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H

uman embryonic stem cells provide a useful source of material for studying basic human development and various disease states. However, ethical issues concerning their
procurement limit their acceptance and possible clinical applicability. Recent advances in stem cell technology have provided an alternative source of pluripotent stem
cells that does not require the use of an embryo. This review addresses the generation of induced
pluripotent stem cells from skin fibroblasts taken from various patient populations, with a specific
focus on the pediatric disorder spinal muscular atrophy. These patient-derived cells may help researchers devise more appropriate therapies through a greater understanding of the molecular mechanisms that underlie neuron dysfunction and death in a variety of diseases. Furthermore, they provide an ideal platform for small-molecule screening and subsequent drug development.
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PLURIPOTENT STEM CELLS
Since their isolation in 1998,1 human embryonic stem cells (hESCs) have garnered
much attention for a wide range of experimental and therapeutic applications. These
cells are pluripotent because after injection into immunodeficient mice they form
teratomas consisting of cell types from all
3 primitive germ layers (endoderm, mesoderm, and ectoderm), including muscle,
heart, liver, and the central nervous system. For neurodegenerative diseases, hESCs
can be further lineage restricted to generate very specific neural subtypes, including dopaminergic neurons, motor neurons, oligodendrocytes, and astrocytes,
which display many of the neurochemical
and electrical attributes of mature neurons (eg, neurotransmitters, transporters,
and evoked action potentials).2 Because of
these attributes, hESCs offer a tremendous advantage to model diseases. However, ethical concerns surround their use
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because the embryo is destroyed in the process of their procurement.
The groundbreaking discovery that
mouse and human fibroblasts have the capacity to be reverted to an ESC fate through
reprogramming has significantly advanced the field of stem cell and neurodegenerative disease research. Although
performed independently and with some
variation, these cells were all modified
using DNA technology to overexpress important pluripotent stem cell genes in human neonatal or adult fibroblasts. These
exogenously expressed genes reprogrammed the DNA of the fibroblast cells
to make them display ESC-like morphologic features, exponential growth properties, and gene expression profiles. Similar to hESCs, the newly reprogrammed
cells, termed induced pluripotent stem cells
(iPSCs), can form teratomas and can be
lineage restricted to the various cell types
in the body.3 Because these cells are derived from adult skin, 2 important implications arise. First, a fertilized embryo is
not needed for the production of iPSCs,
thus reducing some of the ethical concerns with their generation and use. Second, iPSCs can be derived from any pa-
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Table. Spinal Muscular Atrophy Categories
Classification

Age at Onset

Symptoms

Prognosis

Type I, Werdnig-Hoffman disease

Birth to 6 mo

Type II

6-18 mo

Short life expectancy; death
generally by age 2 y
Reduced life span, ⬍30 y

Type III, Kugelberg-Welander syndrome

⬎18 mo

Type IV, adult onset

⬎18 y

Severe proximal muscle weakness; reduced muscle tone;
inability to hold head up; possible skeletal deformities
Moderate proximal muscle weakness; developmental
motor delay; may be able to sit unaided
Slow and mild proximal muscle weakness; may need
assistance with standing and walking
Slow and mild proximal muscle weakness; may need
assistance with standing and walking

Normal life span
Normal life span

levels of an essentially nonfunctional, truncated SMN2
protein (SMN⌬7).13,14 Because SMN2 can produce a small
amount of full-length SMN protein, one study15 has shown
that disease severity is mitigated by how much fulllength protein is produced. Therefore, many of the current experimental approaches use small-molecule
induction or RNA manipulation to increase SMN2 protein
production to compensate for the loss of SMN1
protein.16
SMA MODEL SYSTEMS

Figure 1. Induced pluripotent stem cells (iPSCs) can be lineage restricted to
form motor neurons. Motor neurons were differentiated from iPSCs
produced from an unaffected fibroblast sample and were stained for the
neurofilament protein SMI-32 (red) (original magnification ⫻100). Cell
nuclei appear in blue.

tient population,4-7 which allows for analysis and modeling
of the disease in the cell types particularly affected. This
technique also provides the generation of a human model
system for diseases with no known genetic component
or for which few appropriate experimental models are
available.
SPINAL MUSCULAR ATROPHY
Spinal muscular atrophy (SMA) is an autosomal recessive disease that causes specific loss of alpha motor neurons in the spinal cord and is one of the leading genetic
causes of infant mortality. Spinal muscular atrophy is
caused by a mutation in the survival motor neuron gene
(SMN; GenBank U18423) that leads to loss of SMN1 protein8 and concomitant loss of motor neurons. Spinal muscular atrophy can be divided into 4 categories based on
disease severity, with type I being the most severe and
type IV being the least severe (Table). The SMN gene is
located on chromosome 5, and approximately 95% of all
patients with SMA are missing this gene. Humans are
unique in that they have 2 versions of SMN: SMN1 and
SMN2.9 SMN1 produces a full-length protein found in the
cytoplasm and the nucleus and is part of a large complex involved in a variety of RNA processes.10-12 In contrast, a single C to T nucleotide transition in SMN2 causes
exon 7 to be excluded, generating low levels (approximately 10%-15%) of full-length SMN protein and high

Several experimental models using single and multiple
cellular organisms have been used to study the molecular processes involved in SMA. Mice have become the
most often used vertebrate model for mammalian
genetic research because of the ability to manipulate
the genome. Using homologous recombination technology and mating crosses, Schrank and colleagues17 found
that embryos that lack SMN die before uterine implantation, which underscores the importance of SMN
during development in all cell types, not just motor
neurons. Other mice have been developed that harbor
the entire human SMN2 locus or the SMNΔ7 mutation
on the mouse SMN knockout background to better
represent the human condition.18-20 Despite providing
invaluable protein and disease information, these
animal models may not adequately represent the
human condition because the physiologic and anatomical features of mice are radically different from those
of humans, especially regarding the central nervous
system.
Possibly some of the most useful cells studied in culture have been fibroblasts taken from patients with SMA.
Fibroblasts are relatively easy to obtain from skin biopsy samples, are easy to grow and maintain in the culture dish, and have the added benefit of naturally lacking SMN1. One important weakness is that fibroblasts do
not make motor neurons, astrocytes, or muscle. Owing
to the selective loss of motor neurons and the importance of astrocytes and muscle on motor neuron health,21,22
having a source of human cells that harbor the genetic
mutation and that are capable of making these specific
tissues would be highly beneficial. Patient-derived iPSCs
can fulfill this need.
We generated iPSCs from commercially available
fibroblast samples obtained from a 3-year-old boy with
type I SMA and his unaffected (WT) mother.7 To do
this, we used lentiviral vectors to stably express repro-
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Figure 2. Fibroblast cells can be converted to induced pluripotent stem cells (iPSCs) to model spinal muscular atrophy (SMA). Fibroblast cells were infected with
viruses to express reprogramming genes. The iPSCs were cultured as flat colonies and then were lifted to form free-floating aggregate spheres in a nutrient
medium. Next, using a series of chemical induction signals, iPSCs were instructed to form motor neurons, which the iPS-SMA and iPS-WT (from his unaffected
mother) cells were able to do. Only after additional time in culture did we observe a specific deficit in the iPS-SMA–derived motor neurons. We speculate that this
effect could be due to increased reactive oxygen species production or damaged mitochondria in the iPS-SMA cells.

gramming genes in the fibroblast samples. After a few
weeks in culture, iPSCs formed, which are visually and
functionally distinct from fibroblast cells, and expressed
a range of pluripotency markers found in hESCs. We
further showed that these cells were indeed pluripotent
because, unlike the fibroblasts, they could generate
teratomas. The iPS-SMA cells retained a lack of SMN1
expression compared with the iPS-WT cells.7 Finally,
given the appropriate culture conditions, the iPS-SMA
and iPS-WT cells produced neural cells that expressed
some of the molecular markers typical of motor neurons (Figure 1). Together, these characteristics represent a full conversion from the fibroblast state to a pluripotent stem cell.
Although SMN is present in all cell types, it is curious that such an essential and ubiquitously expressed
cellular protein should cause such specific degeneration
of motor neurons. In this regard, we analyzed motor
neuron production in the iPS-SMA and iPS-WT cells.
Early in the differentiation protocol, the affected and
nonaffected iPSCs could form motor neurons of
approximately the same number and size, which we
used as an indication of neuron health. However, after a
few more weeks of motor neuron development, we
observed a selective reduction in the number and size of
motor neurons derived from the iPS-SMA cells compared with nondiseased iPS-WT–derived motor neurons.7 Additional data are needed to determine the
mechanism that induces the motor neuron changes, but
the present data suggest that an intrinsic property of the

SMA-derived motor neuron was leading to damaged (or
dying) neurons rather than to a lack of motor neuron
development (Figure 2). The SMN1 protein has been
shown to have antioxidant properties, and it is possible
that the metabolism and energy requirements in the
SMA motor neurons generate more reactive oxygen species compared with other cell types. Oxidative stress
can be initiated by a variety of processes, including
mitochondrial dysfunction, that may lead to motor neuron dysfunction through activation of programmed cell
death pathways. Answering these mechanistic questions
hopefully will provide insight into the best method of
therapeutic intervention.
DEVELOPING THERAPIES
FOR SMA USING iPSCs
Despite the fact that gene therapy for SMA (eg, using
RNA technology or oligonucleotides to modify SMN2
splicing)16 is only recently becoming more widely used
in research, experimental and clinical applications for
gene therapy have been developed for other neurodegenerative diseases.23 Using viral vectors to replace
SMN1 was shown to decrease motor neuron death and
increase life span in SMA mice.24,25 Although this technique holds great clinical promise, the future of gene
therapy may one day combine iPSC technology and
cellular replacement with gene modification. In this
regard, Hanna et al 26 reported an elegant study in
which sickle cell anemia was corrected in a mouse by
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generating iPSCs from this mouse, using gene-specific
targeting to repair the hemoglobin allele, generating
hematopoietic progenitor cells, and transplanting the
repaired blood cells back into the same mouse. It is
intriguing to consider the possibility of generating
iPSCs from a patient with SMA, genetically elevating
SMN1 expression, deriving motor neurons and astrocytes that now express SMN1, and then transplanting
these cells back to repopulate and repair the patient’s
spinal cord. Although there are major challenges
associated with this approach, one study27 reported
that the growth of axons from transplanted motor
neurons can reinnervate the muscle and have functional effects.
A more near-term use of iPS-SMA cells may be in
the area of small-molecule drug discovery. The SMN
protein is found in aggregate nuclear structures called
gems, and the number of gems present is inversely correlated with disease severity15,28; therefore, therapeutic
agents that increase protein output would be clinically
valuable. Various compounds have been tested on
fibroblast cells from patients with SMA and have been
shown to increase SMN protein levels through stabilization or prevention of exon 7 skipping,29-32 and one
such compound, valproic acid, is currently being used
in clinical trials for SMA.33 Using 2 previously tested
compounds (valproic acid and tobramycin), we found
that the number of gems significantly increased in the
iPS-SMA cells after treatment with each compound
compared with untreated iPS-SMA cells,7 suggesting
that SMN protein production, stabilization, or both
were enhanced. These results confirm that patientderived iPSCs have similar molecular responses to
drug treatment as do the routinely used fibroblast
cells. We went on to identify gems in motor neurons,
so the next step is to derive high-throughput screening
assays assessing gem number specifically in motor
neurons derived from patients with SMA. Further drug
discovery investigation is crucial and, by using iPSCs,
novel compounds can be tested in a human system on
particularly vulnerable cell types, thereby increasing
efficacy and the discovery of highly clinically relevant
compounds.
In conclusion, SMA is a devastating and oftentimes
fatal disease without an effective treatment. Much
effort has been focused on determining the role of
SMN in cellular function, on identifying the molecular
processes involved in neuronal death, and on developing effective therapies. The ability to generate patientspecific iPSCs has opened new avenues of study for
cell therapy and disease modeling. Spinal muscular
atrophy may serve as a “proof of concept” that a specific neurologic abnormality can be mirrored in the
culture dish. Armed with this model system, the hope
is that new discoveries will be made that allow cell
replacement and new drugs to be found to treat this
disease.
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Call for Papers
Archives Express
The Archives launched a new Archives Express section in
the September 2000 issue. This section will enable the
editors to publish highly selected papers within approximately 2 months of acceptance. We will consider only
the most significant research, the top 1% of accepted papers, on new important insights into the pathogenesis
of disease, brain function, and therapy. We encourage
authors to send their most exceptional clinical or basic
research, designating in the cover letter a request for expedited Archives Express review. We look forward to publishing your important new research in this accelerated
manner.
Roger N. Rosenberg, MD
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