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ABSTRACT: The prospect of personalized regenerativedicine promises to provide treatments for a widage of
degenerative diseases and medical conditions. Aworitant first step in attaining this goal is theguction of pluripotent stem
cells directly from individual patients, therebyopiding autologous material which, after correctinginsic genetic defects and
differentiation into required cell types or tissuesuld be transplanted into the patient. Thisccktieviews the current progress
towards this first step, focusing on the techniqussd to generate pluripotent cells, the advanttymseach offers and the
challenges that must be overcome.

I ntroduction

Much of the hope invested in embryonic stéf$)( cell research surrounds its promise to prowderoad
spectrum of medical applications. The developmémstuch treatments relies on the production of phieént stem
cells genetically identical to patients. Such statits, following differentiation into the diseaselavant cell types,
would serve as the key substrate for disease mealeisidy the patient's condition, drug discoverglow or stop
cellular degeneration, and cell replacement themp@fter any intrinsic disease-causing genetic ctefevere
repaired (see Figure).1Beyond providing a renewable source of matehat might be transplanted into a patient
without suppressing their immune system, the geioeraf autologous pluripotent stem cells provide® key
advantages over the large number of existing steth lines. First, evidence exists that off-targdteets of
immunosuppressant drugs commonly used in tissu@ayah transplants may directly interfere with ftvection of
transplanted tissues, such as the inhibitior3-gkll replication that has been observed with druged in the
treatment of Type | Diabetes (Nital., 2007).

The second advantage of autologous ES cedls existing lines concerns the ability to credfeative disease
models. While some success has been reported Ixedenthe in vitro modeling of degenerative diseases by
introducing known disease-causing alleles into EEsDi Giorgioet al., 2007; Nagagt al., 2007; Yamashitat
al., 2006), or by using ES cell lines establishednfembryos following preimplantation genetic diagad&igeset
al., 2007), such models are severely limited in tkeope as they can only investigate the mechanidrdseases
for which causal genetic liaisons have been idectif Unfortunately, however, this is not the caee many
conditions.

8This article was reproduced, with permission, frBtemBook, edited by Kevin Eggan and George Daléye Stem Cell
Research Community, StemBook, doi/10.3824/stemlo®&.1, http://www.stembook.org. This is an opecess article
distributed under the terms of the Creative CommaAtigbution License, which permits unrestrictedeuslistribution, and
reproduction in any medium, provided the originakkvis properly cited.
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For instance, fewer than 10% of patients withyotrophic Lateral Sclerosis (ALS, also know asulGehrig's
Disease) suffer from a familial form of the diseag¢h a known genetic correlate (Dunckley al., 2007). It
therefore remains unclear whether recent progrébsmodels studying a handful of known disease-icaualleles
is applicable to the vast majority of patients wéoradic forms of this degenerative condition.e@se models
using pluripotent cells generated directly fromigratis with these sporadic conditions could direeitidress such
guestions, as well as provide new insights intonleehanisms and progression of such syndromes.
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Figure 1: The steps of regenerative medicine. The production of cellular therapies requires thenoization of four steps: first,
isolating and culturing cells that can be readilyained from a patient in a non-invasive fashiogcdhd, the reprogramming of
these cells into a pluripotent state. Third, thected differentiation of those patient-specifianpotent cells into the cell type
relevant to their disease. And, fourth, technigieesepairing any intrinsic disease-causing genagifects and transplantation of
the repaired, differentiated cells into the pati®&tdtably, these disease-relevant patient cellsatsm be used fdn vitro disease
modeling which may yield new insights into diseasxhanisms and drug discovery.

This paper focuses on the methods and teahsiqvailable for the production of patient-specffiuripotent
cells, the promises and limitations of each tecbgw| and a discussion of the current progress tsviris goal.
Several techniques have been described for regtdemelopmental potential to a terminally diffeiateéd nucleus
(see Figure 2). These include: nuclear transfegreih the chromatin of an oocyte or zygote is regdawith that of
a somatic donor cell; fusion of somatic cells to &fis; cell-culture-induced reprogramming afteplextation of
tissue from neonatal or adult testes; and the vigtdemediated introduction of a small number ohge known to
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play a role in pluripotency. The advances, breaktbhs, and challenges surrounding each of thesbodietare
discussed in detail below.

Nuclear Transfer . . .. Advantages Disadvantages
7.4 Technically
Indistinguishable Challenging
rom Embryo-
— Derived ES Cells ~ Sources for
ek | Oocytes and
roblast Ee A Zygotes
Oocyte or Zygote
Cell Fusion
Fusian is
o e Inefficient
nically
T @ Straightforward R mmed
S are
Fibroblast ES Cell Tetraploid Tetraploid
ES Cell

Direct Reprogramming

o StTEIcII.-IEfIca“yrd Uses O i
Y raightforwa sas Oncogenic
= éf-\\ Retroviruses and
T & Autologous to Transgenes
i Fibroblast Donor
Fibroblast F S

Cell Explantation
|

Technically Limited Sources

Straightforward  2"d Tll;tﬁ;ll‘ﬁypﬂutlc
ﬁ.
Fully Autologous Carry Male Germ

to Donor Cell Imprints

(.}.—-, O MAS Cell

Figure 2: M ethods of nuclear reprogramming, their advantages and limitations.

Four techniques for restoring developmental po#éri a somatic nucleus have been described iditdrature. In nuclear
transfer, the genetic material of an oocyte or #yde replaced with that of a differentiated ceitls as a fibroblast. Following
development to the blastocyst stage, pluripoteBiSntells can be derived as from fertilized embryloscellular fusion,

hybridization between ES cells and somatic cekddg tetraploid ES cell lines. In direct reprogramgmthe retroviral-mediated
introduction of a small number of transcriptionttas is sufficient to confer a pluripotent phenayfFinally, explantation of
testes tissue from neonatal and adult mice intaogate culture conditions has been shown to tdésuthe production of
multipotent adult spermatagonial (MAS) cells.

Nuclear transfer

Building on the early work of developmentablbgy pioneers such as Spemann (Gurdon and By@@3;2
Spemann, 1938), nuclear transfer (NT; also commoallgd somatic cell nuclear transfer, SCNT) expernits were
first devised in the 1950s as a means to investitfa constancy of the genome: that is, whethés osintained
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the full complement of genomic information as thmcame more differentiated. At the time, many belikthat
each cell fate decision during development involtleel progressive loss of genes that would not leg iy the
more differentiated progeny. For instance, ectodpretursors eliminating all endoderm- and mesodgetific
genes, then eliminating skin-specific genes aslduision to become a neural precursor is made teanyielding
a specific type of neuron with a minimal genometaoring only the genes which would actually be s@ibed. NT
experiments in the frogRana pipiens by Briggs and King (Briggs and King, 1952) axehopus laevis by Gurdon
(Gurdonet al., 1958; Gurdoret al., 1975) indicated that, although the generatiorlofhes became less and less
efficient as the developmental age of the donoteuscincreased, it was possible to obtain heartftage tadpoles
from terminally differentiated adult cells. It wast until the more recent cloning of Dolly the spg&/ilmutet al.,
1997), however, that researchers succeeded in astajl from an adult animal to generate anotheithg, fertile
adult, thereby demonstrating that the nuclei ofeast some cells in the adult maintained a full eliggmental
capacity. While an important finding, many specediathat the rare cloned adult animals could haisemifrom the
nucleus of an equally rare somatic stem cell. D&fin demonstration that terminally differentiatadult nuclei
maintain full developmental capacity was later aghd in mouse studies using mature lymphocytestiettionger
and Jaenisch, 2002; Inogeal., 2005) and olfactory neurons (Egggiral., 2004) as NT donors.

Dolly's birth and an initial report of therdation of human ES cells from discardiedvitro fertilization (IVF)
embryos shortly thereafter (Thomseh al., 1998) led to wide speculation in both the medial scientific
community about the possibility of therapeutic @wn That is, performing nuclear transfer with digrat's somatic
cells to generate a preimplantation embryo fromcivhpatient-specific ES cells might be derived fae un
personalized regenerative medicine. With this natidn, several studies in mouse have sought to acanthe
properties of SCNT-derived ES (ntES) cells withsthalerived from naturally fertilized embryos (Braink et al.,
2006; Wakayameet al., 2006), as well as show proof-of-principle demmatfons of these cells’ utility in
regenerative medicine (Barbetial., 2003; Rideoutt al., 2002; Tabaet al., 2008). The equivalence of ntES cells
to ES cells from fertilized embryos was of partarutoncern because of the low efficiencies and comhealth
defects associated with animals brought to terer afiproductive cloning (Eggast al., 2001; Gurdon and Byrne,
2003; Humpheryst al., 2001). Despite these defects, however, two studialuating the transcriptional profiles,
DNA methylation patterns, arid vitro differentiation capacity found that mouse ntES lbeés were identical in all
regards to genetically-matched control ES celldiderived after fertilization (Brambrirdt al., 2006; Wakayamet
al.,, 2006). These reassuring results, paired witlontspusing ntES cells to treat mouse models of lsathere
compromised immunodeficiency (Rideaatal., 2002) and Parkinson's diseases (Barétesl., 2003; Tabaet al.,
2008) afterin vitro genetic manipulations and differentiation into tiequired cell types, generated immense hope
that applications to human diseases were immegliatethe horizon.

While ntES cells hold great promise for theddiof regenerative medicine, the technique hasraégignificant
drawbacks that hinder its potential for widesprapglication to medicine or even to the study of phecess of
nuclear reprogramming. Obstacles associated wehrélquirement for a scarce and politically chargel type,
human oocytes, as a recipient cytoplasm are onpfliied by the extreme technical challenge of ahmétplagued
with inherent inefficiencies. Moreover, the expegimtal requirements for successful nuclear transfgrimates
appear to be considerably different than other isgeavith attempts to apply the methods and tealesigfrom
mouse directly to human thus far yielding nothingrenthan false starts (Kennedy, 2006) and theregert of NT-
derived blastocysts but with no ES cell lines dedifrom them (Frenclet al., 2008; Stojkovicet al., 2005).
Likewise, only very recently has successful nucteansfer in monkeys been reported (Byehal., 2007), but the
technical refinements developed here have failethtoediately translate into advances with humatscel

A particularly severe limitation of human thpeutic cloning which has significantly hinderezsearchers’
capacity to develop the technique is the difficuttybtaining donated oocytes. A 2007 study in neosisggests that
there may be alternative sources for the recipigtaplast (Egliet al., 2007). While early mouse NT studies in
which the enucleated interphase zygote was usedresipient lead to the conclusion that reprogramgngiapacity
was lost following fertilization (McGrath and Salte1984; Wakayamaet al., 2000), Egli and coworkers
demonstrated that by removing the chromatin frozygote arrested in metaphase just prior to thé diell division
and introducing the chromatin from a metaphasestedesomatic cell into this cytoplast, reprograngnaould
occur with success rates comparable to NT intontla¢ure oocyte (which is naturally arrested in metee; see
Figure 3). The authors reasoned, therefore, theleaufactors, trapped in the interphase nucleti®sent in the
cytoplasm during metaphase due to nuclear envddogrkdown, were necessary for reprogramming to rodéot
only might the metaphase zygote therefore servanaappropriate recipient for NT, but this resulygests that
other cleavage-stage blastomeres, arrested inimitogy be as well. These findings both shed somehanistic
light on the process of reprogramming and opendber to using a wider range of materials for huniNih
experiments. Although on the surface this studylfigreat promise for human NT experiments, it fodanately
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not common IVF practice to freeze or discard zygaie early cleavage-stage embryos, as embryo guit be
difficult to assess so soon following fertilizatigBalumetset al., 2001). Of particular interest, however, Eglal.
further demonstrated that polyspermic zygotes (ihaembryos fertilized with multiple sperm) coudeé used for
successful nuclear transfer. Multiple fertilizatisnrelatively common in IVF (roughly 3-5% of zyge) and these
embryos, which have no clinical use, are routindiscarded (Anon, 2004; van der Venal., 1985). As such,
discarded polyspermic IVF embryos may present aatdé new avenue towards success in human nucieefer.
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Figure 3: Reprogramming capacity in NT dependson cell-cycle status, as demonstrated by Egli et al. (2007).
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Development fails after replacing the interphaseleus of either a germinal-vesicle stage oocyt@ronuclear zygote with
somatic chromatin. However, transfer of somatioofatin into either the Mll-arrested oocyte or aaggarrested with a drug in
the first mitosis allows for the generation of aodmmice and ntES cells.

Despite the challenges and limited achievasém human, NT remains the “gold standard” in eacl
reprogramming with clear demonstrations of the pobidn of both healthy clones and pluripotent steetls
identical to those derived from fertilized embryd&evertheless, the development of more robust eodnically
simple reprogramming methods (discussed below) app® be at hand, leading some authors to writeianies
for SCNT (Cibelli, 2007; Highfield, 2007). Wheth¢hese eulogies are premature or whether the quafity
pluripotent cells generated by newer techniques$ pvidve to be as high as ntES is presently an afdéatense
investigation.

Cedllular fusion

Fusion of various somatic cells and celldingenerally using interspecies hybrids to distisiygenes expressed
from each nucleus, has long been used to investfanotypic dominance at the cellular level. Rgtance, when
fibroblasts are fused to myoblasts, are the regultiybrids more like fibroblasts, myoblasts, or stimng in
between? (Harris, 1965; Mevel-Ninio and Weiss, 198tight, 1984). Initial results indicating thatree cellular
identities could dominate over others in hybrideayated hope that this system could be used tcstigade the
mechanisms of this fate respecification as a prfoxyunderstanding the effectors of cell fate dexcisi normally
made in the process of development (Bdaal., 1985; Bosharét al., 1993). However, between technical problems
with interspecies fusion and the derivation of eyobal carcinoma (EC; Martin and Evans, 1975), argsequently
ES cells (Evans and Kaufman, 1981; Martin, 198%)mere accuraten vitro models for cell fate determination,
work with fusion waned considerably for several atbes. Interest in this line of investigation wamvigorated
following the advent of mammalian NT and the sulbesf speculation about the prospects of nuclear
reprogramming for regenerative medicine. The olsern that a pluripotent phenotype appeared to datai
following the fusion of murine somatic cells to EMiller and Ruddle, 1976), embryonic germ (EG; Tatlal.,
1997), and ES (Tadet al., 2003; Tadat al., 2001) cells seemed to promise that somatic-s&lhfusion might be
an appealing alternative to inefficient and chalieg NT. It was hoped that this system could bealdee either the
study of the mechanisms of nuclear reprogrammingeshaps eventually the direct production of patspecific
pluripotent stem cells. A report demonstrating thé capacity to reprogram somatic cells was camegkin human,
as well as mouse, ES cells was further encourageamehrepresented the first demonstration of swefaksuclear
reprogramming of human somatic cells (Cowenal., 2005).

Despite this excitement, the fusion of ES aothatic cells, as well as the subsequent reprogmagy has
proven to be quite inefficient (Cowahal., 2005; Hochedlinger and Jaenisch, 2006; Tea@é., 2001), limiting its
usefulness in the study of the genetics and epigsnef reprogramming. To date, therefore, investigs have
focused on increasing these efficiencies by oversging genes already known to be important forigmtency
(Silva et al., 2006), rather than providing new insights abplufripotency and reprogramming through fusion.
Moreover, the problems associated with inefficieacy only compounded by the tetraploid nature efhjbrids
generated by the fusion itself. The presence of templete genomes has severely limited the utiitythis
methodology for the study of reprogramming as asllpresenting an enormous technical barrier t@thduction
of autologous stem cells.

While the use of mature lymphocytes (whicldengo a genetic rearrangement late in developnanthe
somatic fusion partner in the initial reports wittouse ES cells left no question that a terminaififecentiated cell
was being subjected to an ES cell environment (Badh, 2003; Tadat al., 2001), determination of the extent of
reprogramming has been less straightforward. Ngtabé inability of tetraploid cells to contribuseggnificantly to a
chimeric embryo has limited the characterizatiortref pluripotency of the hybrid cells to less-gjentin vitro
assays (Jaenisch and Young, 2008; Nefwl., 1990; Tadaet al., 2001). Even more pressing, however, are
guestions regarding the state of the somatic chtiaritathe hybrid. Has the somatic nucleus trulgmbeestored to a
pluripotent state, or has it simply silenced tlenscription of genes specific to the differentiaséate, allowing the
pluripotent ES nucleus control the hybrid cell'sritty? Studies have sought to address this conbgrn
demonstrating the reactivation of the silent X-chosome in hybrids formed with female somatic c@lllsdaet al.,
2001), activation of reporter genes (Cowetnal., 2005; Tadaet al., 2001), the absence of appreciable DNA
methylation at pluripotency-associated loci (indiicg demethylation occurred in the somatic chromafiowanet
al., 2005), and the expression of some somatic-nadliemived ES cell-associated genes by looking jecisic
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single nucleotide polymorphisms (SNPs) in hybrill tanscripts (Cowaret al., 2005; Tadat al., 2003). Although
some studies have made use of relatively divergegains of mice to facilitate these analyses (Tetdal., 2003),

genome-wide allele-specific expression analysislavbelp to elucidate the state of the somatic nugléut has yet
to be performed with either mouse or human hybSdcElls.

Tetraploidy also presents the most signifidaindrance to the use of fusion in generatinggraitspecific stem
cells as elimination of the ES cell genome aft@rogramming will be necessary to produce autologmlis. The
requirement for an ES cell nucleus was demonstrdiesttly by one study which used ultracentrifugatiof ES
cells (prior to fusion) to separate nuclear andoglgsmic material. Pluripotent cell lines could generated
following fusion of isolated nuclei (nucleoplastsjth somatic cells, but not following fusion to tRaucleated
cytoplasts (Do and Scholer, 2004). While these asttconcluded that ES cell chromatin was required f
reprogramming after hybrid formation, the succdsSfli results with metaphase-arrested zygotes diszligbove
(Egli et al., 2007) raises the possibility that mitoticallyemted ES cell cytoplasts might also be capabiecafcing
a pluripotent state on somatic chromatin and masemt a worthwhile avenue for future study. In addito
attempts to mechanically eliminate the ES cell ofatn with ultracentrifugation, a genetic systermedl at the
same goal has also been developed, but to datetalimination of a single chromosome has beenodstrated
(Matsumuraet al., 2007). This system, depicted in Figure 4, makss of Cre-mediated DNA recombination
between sister chromatids to generate abnormahaisomes which are eliminated during cell divisiéithough
promising in principle, it remains unclear whetligis technique could be used to simultaneously xentbe entire
ES-cell genome without introducing widespread geinorearrangements and instability. Without an dffec
strategy for the disposal of the ES cell's geneataterial, it may never be possible to use fusiorprtoduce
therapeutically relevant stem cells, nor for thadtter, even to determine unambiguously whether sth@atic
chromatin has been fully reprogrammed.
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Figure 4: Progress towards the elimination of ES nucleus following fusion, as described by Matsumura et al.
(2007).

A “Chromosome Elimination Cassette” (CEC) consigtof two oppositely-oriented LoxP sites flankingG&P transgene is
introduced into the ES cell genome in a single cémllowing DNA replication, the introduction of Emediates recombination
between the CEC's on the two sister chromatid&igig abnormal chromosomes with either no centrenfeullicentric) or two
centromeres (dicentric). During cell division, tesbnormal chromosomes are naturally eliminateshethy removing the ES
cell-derived chromosome from the hybrid cell.
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Cell explantation

The derivation of pluripotent ES and EG cditsm mammalian embryos and EC cells from tumorsvédi-
established, but until very recently there waeli#tvidence for the generation of pluripotent cditectly from post-
natal or adult mammals by simply explanting celtéoiappropriate culture conditions. Initial repods the
discovery of multipotent adult progenitor cells (F8s) in the bone marrow (Jiarg al., 2002) and the
transdifferentiation of adult somatic stem cellgd#seet al., 2001; Lagasset al., 2000) have to date proven
refractory to independent verification, perhapgftection of the low stringency of analysis withialn such claims
of pluripotency have often been evaluated (JaeraschYoung, 2008; Wagees al., 2002). For instance, the mere
expression of “marker” genes for different lineaghkses not necessarily reflect a functional dematistn of
pluripotency, and is thus insufficient to justifyciaim of pluripotency. A particularly noteworthxample is the
recent finding that three ubiquitously-used andelyicaccepted markers of neuronal lineagesstin, NeuroD1, and
beta-111-tubulin — can be activated in response to cellular sirtb®ut corresponding changes in cell fate or idgnt
(Croft and Przyborski, 2006; Neuhubetral., 2004). Even in the very limited instances whareovel cellular
function was demonstrated following a claim of sdifferentiation or culture-induced reprogrammihgdassest
al., 2000), subsequent studies found that resulte Wwetter explained by fusion of donor cells withien either
recipient animals (Vassilopoul@sal., 2003; Wanget al., 2003) or co-culture conditions (Teragtaal., 2002; Ying
etal., 2002).

Although these early reports proved errongauseries of three recent studies indicates thaipptent stem
cells can be derived directly from neonatal (Kane@sinoharaet al., 2004), and adult (Guast al., 2006; Seandek
al., 2007), testes following cell explantation andtume in the presence of appropriate growth fact®sasoning
that EG and EC cells originate from germ cellshi@ €mbryo, and noting that some authors have stegheS cells
may have an origin in very early primordial gerniscéPGCs; Zwaka and Thomson, 2005), the germlewred
the most reasonable place to look for a consengestimatal ability to give rise to pluripotent cellBhese cells,
termed multipotent adult germline stem cells (maGSGuanet al., 2006) or multipotent adult spermatogonial-
derived stem cells (MASCs; Seandlal., 2007), share many of the hallmark propertie€8f cells including
marker expression, multilineage differentiationgd @ven contribution to germline chimeras in somsesgGuaret
al., 2006; Kanatsu-Shinohaetal., 2004).

A key difference, however, between adultéesterived pluripotent cells and ES cells is ttaust of their
epigenetic imprints. Beginning with PGCs and thitoug the process of spermatogenesis, somatic itspaire
erased and replaced with paternal imprinting (Hedeaet al., 2003). Reflecting these developmental changes, t
testes-derived pluripotent cells, as well as EGgchhve erased somatic imprints and have pargsiigblished male
imprints (Kanatsu-Shinohamt al., 2004). ES cells, on the other hand, maintainsttraatic imprints found in the
developing embryo and most normal adult tissuesnéit@-Shinoharat al., 2004; Tadaet al., 2001). The
significance of this difference is highlighted whemne considers the phenotypes of ES cells, andnibe derived
from them, which carry either no imprints (Holeh al., 2005) or dipaternal imprints (Hernandetzal., 2003).
Transient deactivation of the DNA methytransfer@seitl was used in one study to erase the imprints insads
cells. Although these ES cells continued to satiere in culture and contribute to high-grade chimenice, these
chimeras developed widespread tumorigenesis witheir first year (Holmet al., 2005). The case for dipaternal
imprints is even more severe. Fibroblasts derivednfandrogenetic embryos (that is, produced from twale
gametes) grow with an overtly transformed phenotgpé ES cells derived from these embryos fail totrgoute
appreciably to chimeras (Hernandetzl., 2003). Although the maGSCs/MASCs are neithdy fushprint-free nor
entirely dipaternal, their intermediate state betwéhese two extremes is still cause for conceamcld, besides the
obvious limitation in the exclusion of roughly half the adult population, these questions and ssksounding the
imprinting status of testes-derived pluripotenicetakes them an inherently unattractive souramattrial for cell
therapy.

Direct reprogramming
The newest addition to the reprogrammingliorlrelies on the ability of a small set of defineanscription

factors to directly push cells from one stableestatanother on an “epigenetic landscape,” a cdriospintroduced
by Conrad Hal Waddington (Slack, 2002; Waddingtb®57). Akin to the potential energy surfaces stuidig
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physicists and chemists, Waddington's landscapsisted of hills and valleys representing variowsbkst and
unstable cellular phenotypes (see Figure 5A). @nbkphysical potential, however, each point on Wfagtdn's
surface represented a different gene expressit@rpat that is, the epigenetic landscape existsiN-dimensional
space (wher#l is the number of genes encoded by the genome)eaith axis representing levels of expression of a
different gene. Thus, the potential representethbyheight of each point on the surface is trutekfate potential,
and, as in physics, the gradient at each pointbeathought of a sort of force either pushing thiétogvards a new
fate (if on a hill) or maintaining it in a stablaté (if in a well). A pluripotent cell in a cultuiaduced self-renewing
state, therefore, is like a marble sitting in allsirawell at the top of a hill, which, when allowéd differentiate will
quickly roll down the hill towards one of many pitds outcomes (see Figure 5A). Looking closer &t plath a
pluripotent cell takes towards a terminally diffetiated state, such as a mature neuron, one cautdl & slice
through this cellular potential surface and findttthere may be many progenitor states of varyiahilties along
the way (see Figure 5B).

Pluripatent Cell

A B

Ectoderm Mesoderm Endoderm

Figure5: The epigenetic landscape and itsimplicationsfor direct reprogramming.

(A) A Waddington-inspired schematic of the epigenddicdscape. Culture conditions will promote the -seifewal of a
pluripotent cell, maintaining it in a shallow well the top of a cellular potential hill. When alleavto differentiate, this cell will
“roll” down the hill into one of many terminally-fierentiated fates at lower potentiéR) A closer look at the path a pluripotent
cell might take as it differentiates into a neurpassing through a number of intermediate progesitates of varying stability
on the way. The line in (B) represents a slice ufjfothe surface shown in (A)C) The process of direct reprogramming, like
chemical catalyst, implicates a restructuring o thpigenetic landscape. Introduction of the trapson factor cocktail
destabilizes the fibroblast identity while stabilig the transition state. Because the retrovirasesshut down in the iPS cells,
however, the potential of the pluripotent statea®r® unchanged.

While a generally downhill trend represehies hormal process of development, the challengegrbgramming
is to move the cell either between stable wellew@an to push it all the way back up the hill tolaripotent state.
The thought of using transcription factors to pesfiular identity between stable states is hardiyeav one, as
Weintraub famously demonstrated in the 1980s tleatml cell types could be induced into a myoblikst-
phenotype following the introduction of a singlariscription factor, MyoD (Davist al., 1987; Weintraulet al.,
1989). A more recent study applying the same polacio directly reprogram B cells into macrophagsaforced
the concept of direct reprogramming (>éeal., 2004). Nevertheless, the widespread belief tthatbarrier was so
high and the number of candidate factors (and plessiombinations thereof) so great between teriyinal
differentiated and pluripotent cell fates led tee thssumption that, while direct reprogramming mayrkwin
principle, successful production of pluripotentrsteells in this fashion could not be achieved oy srasonable
time-scale.
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Despite this skepticism, an elegant 2006 sindyouse (Takahashi and Yamanaka, 2006), andiltsegsjuent
application to human (Takahasial., 2007; Yuet al., 2007), demonstrated that a straightforward clalgapproach
could be taken to the direct reprogramming of fillasts into what the authors called induced plueptlike stem
(iPS) cells. Through a clever process of elimimatithe authors found that iPS cells could be geedriiom both
embryonic and adult fibroblasts after four transiioin factors — Klf4, Sox2, Oct4, and cMyc — wengraduced
using murine retroviruses. Just as a chemical slatylanges the energy of a reaction's transitae sthese virally-
delivered transcription factors seem to reconstituetcellular potential surface allowing for trdimis to occur that
were previously blocked by a barrier of prohibitiieight (see Figure 5C). Because the retrovirusesl by
Yamanaka and colleagues are naturally silencedSir{a@s well as iPS) cells, the resultant iPS cellstnrmaintain
their pluripotent state on their own and can theneefbe said to have been truly reprogrammed (Méihetral.,
2007; Okitaet al., 2007 Werniget al., 2007), without artificially changing the poteitof the pluripotent end-state
of this process.

Although the first-generation iPS cells wera quite equivalent to ES cells in some regardsd{®a and
Eggan, 2006; Takahashi and Yamanaka, 2006), temhm&finements have since produced cells that are
considerably more similar to normal ES cells inithianscriptional profiles, genome-wide epigenetiatus, and
even the ability to produce high-grade germlinarerias (Maheralét al., 2007; Okitaet al., 2007; Werniget al.,
2007). Nevertheless, and unlike ntES cells, eveseahsecond-generation iPS cells are not entirglysdme as
fertilization-derived ES cells. For instance, r@aation of the retroviruses can lead to tumorigénés adult
chimeras and their progeny (Nakagaetaal., 2008), highlighting a potentially serious lintitan to their clinical
utility. Additionally, it is concerning that theteas been no demonstration to date of iPS cellsigisise to a mouse
at term via tetraloid complementation, generallgargled as the most stringent test of pluripotedeyeifisch and
Young, 2008), although one midgestation embryoldess obtained (Wernig al., 2007). The sources, and extent,
of these differences between iPS and ES cells remalear, and determining how they can be overcisnaekey
goal of current efforts and a necessary prereguigiapplications in regenerative medicine.

The broad applicability of this approach basn shown in two mouse studies demonstratingctibst from the
stomach and liver (Acét al., 2008), as well as mature B cells (Hamhal., 2008), can also be reprogrammed into
iPS cells. The latter study, in addition to dirgalemonstrating that iPS cells can be generated teyminally-
differentiated cells, may have some medical relegaas peripheral blood is routinely isolated froatignts.
Nevertheless, skin punch biopsies are a relatigiiyple outpatient procedure, and banks of patientsdd
fibroblast samples have already been establisheevatral institutions. Indeed, recent results inlao have shown
that these patient cells can be used to generisnpapecific iPS cells and direct their differiation into disease-
relevant cell types (Dimoat al., 2008). While the generation of such cells h@d=at immediate promise for the
vitro modeling of degenerative diseases, particularlyhoe with little or no known genetic associatighs use of
oncogenes and oncogenic retroviruses in their mtamtu precludes any therapeutic utility they mididve.
Although some researchers have made very prelimipargress towards eliminating the retrovirusesshgwing
that iPS cells can be obtained without the oncogdgc (Nakagawat al., 2008; Werniget al., 2008) or replacing
one or two transgenes with chemicals (8hial., 2008; albeit in a therapeutically irrelevanttiset of neural
progenitor cells), these studies represent onlyfitise steps toward a more therapeutically-traetibystem. And,
despite an initial proof-of-principle cell therapging iPS in a mouse sickle-cell anemia model (ldahial., 2007),
directly reprogrammed cells won't be ready for ickh use until they can produced with either a drant
introduction of genes, proteins, or small molecuéesl any remaining differences between such nexégtion iPS
cells and bona fide ES cells are better understood.

Conclusions and future prospects

The decade following the cloning of Dolly hasen a revolution in the fields of stem cell bigloand
regenerative medicine. In that time, we have haetbshe ability to directly reshape the epigenketintiscape and
impose a pluripotent phenotype upon a somatic gendfach technique that has been devised to meittiate
transition has provided new insights into the uhdieg process of nuclear reprogramming and broughbne step
closer to the production of patient-specific plotignt stem cells. However, each also poses comdidechallenges
that must be overcome before the dream of persmthliegenerative medicine can be realized. Thentemhand
logistical challenges of nuclear transfer are almesurmountable for widespread application, athéstetraploidy
of hybrid ES cells generated upon stem-somaticfasibn. Explantation of testes tissue to gengpatdpotent stem
cells may avoid such technical challenges, butessiffrom an inherently limited patient-base anduastjonable
imprinting status. Direct reprogramming is at présthe most promising avenue of research, but @intg and
further investigation will determine whether thérogiruses and oncogenes currently required caglibenated and
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whether iPS cells can ever be fully equivalent 8 dells, allowing this new technique to replace &Tthe gold
standard of nuclear reprogramming.

Although there are challenges to overcome, ftiture for reprogramming seems quite promisingtient-
specific iPS cells generated thus far, even if clistically applicable, can certainly be used foe timodeling of
disease phenotypes. This will for the first timéowal researchers to investigate the onset and pseigne of
degenerative diseases in cells that carry theeeotimplement of an affected individual's geneshSunodeling, of
course, will be particularly powerful for studyiribe influence of environment on disease where niderdying
genetic cause is known. And, while cells carryimegroviral integrations could never provide matefiai cell
therapy, suclin vitro disease models may still find clinical relevanseaasubstrate for drug discovery. Nor does it
seem unreasonable to expect that retrovirus-freeically-relevant methods for producing iPS celisll be
developed shortly, finally bringing about the fistep on the road to regenerative medicine. With technical
advances will likely come a refined understandifigMaddington's epigenetic landscape and a greafmmaity for
more extensive manipulations of cell identity. Céamanaka's techniques be used to help guide tferatitiation
of pluripotent cells in culture towards a desiretl type? Or from one differentiated cell type imtoother, as some
exciting recent results are beginning to indicatikoy et al., 2008)? Even with patient-specific pluripotenii<@n
hand, generation of the cell types relevant tortbedease continues to be a major stumbling blockli but a
handful of contexts, and these questions will utdedly play a dominant role in guiding future intrgation.
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