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ABSTRACT
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contribution of patient-specific induced pluripotent stem cell technology to
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Advances in regenerative medicine technologies will lead to dramatic changes in

how patients in rehabilitation medicine clinics are treated in the upcoming decades.

The multidisciplinary field of regenerative medicine is developing new tools for

disease modeling and drug discovery based on induced pluripotent stem cells. This

approach capitalizes on the idea of personalized medicine by using the patient’s

own cells to discover new drugs, increasing the likelihood of a favorable outcome.

The search for compounds that can correct disease defects in the culture dish is a

conceptual departure from how drug screens were done in the past. This system

proposes a closed loop from sample collection from the diseased patient, to in vitro

disease model, to drug discovery and Food and Drug Administration approval, to

delivering that drug back to the same patient. Here, recent progress in patient-

specific induced pluripotent stem cell derivation, directed differentiation toward

diseased cell types, and how those cells can be used for high-throughput drug

screens are reviewed. Given that restoration of normal function is a driving force

in rehabilitation medicine, the authors believe that this drug discovery platform

focusing on phenotypic rescue will become a key contributor to therapeutic

compounds in regenerative rehabilitation.
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HARNESSING THE POWER OF REGENERATION

In recent years, regenerative medicine technologies have crossed the

boundaries of numerous scientific fields, including stem cell, developmental

and molecular biology, materials science, engineering, genetics, immunology,

physiology, and pharmacology. This relatively new field of research has the

potential to radically alter the treatment of diseases characterized by the lack

of healthy cells or tissues brought on by aging, injury, or disease. The goal of

regenerative medicine, put simply, is the restoration of function. Restoration is

achieved through interventions that either reawaken the body’s endogenous

regenerative capacity or by exogenously supplying normal cells, scaffolds, or
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reconstructed tissues. As one might expect, a com-

bination of these approaches is often the most

effective. Regardless, the chosen regenerative inter-

vention must circumvent the default healing path-

way, which typically involves inflammation and the

deposition of scar tissue, and in its place recapitulate

normal tissue architecture that occurs during fetal

development. One of the most promising therapeutic

approaches proven to achieve or promote regenera-

tion and repair is the transplantation of a wide vari-

ety of stem cells. Stem cells are undifferentiated cells

that have the capacity for unlimited self-renewal

and the ability to differentiate into all of the special-

ized functional cells of the body. To a large extent,

advances in regenerative medicine are contingent

on the ability to isolate, propagate, and manipulate

stem cells. Once transplanted, therapeutic success

depends on the cells’ ability to execute their genetic

program and interact with their new microenviron-

ment to produce replacement cells de novo or to

elicit repair through paracrine effects. One appealing

advantage to this approach is that stem cells offer

an unlimited source of material, with the potential

to treat diseases that require the replacement of

large numbers of cells, like diseases affecting skel-

etal muscles. Harnessing this powerful regenera-

tive capacity is one of the principle endeavors of

regenerative medicine.

WHY ARE STEM CELLS SO

IMPORTANT?

Different types of stem cells can be classified

by their degree of developmental potential. Of the

cells that can be cultured in the laboratory, the

cells with the most potential are embryonic stem

(ES) cells. Derived from the inner cell mass of the

blastocyst before the germ cell/soma separation,1

they can differentiate into all 200 specialized cells

in the body, making them the benchmark of

pluripotency. As the embryo develops, almost all

of its cells carry out preprogrammed lineage com-

mitment,thereby extinguishing further pluripo-

tentiality. However, a select few stem cells are

maintained in the adult in specialized anatomical

structures called a niche. These somatic or adult

stem cells are normally quiescent and are respon-

sible for day-to-day tissue homeostasis but can

mobilize to repair their organ-of-residence after

injury. These somatic stem cells are categorized as

being multipotent, in that they can become two or

more lineages but are typically restricted to making

specialized cells found in their tissue of origin.

Hematopoietic stem cells2,3 were the first example

of this category and have an esteemed history

in autologous and allogeneic bone marrow trans-

plantation.4,5 Mesenchymal stem cells (MSCs), also

known as multipotent stromal cells,6Y8 are gaining

widespread acceptance as a versatile tool in regen-

erative medicine. They can be isolated from bone

marrow, fat, peripheral blood, and Wharton jelly in

the umbilical cord.9 Currently, there are more than

125 clinical trials underway worldwide to test the

safety and effectiveness of MSC transplantation to

treat diseases of bone, cartilage, liver, heart, gas-

trointestinal (GI) tract, and the nervous system.10

MSCs’ forte is their ability to home to injured

tissue by targeting the inflammatory response,

coupled with an ever-growing list of reparative

functions once they arrive. In various model sys-

tems, MSCs have been shown to promote angio-

genesis, down-regulate the immune response,

recruit and activate surrounding cells via paracrine

signaling, produce new extracellular matrix, and in

rare cases, engraft and differentiate into tissue-

specific cells.11 Skeptics of this work have focused

on the observation that MSCs can influence these

processes while only transiently present at the site

of injury, sometimes only for a matter of hours.12

Counter arguments typically contend that a tran-

sient occupation of the injury site is sufficient to

initiate the regenerative cascade. Perhaps, the main

drawback to the clinical application of adult somatic

stem cells is their limited proliferative capacity in

culture. Once adapted to growing on plastic, MSCs, for

example, will undergo cellular senescence and pro-

gressively lose their ability to differentiate after 10Y15

passages because of telomere erosion, accumulation of

DNA damage,13 and de-repression of the INK4/ARF

locus.14 Despite these shortcomings, MSCs will be a

key component in the regenerative arsenal for years

to come.

MANUFACTURED STEM CELLSVA

REVOLUTION IN MEDICINE

Here, the conceptual and practical issues of

using induced pluripotent stem cells (iPSCs) as an

in vitro drug screening platform and a tool for

delving into disease etiology in ways that could not

be done before are discussed. As Drs Ambrosio and

Russell advocated in their editorial on the vertical

integration of rehabilitation and regenerative medi-

cine, it is imperative that these two fields fuse early

during the development of new and innovative ther-

apies for improved speed and efficiency.15 Therefore,

the goal of this review was to justify the marriage of

these disciplines by presenting two examples of how
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the iPSC-based Bdisease-in-a-dish[ approach can be

used for drug discovery to treat patients commonly

seen in rehabilitation clinics. It is strongly purported

that therapeutic compounds identified using this

personalized medicine approach have a higher like-

lihood of working in the patient because the patient’s

own cells were used to discover the drug.

A NOBEL PRIZE IN LESS THAN

A DECADE

The discovery that lineage-restricted somatic

cells could be dedifferentiated into pluripotent

stem cells by the forced expression of a small

subset of transcription factors opened a new fron-

tier in the study and treatment of diseases, based

on the idea of personalized medicine. In 2006,

Takahashi and Yamanaka16 from Kyoto University,

Japan, reprogrammed mouse fibroblasts by intro-

ducing retroviruses carrying the Oct4, Sox2, Klf4,

and c-Myc genes. What resulted was a population of

iPSCs that are molecularly and functionally very

similar to ES cells, although they are not identical.1,17

In 2007, the same techniques were applied to human

skin fibroblasts by Yamanaka’s group and the

Thomson laboratory at the University of Wisconsin,

resulting in the first patient-specific stem cells.18Y20

The derivation of these stem cells was heralded as a

way to sidestep ethical and moral concerns involved

with the harvesting of ES cells from human embryos

and ameans of generating an inexhaustible number of

cells for autologous cell replacement therapies. How-

ever, several hurdles will need to be overcome before

individual patients are offered their own pristine he-

patocytes as a therapeutic alternative during terminal

liver failure, for example. First, the cost and time of

producing personalized iPSC lines will likely limit

their clinical implementation, at least for the fore-

seeable future. Second, several of the reprogramming

factors are oncogenes and the retroviral delivery vehi-

cles can cause deleterious insertional mutagenesis,

raising concerns that transplanted cells could cause

cancer in the recipients, possibly after a long latency.21

At least so far, the third challenge is the most

dauntingVproducing functional cell populations

containing no undifferentiated cells that would lead to

tumors upon transplantation.22 In the meantime,

iPSCs are being used to model diseases while tech-

nological advances chip away at these impediments

to cellular therapies. This disease-in-a-dish approach is

currently being adapted to study a wide range of ail-

ments with the goal of uncovering new disease etiol-

ogy not amenable to study using animal models. The

modeling of monogenic disorders has predominated

to date, but at least conceptually, nothing should deter

investigators from tackling genetically complex dis-

eases in the future.

HEARTDISEASE INADISH: USING iPSCS

TO STUDY DUCHENNE MUSCULAR

DYSTROPHY CARDIOMYOPATHY

Modeling a disease in culture typically re-

quires differentiating at least one patient-specific

iPSC line into the functional cell type that will

mimic as closely as possible the disease phenotype

observed in the patient. The authors’ efforts to

create an induced pluripotent stem (iPS)Yderived

disease model for cardiomyopathy associated with

Duchenne muscular dystrophy (DMD) will illustrate

the capabilities and shortcomings of the disease in a

dish approach.23 To highlight the versatility of this

approach and to illustrate specific points, a second

iPS model system will be interspersed. That project

involves differentiating iPSCs into enteric neurons

for the purpose of studying synaptic function in the

enteric nervous system in children with autistic

syndrome disorder (ASD). A schematic representa-

tion of modeling diseases with iPSCs is shown in

Figure 1.

Issues that need to be considered before em-

barking on an iPSC disease-in-a-dish model are

summarized in Box 1. DMD-associated cardiomyop-

athy was chosen as the authors’ first foray into this

field for several reasons. First, DMD is a monogenic

disease, caused by mutations in the dystrophin gene,

located on the short arm of the X-chromosome

(Xp21.2) and is the largest human gene, covering

2.5 megabases (0.08% of the human genome),

spanning 79 exons. Mutations in this gene are typi-

cally deletions or duplications, leading to a wide

variety of genotype-phenotype relationships, making

this disease amendable to the benefits of personalized

medicine. The size of the gene makes it a frequent

target for mutations, causing DMD to be quite com-

mon for a monogenic disease with a frequency of

1:3500 male births. Second, acquiring diseased car-

diac tissue to study from young boys with DMD

is difficult. Third, the most widely used animal model

for DMD, the mdx mouse does not accurately re-

present the cardiac pathology observed in human

patients. Fourth, the molecular mechanism of the

cardiomyopathy is not well understood. Early alter-

ations in cellular metabolism and signal transduc-

tion associated with a defect in the nitric oxide/

cyclic guanosine monophosphate (cGMP) pathway

are suspected to be the principle culprits based on

animal models. Excessive Ca2+ signaling and the
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generation of reactive oxygen species with break-

down of the mitochondrial membrane potential have

been described in vitro. More recent expe-

riments have shown a link between mitochondrial

dysfunction and sarcolemmal injury.24 Fifth, and

most importantly, there is currently no effective

treatment available for DMD cardiomyopathyVa

condition responsible for early morbidity and mor-

tality in these patients. Onset of the disease typically

occurs in early childhood and causes a progressive

weakness and wasting of skeletal muscles. DMD car-

diomyopathy shows a distinct pattern of myocardial

damage, usually detected by echocardiography. Cardiac

defects start with diastolic and systolic dysfunction in

posterior and lateral wall segments accompanied by

arrhythmias, then progress to left ventricular dilation,

eventually leading to congestive heart failure.25 Inter-

estingly, there is no correlation between the extent

and severity of the skeletal muscle myopathy and

the degree and onset of DMD cardiomyopathy, bol-

stering the need for developing in vitro methods.

NERVOUS SYSTEM DISEASE IN A

DISH: USING iPSCS TO STUDY AUTISM

Children with ASD often have comorbid medical

conditions.26,27 One of the most debilitating of these

is chronic GI disturbances, reported to occur in as

much as 70% of this population.28Y33 The chronic

symptoms are thought to be a result of inflammation,

alterations in intestinal permeability, decreased GI

motility, abnormal gut microflora, and low-grade

endotoxemia.34Y39 A remarkable observationVthat

successful treatment of GI symptoms is sometimes

accompanied by improvements in behavior and cog-

nition in ASD children40Y42Vsuggests that the two

domains may be linked; however, evidence for how or

why this occurs is currently lacking. Although there

are data showing that defects in the enteric nervous

FIGURE 1 Schematic representation of the sequence of events necessary to model a disease and develop a high-

throughput drug-screening platform using patient-specific urine-derived iPS cells. The first three steps

are the same regardless of the disease being investigated. Steps 4, 5, and 6 will depend on what cell type

and defective phenotypic readout make sense to study in your disease of interest. iPS indicates induced

pluripotent stem; DMD, Duchenne muscular dystrophy. USC indicates urine-derived stem cells; Oct4,

octamer-binding transcription factor 4, also known as POU5F1; Sox2, sex determining region on the Y

chromosome-box 2 gene; Klf4, Kruppel-like factor 4; c-Myc, human homolog of avian myelocytomatosis

oncogene; ROS, reactive oxygen species.
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system in these children may contribute to their GI

symptoms,43Y47 the mechanisms have not been ade-

quately described. In contrast, central nervous system

involvement in ASD is well documented, with multi-

ple studies reporting impaired synaptic development

and function that result frommutations in scaffolding

proteins, cell adhesion molecules, and genes involved

in neuronal signaling pathways.48Y56 For example, mu-

tations and deletions in Shank3, a synaptic scaffold-

ing protein that plays a key role in excitatory/inhibitory

balance, are known to be causative in some ASD cases.

If patients with ASD have a known mutation/

deletion in Shank3 that causes central nervous sys-

tem disruption, it is possible that this defect oper-

ates at the level of the enteric nervous system as

well.57Y64 Phelan-McDermid syndrome patients, 85%

of whom also have an ASD diagnosis and approxi-

mately 40% who also report chronic GI symptoms,

all have a variable size deletion in chromosome 22

that renders them haploinsufficient for Shank3.65,66

Because Shank3 is expressed in both the brain and

gut, the authors’ goal is to use cells from Phelan-

McDermid syndrome patients to develop an in vitro

model system for the evaluation of synaptic func-

tion in the gut.

WILL IPS TECHNOLOGY WORK FOR

EVERY DISEASE?

Not all diseases will be equally simple to model

and not every aspect of a complex disease will be

reproduced in the in vitro model with equal fidelity.

This is partly because of the complexity of the ge-

netics, and also dependent on whether the disease

phenotype is cell autonomous. If primary cultures

can be easily made from the affected tissues by

common dissociation techniques, that may be the

faster and more cost-effective option. In general, the

more cell autonomous the phenotype, the stronger

the argument is for developing an iPSC model.67

Neurologic and cardiac syndromes are the best ex-

amples and were among the first models exploited

for toxicology screening. One of the principle criteria

that must be met for the success of an iPSC disease

model is having knowledge of, or at least having a

strong hunch, what the cellular phenotype is in the

patient. That is, once the defective cells have been

generated in the dish, one must have some idea about

what physiologic readout to examine. Remember

that the overall goal is to produce a clinically rele-

vant readout that recreates the molecular mecha-

nism of pathogenesis. For example, in the iPSC

model for spinal muscular atrophy, neurons pro-

duced in the dish showed lower expression of SMN1

and increased neuronal death compared with con-

trols,68 and cardiomyocytes in the long QT syndrome

model showed electrical conduction defects nearly

identical to those in people with the disease.69 In the

authors’ DMD cardiomyopathy model, a wide array

of phenotypic characteristics would be predicted

from the clinical profile, including defects in Ca2+

handling, mitochondrial function, and membrane

fragility. Phenotypic differences between dystrophin

null cardiomyocytes and normal control cardiomyo-

cytes in each one of these categories were observed.23

Demonstrating that an iPSC-based model faithfully

reproduces the basic phenotypic defect found in

the patient would lend credibility to any additional

pathologic observations made with the model, thus

pushing the field forward in a way not previously

possible. Although monogenic diseases were attempted

first because of the relatively simple relationship

between diseased and normal cells, focusing only

on Mendelian diseases would sell the iPSC-based

models short. Therefore, diseases arising from the

complex interplay of multiple mutations and/or

secondary modifiers can be modeled effectively, and

one could argue that this will be the greatest con-

tribution of this approach because it can be done no

other way. In addition, if the disease phenotype in

the patient results from the interaction of different

cell types, this modeling strategy provides the flex-

ibility to simply differentiate two, or even three,

different cell types from the same iPSC clone simul-

taneously. After each cell type has been characterized

individually to the investigators’ satisfaction, they can

be cocultured all together or in pairwise combina-

tions to investigate the relative role of each cell type

in the disease phenotype. Cell typeYspecific gene

knockdown reagents (small interfering ribonucleic

acid) or small molecule activators or inhibitors could

then be used to provide even more power to address

specific predictions. Coupling gene replacement

therapy techniques to the iPSC model system would

allow Bgenetic rescue[ experiments to be performed.

The benefit of doing this is to provide a definitive

readout for what a return to normality looks like in

the dish so that drug-screening assays have a

benchmark for relative effectiveness. In those cases

where the disease adversely affects the extent or ef-

ficiency of reprogramming, making iPSCs may be

impossiblewithout correcting the genetic defect first.

Another pitfall arises if the disease is primarily caused

by a developmental defect. If one assumes that the

most effective and informative differentiation schemes

involve recapitulating embryonic development, dis-

eases that halt or obstruct organ development would be

particularly problematic to create using iPSC models.

Lastly, diseases that have a strong environmental
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component will probably not be worthwhile to at-

tempt using this technology, unless satisfactory

ways can be found to introduce environmental

insults.

WHERE DOES ONE START? CHOICES

IN CELLULAR REPROGRAMMING

The type of somatic cell one chooses to repro-

gram could vary depending on the disease, age of

onset, disease progression, and age of the patient at

first contact. iPSCs have successfully been derived

from fibroblasts, keratinocytes, MSCs, chord blood

cells, peripheral blood mononuclear cells, and im-

mortalized lymphoblastoid cell linesVeach cell type

possessing advantages and disadvantages. Previous

studies have shown that cells from young people are

more efficiently reprogrammed than those from the

elderly. Zhou et al.70,71 reported that human urine

could be a novel and plentiful source of cells for iPSC

reprogramming. Last year, the authors’ laboratory

also successfully reprogrammed urine-derived stem

cells (USCs) from a DMD patient and a normal vol-

unteer to iPSCs in about 2 wks, compared with 1 mo

on average for fibroblasts and keratinocytes.23 The

fact that urine can be obtained noninvasively and

repeatedly makes it an attractive source of somatic

cells for reprogramming. Urine contains a popula-

tion of somatic stem cells with spindle-shaped mor-

phology and classic MSC surface markers including

CD44, CD73, CD90, CD105, and CD146.23,72 USCs

did not express the hematopoietic stem cell markers

CD25, CD31, CD34, and CD45. In addition, USCs

expressed the kidney glomerular podocyte markers

podocin and synaptopodin, which is consistent with

their mesenchymal origin. Interestingly, USCs iso-

lated for this study showed endogenous expression

of two of the reprogramming factors, c-Myc and Klf4,

and high telomerase activity, which probably con-

tributed to their faster reprogramming kinetics.

USCs are also highly proliferative in culture enabling

sufficient quantities of cells for reprogramming to

be produced in a short period from as little as 50 ml

of urine.

Regardless of the somatic cell type chosen for

reprogramming, studies have demonstrated that

iPSCs are prone to Bepigenetic memory[ consisting

of genome-wide methylation patterns and bivalent

histone marks at specific loci.73Y75 Persistence of

these genetic adjuncts has been attributed to incom-

plete removal of somatic cell-specific DNA methyla-

tion patterns during reprogramming, leading to

residual gene expression indicative of their tissue of

origin.17,76 These observations suggest that certain

iPSC clones will differentiate readily into certain

lineages, if that lineage is present in the tissue of

origin, but may be difficult or impossible to differ-

entiate into cell types not represented in the tissue of

origin. If this Bdifficult[ differentiation is achieved,

the resulting cell type could retain a gene expression

signature held over from its original tissue, further

complicating its characterization. It is widely held

that much of the inherent predisposition of any iPSC

clone can be explained by what germ layer (endo-

derm, mesoderm or ectoderm) gave rise to the tissue

of origin. That is, it might be difficult to produce

pancreatic beta cells (arising from endoderm) from

an iPSC originally derived from keratinocytes (from

ectoderm). However, empirical data suggest that these

pitfalls may be overcome by Bcomplete[ reprogram-

ming and/or the repetitive incubation of iPSCs in in-

hibitors of DNA methyltransferase activity.77 It is still

not clear whether these observations are a durable

characteristic of iPSCs or whether they will even-

tually be overcome as reprogramming methodolo-

gies improve.

EMBRYOGENESIS IN THE

LABORATORY

Reprogramming somatic cells to iPSCs is con-

ceptually simple. The forced expression of a small

subset of master transcription factors initiates a

cascade of epigenetic erasure leading to chromatin

availability for transcription and translation. The

details of how this process begins, progresses, and

eventually stabilizes into an auto-feedback loop of

pluripotentiality is currently being elucidated but is

beyond the scope of this review. Most investigators

are more concerned with the ultimate success of

reprogramming, which is highly dependent on the

fastidious adherence to accepted practices. The

combinatorial nature of events that must happen in

sequence for cells to become reprogrammed makes

somatic cell de-differentiation a rare event. Conse-

quently, to initiate reprogramming, most of the em-

phasis is placed on understanding the interconnections

between cell type, cell number, identity and combina-

tion of reprogramming factors, efficiency of transgene

delivery, stoichiometry, and duration of expression and

how putative iPSCs become stably independent of

the exogenously delivered transcription factors.67

Over time, the field has reached consensus on a

universal set of criteria that must be met for an iPS

colony to be considered fully reprogrammed. These

include an ES cellYlike colony morphology, positive

staining for alkaline phosphatase (a common ES

cell marker), down-regulation (or elimination by

excision) of retrovirus- or lentivirus-delivered
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transcription factors, positive immunohistochem-

ical staining for pluripotency markers (Oct4, Sox2

Nanog, Tra-1-81, SSEA4, Rex1, and telomerase),

demethylation of specific promoters as assayed by

reverse transcriptase polymerase chain reaction for

those genes, a normal karyotype, and differentiation

into tissues representing all three germ layers in

mouse teratoma formation assays.

Regardless of the type of stem cells, expansion

in culture might allow an inherent genomic insta-

bility to manifest as deleterious chromosomal re-

arrangements, leading to spurious results in disease

modeling.78Y80 Therefore, it is essential to prove

that the iPSCs, and their differentiated counter-

parts, have not undergone chromosomal aberrations.

This is especially important given recent studies

showing that iPSCs are prone to higher levels of

genetic and epigenetic abnormalities compared with

ES cells.74,81Y83 However, this is not an insurmount-

able obstacle. Fastidious and frequent karyotyping of

each clone to be used has proven effective in keeping

this problem under control and would be advisable

before committing to the time-consuming optimi-

zation of a differentiation protocol.

FROM URINE TO A BEATING HEART

Differentiating a panel of patient-specific iPSC

clones into the cell type that will manifest the dis-

ease phenotype is possible only if a robust differen-

tiation protocol is available. Most protocols depend

on the biologic activity of growth factors and cyto-

kines to artificially reconstruct the temporal se-

quence of embryonic regulatory events that push

cells down a certain lineage. Even if dependable dif-

ferentiation protocols exist, extensive optimization

for each iPSC clone will likely be required to maxi-

mize efficiency and consistency.84 One of the main

strengths of the iPSC approach is the ability to pro-

duce unlimited numbers of diseased differentiated

cells, but a significant decrease in efficiency will

quickly diminish yield and dramatically increase

costs. An alternative way to look at efficiency of dif-

ferentiation is purity of the final cell population, and

assays will need to be developed to distinguish the

desired cell type from Beverything else.[ Heterogene-

ity can be rendered less important by enriching for the

desired population using lineage- and stage-specific

iPS reporter cell lines coupled with fluorescence

activated cell sorting to collect only those cells ex-

pressing a fluorescent marker, under the control

of a late-lineage promoter. The biggest challenge

to enrichment or purification of the desired cell

type is eliminating immature cells, often thought to

resemble fetal forms of the adult population. In

general, the more mature the cells can become, the

more likely and closely they are to recreate the disease

phenotype in the dish. Only the expected combination

of expressed genes will suffice as proof of lineage and

level of maturity.85,86

As an example, the authors’ DMD USC-derived

iPSCs were exposed to a combination of growth

factors, including Activin A, bone morphogenetic

protein 4, and dickkopf 1. When supplied in a strict

sequence and defined duration of each factor, they

work in concert to regulate the Wnt signaling

pathway controlling cardiac differentiation.87 In the

authors’ hands, this protocol produced sporadic

contracting cardiomyocytes in monolayer culture

8Y20 days after induction with an efficiency that

varied between 40% and 90%. Extending cardiomyo-

cyte time in culture by several weeks leads to greater

maturity as measured by a panel of cardiac line-

age markers including sarcomeric >-actinin, cardiac

>- and A-myosin heavy chain, as well as membrane

localized connexin43. These cultures also exhibited

functional indicators of maturity including spontane-

ous action potentials characteristic of nodal, ventric-

ular, and atrial subtypes.23

REHABILITATION IN A DISH

Techniques are being developed to enhance

maturity, including differentiating cells in the pres-

ence of extracellular matrix in two-dimensional or

constructing pseudo-three-dimensional organoids,

thereby providing both cell-matrix and cell-cell in-

teractions. Matrix nanotopography and substrate

stiffness are turning out to be potent regulators of

cell shape and gene expression, strongly suggesting

that substituting microfabricated growth environ-

ments in place of featureless plastic would enhance

maturity.88Y91 A natural extension of this ideaV

subjecting cells at an intermediate stage of differenti-

ation to the mechanical stimuli encountered in their

fully differentiated counterparts in an intact tissueVis

also effective. That is, if one is trying to produce ma-

ture skeletal muscle cells, artificially force them to

rhythmically and repetitively stretch and contract in

a bioreactor for days or weeks to augment maturity.

Similarly, recent evidence suggests that several time-

honored rehabilitation practices can enhance recov-

ery in certain neuromuscular diseases after stem

cell transplantation. For example, neuromuscular

stimulation has been shown to improve the ther-

apeutic effects of transplanted muscle stem cells in

dystrophic skeletal muscle.92 This idea of mechanical
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or electrical stimulation serves as a striking example

of how a practice common in clinical rehabilitation

has been used in cell culture models to great effect,

reinforcing the idea of fusing the fields of regenera-

tive and rehabilitation medicine.

GROUP THERAPY IN A DISH

A complementary approach is to coculture the

diseased cells with a cell type with which it cooperates

in the intact organism. This approach is being used

in the authors’ attempts to create iPSC-derived enteric

neurons from ASD patients. In those experiments,

iPSCs will be differentiated to the intermediate stage

of neural crest cells, then cocultured with rabbit lower

esophageal sphincter smooth muscle cells. This ap-

proach has been used successfully to differentiate

internal anal sphincter cells93 and primary enteric

progenitor cells into mature enteric neurons (Robert

Gilmont, personal communication). These cross-

species experiments have the powerful advantage

of distinguishing the relative contribution of the

human-derived cells and the rabbit-derived cells to

the overall disease phenotype. Species-specific and

enteric neuron stageYspecific antibodies can then

be used to determine success of the coculture in

immunocytochemistry experiments.

PHYSICAL EXAMINATION UNDER

A MICROSCOPE

After obtaining the differentiated cell type, the

disease phenotype must be characterized. General-

izations are difficult because this will be different

for each disease under study and it would be helpful

to use the disease’s impact on the patient as the

guide to predict in vitro readouts. At this stage,

basic questions can also be beneficial; for example,

should the readout be at the biochemical level or

cellular level, or would a functional outcome mea-

sure be more informative? Early in the characteri-

zation, it is imperative to confirm that the expected

perturbation in the patient is indeed present in the

cell culture model. For example, in the authors’

case, the dystrophin mutation leads to an absence of

dystophin protein expression in both the young

boy donating urine and the cardiomyocytes beating

in the dish, thereby satisfying an essential aspect of

any disease model. As a general measure of health, do

the diseased iPSCs differentiate as efficiently as their

normal counterparts do, have cell division or move-

ment defects, or show signs of increased apoptosis?

As an illustrative example, the authors’

DMD USC-derived beating cardiomyocytes showed

defective cardiac function compared with controls in

several domains: calciumhandlingwas impairedwith

a prolonged recovery time of the calcium transient,

mitochondrial permeability pore opening was faster,

and higher levels of clinically relevant cardiac-specific

injury markers (creatine kinase MB and cardiac tro-

ponin I94Y97) were released after hypo-osmotic stress

(summarized in Fig. 2).23 These observations are

particularly encouraging because they are consis-

tent with published results on dystrophin’s impact

on nitric oxide synthesis and mitochondrial metab-

olism, as well as its function connecting the cytosolic

actin network with the extracellular matrix, thereby

protecting the muscle fiber’s sarcolemma from

fractures during contractions and ultimately cell

death.98Y105 This example also highlights what will

be a broadly applicable technique, that is, to chal-

lenge the cells in some way that exacerbates the dis-

ease phenotype. In the authors’ case, a moderate

hypo-osmotic stress treatment for 30 mins accentu-

ated the difference between normal and diseased

cells, while serving as a surrogate for years’ worth of

contraction-induced injury. It is possible that oxida-

tive stress or catecholamine stimulation could have

an indistinguishable effect or bring out a different

aspect of this complex phenotype. It remains to be

seen whether any one of these disease readouts (or

a combination of them) can be used as a drug-

screening assay looking for the ability of compound

X to restore that readout to near-normal levels.

iPSC-BASED DISEASE MODELS AND

DRUG DISCOVERY

Historically, animal models, especially mice, were

regarded as superior to cell cultureYbased models

for the identification and testing of new drugs. Gene-

tic homogeneity was considered a strong point, and

the phylogenetic proximity of mice to humans made

them the cornerstone of disease modeling for de-

cades. However, mice are not humans. Anatomical,

biochemical, and physiologic divergences between

species have derailed thousands of potentially prom-

ising drugs when they work in mice but fail in clini-

cal trials. Differences in drugmetabolism, toxicity, and

penetration of the blood-brain barrier are possible

explanations for the differential responses in mice and

humans. For example, corticosteroids to treat trau-

matic brain injury showed a clear benefit in mice

but failed to show any effect in clinical trials.106 This

unfortunate phenomenon is never more arrestingly

evident as when a knockout mouse has a phenotype

closely paralleling the human condition and the

compound being tested alleviates the symptoms, only

to have the same compound be completely ineffective
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in patients with that disease. Consequently, there is

an enormous unmet need to develop complementary

and cost-effective disease models using human cells

that reproduce clinically relevant phenotypes with

high fidelity, for the purposes of studying disease

etiology, toxicology, and drug screening.

The list of iPSC-based disease models is steadily

growing, with an impressive track record of diseased

cells in culture manifesting phenotypes that match

symptoms in the patients with those diseases. A partial

list includesmodels for amyotrophic lateral sclerosis,107

spinal muscular atrophy,68 familial dysautonomia,108

Rett syndrome,109,110 schizophrenia,111 Parkinson

disease,112 Timothy syndrome,113,114 and long QT

syndrome.69 These are listed here to illustrate that

many of the mechanistic insights gleaned from these

models were facilitated by intricate manipulation of

experimental conditions, which is one of the advan-

tages of iPSC-based culture models. Furthermore,

because clinically relevant cells are differentiated

stepwise from stem cells, in a way that recapitulates

embryonic development, it is possible that disease

initiation and progression can be observed in the

dish. Therefore, it is also possible to exploit these

models to uncover early disease markers that appear

before overt symptoms in the patient, increasing the

opportunity for early intervention or even preven-

tion. In addition, testing can be done on a single

diseased lineage (or a carefully formulated combina-

tion of normal and diseased lineages) in isolation,

removing it from the secondary effects of residing in

a sick animal, which may complicate the analysis.

One of the goals of regenerative therapeutics is to

target the root cause of the disease and not just

alleviate symptoms that might be far removed from

the primary molecular defect. Unfortunately, many

diseases with the greatest impact on public health

might not be amenable to iPSC-based modeling

because they are polygenic and/or have a strong

environmental component, for example, conges-

tive heart failure, diabetes, Alzheimer disease, and

Parkinson disease.

FIGURE 2 Potential physiologic readouts for high-throughput screening using iPS cell-derived dystrophin-null

cardiomyocytes. Upper left: Single cell tracing of evoked Ca2+ transients. Upper right: Individual

cardiomyocytes derived fromnormal and DMDwere loaded with an innermitochondriamembrane potential

dye tomeasuremPTP opening. Lower left: Oxygen consumption rate of normal andDMD iPS cardiomyocytes

measured using the SeahorseXF96Extracellular Flux analyzer. Lower right: Cardiac damage after hypotonic

stress. Normal and DMD iPS CMs were incubated in hypotonic solutions, and released cardiac troponin I

and CKMB were assayed on an enzyme-linked immunosorbent assay. iPS indicates induced pluripotent

stem; DMD, Duchenne muscular dystrophy; mTPT, mitochondria permeability transition pore; CKMB,

creatine kinase-MB; ELISA, enzyme-linked immunosorbent assay.
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Once a dependable phenotypic assay has been

identified, adapting the system for high-throughput

drug screening (HTS) is mostly a matter of scale-up,

purity, and reproducibility. Screens of more than a

small 10,000-compound library require an enor-

mous number of highly pure differentiated cells to

keep well-to-well variation at an absolute mini-

mum. Developing an HTS-compatible workflow

requiring very fewmanipulations will also go a long

way in keeping variation and costs down. Success-

fully identifying Bhits[ from large compound li-

braries may come down if the difference between the

normal state and diseased state is large enough to be

readily detected in a snapshot-type assay. However, if

this is not the case, iPSC-based HTS approaches are

also amenable to high-content image-based assays that

are able to distinguish and quantify those cells that are

positively impacted by a drug candidate and those that

are indifferent. Individual wells can be monitored

over time and sophisticated microscopy algorithms

can be used to pick up more subtle differences. An-

other important consideration is the determination of

what phenotypic rescue would look like, so the HTS

assay can recognize it when it happens. This is where

coupling iPSCmodels with gene therapy moves to the

forefront. For monogenic diseases, introducing the

wild-type copy of the gene will produce phenotypic

rescue in a genetically identical cell type that is at

the same stage developmentally because both were

differentiated using the same protocol, thereby mini-

mizing variation from differences in genetic back-

ground between patients. For example, experiments

currently underway in the authors’ laboratory are

designed to determine whether restored dystrophin

expression driven by a hybrid cardiac-specific pro-

moter115 is sufficient to rescue function in any or all

of the domains described above.

Once a candidate small molecule passes muster

in the iPSC-based HTS, an appropriate animal model

will be needed to validate these Bhits.[ However, if

the compound identified is already a Food and Drug

AdministrationYapproved drug, with known phar-

macokinetic and toxicity profiles, it may be the

case that no additional animal studies are needed.

For molecules not yet approved, it is the authors’

contention that iPSC-based in vitro models and

preexisting mouse models should work in concert

to pick better candidate drugs before venturing into

the incredibly expensive realm of a clinical trial.

Furthermore, during the Food and Drug Adminis-

tration approval process, which can take many years,

iPSC-based models are inherently more nimble and

can be modified quickly with great precision to ad-

dress issues that might arise.

AN ALTERNATIVE TO HIGH-COST

DRUG DISCOVERY

It costs about $1.2 billion to bring a single new

drug to market in the US today.116 This exorbitant

cost can be attributed partly to the ever-rising price of

basic research and development and preclinical ani-

mal studies, but mostly to the protracted and anti-

quated path through clinical trials. This crippling

combination, coupled with an ever-growing number

of late-stage failures, has caused the pipeline to drop

to an all-time low117 and made the drug develop-

ment process in this country unsustainable. This

unfortunate situation has forced drug companies

to focus almost exclusively on potential blockbuster

drugs and left thousands of promising compounds

untested.118 The authors believe that iPSC-based

in vitro models could counter this disturbing trend

by decreasing late-stage failure rates. By syner-

gizing these two complementary approaches, more

insightful testing could be performed as drugs

transition from well-accepted animal models into

testing on human cells exhibiting the disease under

study.

The greatest unrealized promise of any patient-

specific iPSC-based drug discovery approach is that

it will be better at finding a drug that works for you.

The idea of personalized medicine is moving full

steam ahead in the area of comprehensive genomic

information, but population-based pharmacology is

still being performed.119 Every day in this country,

thousands of prescriptions are administered to or

taken by patients in whom that drug has no real chance

of working. For decades, pharmaceutical companies

have developed drugs based on their ability to interact

with a certain signal transduction pathway target,

proven to be pathologic in most people with a par-

ticular disease or ailment. One of the hallmarks of

a patient-specific iPSC-based drug discovery ap-

proach is that a compound is tested for its ability to

correct or partially alleviate the defect at the phe-

notypic level, without bias toward a predetermined

mechanism that may or may not be relevant in a

particular individual.

REHABILITATION MEDICINE AND

DISEASE IN A DISH: A NEW PARADIGM

OF REGENERATIVE REHABILITATION

iPSC reprogramming and in vitro directed dif-

ferentiation to physiologically relevant cell types are

in their infancy. Given the enormous potential and

vast resources now being dedicated to all aspects of

iPSC technology, confidence is high that most of
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the hurdles discussed in this review will be overcome

in a relatively short period. For example, reprogram-

ming methods are being developed that avoid onco-

genes and that use either excisable viral vectors or

episomal vectors that eliminate the possibility of ge-

nomic integration.120Y122 In fact, a recently published

article by Obokata et al.123 reported that splenic

CD45+ lymphocytes can be reprogrammed to iPSCs

by simply exposing them to pH 5.7 for 25 mins. This

observation alone stands to revolutionize yet again

how patient-specific stem cells can be generated. At

the very least, ongoing research into the mechanisms

of stem cell pluripotency and their differentiation into

functional cell types will improve understanding of

regenerative processes and lead to safer and more

effective treatments. It has also been suggested that

complete reprogramming, that is, restoring ES-

equivalent pluripotentiality, may not be the most

pragmatically useful approach. Partial reprogram-

ming to a stage that will readily differentiate into

the cell type of interest, while not being teratoma-

forming, might be a faster, safer, and more economi-

cally viable alternative. Whether iPSCs will completely

replace ES cells remains to be seen, but it is be-

coming clear that no single type of stem cell will fit

the wide range of applications under development.

It is too early to come to a definitive conclusion

about whether iPSC technology will make clinically

important contributions to disease modeling and

drug discovery, but as advances are made, the hope

is that innovative therapies arising from this tech-

nology will quickly find its way into clinical rehabil-

itation treatment paradigms.
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