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ABSTRACT

The generation of amyotrophic lateral sclerosis (ALS) disease models is an important subject for
investigating disease mechanisms and pharmaceutical applications. In transgenic mice, expres-
sion of a mutant form of superoxide dismutase 1 (SOD1) can lead to the development of ALS that
closely mimics the familial type of ALS (FALS). Although SOD1 mutant mice show phenotypes
similar to FALS, dissimilar drug responses and size differences limit their usefulness to study the
disease mechanism(s) and identify potential therapeutic compounds. Development of an in
vitro model system for ALS is expected to help in obtaining novel insights into disease mecha-
nisms and discovery of therapeutics.We report the establishment of an in vitro FALSmodel from
human embryonic stem cells overexpressing either a wild-type (WT) or a mutant SOD1 (G93A)
gene and the evaluation of the phenotypes and survival of the spinal motor neurons (sMNs),
which are the neurons affected in ALS patients. The in vitro FALS model that we developed
mimics the in vivo human ALS disease in terms of the following: (a) selective degeneration of
sMNs expressing the G93A SOD1 but not those expressing the WT gene; (b) susceptibility of
G93A SOD1-derived sMNs to form ubiquitinated inclusions; (c) astrocyte-derived factor(s) in the
selective degeneration of G93A SOD1 sMNs; and (d) cell-autonomous, as well as non-cell-
autonomous, dependent sMN degeneration. Thus, this model is expected to help unravel the
disease mechanisms involved in the development of FALS and also lead to potential drug dis-
coveries based on the prevention of neurodegeneration. STEM CELLS TRANSLATIONAL
MEDICINE 2012;1:396–402

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a late-onset
degenerative motor neuron disease affecting
both upper and lowermotor neurons [1]. Degen-
eration of motor neurons progressively leading
to muscle wasting and ultimately to death is the
hallmark of ALS [2]. Familial ALS (FALS), which
accounts for approximately 20% of all ALS cases,
is characterized by studied mutations in genes
such as the superoxide dismutase 1 (SOD1), TDP-
43, FUS, and ANG genes [3–6]. Neurodegenera-
tion observed in ALS is affected by various fac-
tors, including generation of free radicals [7],
glutamate-induced excitotoxicity, formation of
protein aggregates overwhelming the protea-
somal system [8, 9], mitochondrial dysfunction
[10], and axonal transport perturbation [11].Mu-
tations in SOD1 (the copper/zinc-binding super-
oxide dismutase gene) can lead to FALS [12]. Sev-
eral different single-amino acid substitutions
within the SOD1 gene lead to a toxic gain of func-
tion, and in transgenic mice, expression of some
SOD1 mutants leads to the development of ALS,

which closelymimics the humandisease [13–16].
Both cell-autonomous and non-cell-autonomous
processes contribute to the neurodegeneration
that is observed in ALS models [16–20]. Forma-
tion of protein-ubiquitin aggregates, a reduction
in proteasomal function, and enhanced cell
death are some of the characteristic features of
ALS motor neurons [15, 21]. However, the pre-
cise mechanism(s) by which mutated SOD1 in-
duces motor neuron degeneration remains un-
clear. Understanding the disease mechanism(s)
involved in the progression of ALS and targeting
of pathways that affect the disease are impor-
tant for drug discovery, as well as therapeutic
purposes.

The study of FALS using animal models mim-
icking the human disease condition is very infor-
mative and useful for investigating certain as-
pects of ALS, but its usefulness is limited since the
biology of disease, including its progression and
drug responses, is different between rodents
and humans. Thus, it is beneficial to establish hu-
man cell-based diseasemodels thatmight help in
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unraveling the disease mechanisms. Human pluripotent stem
cells, with their ability to regenerate indefinitely and differenti-
ate into almost any cell lineage, offer attractive options for the
development of disease models. We have recently reported an
efficient differentiation protocol to derive spinal motor neurons
(sMNs) from human and primate embryonic stem cells (ESCs)
[22]. In this report we describe the development of a human ESC
(hESC)-based ALS disease model, overexpressing the mutant
G93A SOD1 gene, thatmimics the in vivo disease in terms of sMN
degeneration. Two different sMN degeneration mechanisms
were observed in our ALS disease model: a cell-autonomous
mechanismand a non-cell-autonomousmechanism that is astro-
cyte-dependent. We also show the formation of ubiquitin inclu-
sions inmutant SOD1-expressingmotor neurons that in partmay
be responsible for sMN death. Thus, this model is expected to
help unravel disease mechanisms involved in the development
of FALS and also lead to potential drug discoveries based on the
prevention of neurodegeneration in ALS.

MATERIALS AND METHODS

Culture of hESCs
The procedure for maintenance of KhES-1 hESCs was essentially
the same as described previously [23]. Briefly, hESCs were cul-
tured on mitomycin C-treated mouse embryonic fibroblasts in
primate ES medium (ReproCELL, Tokyo, http://www.reprocell.
com/en) supplemented with 5 ng/ml fibroblast growth factor 2
(Wako Chemical, Osaka, Japan, http://www.wako-chem.co.jp/
english). The hESC line was used in conformity with the Guide-
lines for Derivation and Utilization of Human Embryonic Stem
Cells of the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan.

Establishment of SOD1-Overexpressing hESC Lines
The expression vector pEF1/myc-HIS (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com) was digested by EcoRV and NotI
and then ligated with wild-type (WT) or G93A SOD1 cDNA. The
resulting SOD1 expression vectors were digested with PvuI and
then introduced into KhES-1 hESCs by electroporation. G418-
resistant clones were picked and the expression of endogenous
and exogenous SOD1 was confirmed by reverse transcription-
polymerase chain reaction (RT-PCR) using the following primers:
SOD1 forward, GTCTGAGGCCCCTTAACTCA, and reverse, TCTG-
GCAAAATACAGGTCATTG for endogenous SOD1, and EF3UT
forward, AGGTCACCCATTCGAACAAA, and reverse, ACAGTG-
GGAGTGGCACCTT for exogenous SOD1 expression. SOD enzyme
activity was measured by SOD assay kit-WST (DojindoMolecular
Technologies Inc., Tokyo, http://www.dojindo.com). Undiffer-
entiated hESC clones with high SOD enzyme activity were in-
duced to neural differentiation with Noggin [24]. The expression
of exogenous SOD1 in differentiated neural cells was confirmed
by RT-PCR.

Motor Neuron and Astrocyte Differentiation of hESCs
Spinal motor neuron differentiation and enrichment protocols
were described in an earlier report [22]. Briefly, neural stem cells
from either hESC-derived neurospheres or Noggin-induced neu-
ral rosettes were dissociated using Accutase (Innovative Cell
Technologies, San Diego, http://www.innovativecelltech.com).
Dissociated cells were grown on poly-L-lysine-, laminin-, and

fibronectin-coated culture dishes. The astrocyte differentiation
method was amodified mouse primary astrocyte differentiation
protocol [25]. Briefly, neurospheres of fewer than four passages
ormore than five passageswere cultured in N2B27mediumwith
or without 80 ng/ml bone morphogenetic protein 4 (R&D Sys-
tems Inc., Minneapolis, http://www.rndsystems.com) and 80
ng/ml leukemia inhibitory factor (Millipore, Billerica, MA, http://
www.millipore.com), respectively, for 7 days before neuro-
spheres were dissociated. Typically, the efficiency of astrocyte
differentiation was approximately 80%. All schematic proce-
dures of neural differentiation are shown in supplemental online
Figure 1.

Immunocytochemistry
Cells were fixed in freshly prepared 4% paraformaldehyde for 10
minutes at room temperature and were permeabilized by 0.5%
Triton-X (Wako Chemical) for 5 minutes at room temperature.
Primary antibodies used in this study included polyclonal anti-
bodies against Nestin (1:200; Chemicon, Temecula, CA, http://
www.chemicon.com), glial fibrillary acidic protein (GFAP) (1:400;
DAKO, Glostrup, Denmark, http://www.dako.com), S100-� (1:
200; Chemicon), and ubiquitin (1:200; Chemicon) or monoclonal
antibodies against Oct4 (1:200; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, http://www.scbt.com) and MNR2 (HB9, 1:5; De-
velopmental Studies Hybridoma Bank, Iowa City, IA, http://
www.uiowa.edu/�dshbwww). As secondary antibodies, goat
anti-mouse immunoglobulin G Alexa Fluor 488 and 568 and goat
anti-rabbit Alexa Fluor 488 and 568 (all at 1:1,000; Molecular
Probes, Eugene, OR, http://probes.invitrogen.com) were used.
Cells were counterstained with 4�,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com)
for visualization of all nuclei. Image acquisition was performed
using an Olympus IX71 epifluorescence inverted microscope
with appropriate filter sets (Olympus, Tokyo, http://www.
olympus-global.com) using single-channel acquisition on an
Olympus DP70 charge-coupled device camera with DP software
version 2.11.83.

Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling Assay
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining was performed using the In Situ Cell Death De-
tection Kit, Fluorescein (Roche Applied Science, Mannheim, Ger-
many, https://www.roche-applied-science.com) following the
manufacturer’s instructions. Briefly, after staining with HB9 an-
tibody and fluorescent-labeled secondary antibodies, the immu-
nostained cells were treated with the reagents for the TUNEL
assay at 37°C for 1 hour. Cells were washed three times with PBS
and counterstained with DAPI.

Treatment of hESC-Derived sMNs with Conditioned
Medium of hESC-Derived Astrocytes
hESC-derived astrocyte-conditioned medium (astrocyte-CM)
was prepared by culturing hESC-derived astrocytes inN2B27me-
dium for 7 days. hESC-derived sMN culture was treated with
astrocyte-CM and N2B27 medium (1:1 mixture) for 7 days. Apo-
ptotic cell death in astrocyte-CM-treated sMNs was analyzed by
HB9 immunostaining and TUNEL assay.
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RESULTS

Generation of SOD1-Overexpressing hESCs
To establish the cell lines with high SOD activity, the EF1� pro-
moter-driven WT or G93A SOD1 expression vectors were inte-
grated into KhES-1 hESC genome. After G418 selection, the ex-
pression of exogenous SOD1 in a total of 84 clones was
confirmed by RT-PCR (data not shown). Clones with higher ex-
pression level were selected, and then SOD enzyme activity was
measured. All SOD1-overexpressing hESCs showed enzyme ac-
tivity that was at least three- to eightfold higher than that of the
parental hESCs (Fig. 1A). Also, a positive correlation between the
gene expression level and SOD enzyme activity has been verified
(data not shown). Next, the expression of exogenous SOD1 was
examined in differentiated neural cells because gene silencing
easily occurred in differentiated cells even fromundifferentiated
hESCs with high expression level. Some of the clones were in-
duced to undergo neural differentiation, and RT-PCRwas carried
out. Although exogenous SOD1 expression was suppressed in
several clones, it was retained in some clones (Fig. 1B). Of them,
two clones (105, expressingWT SOD1, andD06, expressing G93A
SOD1) were selected for further study because the SOD1 expres-
sion levels were similar to each other in both undifferentiated
and differentiated cells (Fig. 1A, 1B), although Southern analysis
indicated that one and two copies of the SOD1 expression vector
were integrated in the genome of clones 105 and D06, respec-
tively (supplemental online Fig. 2).

SOD1 Overexpression Does Not Affect Neural
Differentiation of hESCs
Using the sMNdifferentiation protocol (supplemental online Fig.
1) [22], hESC-derived neural progenitor cells expressing either a
WT SOD1 gene or aG93Amutant SOD1 genewere characterized.
The numbers of WT and mutant SOD1-expressing hESCs were
similar at the end of both the neural induction stage and the
neural progenitor formation stage of neural differentiation (data
not shown), suggesting that cell proliferation during differentia-
tion was not different between transgenic cell lines. Then the
expression of Nestin, a neural progenitor marker, was evaluated
during neural differentiation. WT SOD1- or G93A SOD1-express-
ing cells stained strongly for Nestin, similar to parental hESCs,
suggesting that overexpression of SOD1 does not affect neural

progenitor formation (Fig. 2A). We then examined whether ec-
topic expression of SOD1 affects cell viability by measuring
TUNEL-positive nuclei from WT and mutant SOD1-expressing
cells that were differentiated into neural progenitors. Although
more than 75% of the cells stained positively for Nestin, only a
small fraction of cells were TUNEL-positive. Moreover, there
were very few Nestin-TUNEL double-positive cells (Fig. 2B). This
suggests that SOD1 expression does not significantly affect the
cell viability of neural progenitors.

Mutant SOD1 Overexpression Leads to Spinal Motor
Neuron-Specific Cell Death
Using a combination of all-trans retinoic acid and SAG, a Sonic
hedgehog agonist (supplemental online Fig. 1), neural progeni-
tors were terminally differentiated into sMNs. Approximately
20%–30% sMNs were typically obtained as HB9-positive postmi-
totic neurons [22].Morphologically, G93A SOD1-expressing neu-
rons looked much less healthy than their counterpart neurons
expressing the WT SOD1 gene (Fig. 3A). Next, the viability of WT
and mutant SOD1-expressing HB9-positive postmitotic neurons
was evaluated. The sMNdifferentiation efficiencywas not differ-
ent between WT SOD1- and G93A SOD1-expressing hESCs (WT,
26.8 � 1.8%; G98A, 24.9 � 1.9%; Fig. 3). Expression of G93A
SOD1 in sMNs significantly enhanced their apoptosis compared
withWT SOD1-expressing neurons (Fig. 3B). Apoptotic cell death
as assessed by TUNEL staining was significantly greater in G93A
SOD1 neurons (Fig. 3C). Also, enhanced cell death in G93A SOD1-
expressing cells was due to the specific death of sMN (Fig. 3D)
but not other cell types, such as the astrocytes (glial fibrillary
acidic protein-positive cells), which were unaffected by SOD1
expression (Fig. 3E). These results collectively indicate a selective
degeneration and death of HB9-positive postmitotic sMNs, as is
observed in in vivo mouse SOD1-ALS models [19].

Mutant SOD1-Overexpressing hESC-Derived Astrocytes
Secrete Factors That Are Toxic to sMNs
Recent reports indicated that factors secreted from astrocytes
are involved inmotor neurondeath in SOD1-ALSmodels [17–20].
Therefore, to ascertain the involvement of astrocytes in cell
death in our SOD1-ALS model, purified WT or G93A SOD1-ex-
pressing sMNs (up to 80% enriched) were exposed to CM ob-
tained from WT or G93A SOD1-expressing astrocytes (approxi-
mately 80% differentiation efficiency) for 7 days (Fig. 4A). Cell
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death analysis was performed using the TUNEL assay (Fig. 4B).
Astrocyte-CM did not affect the percentage of HB9-positive WT
SOD1-expressing sMNs during CM treatment, although G93A
SOD1 astrocyte-CM-treated G93A SOD1 sMNs were reduced
slightly during 7 days of culture (Fig. 4C). However, apoptotic
sMN death was detected in the population ofWT SOD1-express-
ing sMNs, which were cultured in G93A SOD1 astrocyte-CM,

much more than in the WT SOD1 sMN population treated with
WT SOD1 astrocyte-CM (Fig. 4D, bar 1 vs. bar 3). This result sug-
gests that hESC-derived astrocytes secrete factors toxic to sMNs.
In addition, significantly more G93A SOD1-expressing sMNs died
comparedwithWT SOD1 sMNs regardless of the source of astro-
cyte-CM, suggesting that mutant SOD1 expression in sMNs re-
sults in their cell death (Fig. 4D, bar 2 vs. bar 4). Together these
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results suggest the presence of two different mechanisms in-
volved in reduced survival of sMNs: (a) an intrinsic sMN-depen-
dent, cell-autonomous mechanism, and (b) an astrocyte-depen-
dent (i.e., non-cell-autonomous) cell survival mechanism.

Mutant SOD1 Induces Abnormal Ubiquitin Inclusion
Body Formation in sMN
Ubiquitinated and SOD1-immunopositive inclusions are the
neuropathological features of SOD1-related FALS [26, 27].
Therefore, we examined whether ubiquitin inclusion bodies
are formed in sMNs derived from the hESC-based ALS model
developed in this study. Both ubiquitin and HB9-positive cells
were detected in the sMNs derived from parental KhES-1 (K1)
and WT SOD1- or SOD1 G93A-expressing hESCs (Fig. 5A). A
smooth staining pattern of ubiquitin was detected in sMNs
from K1 andWT SOD1, whereas both smooth and rough stain-

ing was observed in sMNs expressing G93A SOD1 (Fig. 5A).
These abnormal rough staining patterns were counted as ab-
normal ubiquitin inclusions (Fig. 5B). Although there was no
difference in the efficiency of sMN differentiation among K1,
WT SOD1, and G93A SOD1, only G93A SOD1 induced the for-
mation of abnormal ubiquitin inclusions in approximately half
of the HB9-positive sMNs (Fig. 5B), indicating that this abnor-
mal ubiquitin staining is a unique phenotype of mutant SOD1-
expressing sMNs and might be equivalent to ubiquitinated
inclusions in sMNs of ALS patients.

DISCUSSION

In this study, we developed an in vitro FALS model to investigate
the ALS disease mechanism and perform drug discovery re-
search. For performing these investigations using a cellular
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model, an adequate number of sMNs, the main target cells for
degeneration in ALS, need to be generated. We recently re-
ported a differentiation protocol that efficiently generates func-
tional sMNs from human and primate ESCs [22]. Using a modifi-
cation of the above protocol, hESCs expressing either an
exogenous WT or G93A SOD1 gene were efficiently differenti-
ated into sMNs and astrocytes. Thus, our differentiation protocol
results in the generation of large numbers of sMNs and astro-
cytes.

A specific death/degeneration of sMNs was observed in
the in vitro FALS model that we developed in this study. Inter-
estingly, the expression of either theWT ormutant SOD1 gene
did not affect the differentiation process, morphological char-
acteristics, or cell viability until the formation of postmitotic
sMNs, suggesting that a toxic gain of function of mutant SOD1
might affect only the terminally differentiated cells derived
from hESCs. Moreover, sMN degeneration or death occurred
both in the absence and in the presence of astrocytes in the
culture, implicating cell-autonomous dependent and non-
cell-autonomous dependent sMN death, respectively. Similar
results showing cell-autonomous sMN death were recently
reported in hESC-derived sMNs, wherein liposome transfec-
tion of mutant SOD1 expression vectors resulted in sMN cell
death [28]. On the other hand, non-cell-autonomous sMN kill-
ing by astrocytes was reported to be important in ALS pathol-
ogy. Soluble astrocyte-derived factors such as reactive oxygen
species and prostaglandin D2 were proposed to mediate the
non-cell-autonomous killing of sMNs [18–20]. We also ob-
served that sMNs derived from either WT or G93A SOD1-ex-
pressing hESCs were susceptible to death when cultured in
conditioned medium derived from mutant SOD1-expressing
astrocytes. This result pointed out that hESC-derived astro-
cytes secreted one or more soluble factors involved in sMN

cell death in our ALS model. Earlier reports describing the
interaction of hESC-derived sMNs with astrocytes used pri-
mary glial cells derived from transgenic mice expressing the
mutant SOD1 [18] or primary human astrocytes transfected
with viral vectors expressing a mutant SOD1 [20]. Hence, ours
is the first study wherein both sMNs and astrocytes are de-
rived from the same hESCs stably expressing either the WT or
the G93A SOD1 gene, thus enabling an accurate study of both
cell-autonomous and the non-cell-autonomous dependent
pathology in ALS.

Neuronal cell death and the formation of inclusion bodies,
which are ubiquitinated protein aggregates, are two major hall-
marks of ALS. In this study, cell death and abnormal ubiquitin
staining were observed frequently and selectively in hESC-de-
rived sMNs expressing G93A SOD1. These cellular phenotypes
might be equivalent to the sMN cell death and ubiquitinated
inclusions observed in ALS patients. Therefore, these pheno-
types detected in the hESC-derived FALS model might be useful
for drug screening and discovery.

CONCLUSION

Wehave developed a hESC-basedALS diseasemodel thatmimics
some aspects of in vivo ALS disease. This model is very useful to
study the complex interactions between sMNs and surrounding
astrocytes alongwith investigating the autonomous sMNdegen-
eration due to the expression ofmutant SOD1. A reduction in the
formation of ubiquitin inclusions and the prevention of sMN
death are two potential targets to study the disease mecha-
nism(s) and develop small molecules that modulate these pro-
cesses as potential therapeutic drugs.
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ubiquitin or HB9, which might be abnor-
mal ubiquitin inclusions. (B): Quantitative
analysis of cells with ubiquitin inclusions
(green bars), HB9-positive sMNs (purple
bars), and sMNs with ubiquitin inclusions
(yellow bars). Mean � SEM; n � 9; Steel-
Dwass test; ��, p � .01. Abbreviations:
sMN, spinal motor neuron; SOD, superox-
ide dismutase; Ub, ubiquitin; WT,
wild-type.
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