
methylamine on vesicular acidification.***' Methylamine
effectively diminished the fluorescence of the LysoSensor
Green DND-189 by disrupting granular pH (Fig. 7). Our
data suggested that accelerated neuronal differentiation is
clearly related to a transferrin-mediated mechanism.

Discussion

Motor neuron diseases are a group of life-threatening
neurological disorders that are characterized by progres-
sive motor neuron degeneration.*”** Recent studies have
suggested that stem cell-derived motor neuron transplantation
may be a promising therapy. This emergent strategy has been

Fe3* + NAC

Fe3* Fe3* + Methylamine
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authenticated by solid in vivo efficacy and bears potential
clinical relevance. Despite the potential as an effective
therapy, the usage of costly neurotrophic factors seriously
restricts motor neuron accessibility and expandability, and
consequently hampers translational capacity. Thus, a cost-
effective derivation method is desperately needed. Our
previous discoveries reported how biochemical and physical
cues could successfully promote neural differentiation. Here
we presented the unexpected finding that increasing ferric
availability to hESC hastened neuronal-specific motor neu-
ron differentiation and enhanced the final yield.

To date, generation of motor neurons from hESC ne-
cessitates a continuous incubation with multiple doses of
transcription activators and growth factors over a month
to express matured motor neuron markers, that is,
HB9.3-8:10:45 Contrary to conventional methodology, our
innovative protocol generated HB9 positive motor neu-
rons in under 2 weeks, without RA or SHH, by increasing
the iron concentration. According to immunofluorescence
staining, 500nM Fe" significantly raised HB9 expression
(terminally differentiated motor neuron marker) by ~ 2.5-
folds compared with control (Fig. 3C, D). Higher ferric
concentration also engendered more matured motor neuron
markers including synapsin and FM1-43-positive vesicles
when compared with control (Fig. 4A, B). Colocalized
staining of Synapsin I with BIII tubulin and ChAT with NF
further suggested the presence of neurotransmitter vesicles
(Figs. 3B, 4A, and 4B). Besides the signature HB9 expres-
sion, we further assessed the function of derived motor
neurons. Figure 4C showed that 500nM Fe’* treatment
groups were drastically more responsive to active synaptic
depolarization than control, when stimulated with physio-
logical agonists including ACh, glutamic acid, and high K.
Our findings are corroborated by previous studies showing
that iron could encourage proliferation and differentiation of
epidermal keratinocytes, dermal fibroblasts, and epidermal
and dermal melanocytes in the skin of newborn mice.*® In
addition, higher ferric concentrations instigated oligoden-
drocyte differentiation from glial-restricted precursor cells.*’
Interestingly, our data authenticated for the first time that
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500nM

FIG. 7. Differentiated hESC
loaded with LysoSensor™ Green
DND-189 to observed granular pH
within the cell. The control and
500nM Fe** treatment groups
were treated with methylamine
hydrochloride (100 uM) to observe
the increase in granular pH, reduc-
ing the florescence of the Lyso-
Sensor Green DND-189 (scale
bar=12 pm). Color images avail-
able online at www.liebertpub
.com/tec

increasing iron availability accelerated motor neuron dif-
ferentiation, maturity, and functionality.

To understand the mechanism involved in accelerated
motor neuron differentiation, we investigated the rate of
neuronal differentiation from hESC under elevated iron
concentration. The iron concentration range used in the
study (0.1-1 uM) did not cause significant cellular toxicity
(Figs. 1 and 2). By augmenting iron level in differentiation
media, a concentration-dependent increase in BIII tubulin
and peripherin expressions, axonal length, and density was
witnessed (Figs. 1 and 2) where most of the increase oc-
curred relatively early between 5-8 days. Moreover, 500 nM
Fe’* significantly amplified matured neuronal makers such
as NeuN and Map2 (Fig. 3A). These phenomena indicated
that raising ferric concentration considerably accelerated
hESC differentiation by rapidly committing to neural line-
age, which precedes motor neuron derivation. Among var-
ious molecular mechanisms proposed, one of the prominent
pathways involves generation of ROS and changing redox
state of cells. Redox active iron may catalyze the formation
of intracellular hydroxyl radicals through Fenton reaction in
many cells including epithelium and neurons.>”***”~* In-
tracellular ROS level and signaling closely modulate early
neural development and can promote O-2A ?rogenitor cells
differentiating into oligodendrocytes.*”****°° We surmised
that the iron-instigated accelerated neuronal differentiation
could follow a similar pathway. Surprisingly, treatment with
NAC, a common antioxidant, failed to inhibit accelerated
neuronal differentiation and subsequent motor neuron de-
velopment (Fig. 6A). The evidence suggested that iron-
mediated ROS does not play a major role in accelerating
neuronal differentiation and motor neuron maturation.
Hence, an alternative mechanism may be involved.

We then hypothesized that iron could directly influence
neuronal differentiation via transferring-mediated pathway.
After binding to iron, diferric holo-transferrin attaches to trans-
ferrin receptor forming a complex, which is subsequently en-
docytosed into early endosome.”’ The acidic vesicular with pH
5.5 then induces a conformational change between the complex,
releasing iron from transferrin into vesicles.’' To validate the
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involvement of transferrin pathway, 500nM Fe™* treatment es-
calated the number of low pH vesicles as indicated by the
brightly fluorescent spots (Fig. 7), impl;/ing increased formation
of transferrin complex in endosomes.”*>* Raising the vesicular
pH with methylamine, disturbed the transferrin mechanism
and subsequently disabled neuronal differentiation and signifi-
cantly eliminated axonal sprouting and motor neuron formation
(Fig. 7). While there are other types of iron chelators/inhibitors
that can block cellular iron uptake, methylamine is commonly
used to inhibit intercellular iron transport.**>*>® Our results are
further supported by the well-established transferrin-ferritin in-
tracellular iron transport and storage mechanism.>® Additional
evidences showed that the predominant proteins, upregulated
during neural stem cell differentiation, involved in iron storage
(ferritin L chain) and cytoskeleton.”’ In particular, ferritin can
bind to microtubules, using them to transport and distribute cy-
tosolic iron for further metabolism that is vital for cytoskeletal
rearrangement.”® Ferritin is also associated with the secretion of
BDNF known to promote motor neuron differentiation.”%
Since elevating extracellular iron concentration can increase
cytosolic ferritin,®' it is implicative that increasing iron avail-
ability accelerates neuronal differentiation of hESC into motor
neuron by increasing ferritin and BDNF. Conversely, perinatal
iron deficiency in rats decreases BDNF and IGF levels, which
may lead to reduced neuronal proliferation, differentiation,
dendritic complexity, and impaired synaptic plasticity.® Such
insufficiencies place a developmental brake on neural structures
and underscore the importance of iron homeostasis in modulat-
ing neurotrophic factors critical for early-life neural differenti-
ation.® It would be of interest to understand whether iron-
accelerated hESC differentiation to motor neuron involves fer-
ritin, BDNF, and IGF, and the possible downstream cellular
signaling pathways.

In addition to stimulating the secretion of growth factors,
iron homeostasis is intimately coupled to energy metabolism
and neural developments.®*® Tron facilitates the generation
of energy (ATP) by acting as a cofactor for cytochromes and
Fe-sulfur complexes during oxidative phosphorylation.*’
High energy-dependent processes, such as neuronal differ-
entiation, neurotransmission, and neuronal dendrite develop-
ments, are significantly compromised under iron deprivation.**%>
Since transferrin-mediated iron transport may be a vital
mechanism, we analyzed transferrin’s role in shuttling ex-
tracellular ferrous ions, ferric ions, and a mixture of both.
Ferric iron was significantly more effective in accelerating
axonal extension and density, and motor neuron differenti-
ation than ferrous alone or mixture (Fig. 5). These results
lent support to the possible notion that transferrin transports
ferric ions to hasten neuronal differentiation from hESC
toward motor neurons. Other reports aligned well with our
discovery documenting that ferrous ions can be more toxic
to neuronal cells than ferric form by possibly inducing
membrane peroxidation through ROS,*® and it may reduce
proliferation of differentiating neuroprogenitor cells.%’
Moreover, ferric ionic state successful(lsy promoted Schwann
cell and osteoclast differentiation.®®® These phenomena
may help explain why transferrin and ferric ions play in-
dispensable roles in driving motor neuron differentiation.

Conclusion

In this study, we investigated the role of iron in motor
neuron differentiation from hESC. We have demonstrated

LU ET AL.

that increasing the iron availability accelerated motor neu-
ron-like differentiation and maturity. The H9-derived cells
display some motor neuron characteristics and are func-
tional that exhibits synaptic recycling capacities. This cost-
effective protocol capitalizing on altering ionic concentrations
significantly expedites the mass production of differentiated
neurons for patients in need of neuronal regenerative ther-
apy and can be potentially modified to accelerate the yield
of multiple neuronal lineages.
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