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Abstract

Induced pluripotent stem (iPS) cell technology has paved new ways for disease
modeling and drug discovery. Disease modeling with the differentiated neuronal cells
from patient-specific iPS cells partially recapitulated the phenotypes of spinal muscular
atrophy (SMA), familial dysautonomia (FD) and Rett syndrome. Furthermore, proof of
the efficacy of candidate drugs by iPS cell-based assay on SMA and FD has been
reported.

There are several obstacles for disease modeling using iPS cell-derived neuronal
cells. First, differentiated neuronal cells from patient-specific iPS cells might not be
provoked sufficiently toward senescence to manifest the phenotype of late-onset diseases
such as Parkinson disease (PD) and amyotrophic lateral sclerosis (ALS). Second, there
are heterogeneous populations in cultured cells differentiated from iPS cells that might
affect the disease phenotype. The propensity of various differentiations among iPS cells
leads to the heterogeneity (Figure 1).

In this review, we will describe recent literature concerning the application of iPS
cell technology for the study of neurological diseases and also discuss some experimental
requirements.

* Correspondence (HI): haruhisa@cira.kyoto-u.ac.jp
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Figure 1. Heterogeneity, including maturation stage and cell population, is a result of the variety of
differentiation propensities of iPS cells caused by reprogramming state, genetic background and
epigenetic state. Purification of targeted cells and optimization of culture conditions will reduce the
heterogeneity and lead to progresses in iPS cell technology.

Introduction

iPS cells are generated by transduction of transcription factors, which are expressed in
embryonic stem (ES) cells, in somatic cells (Takahashi et al., 2006; Takahashi et al., 2007;
Yu et al., 2007). iPS cells are morphologically identical to ES cells and have the ability to
self-renew and differentiate into cells of all germ layers. iPS cell technology makes it possible
to analyze in vitro affected cell populations that are differentiated from disease-specific iPS
cells. This then should enable us to determine the underlying mechanisms of disease, screen
new drugs, and develop cell therapy.

Disease phenotypes were partially recapitulated in the differentiated cells from patient-
specific iPS cells in some diseases such as spinal muscular atrophy (SMA) (Ebert et al., 2009)
familial dysautonomia (FD) (Lee et al., 2009) and Rett syndrome (Marchetto et al., 2010).
Furthermore firm evidence of the efficacy of some candidate drugs for SMA (Hastings et al.,
2009) and FD (Lee et al., 2009) has also been presented. Other disease phenotypes such as
Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) have not yet been described
in such terms, although midbrain dopaminergic neurons (Soldner et al., 2009) and spinal
motor neurons were successfully generated from patient-specific iPS cells (Dimos et al.,
2008).

b
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Genetically corrected somatic cells from Fanconi anaemia patients can be reprogrammed
to iPS cells (Raya ef al., 2009). Further, corrected patient-specific iPS cells can give rise to
haematopoietic progenitors of myeloid and erythroid lineages whose phenotypes are normal.
This demonstrates the potential value for cell therapy application.

In this review, we will describe recent literature featuring iPS cell technology for the
study of neurological diseases, and we will discuss experimental requirements for overcoming
several obstacles in disease modeling.

Main Document
iPS Cells Derived from Patients with Neurological Diseases

Since the start of the development of iPS cell technology, disease-specific iPS cell lines
were generated from individuals with neurological diseases, as summarized in Table 1.
Neurological diseases can be roughly divided into two categories. One includes early-onset,
neurodevelopmental diseases such as Rett syndrome (Marchetto et al., 2010), Prader-
Willi/Angelman syndrome (Chamberlain er al., 2010), Fragile X syndrome (Urbach et al.,
2010), SMA, FD, Friedreich’s ataxia (Ku et al., 2010) and Down syndrome (Park et al.,
2008). The other includes late-onset, neurodegenerative diseases like ALS, PD and
Huntington’s disease (Park et al., 2008).

A few of the neurodevelopmental diseases caused by single gene abnormalities resulting
in highly penetrant phenotypes were successfully recapitulated with iPS cell technology.

SMA is an autosomal recessive genetic disorder caused by mutations in the survival
motor neuron 1 gene (SMNI1). Mutations in SMNI1 significantly reduce SMN protein
expression and result in the selective degeneration of lower motor neurons. Ebert ef al. (2009)
showed that SMA patient-derived spinal motor neurons were reduced in number and cell
body size at 6 weeks of differentiation compared to the patient’s unaffected mother-derived
motor neurons. SMN protein is localized in gems, one of the nuclear compartments, and the
number of gems present is inversely correlated to disease severity. The authors detected an
increased number of SMN gems in nuclei of both fibroblasts and iPS cells derived from the
SMA patient. The homozygous loss of SMN1 is partially compensated for by the presence of
another gene, SMN2, which also codes for SMN protein. However, the expression of full-
length protein generated from SMN2 is substantially lower than that from SMNI1. A single
nucleotide replacement of SMN2 compared to SMN1 changes splicing, and that transcript
encodes truncated protein. Hastings et al. (2009) reported that tetracyclines are able to
increase the expression of full-length SMN protein from SMN2 by splicing modulation.

Table 1. Disease-specific iPS cell lines.

Neurological disease Primarily Control in vitro Mutated gene in
affected phenotype  |disease-specific
neuronal iPS cell
population

Familial dysautonomia (FD) jsensory and unaffected impaired IKBKAP

- autonomic migration

2 neurons

& [Fragile X syndrome iglobal FMR1 CGG repeat

,éx truncation

§ [Friedreich’s ataxia sensory neurons [SMA-iPS FXN GAA - TTC
cells, non- repeat expansion
disease
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unaffected
\Angelman syndrome global unaffected 15q11-q13 paternal
deletion
Prader-Willi syndrome 15q11-q13
maternal deletion
UBE3A
Down syndrome global Trisomy 21
Rett syndrome global unaffected reduced MeCP2
number of
synapses
Spinal muscular atrophy spinal motor unaffected motor neuron SMN|1
(SMA) neurons imother loss
IAmyotrophic lateral motor neurons SOD1
sclerosis (ALS)
©Huntington disease (HD)  [striatal Huntingtin
g GABAergic CAG repeat
o neurons expansion
S Parkinson disease (PD) midbrain
dopaminergic
neurons

FD is an autosomal recessive genetic disorder caused by mutations in IKBKAP gene
involved in transcriptional elongation and characterized by the degeneration of sensory and
autonomic neurons. Lee et al. (2009) showed marked defects in neurogenic differentiation
and impaired migration of neural crest precursor cells derived from FD patients compared to
those from non-affected control. Kinetin, one of the plant hormones, increased normal
IKBKAP and ameliorated neural differentiation and migration.

Rett syndrome is a progressive neurological disorder caused by mutations in X-linked
gene encoding MeCP2 protein. Marchetto et al. (2010) reported a reduced number of
glutamatergic synapses and alteration of morphology in forebrain neurons derived from Rett
syndrome patients compared to those from unaffected controls. At 6 weeks of differentiation,
neurons from Rett syndrome patients have a significant decrease in frequency and amplitude
of spontaneous postsynaptic currents when compared to those from unaffected individuals.

Obstacles of Modeling Late-Onset Neurodegenerative Diseases

A modeling by iPS technology of polygenic, late-onset neurodegenerative diseases has
not been reported. Midbrain dopaminergic neurons and spinal cord motor neurons can be
differentiated from PD and ALS patient-specific iPS cells, respectively. Perhaps the disease
phenotype may never manifest itself under standard culture conditions because differentiated
neurons might be too immature or an environment surrounding neurons might differ between
in vitro (culture) and in vivo (brain or spinal cord). It might be revealed by challenging the
neural cells with stressors such as oxygen reactive species, proinflammatory factors or co-
culture with another type of cell (Marchetto ef al., 2008).

Recent investigations have shown that glial cells are affected by physiological brain
aging regardless of the absence of any neurodegenerative pathology (Terry et al., 1987). In
astrocytes, advanced age initiates conditions similar to mild reactive gliosis. Astroglial cells
from advanced-age brain have higher expressions of glial fibrillary acidic protein (GFAP) and
glial calcium-bound protein S100 (Le Prince et al., 1993). Additionally, the number of
microglial cells is significantly increased (von Bernhardi ez al., 2010).

Moreover, the involvement of these non-neuronal cells in neurodegenerative diseases is
increasingly being recognized. AD is characterized by profound neuronal loss and prominent
reactive astrogliosis and activation of microglia. As Alois Alzheimer suggested, AD plaques
are formed by AP deposits, degenerating neurites, astroglial processes and activated
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microglial cells (Vehmas er al., 2002). Activated astrocytes and microglia can release
proinflammatory factors such as interleukin-1f and prostaglandin E, (Mhatre et al., 2004).

Oxidative stress may play an important role in sporadic PD (Zhang et al., 2000), as it is
suggested that patient-derived midbrain dopaminergic neurons might be more vulnerable to
oxidative stress.

Identification of new and more effective and relevant stressors or environments that
mimic senescence or elicit neuronal phenotypes earlier in models of late-onset
neurodegenerative diseases will therefore be a critical goal for future research.

Heterogeneous Population of Differentiated Cells

Although differentiation protocols have been reported for human ES cells and iPS cells in
which neural stem cells and specific neuronal or glial cell types are enriched, it has in fact
been revealed that heterogeneous cell populations exist under these conditions (Chambers et
al., 2009; Hu et al., 2009; Lee et al., 2010). Additionally, cells are not able to synchronize the
developmental stage of cell populations to the extent seen in normal development in vivo, and
consequently cells at different stages of maturation are present in such cultures. Naturally,
this cellular heterogeneity impedes experimental and clinical utility.

The purification of specialized cells of interest is essential for recapitulating diseases and
transplanting cells. Such procedures will rely on our technique of manipulating iPS cells
genetically to express selectable markers under the control of cell type-specific promoters that
would utilize fluorescent or magnetic cell sorting (Hockemeyer et al., 2009; Placantonakis et
al., 2009).

Genomic insertion of reporter gene has been shown to alter gene function (Kustikova et
al., 2005). Therefore, identification of unique combinations of cell surface epitopes can
facilitate cell therapy because cells of interest are purified without gene manipulation.
Pruszak et al. (2007 & 2009) identified the combination of cluster of differentiation (CD)
surface antigen code for neural lineage and Elkabetz et al. (2008) reported Forse 1 as being a
marker for neural rosette cells. However, no markers for region-specific postmitotic neurons
have so far been identified.

Inhibition of Notch activity by y-secretase inhibitor resulted in a marked acceleration of
differentiation, thereby shortening the time required for the generation of functionally active
human ES cell-derived neurons (Borghese et al., 2010). This kind of inhibitor can eliminate
proliferating cells from differentiated neurons to reduce the risk of tumor formation after
transplantation.

Resolution of this problem may assist in obtaining more robust phenotypes in vitro,
finding more effective drugs, and supplying safe cells for cell therapy.

A Variety of Differentiation Propensities of iPS Cells

The generation of iPS cells can be accomplished by employing retroviral vectors to
overexpress reprogramming factors. After infected somatic cells are fully reprogrammed into
iPS cells, the vectors are silenced. Therefore, the reprogramming state may be evaluated by
retroviral vector silencing. However, this viral system has been criticized for its permanent
integration of exogenous genes into the genome and their possible involvement in
differentiation propensity.

Alternatively, transfection of episomal plasmids or modified RNA was also successful in
reprogramming somatic cells (Okita et al., 2010; Yu et al., 2009; Yue ef al., 2010; Warren et
al., 2010). Moreover, the direct delivery of recombinant protein was also reported to
reprogram somatic cells (Zhou ef al., 2009). Although these methods eliminate the integrated
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vector, the gene expression of iPS cells is reflected by that of donor cells (Ghosh ez al., 2010).
Hence, it is considered that the epigenetic state, including DNA methylation, histone
acetylation or histone methylation, may contribute to the differentiation propensities of the
respective clones.

Direct conversion from differentiated cells to neurons has been reported (Vierbuchen et
al., 2010; Heinrich ef al, 2011). This conversion was used to generate mouse subtype-
specific neurons from differentiated cells without the need for complete reprogramming to
iPS cells. Although this direct conversion is independent from the differentiation propensity
of iPS cells, the number of neurons available to study the disease and to be used in high-
throughput analysis is limited, and the epigenetic states of these neurons would need to be
further analyzed.

Human ES cells are widely variable with regard to epigenetic markers, expression profile
and differentiation propensity (Osafune ef al., 2008; Rugg-Gunn et al., 2007). And also there
is significant intrinsic variance among the iPS cell lines generated to date, as pointed out by
Hu et al. (2010) & Boulting et al. (2011). Pick et al. (2009) detected abnormal expression of
imprinted genes in a significant number of iPS cell lines. Bock ef al. (2011) reported that a
small set of genes was hypermethylated in iPS cell lines compared to ES cell lines. iPS cells
are morphologically similar to ES cells, but the epigenetic state is significantly different
between them.

Since there are a variety of methods to generate iPS cells, it is critical for the study of
neurodegenerative disease to choose a combination of reprogramming factors, a method of
factor delivery, and a cell type to be reprogrammed. For instance, differentiation propensity is
partially dependent on the cell type to be reprogrammed (Aoi et al., 2008). For accurate
comparison between independent experiments, all conditions should be the same. But there is
as yet no standardized parameter for selecting safe and fully reprogrammed iPS cells.

The difficulty of disease modeling is partially attributed to the lack of uniform iPS lines.
More robust phenotypes in vitro may be obtained in comparison with proper control iPS cell
lines.

Conclusion

The development of iPS cell technology has provided both experimental and clinical
applications. Once disease-specific phenotypes are identified, this can be translated into cell-
based assays for drug screening. However, to accomplish these goals, further improvements
are needed. Differentiation methods with higher efficiency will provide larger amounts of
cells. The identification of cell surface markers on neuronal or non-neuronal cells will provide
homogeneous populations. Highly purified, large amounts of cells of interest will facilitate
high-throughput platforms for drug screening. Also crucial is the generation of uniform iPS
cells and selection of appropriate iPS cells. This will result in patients having autologous
transplantations after their own cells are genetically corrected and/or medicated.

Acknowledgements

We would like to express our sincere gratitude to all our coworkers and collaborators.
Sources of Funding

This study was supported in part by a grant from the Leading Project of MEXT (HI), JST
(Japan Science and Technology Agency), CREST (Core Research for Evolutional Science

— 344 —



Induced Pluripotent Stem Cell Technology ... 7

and Technology) (HI), a Grant-in-Aid from the Ministry of Health and Labour (HI), a Grant-
in-Aid for Scientific Research (21591079) from JSPS (HI), Grant-in-Aid for Scientific
Research (22700377) from JSPS (SK), Grant-in-Aid for Scientific Research on Innovative
Area "Foundation of Synapse and Neurocircuit Pathology" (22110007) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan (HI), a research grant from the
Takeda Science Foundation (HI), a research grant from the Kanae Foundation for the
Promotion of Medical Science (HI), and a research grant from the NOVARTIS Foundation
for Gerontological Research (HI).

References

Aoi, T., Yae, K., Nakagawa, M., Ichisaka, T., Okita, K., Takahashi, K., Chiba, T. &
Yamanaka, S. (2008) Generation of pluripotent stem cells from adult mouse liver and
stomach cells. Science, 321, 699-702.

Bock, C., Kiskinis, E., Verstappen, G., Gu, H., Boulting, G., Smith, Z. D., Ziller, M., Croft, G.
F., Amoroso, M. W., Oakley, D. H., Gnirke, A., Eggan, K. & Meissner, A. (2011)
Reference Maps of Human ES and iPS Cell Variation Enable High-Throughput
Characterization of Pluripotent Cell Lines. Cell, 144, 439-52.

Borghese, L., Dolezalova, D., Opitz, T., Haupt, S., Leinhaas, A., Steinfarz, B., Koch, P,
Edenhofer, F., Hampl, A. & Briistle, O. (2010) Inhibition of notch signaling in human
embryonic stem cell-derived neural stem cells delays G1/S phase transition and
accelerates neuronal differentiation in vitro and in vivo. Stem Cells, 28, 955-64.

Boulting, G. L., Kiskinis, E., Croft, G. F., Amoroso, M. W., Oakley, D. H., Wainger, B. J.,
Williams, D. J., Kahler, D. J., Yamaki, M., Davidow, L., Rodolfa, C. T., Dimos, J. T.,
Mikkilineni, S., Macdermott, A. B., Woolf, C. J., Henderson, C. E., Wichterle, H., Eggan,
K. (2011) A functionally characterized test set of human induced pluripotent stem cells.
Nat Biotechnol, [Epub ahead of print]

Chamberlain SJ, Chen PF, Ng KY, Bourgois-Rocha F, Lemtiri-Chlieh F, Levine ES, Lalande
M. (2010) Induced pluripotent stem cell models of the genomic imprinting disorders
Angelman and Prader-Willi syndromes. Proc Natl Acad Sci U S A., 107, 17668-73.

Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M. & Studer, L.
(2009) Highly efficient neural conversion of human ES and iPS cells by dual inhibition of
SMAD signaling. Nat Biotechnol, 27, 275-80.

Dimos, J. T., Rodolfa, K. T., Niakan, K. K., Weisenthal, L. M., Mitsumoto, H., Chung, W.,
Croft, G. F., Saphier, G., Leibel, R., Goland, R., Wichterle, H., Henderson, C. E. &
Eggan, K. (2008) Induced pluripotent stem cells generated from patients with ALS can be
differentiated into motor neurons. Science, 321, 1218-21.

Ebert, A. D., Yu, J,, Rose, F. F., Mattis, V. B., Lorson, C. L., Thomson, J. A. & Svendsen, C.
N. (2009) Induced pluripotent stem cells from a spinal muscular atrophy patient. Nafure,
457, 277-80.

Elkabetz, Y., Panagiotakos, G., Al Shamy, G., Socci, N. D., Tabar, V. & Studer, L. (2008)
Human ES cell-derived neural rosettes reveal a functionally distinct early neural stem cell
stage. Genes Dev, 22, 152-65.

Ghosh, Z., Wilson, K. D., Wu, Y., Hu, S., Quertermous, T. & Wu, J. C. (2010) Persistent
donor cell gene expression among human induced pluripotent stem cells contributes to
differences with human embryonic stem cells. PLoS One, 5, e8975.

Hastings, M. L., Berniac, J., Liu, Y. H., Abato, P., Jodelka, F. M., Barthel, L., Kumar, S.,
Dudley, C., Nelson, M., Larson, K., Edmonds, J., Bowser, T., Draper, M., Higgins, P. &
Krainer, A. R. (2009) Tetracyclines that promote SMN2 exon 7 splicing as therapeutics
for spinal muscular atrophy. Sci Trans! Med, 1, 1-10.

— 345 —



8 Shiho Kitaoka, Hiroshi Kondoh and Haruhisa Inoue

Heinrich, C., Gascon, S., Masserdotti, G., Lepier, A., Sanchez, R., Simon-Ebert, T.,
Schroeder, T., Gotz, M. & Berninger, B. (2011) Generation of subtype-specific neurons
from postnatal astroglia of the mouse cerebral cortex. Nat Protoc, 6, 214-28.

Hockemeyer, D., Soldner, F., Beard, C., Gao, Q., Mitalipova, M., DeKelver, R. C., Katibah,
G. E., Amora, R., Boydston, E. A., Zeitler, B., Meng, X., Miller, J. C., Zhang, L., Rebar,
E. J., Gregory, P. D., Urnov, F. D. & Jaenisch, R. (2009) Efficient targeting of expressed
and silent genes in human ESCs and iPSCs using zinc-finger nucleases. Nat Biotechnol,
27, 851-7.

Hu, B. Y., Du, Z.W. & Zhang, S.C. (2009) Differentiation of human oligodendrocytes from
pluripotent stem cells. Nat Protoc, 4, 1614-22.

Hu, B. Y., Weick, J. P, Yu, J., Ma, L. X., Zhang, X. Q., Thomson, J. A. & Zhang, S. C.
(2010) Neural differentiation of human induced pluripotent stem cells follows
developmental principles but with variable potency. Proc Natl Acad Sci U S A, 107,
4335-40.

Ku, S., Soragni, E., Campau, E., Thomas, E. A., Altun, G., Laurent, L. C., Loring, J. F,,
Napierala, M. & Gottesfeld, J. M. (2010) Friedreich's ataxia induced pluripotent stem
cells model intergenerational GAARTTC triplet repeat instability. Cell Stem Cell, 7, 631-
7.

Kustikova, O., Fehse, B., Modlich, U., Yang, M., Diillmann, J., Kamino, K., von Neuhoff, N,
Schlegelberger, B., Li, Z. & Baum, C. (2005) Clonal dominance of hematopoietic stem
cells triggered by retroviral gene marking. Science, 308, 1171-4.

Le Prince, G., Delaere, P., Fages, C., Duyckaerts, C., Hauw, J. J. & Tardy, M. (1993)
Alterations of glial fibrillary acidic protein mRNA level in the aging brain and in senile
dementia of the Alzheimer type. Neurosci Lett, 151, 71-3.

Lee, G., Papapetrou, E. P., Kim, H., Chambers, S. M., Tomishima, M. J., Fasano, C. A.,
Ganat, Y. M., Menon, J., Shimizu, F., Viale, A., Tabar, V., Sadelain, M. & Studer, L.
(2009) Modelling pathogenesis and treatment of familial dysautonomia using patient-
specific iPSCs. Nature, 461, 402-6.

Lee, G., Chambers, S. M., Tomishima, M. J. & Studer, L. (2010) Derivation of neural crest
cells from human pluripotent stem cells. Nat Protoc, 5, 688-701.

Marchetto, M. C., Muotri, A. R., Mu, Y., Smith, A. M., Cezar, G. G. & Gage, F. H. (2008)
Non-cell-autonomous effect of human SOD1 G37R astrocytes on motor neurons derived
from human embryonic stem cells. Cell Stem Cell, 3, 649-57.

Marchetto, M. C., Carromeu, C., Acab, A., Yu, D., Yeo, G. W., Mu, Y., Chen, G., Gage, F. H.
& Muotri, A. R. (2010) A model for neural development and treatment of Rett syndrome
using human induced pluripotent stem cells. Cell, 143, 527-39.

Mhatre, M., Floyd, R. A. & Hensley, K. (2004) Oxidative stress and neuroinflammation in
Alzheimer's disease and amyotrophic lateral sclerosis: common links and potential
therapeutic targets. J Alzheimers Dis, 6, 147-57.

Okita, K., Hong, H., Takahashi, K. & Yamanaka, S. (2010) Generation of mouse-induced
pluripotent stem cells with plasmid vectors. Nat Protoc, 5, 418-28.

Osafune, K., Caron, L., Borowiak, M., Martinez, R. J., Fitz-Gerald, C. S., Sato, Y., Cowan, C.
A., Chien, K. R. & Melton, D. A. (2008) Marked differences in differentiation propensity
among human embryonic stem cell lines. Nat Biotechnol, 26, 313-5.

Park, 1. H., Arora, N., Huo, H., Maherali, N., Ahfeldt, T., Shimamura, A., Lensch, M. W_,
Cowan, C., Hochedlinger, K. & Daley, G. Q. (2008) Disease-specific induced pluripotent
stem cells. Cell, 134, 877-86.

Pick, M., Stelzer, Y., Bar-Nur, O., Mayshar, Y., Eden, A. & Benvenisty, N. (2009) Clone-
and gene-specific aberrations of parental imprinting in human induced pluripotent stem
cells. Stem Cells, 27, 2686-90.

Placantonakis, D. G., Tomishima, M. J., Lafaille, F., Desbordes, S. C., Jia, F., Socci, N. D,
Viale, A., Lee, H., Harrison, N., Tabar, V. & Studer, L. (2009) BAC transgenesis in

— 346 —



Induced Pluripotent Stem Cell Technology ... 9

human embryonic stem cells as a novel tool to define the human neural lineage. Stem
Cells, 27, 521-32.

Pruszak, J., Sonntag, K. C., Aung, M. H., Sanchez-Pernaute, R. & Isacson, O. (2007) Markers
and methods for cell sorting of human embryonic stem cell-derived neural cell
populations. Stem Cells, 25, 2257-68.

Pruszak, J., Ludwig, W., Blak, A., Alavian, K. & Isacson, O. (2009) CD15, CD24, and CD29
define a surface biomarker code for neural lineage differentiation of stem cells. Stem
Cells, 27, 2928-40.

Raya, A., Rodriguez-Piza, 1., Guenechea, G., Vassena, R., Navarro, S., Barrero, M. J.,
Consiglio, A., Castella, M., Rio, P., Sleep, E., Gonzélez, F., Tiscomia, G., Garreta, E.,
Aasen, T., Veiga, A., Verma, I. M., Surrallés, J., Bueren, J. & Izpista Belmonte, J. C.
(2009) Disease-corrected haematopoietic progenitors from Fanconi anaemia induced
pluripotent stem cells. Nature, 460, 53-59.

Rugg-Gunn, P. J., Ferguson-Smith, A. C. & Pedersen, R. A. (2007) Status of genomic
imprinting in human embryonic stem cells as revealed by a large cohort of independently
derived and maintained lines. Hum Mol Genet, 16, R243-51.

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G. W., Cook, E. G., Hargus, G., Blak,
A., Cooper, O., Mitalipova, M., Isacson, O. & Jaenisch, R. (2009) Parkinson's disease
patient-derived induced pluripotent stem cells free of viral reprogramming factors. Cell,
136, 964-717.

Takahashi, K. & Yamanaka, S. (2006) Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell, 126, 663-76.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K. & Yamanaka, S.
(2007) Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell, 131, 861-72.

Terry, R. D., DeTeresa, R. & Hansen, L. A. (1987) Neocortical cell counts in normal human
adult aging. Ann Neurol, 21, 530-9.

Urbach, A., Bar-Nur, O., Daley, G. Q. & Benvenisty, N. (2010) Differential modeling of
fragile X syndrome by human embryonic stem cells and induced pluripotent stem cells.
Cell Stem Cell, 6, 407-11.

Vehmas AK, Kawas CH, Stewart WF, Troncoso JC. (2003) Immune reactive cells in senile
plaques and cognitive decline in Alzheimer's disease. Neurobiol Aging, 24, 321-31.

Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y., Stiidhof, T. C. & Wernig, M. (2010)
Direct conversion of fibroblasts to functional neurons by defined factors. Nature, 463,
1035-41.

von Bernhardi, R., Tichauer, J. E. & Eugenin, J. (2010) Aging-dependent changes of
microglial cells and their relevance for neurodegenerative disorders. J Neurochem, 112,
1099-114.

Warren, L., Manos, P. D., Ahfeldt, T., Loh, Y. H., Li, H., Lau, F., Ebina, W., Mandal, P. K,
Smith, Z. D., Meissner, A., Daley, G. Q., Brack, A. S., Collins, J. J., Cowan, C.,
Schlaeger, T. M. & Rossi, D. J. (2010) Highly efficient reprogramming to pluripotency
and directed differentiation of human cells with synthetic modified mRNA. Cell Stem
Cell, 7, 618-30.

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., Nie,
J., Jonsdottir, G. A., Ruotti, V., Stewart, R., Slukvin, I. I. & Thomson, J. A. (2007)
Induced pluripotent stem cell lines derived from human somatic cells. Science, 318,
1917-20.

Yu, J., Hu, K., Smuga-Otto, K., Tian, S., Stewart, R., Slukvin, II. & Thomson, J. A. (2009)
Human induced pluripotent stem cells free of vector and transgene sequences. Science,
324, 797-801.

Yue XS, Fujishiro M, Toyoda M, Akaike T, Ito Y. (2010) Reprogramming of somatic cells
induced by fusion of embryonic stem cells using hemagglutinating virus of Japan
envelope (HVJ-E). Biochem Biophys Res Commun, 394, 1053-7.

— 347 —



10 Shiho Kitaoka, Hiroshi Kondoh and Haruhisa Inoue

Zhang, Y., Dawson, V. L. & Dawson, T. M. (2000) Oxidative stress and genetics in the
pathogenesis of Parkinson's disease. Neurobiol Dis, 7, 240-50.

— 348 —



B 69% #©TIS8 (2011 4F 10 A 20 H¥47) BRI

e HAESE | E

— DRI & B O R —

IL & # iR
RAEMRICAVWOhZEY - RRERTTV JH

AL ZEetEsr 1R (iPS k)

JUEER  HFLEBA

— 349 —




282

SEUERTR AL 5 W BB - MIERET
AT LRI (PS HHfa)

Induced pluripotent stem cell

JUBESR  FrEEA

| EBRESY LY, AIERER

iU &I

< AKHESEMARIC L a4 VA B BWT
ADODPMMILBRETZEAT LI LICEY, B
P (ES) Ml IZ i3 5 % bk 2 A9 5
M3 %83 (R L) T & 5 2 L& S/t
Z OfREE, ATZREMEHMNE (induced pluri-
potent stem cell: iPS#lif) & ayg Sh, B4R,
b MRAHEIERIR 2 & iPS MR M 37 & 722,
iPSHIBLEBEEMIC X o C, A2 WELd
I LXK VRBEET 5 BEEZOEMR
b, REFENIPSHREZRT REOENM
Moz AFT5I EDWREIC R o 72 iPSHL%
s Z L D MBEERRTE 2 LD 5

WMFAIRE LTS 5 Z LRI R B, 7,

MREEERBICB T, WMEMEE S oER
120 TR S, JAICATET 2 27 T HIBL O HhiRk
EUNOBE DN T|EN 2 ST W2,
E b iPS IR & HRERIRL & &0 7Rk 4 e iR
NOGALEREDER I, BB BEBERA D
Z AL DOIRANHES NS, ,

- AT, IPSHINE R R U 7R e R
MROBUIRE DT 5 L & B2, MREHER
DIRIEMRY, BISERFE~IT REETFVE L
TOWEEM L B2,

1. iPS flfaOBiar

e b iPSHIBL O IE, ESHIIETHILL Tw
HIEERT (Oct3/4, Sox2, Klf4, c~Mycd L
{1E Oct3/4, Sox2, Nanog, Lin28)% L huw
AWR, L¥FI4 VALY SR
WBAT A ETRLETON, (PSHIR
(T ESHIN & FBRIZ, MRATERIC X 5510
BriT) ik, ZEETTA0OHLEE
Hzdbo, iPSHBOFMEO—D2E, SEOE
R OERWREE W) HThH Y, BICHHE
DR JE MR & OFEHEF) b s ST B2
K oT, HEBAMERED L T IPSHBOME
RSTRETH B, TER S N7z iPS MM 3R B A
HOBMBERE ZITHRATBY, REOWRER
N XL DRFIZFIHTE 5.

LY A VARV Y FTALNVARY §—%
AWTER L7 iPSHIfECIEX L 72 & 5T 0
mRNA OFEFITHH I NE(F L L)
iPSHIfE D7 7 2T A RBEFITEA S NS,
B2, DBABEBETFTHADc-Mycld, YL HE
ERBIIBIA2EZEEOMENBRESATY
7275, 21T c—Myc & v v 3 [’F (0ct3/4,
Sox2, KiIf4) D&A®, & B\ id c-Myc Db v iz
L-Myc & W/ FENZ Lo THRETETH 2
CEVHMEINTWS., T T AANOHER

Naoki Yahata, Haruhisa Inoue: Department of Clinical Application, Center for iPS Cell Research and. Application
(CiRA), Kyoto University JFUHik%: iPSHIIQAFSEr Kb FIT22 s P

0047-1852/11/ %60/ K /JCOPY

— 350 —



Nippon Rinsho Vol 69, Suppl 8, 2011 283

F1 HRABRERERRIPSHEZAVEERRETY LT

BB RREET | REER | BEERE :‘ BEYW
BRI BEMIE | SMNI, 2 | LGB~ | 1. FHERWEMBEEOKT Ebert AD, et al:
BEY 2. SMN & 87 HORBBKT Nature
3. 2OFRWM F N7 O RS ik 457: 277-280, 2009.
RIEVEE M | IKBKAP AR L MRERMRIC ME S S BEORE AT | Lee G, etal:
B RRE GAT VT Nature
2. BEMEMIBKOET - EEOIKT | 461: 402-406, 2009
3. 1, 20KRMRE H 4 2 F  TYE
Ly MEWBEHE | MeCP2 GBI 1L vy I VEBeEBEMRZES ST A, A | Marchetto MC, et al:
R4 U, HREEORL Cell
2. VFTARBOIGFL, Fry<4 | 143: 527-539, 2010,
2k AEE

3. BREHINLY Y LABFORD
4, HEWBR YT TABROET

7V—=F 74 | FXN
S ARE

FCHEED | 1 IPSHIRBICEBIT A FXN GAA - TTC Y ¥ | Ku S, etal:
— b OREEM
2. 1 OFIHA S MSH2 ¥z X b S

Cell Stem Cell
7: 631-637, 2010.

28— F ) V¥ | LRRK2 FElCHRER | L

a—synuclein HH® _L#-
A 2. H.0, 6-OHDA, MG-132%:542% Y | Cell Stem Cell
F =733 2 PRBH AR IEIE 0 35 3

Nguyen HN, et al:

8: 267-280, 2011.

BART O AR AR iPS g oR BEH
KRB EEZ MRS B, ZOMEZEH
TAH—OOKEKE LT, 7/ LADOMASRE
WY & — % w7 iPSHINE = B B AL T
EODH A, IPSHIIBEILIZH 2o THH S
AN IR IR IC E & E 5T, BRe
e ML © OB AT RETH 0, Y 7 Ak
ABEZLICLY, XYVREODLEVWERIET
iPS HHAAMERIC & B T REVED D 5.

2. MHEREMERBATRMIPS MRMEO
BIX

PR P FRURR L iPS MR DM 212 Bg LT
i, superoxide dismutase 1(SODI) DZERE%E b
O R A L B R A © O E R
R YIZY N—F ) UFEYE o NYF b
VPR, BOoDPOMELDH .

SN e AR LAY 1PS M O BRI 2 IR & T
A & BT A L2k, ZRETH
BT o REORR, FhE X A =X 20
ENBTEMENDH A, WREEWEERBFRERIPS

MlszMEL, ERBHAZRLHREL LT
BROVEEEMEAE, FIEVE B ARARRCENRE, Ly
NEMBEE, 79— FI4 CRE, S—F Vv
R PSR % FlWiciiE e &0 B
(£1). TNOOWMFITE Y, KEFFRWIPS
WA & LFHE L M E o ¢, WEE S
Freps, ARACEEMIRATIC X D BRI RE T B
ZEARE N EITIE, RAEIRERIPS I
DRI T O 720D A 7 ) —= v FIZF T EE
ThHhAHIEHERLTWS, TIUNL T —HE
F sk iPS AR O L CHEAICTHE S
NTW5, 5HOMFEORMIMFEINS.

3. iPSHHkaE AV - RIZRB 5

T FOVE oM BR A B o 72EF IR IE, B b
DR LT EAELT LOMNBLTEL Y,
BIEBISEIC BT, BEHERIA e M L TR
EHE, HEVIZEERHER NS 28T
MEERRIEICR DI E B DR kv, ¥ MIPS
M & LS L TH 5 h A HliE 2 2138 5
R BEFHli 22 & ORTERR RIS T &

— 351 —

£
e
1



284 Ak 69 % BT

L) ERELE O, BEFEET) L
TE B REHEATEH B,

v b iPSHIIED 5 LEEE L /- e L %
STHERAZ ) —= v FReEET BRI,
FOEBMAEMER, KBCERTLIE
PUBEI D, TNRERT 2010, B

OB E R X LT BEHITME, O
W% AT B Bl 0SB 22 5. IPSHIMAR
REBEZFFI B, 7 a— 2 BETo i~
DR HEREN B 5 2 L0 b T
BY, BH—RECHERET 52 LA5k0 5
N5, BRI B MBS R 7 R %
T AP CRE#SE LM 7 a - A b
A PY—TEIT % HHER ERES T
Y Ak R BIRERN iPS M & B 7o B3R
BISA~OBEICIE, B Bk -
FALEDOBRSLEN 5.

4. HEETHEREETIVELTOIPS fifa
OL}: 15

CHET, iPSHIRR EREAM ZFIH L TRE
BRI O RBISFEEBIRICBIT 5 RED
T ORI S N DB E . —J7 T
PEOMIEEMEREE, BEBRBICBI2RED
FREIAHATH S, BIC, I 5Lk

-8 (2011)

(LRREK2) #{xF D72 #(G2019S) % ﬁ?éM%
HI3E @ iPS(G2019-iPS) M RE % E o 72 75 23R
BFENSY R F—83 ‘/Vﬁ&‘éjﬂdﬂﬁ%b:/\ﬂ:
FEL, arbuo—- il ke ITozk
6(mm9ﬁ8ﬂ%~kmfﬁwxhvxﬁ%
234 A HSPB1, NOXI, MAOB ko /o5&
RFOBBLERPFAEL T £/, LRRK2
DIFEREMERRIA B % F5#0 D) % a—~synuclein ®
LD G2019-1PSHIBICBVWTHERICER L
TWA I ENBEIN HIZ, AR LAZER
6-hydroxydopamine, MG~-132 D512 X -
G2019-iPSHEfE 2 S HLFE L7 F—o83 U 1E
Bifasla o MRS FE I N, 20
W& T, RERE, IBRBEOMBIERLER
170u—Thadh, NEEREERERET
WELTDTIY 73 —2%BRLTWAS,
T IV INA 795 TLRBRE D KERS 239051t
ThY, BEMEEERIRHTH L. EEED
BREFT DT VYN T —IFBE D b
AW IPSHIfaZ R L, JRAER RO 2 4
Ha~AE S & TSR D2 - MIFIED A %
SALRBHTAZEICL Y, MEHBREDR
B, BIEERFIC ORI A MASE SN THE
TS 5.

L, BBl L7 B0 b T & 20 i AL R
PEENDLUREMED D B, MIWZEALE in vitro T AFTI, IPSHIBROEBETNVE LTOH
BHT 572012, REOBRBLEICENHZE RBIUCBREIZOWTERA. iPSHIRHEM &
Y HREEEM OV BEDD L, V) I BT, S, TUYNAL -

Wik, N—=F YV VHORKRBETELELT ZEORAEOMEICREISNLZ LT,
oM Twb, leucine-rich repeat kinase 2 f#H, WGBS AERET 2 2 LB SN2,
B [y

1) Takahashi K, Yamanaka S: Induction of pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell 126: 663-676, 20086.

2) Takahashi K, et al: Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131: 861872, 2007.

3) Yu], etal: Induced pluripotent stem cell lines derived from human somatic cells. Science 318:
1917-1920, 2007.

4) Kuchibhotla KV, et al: Synchronous hyperactivity and intercellular calcium waves in astrocytes in
Alzheimer mice. Science 323: 1211-1215, 2009.

5) Dimos JT, et al: Induced pluripotent stem cells generated from patients with ALS can be differenti-
ated into motor neurons. Science 321: 1218-1221, 2008. i
6) Nakagawa M, et al: Generation of induced pluripotent stem cells without Myc from mouse and

— 352 —



Nippon Rinsho Vol 69, Suppl 8, 2011 285

human fibroblasts. Nat Biotechnol 26: 101-106, 2008.
7) Nakagawa M, et al: Promotion of direct reprogramming by transformation—deficient Myc. Proc
Natl Acad Sci USA 107: 14152-14157, 2010.
8) Okita K, et al: Generation of mouse—induced pluripotent stem cells with plasmid vectors. Nat Protoc
5: 418—-428, 2010. ,
9) Fusaki N, et al: Efficient induction of transgene~free human pluripotent stem cells using a vector
based on Sendai virus, an RNA virus that does not integrate into the host genome. Proc Jpn Acad
Ser B Phys Biol Sci  85: 348-362, 2009.
10) Aoi T, et al: Generation of pluripotent stem cells from adult mouse liver and stomach cells. Science
321: 699-702, 2008.
11) Soldner F, et al: Parkinson's disease patient—derived induced pluripotent stem cells free of viral
reprogramming factors. Cell 136: 964-977, 2009.
12) Nguyen HN, et al: LRRK2 mutant iPSC~derived DA neurons demonstrate increased susceptibility
to oxidative stress. Cell Stem Cell 8: 267-280, 2011.
13) Park IH, et al: Disease—specific induced pluripotent stem cells. Cell 134: 877-886, 2008.
14) Inoue H, Yamanaka S: The use of induced pluripotent stem cells in drug development. Clin Pharma-
col Ther 89: 655-661, 2011.
15) Yuan SH, et al: Cell—-surface marker signatures for the isolation of neural stem cells, glia and neu-
rons derived from human pluripotent stem cells. PLoS One 6: 17540, 2011.

&
i
]

— 353 —



EXPERIMENTAL CELLRESEARCH 316 (2010) 2560-2564

available at www.sciencedirect.com-

w9

“e.¢ ScienceDirect

www.elsevier.com/locate/yexcr

&

Review

Neurodegenerative disease-specific induced pluripotent stem
cell research |

Haruhisa Inoue™

Center for iPS Cell Research and Application, Kyoto University, 53, Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507, Japan
Japan Science and Technology Agency, CREST, Kawaguchi, Japan

ARTICLEINFORMATION ABSTRACT
Article Chronology: Neurodegenerative disease-specific induced pluripotent stem cell (iPSC) research contributes to
Received 6 April 2010 the following 3 areas; “Disease modeling”, “Disease material” and “Disease therapy”.
Accepted 19 April 2010 “Disease modeling”, by recapitulating the disease phenotype in vitro, will reveal the
Available online 24 April 2010 pathomechanisms. Neurodegenerative disease-specific iPSC-derived non-neuronal cells
harboring disease-causative protein(s), which play critical roles in neurodegeneration including
Keywords: motor neuron degeneration in amyotrophic lateral sclerosis, could be “Disease material”, the target
Neurodegenerative disease cell(s) for drug screening. These differentiated cells also could be used for “Disease therapy”, an
Non-neuronal cells autologous cellular replacement/neuroprotection strategy, for patients with neurodegenerative
Disease modeling disease.
Disease material Further progress in these areas of research can be made for currently incurable neurodegenerative
Disease therapy diseases.
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Neurodegenerative diseases are caused by the degeneration of amyotrophic lateral sclerosis (ALS). It is widely believed that
selected neurons: cortical neurons in Alzheimers' disease, dementia neurodegenerative diseases generally arise through the same process;
with Lewy bodies, or frontotemporal lobar degeneration, midbrain neuronal dysfunction [1}, the gradual accumulation of misfolded
dopaminergic neurons in Parkinson's disease, cerebellar neurons in protein and the acceleration of aggregate formation [2], neuronal
spinocerebellar degeneration, and upper and lower motor neurons in death [3], and disease progression caused by non-neuronal cells [4,5].
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Neurodegenerative diseases are still intractable, although studies
using molecular biology continue to enhance our understanding of
neurodegeneration.

ALS, one of the neurodegenerative diseases, is characterized by
the degeneration of upper and lower motor neurons, leading to
fatal paralysis. The name “ALS” originated from the pathological
observation that a distinct myelin pallor in the lateral part of the
spinal cord represents degeneration and loss of the axons of upper
motor neurons in the spinal cord [6,7]. This relentless disease is
characterized by the degeneration of somatic motor neurons in the
spinal cord, brain stem, and cortex. Common symptoms are
progressive muscular atrophy, difficulty in swallowing and speech,
and respiratory failure. Generally, the disease has a midlife onset;
it is found in the 45-60 year age group and the typical disease
course is 1 to 5 years. The proportion of affected individuals in the
population is 4 to 6 per 100,000, and the lifetime risk is about 1 in
1000 [3,6-8].

Approximately 10% of patients with ALS are inherited (familial
ALS, FALS), while the remaining have no family history of ALS
(sporadic ALS, SALS) [4-8]. After the missense mutations in the gene
that encodes the antioxidant enzyme Cu/Zn superoxide dismutase 1
(SOD1) was found in 10-20% of patients with FALS in 1993, most
studies in the field have focused on revealing the mechanism of
SOD1-mediated motor neuron degeneration [4-8]. SOD1 changes
superoxide radicals into oxygen and hydrogen peroxide. When
mutated SOD1 are overexpressed in rodents, this causes phenotypes
of an ALS-like motor neuron disease, which is not rescued by
overexpression of wild-type SOD1. These observations suggest thata
toxic gain of function mechanisms, but neither loss of function nor
haploinsufficiency, cause mutant SOD1-mediated FALS. Genetically
engineered mutant SOD1 animal models have provided abundant
information regarding the possible mechanisms of this disease [4-8].

Several therapies with drugs have shown therapeutic effects in
SOD1 transgenic rodents, but clinical trials in humans have not
been successful. This suggests that current ALS rodent models can
provide only limited or extra insight into the pathogenesis of
human ALS. Therefore, for drug screenings, human resources,

which possess human molecular signaling pathways different
from rodents, are supposed to be required. Human resources could
be robustly supplied by differentiating human stem cells, espe-
cially neurodegenerative disease-specific induced pluripotent
stem cells (iPSCs), which are generated by reprogramming adult
fibroblast cells of neurodegenerative disease including ALS [9] by
using forced expression of the transcription factors—KIf-4, Sox-2,
Oct-4, and c-Myc. The iPSCs have the same advantages as
traditional stem cells due to their ability to generate differentiated
cells such as neurons and glia from individuals [10-12].

Disease-specific iPSCs [13-21] research is a new field that could
contribute to the following 3 areas; “Disease modeling”, “Disease
material” and “Disease therapy” (Fig. 1).

Disease modeling

“Disease modeling” by recapitulating the diseases phenotype in vitro
would make it possible to study how different cell types are involved
in the pathobiology of neurodegenerative diseases, and to unravel
the cellular mechanisms that may trigger familial, as well as
sporadic, forms of the disease. In an ALS study, Dimos et al.
successfully directed the differentiation of iPSCs, generated from
an elderly patient with FALS and a SOD1 mutation, into motor
neurons expressing appropriate motor neuron markers including
Hb9 and ISLET [9]. While both spinal muscular atrophy (SMA) [13]
and ALS [9] are neurodegenerative diseases of motor neurons, only
SMA motor neurons from disease-specific iPSCs show phenotypes.
This may be due to the fact that the onset age of ALS is after middle
age while most SMA cases begin in childhood. Furthermore, the
iPSC-derived neurodegenerative models that have been developed
for SMA and familial dysautonomia (FDA) [17] take the autosomal
recessive inherited form. In neurodegenerative disease modeling
from iPSCs, genetic information, the environment, or senescence all
contribute to neurodegeneration, and therefore it would be critical
to promote these conditions in vitro. These studies have led to new
avenues for drug development for neurodegenerative diseases.

iPS cell

o

Patients

ﬁgﬁﬁeuron

e,

Fig. 1 - Neurodegenerative disease-specific iPSC research contributes to the following 3 areas; “Disease modeling”, “Disease

material” and “Disease therapy”.
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Disease material

Affected cells in neurodegenerative disease(s) as “Disease material”,
which cannot be collected from patients, can be generated from
disease-specific iPSCs. These cells possess the genetic information of
the patient, Non-neuronal cells, including glial cells [4,5], can be a
target of neurodegenerative disease-specific iPSC research based on
non-cell autonomous neurodegeneration hypothesis demonstrated
by following studies.

The absence of motor neuron degeneration with the synthesis of
mutant SOD1, under the control of neuron-specific promoter,
provided the initial supportive evidence that the disease probably
does not arise from damages caused within motor neurons through
cell-autonomous mechanisms [22]. The onset of the disease was
delayed and the survival period was extended when part of mutant
SOD1 in motor neurons was removed using the Cre-loxP system
[23], although, after the disease onset, the period of disease
progression was almost unaffected. Similarly, virus-mediated small
interfering RNA knock-down, within which the CNS selectively
suppressed mutant SOD1 in motor neurons, showed a robust delay
in onset [24-26]. On the other hand, based on the results of further
studies on such transgenic animals, disease progression is deter-
mined by the amount of mutant SOD1 in astrocyte/microglia [23,27].
This suggests that the amount of mutant SOD1 in motor neurons
(cell autonomous) is relevant to disease initiation, while progression
is dependent on non-neuronal cells, including astrocytes and
microglia (non-cell-autonomous).

A chimeric mice study that included a combination of wild-type
cells and cells expressing mutant SOD1 directly showed an evidence
for a non-cell-autonomous disease mechanism [28]. Motor neurons
surrounded by wild-type neighbors survived longer with no
degeneration despite mutant SOD1 expression, while motor neurons
that were genetically normal were damaged by neighboring mutant
SOD1-expressing cells. These results support the idea that non-cell
autonomous mechanisms contribute to neurodegeneration in
mutant SOD1-mediated ALS.

Embryonic stem cell (ESC) research [30-33] also contributes to
our understanding of non-cell-autonomous mechanisms in neu-
rodegenerative disease. It has been demonstrated that mutant
SOD1-expressing astrocytes diminish the survival of motor
neurons over a 2-week period compared to normal glial cells by
the co-culture of primary, mutant SOD1-expressing astrocytes
with primary motor neurons purified from embryos, or with motor
neurons generated by the differentiation of mouse embryonic
stem cells. Astrocyte-derived toxicity, which is transferred by
astrocyte conditioned media, acts on wild-type as well as mutant-
SOD1 motor neurons, and is specific to motor neurons with no
effect on sensory neurons or interneurons [29,30]. Studies also
showed that human ESC-derived motor neurons are also sensitive
to the toxic effect of glial cells carrying an ALS-causing mutation,
which supports previous suggestions that non-neuronal cells
contribute to the pathogenesis of ALS [31,32]. Astrocytes expres-
sing ALS-linked mutated SOD1 release factors that are toxic to
motor neurons. Further studies may show the relevance to these
factors with the reduced expression of GLT-1 that is commonly
seen in human ALS [33]. These experiments have provided an
in vitro paradigm for the use of stem cell-derived co-culture
experiments in exploring cell-cell interactions in ALS or in other
neurodegenerative diseases.

In addition to the SOD1-mediated ALS studies, there are
supporting evidence showing non-cell autonomous neurodegenera-
tion in spinocerebellar ataxias (SCA), which is one of neurodegener-
ative diseases with characteristics of cerebellar neurodegeneration
that lead to progressive motor incoordination {5]. The most affected
cells are cerebellar Purkinje neurons. Non-neuronal neighbors to
these neurons are Bergmann glia, cerebellar-specific astrocytes, with
long finger-like processes to enwrap the dendritic trees of Purkinje
cells [34]. SCA7 is caused by polyQ expansion in the gene encoding
ataxin-7. Transgenic mice that showed mutant polyQ expression only
in Bergmann glia and other astrocytes by using the GFAP promoter
would be sufficient to cause Purkinje cell degeneration. Moreover, the
Purkinje cell degeneration was remarkably similar to that induced by
polyQ expansion under the control of the Prion promoter, both
neuronal and glial promoters, demonstrating non-cell-autonomous
Purkinje cell degeneration [5,35].

These findings suggest that disease-causative protein in glial
cells could be target molecule(s) in targets cell(s) in drug
screening by using disease-specific iPSCs. Although it is still
unclear whether glial cells in patients elicit the same toxicity as
ALS model astrocytes, as the latter commonly harbor multiple
copies of mutant SOD1 [36]. An analysis of iPSC-derived glial cells
from patients with mutant SOD1-induced ALS could possibly
reveal whether a single gene copy renders human glial cells as
toxic as those harboring multiple mutant SOD1 copies [36]. As a
consequence, it is critical to analyze the mechanisms for disease
pathways and to perform drug screening by using human
resources derived from neurodegenerative disease-specific iPSCs
followed by evaluating drug delivery, optimal safe dose or time
window in animal model studies.

Disease therapy

There is more than one method for generating iPSCs (i.e.,
retrovirus, lentivirus, adenovirus, plasmid vector, small com-
pounds, protein transduction etc.) [37] from multiple origins.
The iPSCs also could provide an autologous cellular replacement/
neuroprotection strategy for patients with neurodegenerative
diseases [36], “Disease therapy”. In addition to transplantation of
specific neurons from iPSCs for replacement therapy, transplanta-
tion of glial cells from iPSCs can be used for neuroprotection [36].
Before the transplantation approach can be applied clinically,
numerous hurdles must be overcome. For these putative stem cell-
based therapies, we must first identify the optimal cell dose and
source, and/or the route of delivering the cells [36]. Transplanta-
tion therapies would consist of the delivery of a combination of
subtypes of neuronal cells to provide both cellular replacement
and neuroprotection.

Further progress in these areas of research can be developed for
currently incurable neurodegenerative diseases.
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