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ABSTRACT: Discovered centuries ago, regeneratianfascinating biological phenomenon that contintoastrigue. The study
of regeneration promises to inform how adult tissheal and rebuild themselves such that this psoogsy someday be
stimulated in a clinical setting. Although mammaits limited in their ability to regenerate, closalyd distantly related species
alike can perform astonishing regenerative feanyifferent animals representing almost all plhdeness an innate ability to
rebuild missing adult structures lost to injury.wver, it is unclear which aspects of regeneragi@nconserved and which are
unique to a given context. One aspect of regemeratiat appears to be shared is the use of stegefpitor cells to replace
missing tissues. In this chapter, we review whanigwn about the natural role of stem cells dudngmal regeneration. While
many animals regenerate, we limit our discussioanphibians, zebrafish, and planarians, well-stiii¢gateral organisms that
invoke cell proliferation in response to injury. Withe exception of planarians, the cellular sowteegeneration remains
mysterious. Are stem cells that rebuild missingués present prior to injury, or are they generdteithg the injury response? If
they are generatett novo, where do they come from? Can regenerative stéimgiee rise to all of the missing cell types,ave
multiple lineage-restricted stem cells required?r@u studies in the field of animal regeneratior mtensely focused on
answering these central questions.

Introduction

Regeneration is arguably among the most ag@iring biological phenomena known to exist. Tredny of the
Western canon is populated by many examples oifhtfiscriminate, powerful grip regeneration has &@mwon the
human mind. For instance, when Lazzaro Spallanzgurted in 1768 that decapitated snails regenétateheads,
scientists, philosophers and the public alike sedutheir gardens in an attempt to replicate thicifating
experiment (Odelberg, 2004). It was also discovéhatl salamanders can regenerate limbs and tadkidiing the
spinal cord), while planarians can regenerate eatiimals from small body fragments.

Despite the longstanding interest in thisdmadal problem, and the knowledge that animals fedinwvalks of life
perform regenerative feats, we are still in thelyeatages of describing these events in cellulasleoular, and
mechanistic terms. However, the genetic and madectaols to address the problem of regenerationrapelly
improving. Aside from the curiosity it normally elis, the study and understanding of regeneratiounldc
dramatically impact the practice of medicine.

*This article was reproduced, with permission, fr@emBook, edited by Kevin Eggan and George Ddlée Stem Cell
Research Community, StemBook, doi/10.3824/stemlda@R.1, http://www.stembook.org. This is an opeoeas 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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Just as relevant is the understanding deffinced the investigation aftem cells, undifferentiated cells that have
the capacity to replace themselves indefinitely emgroduce specialized cell types. While embryastam cells
divide and ultimately give rise to all the diffetixied cell types of the body, adult stem cellgrfrepecific tissues
are normally lineage restricted to a specific $etadl types (Andersoet al., 2001; Morrison, 2001; Wageesal.,
2002). In order for an adult animal to replace mgstructures with an exact copy of what is migsihis clear that
developmental programs must be redeployed. Howdherdynamics of cell communication and prolifevatiare
vastly different, as are the cell types involvedb @iccomplish regeneration, adult animals may invithe
proliferation of differentiated cells, the activai of reserve stem cells, the formation of new stefis with limited
capacity to self renewp(ogenitor cells), or a combination of these strategies.

Which cells in an adult animal divide andfeliéntiate to replace the multiple cell types reegiduring a
regenerative response? While this is a very basdeed, fundamental question that has been foreuiland
reformulated through successive generations ofobisls, its resiliency against experimental attales proved
surprising, and in many cases quite frustratingnédloeless, it is apparent that different tissuegh(lwithin the
same organism as well as the same tissues froareliff organisms) use different strategies to aehiisgsue repair
or regeneration. For example, the vertebrate livaskes compensatory regeneration after the remmfviao lobes,
whereby the remaining lobe proliferates to rea@thie original tissue mass without replacing thesing lobes. In
fact, regeneration can be compensatory (livegugsspecific (heart, skeletal muscle, liver, paasréens, retina), or
it can rebuild complex structures containing mudtifissue and organ types (e.g., limbs, fins, }ails

The goal of researchers studying model orgasief regeneration is to discover how these animatsrally
accomplish the seemingly impossible task of restpbody parts lost to trauma. This chapter willlson what we
have learned about stem/progenitor cell identitd #umnction from the most common, non-mammalian rhode
organisms that invoke cell proliferation to drivegeneration. Although we will limit our discussitm bilaterian
animals, we predict that significant overlap in eegration mechanisms and concepts will emerge fiiogn
simultaneous study of regeneration and stem aelfgé-bilaterian animals such as hydra. Thesequdati aspects
of hydra stem cells and regeneration, have beeausitively reviewed elsewhere (Bosch, 2007; Bo&id(7;
Galliot et al., 2006). Still, a set of common, fundamental goest remain unanswered for all of animal
regenerartion: Where do regenerative stem/progeoéts come from and what can they do? Given tioasingle
animal is a model for all biological contexts,dtéssential to study the multiple ways nature based the problem
of regeneration. Therefore, the best way forwatd istegrate the information derived from multipf®del systems
of regeneration as they are subjected to geneleilar, and molecular interrogation.

Regeneration in Amphibians: Urodeles (salamander s, newts, axolotls)
Background

Among the vertebrates, urodele amphibiansuareatched in their regenerative capacities. Whanmed, these
animals regenerate an impressive array of bodys partiuding the upper and lower jaw, lens, retiimab, tail,
spinal cord, and intestine (Brockes and Kumar, 200bsome cases, the restoration of complex anaiorolves
the formation of ablastema, a mass of morphologically undifferentiated, degliting progenitor cells that is
covered by epithelium and differentiates to repldieemissing structures. Upon amputation, epitheb#ls migrate
to cover the wound, forming wound epithelium (WE). The WE thickens via distant epithelial proliféoa and
continued migration. The thickened structure idechbnapical ectodermal cap (AEC), which is thought to be
similar in function to the apical ectodermal ridg€ER) that forms in the limb bud during embryonievélopment.
While histolysis and fragmentation occurs nearwloeind, undifferentiated cells accumulate to fortlastema via
proliferation and migration from the stump tisstibis is followed by cell specification and pattemgi(Chalkley,
1954; Hay and Fischman, 1961).

But, where do blastema cells come from? Areells of the blastema undifferentiated and equaditent or are
they restricted to become only the tissue type fwhence they came? Could blastema cells have rgjltip
intermingling developmental origins and outcomes&\E histological studies provided evidence thatlsce
remaining after injury “dedifferentiate” and migeato form the blastema (Brockes and Kumar, 2009aBtret al.,
2002; Chalkley, 1954; Hay and Fischman, 1961; Mia@bal., 1986; Straube and Tanaka, 2006; Thornton, 1938).
Among these early studies, elegant cell trackingeements using tritiated thymidine showed that cleisneural
sheath, periosteum, and loose connective tissle @elto 1 mm away from the amputation plane peddife and
migrate to give rise to the blastema. In contragithelial or blood cells do not appear to contigbto the growing
mass of mesenchymal tissue (Hay and Fischman, 1961)
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The term “dedifferentiation” is often employed imetregeneration literature to describe the losdifférentiated
characters of cells after amputation and their oment acquisition of an undifferentiated morphgloduring
blastema formation. In Hay's classic paper, sherthes the dedifferentiation process as “the releddiving cells
from the confines of their previous organizationthwaccompanying active mitosis of these cells (Han
Fischman, 1961).” However, “dedifferentiation” iasly misinterpreted to imply that a cell has aga a multi-
potent undifferentiated state. Because there igently insufficient evidence to either suggest werout a major
role for reserve stem/progenitor cells in uroddiestema formation, the term dedifferentiation aginally coined
may therefore refer to a reversal of the differateti state, an activation of reserve stem/progecittis, or a
combination of both (see Figure 1A; Morriseral., 2006).

We emphasize that the true makeup of the ledalastema remains unknown. The extent of multeptiality
and/or heterogeneity is presently questionable usciong-term cell lineage tracing has been extredifficult to
perform in these organisms. Although blastemabdadive lost both differentiated morphology andekgression of
genes associated with their tissue-specific diffeaged fate €.g., muscle myosin heavy chain), it is quite possible
that these cells have entered a migratory or gmalffve state without changing their respectiveugsidentity or
potentiality. In addition, recent evidence suggésts a satellite-like cell population in urodelesule contributes to
the blastema and eventually to cartilage and epide(see Figure 1C; Morrisogt al., 2006). Evidence of pre-
existing progenitor or stem cell populations fohert tissues has not been forthcoming, and thussneede
adequately explored with modern techniques. Fomgka, the largest known contributor to the uroddéstema is
dermal tissue, including connective tissue fibretdgBryantet al., 2002; Muneokat al., 1986). Yet, very little is
known about the heterogeneity or potentiality a$ ttell population on a cellular or molecular leyBtyantet al.,
2002; Muneokeet al., 1986). The recent identification of a potenpiabgenitor cell population in the regenerating
zebrafish heart illustrates the targeted type @fa@ach that may be necessary to detect elusivéehias progenitor
cells (see discussion below).

It is doubtful that the cultured A1 myotubemntain the satellite-like cells that are presentivo. Therefore,
whether or notn vitro generated myotubes represamntivo myotube behavior needs to be fully determineds Téi
important because results from these cell linesshagen interpreted to represent the urodele andnmasiem
condition. Because the cultured cells were seruanvetl to trigger myotube formation in the first gga an
alternative interpretation of these experimentbias newt Al cells are more flexible or “plastitian mouse C2C12
cells. This may turn out to be the general caseufodele cells relative to mammalian cells, or #&ynbe a feature
unique to newt Al cells, which may not be fullyfdientiated. In addition, while newt Al cells dat@anS phase
after serum treatment, they do not go on to digidé the myotubes do not fragment (Straube and Barz806).
Forced expression of thdsx1 gene (a homeodomain protein with known repressoctfons) in C2C12 myotubes
causes a small fraction (5%) of cells to fragmeta proliferating mononuclear cells (Odelbetal., 2000). Under
the proper culture conditions, these cells caredtffitiate into adipocytes (fat), chondrocytes (leat), myocytes
(muscle), or osteocytes (bone). Because C2C12 asdlsnultipotent to begin with, these results sticaé treated
with caution. Nevertheless, this was a key dematistr that mammalian myofibers can be induced vense their
differentiated state. Complementary studies wese ahrried out in newts in which primary larval tirmyofibers
that normally fragment upon dissociation were iitkith from doing so vidMsx1l knockdown (Kumagt al., 2004).
Given the caveats mentioned above for cultured ctib data argue thistsx1 may be necessary and sufficient for
differentiated muscle to fragment into proliferagtimononuclear cells. To the contraityyivo morpholino-mediated
knockdown ofMsx1 in individual larval axolotl tail muscle cells ha negative effect on the ability of these cells
to fragment (Schnapp and Tanaka, 2005). This diserey has several potential explanations, including not
limited to the differences likely to exist betwei@nvitro andin vivo conditions, and that the muscle cells of the limb
and tail could exhibit a differential requiremeat Msx1 expression during fragmentation.
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Figure 1A What isthe differentiation potential of cellsin the blastema?

The blastema may be composed of 1) cells thatesteicted to give rise to the same tissues fronchvithey were derived, 2) cells that are
multipotent and give rise different tissue typas3pa complex mix of cells with a variety of omgi and potentials. In the larval tail of urodeles,
fluorescently tagged glial cells of the spinal cambliferate during regeneration and can give tsé¢issue outside of the spinal cord. Data
currently indicates that at least in larval tissus® urodele blastema contains a complex mix réage-restricted and multipotent cells.
However, very little is known about the potenti&lbtastema cells in adult urodeles. In anuran abiphs, GFP+ tissue grafts into GFP- hosts
illustrate that cells of the regenerating spinablcand notochord are derived from cells of thogy same tissues. Therefore, the progenitor cells
during anuran tadpole regeneration appear to keictesl in their potentialB Injection of dye into multinucleated muscle fibgrsor to
amputation illustrates that once clipped, someetig®rs can fragment into proliferating mononucleells that contribute to the blastema. The
long-term fate of these cells is still under actimeestigation.C (left) Muscle fibers in adult newts contain satellike cells that express Pax7
(green) and are separated from the rest of theogedl basement membrane (red). (middle, right) Wthese cells are isolated, cultured, tagged
(red) and implanted into regenerating newt limi&ytcontribute to the blastema and give rise teelated tissue types including cartilage
(green) and epidermis (green). Images are adapied {1) Echeverri, K., and Tanaka, E. M. (200)td8erm to mesoderm lineage switching
during axolotl tail regeneration. Scien2@8, 1993-1996. Reprinted with permission from AAAS) Gargioli, C., and Slack, J. M. (2004). Cell
lineage tracing during Xenopus tail regeneratioavé&opmentl31, 2669—-2679. Reproduced with permission of the Gomf Biologists. (3)
Reprinted from Cell, 113, Tanaka, E. M., Regenenatif they can do it, why can't we?, 559-562, 200Bh permission from Elsevier. (4)
Echeverri, K., Clarke, J. D., and Tanaka, E. M.O@®0 In vivo imaging indicates muscle fiber dediéfetiation is a major contributor to the
regenerating tail blastema. Dev BR86, 151-164. (5) Kumaet al., 2004 PLOS Biology, (6) © Morrisoret al., 2006 Originally published in
The Journal of Cell Biology. doi:10.1083/jcb.200509011.
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To track dedifferentiation events, culturegllc can be labeled and implanted under the skinegénerating
limbs. In vitro differentiated myotubes, labeled with dye or viraertion, remain stable in culture, but about 25%
fragment upon implantation to generate prolifeigtmononuclear cells that contribute to the blastékamar et
al., 2000; Loet al., 1993). A few cells were eventually observeddnf cartilage cells, suggesting a change in cell
fate, but this was an extremely rare eventétal., 1993). On the other hand, reserve satellite-dibdés also appear
to contribute to the blastema (Morrisenal., 2006). Proliferating cells derived from satelliike precursors were
isolated in culture from adult newt myofiber exganwhen tagged and implanted into regeneratingdt dicibs,
these cells contributed to the blastema and mapgaapd to switch lineage into cartilage and evedesmal cells.
To the contrary, another group found that implaneidhary myofibers from juvenile axolotls can fragm and
proliferate in the absence of satellite cells (Kurdaal., 2004). It is possible that these disparate teszdn be
explained by the difference in species and lifdegtages (adult versus juvenile), or by the diifércriteria used to
assess whether satellite cells were present. dt relsiains possible that both myofiber fragmentatiod satellite
cell proliferation contribute to the blastenma vivo and their relative contribution may be age anddpecies
dependent. A definitive explanation for these dipancies will be important and most likely awaitsvivo cell
tracking experiments.

In another set of implantation experimentsl|scisolated from the newt heart (cardiomyocyteds) were
isolated, tagged, and implanted into un-amputateangputated limbs (Laubet al., 2006). While CMs implanted
into un-amputated limbs were stable and exhibitedpecial behavior, they were activated when intpldinto day
5 regenerating limb blastemas and 65% gave riskdletal myotubes while a few expressed a cartit@fjemarker.
This is clear evidence of the plasticity of thefeliéntiated state in adult urodele amphibians,tbetmagnitude of
fate change is unclear because the transplantedd®htsued to express desmin, a marker found inynmanscle
cell types. While these experiments do not rulesorgle for reserve stem/progenitor cells, theyrdieillustrate that
a large fraction of isolated newt CMs can at Isagtch muscle types.

In vivo studies

The most convincing support for muscle fragtagon and cell fate switching during regenerattomes from
in vivo cell tracking experiments. Unfortunately, techhicanstraints imposed bin vivo cell imaging have
restricted these compelling investigations to lhawalotls that range from 2-5 cm in size from ntséail. Axolotls
are generally considered juveniles at around 5reierigth and adults average roughly 23 cm longs Bt0-fold
difference in animal length between larvae andtadténslates into a large difference of scaleathbhe limbs and
tails for which regeneration programs must be dggdo In addition, it is currently unclear whethandal and adult
animals utilize the same mechanisms, as formaleeiel demonstrating the equivalence of these twindical
contexts of regeneration is presently lacking. Nlbeless, thén vivo data provide strong evidence to support the
notion that differentiated cells can in fact chatiggir functional state. These data are represdmatie following
three key experiments.

Experiment (1): Multinucleated myofibers were injected vivo with a cell tracking dye and monitored during
regeneration (see Figure 1B; Echevetral., 2001). Amputations that removed 50% or morehefrhuscle cell led
to degradation, while amputations that “clipped’e timuscle cell caused it to fragment into prolifiergt
mononuclear cells. Only 15/58 (~25%) clipped myefib fragmented, which may indicate either an infit
fragmentation process or point to a heterogeneaysilption of myofibers, some of which mononucleatere
readily than others. On the other hand, since feagation was observed in a small number of aninthils,may be

a rare event that does not play a major role istblaa formation. The authors calculate that mufsagmentation
contributes to roughly 17% of the blastema. In castt earlier work using triploid/diploid transptarsuggested that
dermal tissues contribute to roughly 43% of thestelma (Muneokat al., 1986).

Experiment (2): To track individual neural progenitor cells (¢lells) during tail regeneration, spinal cords ever
electroporated immediately after tail amputationfdoce expression of GFP under the control of alglpecific
promoter (see Figure 1A; Echeverri and Tanaka, R0f¥hile most of the cells gave rise to the expecteuronal
and glial cell types, in 24% of the animals spic@id cells migrated out of the regenerating spioatl, contributed
to the blastema, and gave rise to muscle. In 12%naohals glial cells gave rise to cartilage. Théedings are
significant because they clearly demonstrate théast in the larval axolotl, neural progenitoficef ectodermal
origin can switch fate into mesodermally derives$ties during a regenerative response.

193



NISEB Journal Volume 12, No. 4 (2013)

Experiment (3): A series of transplants and single cell electrapons were recently performed to trace the lieeag
of spinal cord cells during tail regeneration (Mctighvili et al., 2007). Spinal cord tissue transplants from GFP(+
to GFP(-) animals showed that the cellular preasrssed to regenerate the spinal cord are recrtnbdea within
500 um of the amputation plane. The cells close to tin@wation give rise to distal spinal cord cells,ileltells
farther from the amputation give rise to proximallg. Single cell GFP electroporations and embryddiFP(+)
neural plate transplants revealed that in mostscasdls retain their regional identity during regeation such that
dorsal and ventral cells each give rise to celthefsame respective position (McHedlishgilal., 2007). However,
in 8 of 21 electroporations and 3 of 5 transplacedls changed dorso-ventral (DV) identities. Imligidn, a fraction
of ventro-lateral cells near the terminal vesieldemporary structure that forms at the tip ofspmal cord during
regeneration, migrated out of the spinal cord. €haggratory cells apparently contributed to thé béastema and
gave rise to blood vessels, Schwann cells, andsataly to muscle and cartilage cells. The ressitggest that
glial cells can serve as multipotential stem/praiges during regeneration and that the terminalickesmay
represent an accumulation of de-dedifferentiateteserve stem/progenitor cells. However, the erattre of the
transplanted cells remains in question and maydelmigratory neural crest cells, providing aniguting line of
guestions for future investigation. These data admlyer of complexity to the regionalization andludar make-up
of the larval tail blastema and suggest that bothalge restricted and multipotent cells exist ia thgenerating
urodele spinal cord. Whether this is also truerdyedult urodele tail regeneration is unknown.

Unanswered questions

The future is promising, but a number of Erajes lie ahead. The modern and classic urodgenegation
literature is derived from a mixture of regenematparadigms (limb, tail, and spinal cord) and frammixture of life
stages €.9., adult newt, adult and larval axolotl), which \gsiffects the scale on which regeneration takesel
and the cell types that may be present prior tarynjWhile important progress has been made, tfiaitiee source
of regenerative cells in urodeles remains unknomahia most likely a complex mix of cell types armtentials. The
current data suggest that the blastema may be edpmf both de-differentiated and reserve stemémibgr cells,
but this has not yet been rigorously elucidatedidies aimed at establishing fundamental differenard
similarities between tail and limb regenerationdhée be performed. These should include long-teethlmeage
analyses during limb regeneration such that issdie®ll potentiality and the relative contributiof cells to the
final regenerated structures can be unambiguoustplved. In addition, studies that incorporate iz
dissections of the regionalization that occursmyproximal to distal patterning of the early limlastema need to
be expanded (Echeverri and Tanaka, 2005). Unti$ ek clearly marketh vivo and lineage traced, the nature of
the limb blastema will remain enigmatic and congnial.

Likewise, much has been made of the abilityhef multi-nucleated urodele myotubes to fragmet produce
proliferating mono-nucleated cells that contribtwethe blastema following injury (Brockes and Kumafo2;
Brockes and Kumar, 2005; Straube and Tanaka, ZD&gka, 2003). While tha vitro andin vivo data show that
muscle fragmentation and proliferation occur, amat tsome cells switch identity during regeneratibmemains
unclear as to what role this plays in the reger@rairocess. Because muscle only contributes tghigul 7% of the
blastema, future research should focusrovivo cell characterization/tracking of other cell typeeluding dermal
cells, to determine their contribution to the bdmsh and to assess their differentiation potenh#reover, a
potential role (compensatory differentiation) fardage switching can be deduced from early experisnghowing
that limbs devoid of bone regenerate normal linmbduding the missing bone (Weiss, 1925). This ssggthat the
blastema can regenerate structures absent fromggahgae-existing tissues. These experiments clemtyl to be
revisited with modern cell tracking techniques (€am, 2003).

Thein vivo andin vitro data alike suggest that some differentiated céllgodele amphibians display plasticity,
as they are able to convert from one lineage tohemoThe question remains as to how differentidtede cells are
to begin with. One potential approach to assessxtent of the differentiated state is to obseheedpigenetic state
of the genome. Myotubes induced from newt Al anduseoC2C12 cells appear differentiated and no longer
respond to growth factors, but the epigenetic siitbe genome is completely unknown for thesesc#llhat is the
state of genome methylation and other epigenetikens. of differentiation in newt A1 and mouse C2GENSs?
This same question about epigenetics can be agkaltivs. larval urodele amphibians and should be asked in a
regeneration contexts. Is there a difference irefiigenetic differentiated state that can accoonttfe flexibility of
cells in their response to injury? What are th@epetic differences between the adult and larvalads? In fact, it
remains possible that data from larval cells assiuiés may not apply to the adult context. Diffeesnare bound to
exist between the limbs of a 3cm-long larval aXadmid a 25cm-long adult. For example, de-differ@ign in the
adult newt limb does not begin until about day 45owhile the limb blastema of a larval axolotl iseady
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subdivided into at least 3 proximal-distal zonesday 3 post-amputation (Echeverri and Tanaka, 2Q@tIberg,
2005). Because most if not all of the vivo experiments described above were performed inalaanimals,
repeating these experiments in adult newt and #Xotds and/or tails will be extremely informative

Regeneration in Amphibians: Anurans (frogs, toads)
Background

The frog has been a mainstay in the field @fedopmental biology for many years. As a reseancldel, this
animal has provided researchers with key insighte how animals coordinate the progression fromngle
fertilized egg into billions of organized, commuatimg cells that function in the complex tissued argan systems
of an entire animal. To study frog development, dmt@nt tools such as transgenic overexpressiore developed
to allow a detailed molecular interrogation of frioiglogy. These tools are now proving useful far study of frog
regeneration.

Anuran amphibians can regenerate limbs aifglaa tadpoles. This regenerative ability rapidiéclines during
differentiation and metamorphosis at stage 52, sinahby stage 56 differentiated cell types andfiesisbones are
present and the regenerative response has dimihi3iés illustrates a common theme of correlatietwzen cell
plasticity and regenerative ability. Tadpoles caty segenerate complex structures while they aiaggthrough a
period of large-scale morphological change, inalgdimb development and tail regression during metghosis.
This suggests that regeneration in anuran amphsbiaay depend upon the presence of undifferentizats, which
are no longer present once differentiation hasrsddoes anuran “regeneration” represent the ghititregenerate,
or instead the ability to forge on with developméoibowing damage (Slackt al., 2004)? Whether anuran limb or
tail regeneration can be considered equivalentitdt éissue regeneration remains an open question.

Tadpoletail and limb regeneration

Besides the loss of regeneration at stageh®&e is a refractory period in which the regetieeaability of the
tail is lost between stages 45 and 47 (4—6 dayewvélopment), but is regained after stage 48 (EBeek, 2003).
Therefore, the anuran amphibian provides a modstkery that can be used to study the transition egtwiee loss
and gain of regenerative abilities. For example, bockage of the BMP or Notch signaling pathwaylsihits
normal tail regeneration while overexpression resawgeneration during the refractory period (Betci., 2003).
Msx1 is a direct target of BMP signaling and forcedresgion of a hyperactive form bsx1 is sufficient to allow
tail regeneration during the refractory period. le@r, manipulation of these pathways did not aliegeneration
of late stage tadpoles, again implicating the rfeedesponsive cell types that are likely presaitrgo state 56, but
absent thereafter.

Regeneration of the anuran amphibian tait@eds through the formation of an undifferentiattastema-like
structure. However, recent studies using GFP(suéigransplants and Cre-Lox mediated cell trackiange shown
that each tissue of the frog tadpole regeneratemiimdependent manner, giving rise to the sanseidisluring
regeneration (muscle to muscle, notochord to nat@thneural plate to spinal cord, and melanophdoes
melanophores; see Figure 1A; Gargioli and Slaclg42Q.in et al., 2007; Ryffelet al., 2003). Unlike urodele
amphibians, there is currently no evidence to ssigtieat anuran amphibian cells cross lineage baiewiduring
regeneration, and unlike urodele muscle, anurdmascle clearly regenerates from a satellite stethpopulation
(Chenet al., 2006). Interestingly, overexpression of a cdustiely active form of Notch (NICD) during the
refractory period leads to the regeneration oftailth no muscle (Beckt al., 2003). Notch signaling is a key
regulator of satellite cell fate in mammals andde in satellite cells during tadpole tail reget®n remains to be
determined (Conbowgt al., 2003; Conboy and Rando, 2002). What coordingeproliferation and differentiation
of multiple tissue types, and why does regenerathility decline despite the continued presenceatéllite cells?

In anurans, as in urodeles, regenerationrkpen the formation of a WE and an AEC. The foromabf the
WE and properly specified AEC is critically impantaand during periods of lost regenerative abilégputation
leads to the formation of a skin-like epitheliunstead of a wound epithelium. WE and AEC specifaratare
tightly coordinated with blastema formation usiridemst 4 signaling pathways. Disruption of BMP, t\ar Notch
signaling causes the loss of regenerative abillligsaffecting either the formation or maintenanéeaqroperly
stratified AEC structure and the lossM#x1 expression in the underlying mesenchymal tissiecKBt al., 2006;
Becket al., 2003; Kawakamét al., 2006; Yokoyamat al., 2007)). These pathways appear to control theesspn
of coordinated FGF signals, FGF-8 and FGF-10, whi@te also likely to be key players in the
epidermal/mesenchymal interactions that drive ebldgtema formation, proliferation, and regenegatiutgrowth
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(Slack et al., 2004; Yokoyameet al., 2001; Yokoyamaet al., 2000). An elegant mix of pharmaceutical and
transgenic overexpression strategies recently sthdhet regeneration of the frog tail requires FGHE aanonical
Whnt signaling (Lin and Slack, 2008). These studiss suggest that Wnt signaling functions upstreaGFs and
that both pathways are inhibited when noggin, whiidlerferes with BMP signaling, is overexpresseth (and
Slack, 2008). While it is clear that signaling pe#lys play an essential early role to establish @rop
epidermal/mesenchymal interactions, and that eisshéd type is derived from lineage-restricted cellsemains
unclear exactly which cells of which specific tissuespond to which signals.

Regeneration in Zebrafish
Background

The zebrafish has emerged as a powerful modgnism for the application of genetics to stumby only
vertebrate development, but also regeneration (PMs¥/; Pos&t al., 2003). Among other tissues, zebrafish can
regenerate retina, fins, and heart. It remains owmkn whether zebrafish fin regeneration relies on
“dedifferentiation” or stem/progenitor cell actii@. Because cell implantation or tissue graftisgnot yet an
option in adult zebrafish, transgenesis has bedbmenethod of choice to address mechanisms of ezgéon. The
recent employment of transgenic lines during zefhafieart regeneration clearly implicates a res@nagenitor
cell (discussed below) and points the way for feitexperiments that should be designed to track dbesorigin of
the blastema.

Appendage (fin) regeneration
Characterization

While the zebrafish response to appendageautatipn is very similar to that of amphibians, togatomy of the
fish fin differs significantly. Fish appendages ammposed of multiple fin rays, each of which proskitheir own
blastema (see Figure 2A). Wound healing occursutitioa process of epithelial cell migration to foanwound
epidermis, which thickens to form a layered streetoontaining a basal layer of distinctive cuboidells. Like
urodele amphibians, the uninjured tissues in zédiraflose to the amputation plane become “disomgafij and
cells of the mesenchyme proliferate, appear to atégrand give rise to a blastema (12—-48 hpa, hoass p
amputation). The zebrafish blastema then compatttfiees at the onset of regenerative outgrowth t{g8), a
period of rapid cell division, while differentiaticand patterning conspire to rebuild the missingcstires.

Presently, the heterogeneity of early and lastemas is unknown, but appears to be a craspact of early
progenitor cell organization. Cells of the earladiema are proliferative and the G2 phase of theyee at this
stage is greater than 6 hrs long, indicating teds @re cycling slowly (Nechiporuk and Keating02D Cells in this
region express markers includimgsxb, msxc, slyl, mpsl, fgf20a, and hsp60 (see Figure R&). Thus, the early
blastema may consist of a homogeneous cell popualabr it may instead consist of a heterogeneopsilption of
cells that differentially express these markers.

By the onset of regenerative outgrowth (48 hpa)thstema begins to resolve into two distinct dorsdsee Figure
2A). Cells of the proximal blastema proliferate idpj achieving a G2 length of roughly 1 hr by 72ahpnd express
mpsl, hsp60, and_PCNA(Nechiporuk and Keating, 20pXells of the distal blastema do not proliferatel express
msxb, msxc, andslyl. In addition, the distal-most cells of the diskdhstema region expresgf20a by 72 hpa,
illustrating sub-regionalization within the distadne (Whiteheadt al., 2005. It has been suggested that the distal
zone is important to direct regenerative outgroank that the distal zone cells may be undifferésigorogenitor
cells because they expraas<b andmsxc, which associate with undifferentiated cell typesther model organisms
(Nechiporuk and Keating, 20DZ-urther experimentation will be necessary tadeaé or refute these possibilities.
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Figure 2A Stages of zebrafish caudal fin regeneration aslongitudinal sections.

Homeostatic Growth

(top) The dotted line demarcates the amputationepl@he wound is closed by migrating epithelialsce form a wound epidermis within the
first 12 hours postamputation (hpa). Over the d&hours, the wound epidermis thickens as cells theaamputation disorganize and migrate
toward the amputation plane. By 24-48 hpa, a bizsteas formed that contains cells expressing a aunftmolecular markers. Near the end of
this period, the blastema has compartmentalizedgniximal and distal zones that can be distingddby the level of cell proliferation as well
as the expression of molecular markers. This midmonset of regenerative outgrowth. By 72 hpadiktal zone can be further subdivided by
the expression dfjf20a. (bottom) Cell proliferation (blue) and gene exgsien (red) show the compartmentalization that cguthe blastema.

B The identification of progenitor cells in the zafish heart. (Upper panels — Left) Expression of Reiorescent Protein (RFP) driven by a
heart muscle-specific promoter. Cells along thenlany of regenerating tissue exhibit reduced “dewrpression of this marker, which could
indicate either that the cells are dedifferentmtamd reducing the expression of tissue specifitegieor instead that progenitor cells are just
beginning to express this gene for the first tifidpper panels — Right) To distinguish these pobsés, Lepilina et. al. engineered fish to
express both GFP and RFP from the same heart rsysetéfic promoter. Because GFP folds faster thBR Bnd RFP is more stable once it is
made, GFP+/RFP- cells should represent cells tia kurned this gene on for the first time (steodpnitor progeny) while GFP-/RFP+ cells
should represent cells that have turned off thesgarthis promoter (dedifferentiation). As illused, GFP+/RFP- cells are clearly present near
the edge of the amputation, indicating that them™ cells are in the process of activating heausote-specific genes for the first time and
therefore represent differentiating stem/progerttiis. (Lower panels) After injection of the flescent dye near the heart of unamputated fish,
epithelial cells around the exterior of the hehrbffesce red. During normal tissue homeostasisgticells migrate inward and eventually give
rise to vasculature within the heart, illustratithge unexpected dynamics of cellular activity in threamputated zebrafish heart. Images are
adapted from: (1) Tales of regeneration in zebmafis’ol. 226, 2003, 202-210; Reprinted with permoissof John Wiley & Sons, Inc. (2)
Reprinted from Cell, 127, Lepilina, A., Coon, A.,Xikuchi, K., Holdway, J. E., Roberts, R. W., BgrrC. G., and Poss, K. D., A dynamic
epicardial injury response supports progenitor @efivity during zebrafish heart regeneration. 68I8; 2006, with permission from Elsevier. (3)
Wills, A. A., Holdway, J. E., Major, R. J., and RBo&. D. (2008). Regulated addition of new myocalrdind epicardial cells fosters homeostatic
cardiac growth and maintenance in adult zebrabglvelopmentl35, 183-192. Reproduced with permission of the ComgduBiologists.
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BrdU pulse-chase experiments suggest thds selgregate to the distal blastema at the endlasdftdma
formation around 36-48 hpa, and that these cedlsdascendents of formerly proliferating cells (Npohuk and
Keating, 2002). However, it is unclear how this gammentalization occurs. If the early blastemeoisiposed of a
homogeneous cell population, perhaps these cedlsnaluced to restrict their expression profile ls¢ bnset of
compartmentalization. Alternatively, if the earliaftema is a heterogeneous cell population in weiath cell
already expresses its position-specific profilentiperhaps compartmentalization occurs by a praxfessl sorting.
How the shift from slow cycling to rapid cycling é@ntrolled and how it is coordinated with compatitalization
of the blastema remains unknown. New tools sugir@soter driven cell ablation should help dissethiological
function of the distal and proximal domains (Curati@l., 2007. Additionally, gene specific targeting combined
with CreLox strategies should allow cell lineagactng to definitively dissect the origin of the &tlema in zebrafish
appendages (Doyat al., 2008 Menget al., 2009.

Functional genetics

Mutagenesis screens for temperature sengitigkes that affect regeneration brought caudaldigeneration to
the forefront of regeneration research (Johnson\aedton, 1995; Pos al., 2002). Although these screens are
limited by the fact that complete coverage of tea@me with temperature sensitive alleles is nosiptess genes
associated with regeneration have been uncoverng@oBbining forward genetics, pharmacology, andggznic
overexpression a potent toolbox is now availablezérafish for a thorough investigation of its negeative
processes.

These strategies have already provided stthatsare defective at various stages of regemeraBor example,
fish harboring a mutation in eithégf20a (discussed below) drsp60 never form a blastema (Makireb al., 2005;
Whiteheadkt al., 2005). Interestinglyhsp60 is expressed in early mesenchymal blastema aadl@ppears to play a
role in the mesenchymal cell response to nearbyutatipn (Makinoet al., 2005). On the other hand, fish with a
mutation inmpsl, a mitotic checkpoint protein, exhibit normal walnealing and early blastema formation, but are
defective in the regenerative outgrowth phase (Rbst., 2002). Defects inmpsl animals are observed in the
proximal blastema zone at roughly 48 hpa duringtthasition to rapid cell proliferation. Whilepsl is clearly
essential for proper regeneration, it sems to playouse-keeping” type of role in rapidly proliféray cells. In fish
with a mutation in thalyl gene, wound healing and mesenchymal disorganizatie unafftected, but the proximal
blastema zone is never established and the diststielna zone is enlarged. Because the yglsgene product is
involved in protein trafficking and zebrafishyl expressing cells segregate into the distal zomangltnormal
blastema compartmentalization, gl mutation has been hypothesized to cause defesitimaling from the distal
blastema cells to the more proximal proliferating/l (Nechiporuket al., 2003). However, the nature of the
presumed signal(s) remains unknown. While sl and slyl mutant phenotypes provide resources to study the
compartmentalization stage of zebrafish regeneratioe genomic regions surrounding these genesldtadso
provide useful enhancer sequences for future irgagfins.

In fish, the FGF signaling pathway plays ayvearly role in establishing proper epidermal/mesgmal
interactions and blastema formation, just as sugdefor FGF signaling during anuran amphibian regation
(Whiteheackt al., 2005; Yokoyamat al., 2001; Yokoyamat al., 2000). The FGF signaling pathway is essential fo
fin regeneration as evidenced using pharmacologlasset al., 2000), morpholino (Thummet al., 2006), and
dominant negative transgenic (Leeal., 2005; Tawket al., 2002) approaches. Fish harboringfgi20a loss of
function mutation display an abnormally thickeneduwd epidermis, improper basal layer formationlufai of
uninjured tissue near the amputation to disorgaréine absence of a blastema (Whitehetaal., 2005).fgf20a is
expressed within the first 6 hours after amputatiothe mesenchyme directly beneath the wound epidewhile
the FGF receptoffgfrl, is expressed byl18 —24 hpa in fibroblast-like Iplestemal mesenchymal cells just proximal
and distal to the amputation plane (Pesal., 2000; Whiteheadt al., 2005). These combined data cement FGF
signaling, either directly or indirectly, as an trpam regulator of stem/progenitor cell formationigration,
proliferation, or organization. The cells expregduyfrl may represent a fruitful target of future resedorused on
elucidating the nature of regenerative stem/pragecklls in zebrafish.

Two other pathways, activin/T@Rnd Wnt, have also been implicated in the earfitsghs of the regenerative
response. Microarray experiments revealed twdivin-fA, a member of the secreted TGBuperfamily, is
upregulated as early as 1 hpa (Jazwirgtka., 2007). Manipulations that inhibit activin/T@ignaling cause an
early block in the regenerative response by reduanesenchymal disorganizatiomsxb expression, and/or cell
proliferation (Jazwinskat al., 2007; Kawakamit al., 2006). On the other hand, inhibition of canohig¢&nt
signaling (via overexpression of DKK or dominangative TCF3) or activation of non-canonical Wntnsiting
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(via overexpression of Wnt5a), blocks stratificatiaf the wound epidermis and blastema formationa@aamiet

al., 2006; Stoick-Coopeet al., 2007). Wnt signaling inhibition also eliminategpression of botlgf20a and

downstream FGF targets, suggesting that Wnt siggadi upstream of FGF signaling following amputatid hus,
regeneration of the zebrafish tail fin is akin battof the anuran tadpole tail in that both systeiiiize the same
signaling pathways in apparently similar ways (&imd Slack, 2008). These data provide a glimpseti@@omplex
coordination of signaling pathways during the eaglgenerative response (Kawakagtnal., 2006; Stoick-Coopest

al., 2007). Elucidation of the interactions betwela basal layer of the wound epidermis and the respe pre-
blastemal stem/progenitor cells is paramount tcewstdnding the vertebrate response to regeneration.

Unanswered questions
Naturally, great progress has extended old questidrile raising a cohort of new ones:

1. Do blastema cells derive from differentiated celfsundifferentiated reserve cells? While long tepaise-
chase BrdU studies have apparently ruled out ledalning (slow cycling) progenitor cells (Nechip&rand
Keating, 2002 the presence of rapidly cycling stem/progendelts in the fin is suspected because there is a
high steady-state level of cell proliferation irtfins of intact, unamputated animals.

2.  What is the source of the basal layer of the woepithelium and how is it specified2f1 appears in cells
prior to the formation of a morphologically recopable basal layer (Poss al., 2000, but are they really
presumptive cells of the basal layer? How are th#iphe essential signaling pathways coordinatedrdythis
specification? The basal layer appears to be d@abéoit regeneration, but why? Does it signal anduice
blastema formation or is it simply a source of gitovactors or extracellular matrix?

3.  What purpose is served by “disorganization” of tilnjured mesenchymal tissue? Do these cells jpeeto
the proliferating blastemal cells, do they modife textracellular environment to make it permissifue
blastema activity, or both?

4. What is the biological purpose of blastema compantiadization? Is the distal blastema a source aggmitor
cells for the proximal blastema, or is it a sousEsecreted factors as implied by ghgl mutant phenotype?

Given the ever-expanding toolkit availabletite study of zebrafish biology, it is expectedttanswers to these
guestions will be forthcoming in the foreseeablkeiffe.

Organ (heart) regeneration

Studies of zebrafish heart regenerationtilids that careful lineage experiments are a paisée for assessing
the cellular source of regeneration (Lepiletal., 2006). When adult fish hearts expressing redréiscent protein
(RFP) driven by a cardiomyocyte(CM)-specific proeroaire transected, cells in the regenerating regiqpress
markers of cardiac embryonic progenitor cells ahtresce red at a much reduced level compared ¢o th
surrounding differentiated CMs (see Figure 2B).sTtould be interpreted as the dedifferentiatio@bfs, or as the
differentiation of progenitor cells turning on ti@&M promoter for the first time. To distinguish betn these
possibilities, fish expressing both RFP and GFnftbe same CM promoter were analyzed. Because 888 dnd
fluoresces slower than GFP and it is more stallle, appearance of RFP-/GFP+ cells after amputationldv
represent newly differentiating progenitor cellshilw RFP+/GFP- cells would represent cells undergoi
dedifferentiation. When the experiment was perfatimtese double transgenic hearts yielded RFP-/Géells
throughout the regeneration process, indicatingribgeneration of the myocardium results from thigeientiation
of progenitor cells and not from dedifferentiatiggee Figure 2B; Lepilinat al., 2006). While this provides
important support for the progenitor hypothesisg @pproach includes a key assumption: if a cell wmas
dedifferentiate, the cardiomyocyte promoter wouldntoff and proteins would undergo their normalntwer.
Because the potential mechanism used to accomgtslifferentiation is unknown, it remains possibatt a
dedifferentiating cell would rapidly degrade a Engumber of protein products and the differencds/den RFP
and GFP stability would no longer be observable.

Where do the progenitor cells come from? Using Isimapproaches during tissue growth in unamputatechals,
recent work revealed that CM progenitor cells ax@uced throughout the entire adult myocardium durispid
homeostatic tissue growth (Wilés al., 2008). In addition, epicardial-derived cellsrfrahe outer edge of the heart
actively migrate into the myocardium during botlygreration and homeostasis to build vascular titser Figure
2B; Lepilinaet al., 2006; Willset al., 2008). Additional analysis of cell proliferatiamth more markers and at
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earlier time points will be required to fully addeethe origin of the progenitor cells. Nonethel#ss,type of careful
and creative experimental approaches used to tlissediac regeneration in zebrafish will be necgssa all
vertebrate regenerative contexts to critically aaté the contributions of dedifferentiation andrsf@ogenitor cells.

Regeneration in planarians
Background

Planarians are bilaterally symmetric animakst {possess derivatives of all three germ layardde ecto-, and
mesoderm) and display astonishing regenerativétiabilReddien and Sanchez Alvarado, 2004). Relativcells
involved in the vertebrate regeneration responke, dource of regenerative cells in planarians i€hmigss
controversial. Planarians recruit an experimentatlgessible population of adult stem cells calledbtasts that are
distributed throughout the body. Classically defin®y morphology, sensitivity tg-irradiation, and mesenchymal
distribution, neoblasts are undifferentiated callith a large nucleus and very little cytosol (Readand Sanchez
Alvarado, 2004). With the exception of the germlineoblasts are thought to be the only planaridia capable of
division. After animals are exposedytarradiation, cell division ceases and neoblastslast, rendering the animals
incapable of regeneration or homeostatic tissuroiter (Pellettieri and Sanchez Alvarado, 2007). Toss of
neoblasts is manifested by a characteristic ventrding and the eventual lysis of the animals (@Redet al., 2005
). In contrast to irradiation, neoblasts respondrtgputation with a proliferative burst, which rasuh the formation
of a regeneration blastema and the eventual réistoraf the missing body parts. Because only injest of
neoblast-enriched preparations can restore longewd regeneration to irradiated animals (Bagetf&., 1989), it
is believed that in planarians, regeneration asglié homeostasis are primarily driven by neoblasttion.

Because small neoblast-containing fragments cum fatmost any location in the adult animal can poedantire,
properly proportioned planarians, it is thoughtt thaoblasts are collectively totipotent. While treoblasts are toti-
potent as a population, the differentiation potnif any given neoblast is unkown and the molecudure of the
neoblast population remains poorly described. teméyears, the molecular dissection of planaggeneration has
been aided immensely by the discovery that RNArfatence (RNAi) can be used to interrogate genetion
(Newmarket al., 2003; Sanchez Alvarado and Newmark, 1999). la broad stroke, it was shown that over a
thousand genes from an RNAI library could be scedeior phenotypes in a relatively short amountimit This
work identified 240 genes associated with regermmratiefects. From this collection, 140 gene pedtidns
blocked, limited, or reduced regeneration, 48 ofciwitaused the characteristic curling/lysis phepetgbserved
after irradiation, indicating that neoblast functiwas compromised (Reddienal., 2005).

In addition to RNAI, sequencing of the planariamg®ae (http://www.genome.gov/Pages/Research/Seqmginci
SegProposals/PlanarianSEQ.pdf), generation of H8aries (Sanchez Alvarads al., 2002; Zaya%t al., 2005),
production of antibodies (Agatt al., 1998; Guaet al., 2006; Kobayashit al., 2007), development of cell-specific
whole mount in situ hybridization (WISH; Cebr& al., 2007; Eisenhoffeet al., 2008; Gurleyet al., 2008;
Umesonoet al., 1999), and fluorescence in situ hybridizatiohS(H) methods (Cebriat al., 2007; Eisenhoffeet
al., 2008; Gurleyet al., 2008; Umesonat al., 1999), labeling of proliferative cells (Newmadhd Sanchez
Alvarado, 2000), development of fluorescence attidacell sorting (FACS) protocols (Hayas#t al., 2006;
Reddienet al., 2005), and single cell RT-PCR techniques (Higwthal., 2008) have catapulted planarians from an
academic curiosity to a viable and fascinating rhdde regeneration research. Because the cellshiedoin
planarian regeneration and homeostasis are idehi@#find these cells can be studiggivo, the set of questions one
can currently address using planarians are veiferdiit from those being addressed by amphibiangebrafish
experimentation. These questions are focused ohitih@gy of planarian stem cells and the mechanistitiged to
control their self-renewal, fate choice, and défetiation:

Are all neoblasts the same or are there subsditseeafye-restricted cells?

What is the extent of their molecular heterogerteity

How, when, and where do neoblasts choose theirafadedecide to differentiate, especially in theteghof
regeneration?

How is this decision controlled?

Is differentiation immediate, or is it a slow pres@

Does it happen in stages?

If it does happen in stages, what are the choictenat each step?
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Heter ogeneity and lineage of neoblasts

Researchers have begun to answer the abog@ianseusing the tools of modern molecular bioldyy, there is
much more to learn. Studies using the DNA analagrimdeoxyuridine (BrdU) have shed light on the distiion
and fate of neoblasts because this technique allesesarchers to both visualize cells that are algtigroliferating
and follow those cells over time. After a singldsguof BrdU, only neoblasts are initially labeléadicating that
this population is rapidly dividing (Eisenhoffet al., 2008; Guoet al., 2006; Newmark and Sanchez Alvarado,
2000). Labeled cells are distributed throughoutgheenchyma (mesenchyme) of the animal and argmumisly
absent from the pharynx and from a region antdrothe photoreceptors, the two regions of the ahihmt are
unable to regenerate. This distribution fits thesslcal criteria for neoblast distribution. An &ty that recognizes
phosphorylated histone H3 (H3P), which marks digdcells, reveals a similar neoblast distributisrda cell cycle
specific probesrficm2 andpcna homologs; Newmark and Sanchez Alvarado, @rl., 2005; Salvettét al., 2000).

If animals are fixed at various time points aftedB is administered, labeling is observed in défarated cell types
roughly 35 hours after the BrdU pulse. Labeledscedin be observed in the post-mitotic epitheliuvessd days
later. When planarians are exposed to long-terntirmosd doses of BrdU, all neoblasts, as definedriwyphology,
are eventually labeled. Finally, if a pulse of BrifJadministered prior to amputation, a large nunmifdabeled
cells are found in the regenerating tissue, showhag the progeny of neoblasts that were activelidiohg prior to
amputation make a major contribution to the regetmey tissue (Eisenhoffest al., 2008; Newmark and Sanchez
Alvarado, 2000). Combined, these data argue tleah#oblast population constantly divides to replzalés lost to
turnover. In addition, the cells of regeneratirsgtie are derived from the dividing neoblasts.

The neoblast population likely contains both stetscand their committed progeny. However, the fogteneity of
the neoblast population has been difficult to adslteecause neoblasts are defined by their morpphdingdence of
heterogeneity among neoblasts has recently beegestagl by electron microscopy and FACS experimtras
associate chromatoid body-containing cells with wappears to be different stages of differentiatidiguchiet al.,
2007). Chromatoid bodies are electron dense stegtiound in the cytoplasm of many cells that Hi¢ tlassical
definition of a neoblast. While two types of neaittbke “stem” cells were noted, these most likedpresent
neoblasts in different stages of the cell cycleabse they were separated based on DNA contenheAtnbment,
general cell morphology and fluorescent dyes coetiwithy-irradiation are the only available parametersad s
cells, which results in the sorting of clearly mixeell populations (Eisenhoffet al., 2008; Higuchiet al., 2007).
The promising potential of FACS analysis awaits idhentification of markers that can be used to sstpacells
based on molecular criteria.

The best example to date of a lineage-restrictetlast fate is the presumptive primordial germeélhe germline
stem cells derive from somatic cells because headnfents devoid of germ cells regenerate them amd ¢
eventually make oocytes and sperm (Morgan, 190@)m&ells represent a lineage-restricted stemtyya#l and are
indistinguishable from neoblasts at the ultrastrait level (Higuchiet al., 2007). However, these cells can be
identified by their distribution and their specifixpression of the planariaanos homolog Djnos, Smed-nanos;
Handberg-Thorsager and Salo, 2007; Shi., 2006; Wanget al., 2007).nanos encodes an RNA binding protein
with a known role in germ cell differentiation amdaintenance, and in planarians the undifferentiaimbs-
expressing cells are located near the testes amikevImportantly, silencin§med-nanos by RNAi does not affect
neoblast function or planarian regeneration, bolisbes the formation, regeneration, and maintemafigonads in
sexual planarians (Wang al., 2007). In addition, the germline represents dhé/ clear case of cycling cells
besides neoblasts because these cells: 1) aréwetsirradiation (Handberg-Thorsager and Sali) 72 Satcet al.,
2006; Wanget al., 2007; 2) incorporate BrdU (Sagbal., 2006); 3) express PCNA (Satbal., 2006); and 4) stain
positive for H3P in the spermatocyte cysts (Wahgl., 2007). Interestingly, expression of thanos homolog in
asexual animals revealed that although these asidaahot form functional gonads, they still spegjgrm cells that
do not divide (Handberg-Thorsager and Salo, 20a% & al., 2006; Wangt al., 2007).

A recent study illustrates the vast potential ofderm molecular tools to dissect the nature of planastem cells
(Eisenhofferet al., 2008). Comparing microarray expression profiéson-irradiated and irradiated animals at
either 24 hrs or 7 days post-irradiation generatdist of genes enriched in neoblasts and theiggmg. These
comparisons were crucial because neoblasts, andfahe neoblast-specific genes, disappear by 24alftey
irradiation. However, genes that disappear soore#ieer represent post-mitotic cell types thatlast because no
neoblasts remain to replenish them. Three categofieeoblast-related genes were identified basdtieir ordered
rate of disappearance following irradiation, andogir expression pattern in intact animals (segiféi 3A). WISH,
BrdU pulse-chase, and double-labeling FISH expertmehowed that BrdU labeled cells, which are resiblat the
time of labeling, exhibit a stereotyped progressibuell differentiation. At early time points, @0.5% of BrdU+
cells are positive for Category 1 markers. By 2sdafter a BrdU pulse, BrdU+ cells instead expredegory 2
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markers and by 4 days they express category 3 msarkéhile cells expressing category 2 and 3 markees
descendents of neoblasts, the precise relatiomstipeen these cells remains to be determined (fodfm et al.,
2008).
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Figure 3A Planarian neoblasts (green) are present throughout the mesenchyme of the animal and express
category 1 genes.

Neoblasts give rise to cells that express categoggnes and to cells that express category 3 génissnot yet clear whether neoblasts can
directly give rise to category 3-expressing ceallswhether those cells must first enter a tempotatggory 2-expressing state. Regardless, cells
that express either category 2 or category 3 gareemore peripherally located than the neoblastlicating that as neoblasts differentiate, they
turn on different gene expression programs and ntoward the periphery of the animal. Many of theritified genes have been assigned
particular functions based on RNAIi experiments, levioithers await careful characterization. Not &hes are listed and descriptions of gene
functions are discussed in the teBtRNAi of Smed-fcatenin-1 causes stem cell progeny to acquire a head fgeediess of the location of
amputation. In contrast, RNAi &mned-APC-1 causes stem cell progeny to adopt a tail fat®olecular markers of anterior and posterior faie o
day 4 of regeneration following amputation down teater of the animal. After RNAiI ddmed-fcatenin-1 (low B-catenin activity) orSmed-
APC-1 (high B-catenin activity), stem cell progeny along theirenamputation plane adopt an anterior or postdete, respectively. Images
provided by George T. Eisenhoffer. the authors,adapted from (Gurlegt al., 2008.
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This study unambiguously identified markersfuactionally investigate the self-renewal of nexdté and the
differentiation of their progeny (see FigurB)3However, this is just the tip of the iceberghN& the WISH pattern
of each category 1 marker is similar and marks lastdy careful double FISH of all category 1 maskeiay reveal
long sought-after molecular heterogeneity amondlasts. These studies significantly expand on eraelkpression
analysis of irradiated animals from a related plenapecies (Rosst al., 20079. However, the genes screened by
microarray still represent only a small fractiontbé planarian genome and additional early lineagetain to be
discovered. Moreover, the experiments addressiagdmporal regulation of gene expression were pagd on
intact animals (Eisenhoffet al., 2009. During the homeostatic conditions studied, #fedentiated adult cell types
were present. How the animal senses which bod parteplace after amputation, how it selects thgr@priate
lineages, and how this corresponds to the linealgionships observed in intact animals are fasicigajuestions
for future investigation.

Gene function and neoblasts

Several neoblast studies have focused onapéam genes that encode homologs of RNA bindingejms
associated with germ granules in other animals.l&\&ome planarian RNA binding proteins are expissea
neoblast-like patternpiwi homolog3 (Guo et al., 2006; Reddieret al., 2005 Salvettiet al., 2005), some are
expressed in both neoblasts and differentiatedidssgumilio, bruno, and musashi homologs; Guat al., 2006;
Higuchi et al., 2008; Salvettet al., 2005), and others are expressed exclusivelyiéngermline {asa and nanos
homologs; Handberg-Thorsager and Salo, 2007; 8aah, 2006; Shibatat al., 1999; Wanget al., 2007) or in
differentiated tissuesrusashi homologs; Higuchét al., 2008). RNAi-mediated silencing péimilio, piwi, or bruno
homologs leads to regenerative failure, but throdiferent mechanisms (Gua al., 2006; Reddiert al., 2005
Salvettiet al., 2005). While neoblasts are eventually lost IrBatases, careful evaluation of early phenotypagas
has led to important insights. Whenbeuno homolog @med-bruno-like) is silenced, stem cell maintenance is
defective while differentiation is normal (Gua al., 2006). These animals can initiate regeneratia legin
forming new tissue, but as neoblasts are depl#téesitissue regresses and the animals die. Ontliee band, when
a piwi homolog émedwi-2) is silenced by RNAI, neoblasts proliferate, thaiogeny migrate, but differentiation is
defective (Reddiert al., 2005). These studies illustrate the potentialitderstand various aspects of stem cell
control during tissue homeostasis and regenerafibay also illustrate that it is crucial to distiigh primary from
secondary regeneration phenotypes, because theflos=oblasts is a common secondary consequenearlér
defects in distinct processes (Gai@l., 2006; Oviedo and Levin, 2007; Reddatral., 2005 Salvettet al., 2005).
Genes that do not encode RNA binding proteins dam lae silenced to elicit irradiation-like stemiedtfective
phenotypes. After silencin@med-cdc23, neoblasts arrest in anaphase, cannot divide fitage tissue during
homeostasis, and the animals curl and lyse a®yf ttad been irradiated. In addition, RNAI of a plaan innexin
homolog émed-inx11) abolishes regenerative capacity and leads taraletuirling (Oviedo and Levin, 2007). This
gene is expressed in post-mitotic cells anterioth® photoreceptors (Oviedo and Levin, 2007) muké the
category 2 genes discussed above (Eisenhefffal.,, 2008). smedinx-11 expression may reflect a itiansstate
from neoblasts to differentiating progeny, but thigposition has not been rigorously tested.

Fate choice

In 1904, Thomas Hunt Morgan observed thagréotand posterior facing amputations both haeepthtential to
become either a head or a tail (Morgan, 1904).rflisks had to wait over 100 years for moleculararathnding of
how planarians sense which structure to replacés mbw insight stems from silencing the intracelfutore
components of the canonical Wnt signaling pathwsse (Figure 3B). RNAI silencing of a planarigifcatenin
homolog (Gurleyet al., 2008; Iglesiast al., 2008; Petersen and Reddien, 2008jishevelled homologs (Gurleyt
al., 2008) induces the regeneration of a head eveen &l amputation. Conversely, silencing thdenomatous
polyposis coli (APC) homolog, which encodes an antagonispafatenin, causes increaspdaatenin activity and
consequently, a tail regenerates even if the headmoved (Gurleyt al., 2008). These data indicate that under
normal circumstance$-catenin is a molecular switch: activity is inhégtor never initiated at anterior wounds to
induce head formation and is highly activated at@oor wounds to induce tail formation. The cohtbp-catenin
activity is also crucial for homeostasis becauseARDbDf S-catenin (Smed-fcatenin-1) in intact animals causes
neoblast progeny throughout the animal to adogdraarior fate, leading to the transformation ofeottissue types
into heads (Gurlet al., 2008; Iglesiagt al., 2008; Petersen and Reddien, 2008). Thus, thacsilg of specific
planarian genes has uncoupled fate decisions ofneeblast progeny from their location in the animal
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The control off-catenin activity does not actually specify headaik fate, but instead anterior or posterior fate,
which consequently leads to head or tail formatibhis is supported by at least 3 lines of eviderest, after
cutting Smed-fScatenin-1(RNAi) animals just anterior to the photoreceptors, tbdeynot regenerate a new head
anterior to the old one, but instead specify therdor tissue that needs to be replaced (PetersgiRaddien, 2008).
Second, tail fragments of untreated animals, whitist regenerate a trunk and a head, specify tlgiantmargin

of the regenerating animal before an actual heattumk forms (Gurleyet al., 2008). Regeneration and tissue
remodeling then replace the missing regions. Thifter lateral amputations of RNAI treated animaksarly all of
the cells along the entire amputation plane adopargerior (lowp-catenin activity; Gurlet al., 2008; Petersen
and Reddien, 2008) or posterior (excesg$hgatenin activity; Gurlewt al., 2008) fate (see Figure 3C). Hence, while
B-catenin activity must be kept low in the antedmd high in the posterior during lateral regenergtthis activity
must be maintained at intermediate levels at inggliate positions so that neoblast progeny can afdtgs other
than anterior or posterior. This implies that themray be a gradient di-catenin activity along the AP axis or
perhaps a third state (head, body, tail) offifeatenin switch. The mechanism by which this gnaidie established
or this switch controlled during regeneration remsahe focus of current research.

The discovery thag-catenin activity is dynamically controlled duripdanarian homeostasis and regeneration has
provided a foothold to study how planarians recpgrihat the anterior or posterior structures haaentremoved.
Two main questions remain unresolved. First, witiehs turn up or dowfi-catenin activity to determine head or
tail identity? Is it the stem cells, their progeny,both? Second, what are the upstream signalsdndrol3-catenin
activity? Secreted Wnt ligands and antagoniststla@emost likely candidates and their RNAs are esged in a
complex AP gradient, but silencing these genesbayet led to head or tail misspecification dedg&Gurleyet al.,
2008; Petersen and Reddien, 2008). If Wnts are tesedntrol the-catenin switch, then what mechanisms are in
place to control Wnt expression?

Concluding remarks

Regeneration is widespread throughout the alnimgdom suggesting that it is not just a cagin@subject, but
that the underlying biology is fundamental. In fagigeneration may be an ancestral feature of matalife that
has been lost to varying degrees in multiple liesa@anchez Alvarado, 2000). Unfortunately, whilammals can
regenerate certain organs to some extent, our eegve powers are comparatively far less impressiv
Because mammals exhibit limited regenerative céipaciwe aim to understand the many ways that attganisms
use the same basic genetic toolkit to achieve eggdion. It is important to remember that embryptacval, and
adult regeneration are very different with resgecoverall scale and the ratio of differentiatedutaifferentiated
cells that are present. However, in any contexgiemeration critically depends on a source of peddifive
stem/progenitor cells. While great strides havenbeade in understanding vertebrate regeneratiortrendomplex
cell interactions that are involved, very littleksown about the definitive source of regeneratietts or their fate.
This should soon change as techniques for prohitg such questions are rapidly improving. For exemp
transgenic GFP+ tissue transplants have alreagy it significant plasticity for blood stem cellsring axolotl
tail regeneration (Sobkowt al., 2006), while the contribution of blood stem selluring zebrafish regeneration
remains unexplored. Planarians, on the other hprjide a remarkable model system to study thenemggive
response of undifferentiated cells because the/ptegenitor cells have been identified, are abuhdand are
experimentally accessibia vivo.

Comparing how different animals achieve regenemnatian now be approached from multiple fronts. Tiuel\s of
signaling pathways serves as an example of howntiegration of data across multiple regenerativetexts has
informed general concepts. In zebrafish and amphghi Wnt signaling is required for regenerationalse its
inhibition leads to an improperly stratified AECdaabsence of a blastema. In planaria, decreasesreases iif-
catenin activity, the standard readout of canoni¢at signaling, causes stem cell progeny to makiengnoper fate
choice, but regeneration in general is not affectdis may indicate that the primary defect follag/iwnt signaling
inhibition in vertebrates is caused by the improfete specification of either AEC cells, or of wdtde
stem/progenitor cells. Thus, improper fate choigy head to an improper regenerative response. dtaely, it is
also possible that the same signaling pathway jogied in a completely different way by differemtimals to
achieve a similar outcomég., the replacement of missing structures. SimilaHgdgehog signaling appears to
control the proliferation of posterior blastemalseluring tail regeneration in larval axolotls (8abpet al., 2005),
but has a tissue patterning function during axdiotb and zebrafish fin regeneration (Avareiral., 2006; Quingt
al., 2002; Royet al., 2000). Whether Hedgehog signaling is involvedplanarian regeneration remains to be
determined.
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In zebrafish and planarians, steady-state cellotenis a constant process. Zebrafish change th&ir of cell
proliferation in response to changes in populatiensity and planarians constantly adjust their odteroliferation
to match nutritional status and will even shrinkentstarved. During specific phases of a regeneraggponse in
zebrafish, cellular proliferation abruptly switchiestween slow and fast cycling modes. In planariprdiferation
increases in response to amputation, but the gréaietics of the cell cycle during regeneratioa emrrently under
active investigation. It could be argued that astdn zebrafish and planarians, regeneration neagnbexaggerated
version of homeostasis. However, this is not likelype a universal rule for regeneration, becauseyrmammalian
tissues exhibit extensive homestatic cell turnanvbile their regenerative response is quite limi(eeéllettieri and
Sénchez Alvarado, 2007). In contrast to planaramszebrafish, urodele amphibian limbs exhibilditteady-state
cell proliferation outside of epithelial tissue (Hand Fischman, 1961) and yet, these animals peothd most
dramatic examples of regeneration.

Fertilization provides a single totipotent cell tthéll divide many times with a concomitant decreas potency of
the resulting progeny as development ensues. Tasfiction correlates with changes in chromatinucttire
(epigenetics), which usually consists of varyingrées of DNA methylation, histone methylation acétglation,
and the presence or absence of repressive chrobiatimg complexes at specific genomic locationscéht work
suggests that even in differentiated mammaliantgpls, the lineage restriction process is revirsihd cells can
be “reprogrammed” to adopt a multi-potential stédei et al., 2008; Meissneet al., 2007; Okitaet al., 2007,
Takahashet al., 2007; Takahashi and Yamanaka, 2006; Weeha., 2007; Yuet al., 2007). If urodeles do in fact
dedifferentiate their cells to a multipotent statee natural ability to “reprogram” cells duringgemeration may
critically correlate with the epigenetic state dfetentiated cells throughout the intact animal.

For example, the differentiated cells of the salades may contain a different degree of epigendianges than
similar cells in mammals, thus allowing more flahtip in their response to injury. What is the staif methylation
in amphibian, fish, and mouse cells and where la@erépressor complexes bound? Do changes in epigstate
occur in specific cell types during regeneration®wHdoes the epigenetic state of cultured newt Ad amouse
C2C12 cells compare? In planarians, one would &sknd how epigenetics contribute to the maintenamice
neoblasts, and which changes occur when neoblafesedtiate. A comparison of the epigenetic stated
transcriptional profiles in regenerating and nogermerating tissues from amphibians, zebrafish, mamd
planarians could help identify commonalities anfledénces associated with regenerative capacifiksg these
lines, recent work has focused on obtaining exjpragsrofiles of zebrafish fin and heart regeneratibien et al.,
2006), as well as defining the transcriptional peodf the planarian neoblasts (Eisenhoffeal., 2008; Lienet al.,
2006).

Because each model system of regeneration hasvitsadvantages and disadvantages, the field stanbertefit
from the integration of the molecular and cellularowledge garnered from these organisms. For exa@n$l
planarian genespiwi, bruno, andpumilio homologs) that encode members of different RNAdisig families are
essential for apparently different biological funas within neoblasts. Do these genes play rolemdwebrafish
and/or amphibian regeneration? Can the expres$itiese genes or other known stem cell markers,thikse used
for “reprogramming,” be used to locate vertebrategpnitor cells? The proteins PROD1 and AG playla in
proximal/distal fate specification and cell protd&on in urodeles, but do they have a role in anueebrafish, or
planarian regeneration (da Sihe al., 2002; Echeverri and Tanaka, 2005; Kungral., 2007)? Likewise,
microRNAs (miRNA) play a key role in controllingftérentiation during zebrafish regeneration (‘¢tral., 2008).
While miRNA is likely to function in all regenera# contexts, which miRNAs control which aspects of
regeneration in each of the different contexts? I€Coany pattern or general rules be gleaned fromh suc
comparisons? As more information is gleaned frora #study of pre-bilaterian animals such as hydra and
nematostella, we will also need to incorporate éhedata with what is learned from the study of kilat animals.
Will common mechanisms emerge?

The future of regeneration research is exhilaraging full of promise. Central to the continued pesg of the field
will be to determine if animals use disparate medras to achieve this incredible biology, or whettiere are
underlying principles and gene networks common ggeneration. In either case, the molecular anduleell
mechanisms gleaned from these studies may helfifidpromising experimental strategies to eithesmpote innate
or introduce new regenerative capacities in manandlssues.
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