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ABSTRACT: Discovered centuries ago, regeneratianfisscinating biological phenomenon that contirtogatrigue. The study
of regeneration promises to inform how adult tissheal and rebuild themselves such that this psooesy someday be
stimulated in a clinical setting. Although mammaite limited in their ability to regenerate, closelyd distantly related species
alike can perform astonishing regenerative feaenywifferent animals representing almost all pliydeness an innate ability to
rebuild missing adult structures lost to injury.\ver, it is unclear which aspects of regeneragi@nconserved and which are
unique to a given context. One aspect of regererdtiat appears to be shared is the use of stegefpitor cells to replace
missing tissues. In this chapter, we review whadniewn about the natural role of stem cells duangnal regeneration. While
many animals regenerate, we limit our discussioamphibians, zebrafish, and planarians, well-stidiéateral organisms that
invoke cell proliferation in response to injury. Withe exception of planarians, the cellular sowteegeneration remains
mysterious. Are stem cells that rebuild missingues present prior to injury, or are they generdtethg the injury response? If
they are generatett novo, where do they come from? Can regenerative stésgiee rise to all of the missing cell types,aoe
multiple lineage-restricted stem cells required?rént studies in the field of animal regeneratior mtensely focused on
answering these central questions.

Introduction

Regeneration is arguably among the most as@ring biological phenomena known to exist. Tredry of the
Western canon is populated by many examples oftffiecriminate, powerful grip regeneration has &eon the
human mind. For instance, when Lazzaro Spallanzgrarted in 1768 that decapitated snails regenérateheads,
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 tadkifing the
spinal cord), while planarians can regenerate @atiimals from small body fragments.

Despite the longstanding interest in this dgidal problem, and the knowledge that animals fedimvalks of life
perform regenerative feats, we are still in thdyeatages of describing these events in cellulaslerular, and
mechanistic terms. However, the genetic and maéedaiols to address the problem of regenerationrapily
improving. Aside from the curiosity it normally eiis, the study and understanding of regenerationldc
dramatically impact the practice of medicine.

*This article was reproduced, with permission, fr@temBook, edited by Kevin Eggan and George Daldéye Stem Cell
Research Community, StemBook, doi/10.3824/stemlia@k.1, http://www.stembook.org. This is an opecess article
distributed under the terms of the Creative Commatigbution License, which permits unrestrictedeuslistribution, and
reproduction in any medium, provided the originakkvis properly cited.

209



Int. J. Biomed. & HIth. Sci. Volume 8, No. 4 (2012)

Just as relevant is the understanding deffiged the investigation adtem cells, undifferentiated cells that have
the capacity to replace themselves indefinitely tmghroduce specialized cell types. While embryasteam cells
divide and ultimately give rise to all the diffetixted cell types of the body, adult stem cellsrfrspecific tissues
are normally lineage restricted to a specific $atall types (Andersoet al., 2001; Morrison, 2001; Wageesal.,
2002). In order for an adult animal to replace migstructures with an exact copy of what is migsihis clear that
developmental programs must be redeployed. Howeherdynamics of cell communication and prolifevatare
vastly different, as are the cell types involvecb @ccomplish regeneration, adult animals may invitke
proliferation of differentiated cells, the activati of reserve stem cells, the formation of new steits with limited
capacity to self renevpfogenitor cells), or a combination of these strategies.

Which cells in an adult animal divide andfeliéntiate to replace the multiple cell types reggiduring a
regenerative response? While this is a very basdeed, fundamental question that has been forediland
reformulated through successive generations ofobisls, its resiliency against experimental attalchs proved
surprising, and in many cases quite frustratingndtloeless, it is apparent that different tissuedh(lwithin the
same organism as well as the same tissues froereiff organisms) use different strategies to aehisgue repair
or regeneration. For example, the vertebrate liveskes compensatory regeneration after the remafvialo lobes,
whereby the remaining lobe proliferates to reaegthe original tissue mass without replacing thesinig lobes. In
fact, regeneration can be compensatory (livegutsspecific (heart, skeletal muscle, liver, paagréens, retina), or
it can rebuild complex structures containing mugtifissue and organ types (e.g., limbs, fins, }ails

The goal of researchers studying model orgasisf regeneration is to discover how these animatsrally
accomplish the seemingly impossible task of restpbody parts lost to trauma. This chapter willul®on what we
have learned about stem/progenitor cell identitd &mnction 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 ftioen
simultaneous study of regeneration and stem aelfgé-bilaterian animals such as hydra. Thesequdati aspects
of hydra stem cells and regeneration, have beeausiively reviewed elsewhere (Bosch, 2007; Bo&dQ7;
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,dtassential to study the multiple ways nature bhsd the problem
of regeneration. Therefore, the best way forwatd istegrate the information derived from multipt®del systems
of regeneration as they are subjected to genedilcilar, and molecular interrogation.

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

Among the vertebrates, urodele amphibiansuareatched in their regenerative capacities. Whamed, these
animals regenerate an impressive array of bodyspartiuding the upper and lower jaw, lens, retiirap, tail,
spinal cord, and intestine (Brockes and Kumar, 200bsome cases, the restoration of complex anaiarolves
the formation of ablastema, a mass of morphologically undifferentiated, feotiting progenitor cells that is
covered by epithelium and differentiates to repldmemissing structures. Upon amputation, epithebis migrate
to cover the wound, formingwaound 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 rid@€ER) that forms in the limb bud during embryonievelopment.
While histolysis and fragmentation occurs nearwloeind, undifferentiated cells accumulate to foriastema via
proliferation and migration from the stump tisstibis is followed by cell specification and pattemi(Chalkley,
1954; Hay and Fischman, 1961).

But, where do blastema cells come from? Akreadlls of the blastema undifferentiated and eguaditent or are
they restricted to become only the tissue type fnehence they came? Could blastema cells have nayltip
intermingling developmental origins and outcomes&\E histological studies provided evidence thatlsce
remaining after injury “dedifferentiate” and migeato form the blastema (Brockes and Kumar, 2002aBret al.,
2002; Chalkley, 1954; Hay and Fischman, 1961; MuUa&bal., 1986; Straube and Tanaka, 2006; Thornton, 1938).
Among these early studies, elegant cell trackingeements using tritiated thymidine showed that ciejsneural
sheath, periosteum, and loose connective tissue welto 1 mm away from the amputation plane pecdife and
migrate to give rise to the blastema. In contregithelial or blood cells do not appear to contibto 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 losdiftérentiated
characters of cells after amputation and their aoent acquisition of an undifferentiated morphglogduring
blastema formation. In Hay's classic paper, sheribes the dedifferentiation process as “the reexdiving cells
from the confines of their previous organizationthweccompanying active mitosis of these cells (Ha
Fischman, 1961).” However, “dedifferentiation” iasdly misinterpreted to imply that a cell has attal a multi-
potent undifferentiated state. Because there igently insufficient evidence to either suggest @erout a major
role for reserve stem/progenitor cells in uroddistema formation, the term dedifferentiation agionally coined
may therefore refer to a reversal of the differatetii state, an activation of reserve stem/progenittls, or a
combination of both (see Figure 1A; Morrisetral., 2006).

We emphasize that the true makeup of the ledaastema remains unknown. The extent of multeptality
and/or heterogeneity is presently questionableussztong-term cell lineage tracing has been exthiedifficult to
perform in these organisms. Although blastemakdwdive lost both differentiated morphology andekgression of
genes associated with their tissue-specific difféated fate €.9., muscle myosin heavy chain), it is quite possible
that these cells have entered a migratory or mnaltfve state without changing their respectiveuisidentity or
potentiality. In addition, recent evidence suggésas a satellite-like cell population in urodelesule contributes to
the blastema and eventually to cartilage and epiide(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 technigues. Fomgika, the largest known contributor to the urodg#istema 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 leyBryantet al.,
2002; Muneokeet al., 1986). The recent identification of a potenpabgenitor cell population in the regenerating
zebrafish heart illustrates the targeted type gfapch that may be necessary to detect elusivéebhas progenitor
cells (see discussion below).

It is doubtful that the cultured A1 myotubemntain the satellite-like cells that are presemtivo. Therefore,
whether or notn vitro generated myotubes represantivo myotube behavior needs to be fully determineds i
important because results from these cell lineseHagen interpreted to represent the urodele andrmadiem
condition. Because the cultured cells were seruanvaetl to trigger myotube formation in the first qg@a an
alternative interpretation of these experimenttat newt Al cells are more flexible or “plastitlah mouse C2C12
cells. This may turn out to be the general casaifodele 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 da@mS phase
after serum treatment, they do not go on to digideé the myotubes do not fragment (Straube and Bar28l06).
Forced expression of thdsxl gene (a homeodomain protein with known repressctfons) in C2C12 myotubes
causes a small fraction (5%) of cells to fragmaeixt proliferating mononuclear cells (Odelbet@l., 2000). Under
the proper culture conditions, these cells carediffitiate into adipocytes (fat), chondrocytes {leag), myocytes
(muscle), or osteocytes (bone). Because C2C12 asdlsnultipotent to begin with, these results stidé 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 tiryofibers
that normally fragment upon dissociation were iiteith from doing so vidMsx1l knockdown (Kumaeet al., 2004).
Given the caveats mentioned above for cultured ctile data argue thitsxl may be necessary and sufficient for
differentiated muscle to fragment into prolifergtimononuclear cells. To the contraityyivo morpholino-mediated
knockdown ofMsx1 in individual larval axolotl tail muscle cells haw negative effect on the ability of these cells
to fragment (Schnapp and Tanaka, 2005). This distrey has several potential explanations, including not
limited to the differences likely to exist betwed@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 thatesteiated to give rise to the same tissues fronthvitiey were derived, 2) cells that are
multipotent and give rise different tissue typas3pa complex mix of cells with a variety of orgiand potentials. In the larval tail of urodeles,
fluorescently tagged glial cells of the spinal cambliferate during regeneration and can give t&seissue outside of the spinal cord. Data
currently indicates that at least in larval tissutee urodele blastema contains a complex mix reédge-restricted and multipotent cells.
However, very little is known about the potentifbtastema cells in adult urodeles. In anuran abiphs, GFP+ tissue grafts into GFP- hosts
illustrate that cells of the regenerating spinabicand notochord are derived from cells of thosg same tissues. Therefore, the progenitor cells
during anuran tadpole regeneration appear to keicted in their potentialB Injection of dye into multinucleated muscle fibgrsgor to
amputation illustrates that once clipped, someettig®rs can fragment into proliferating mononucleells that contribute to the blastema. The
long-term fate of these cells is still under activeestigation.C (left) Muscle fibers in adult newts contain satellike cells that express Pax7
(green) and are separated from the rest of thebgedl basement membrane (red). (middle, right) Wthese cells are isolated, cultured, tagged
(red) and implanted into regenerating newt limib&yt contribute to the blastema and give rise telated tissue types including cartilage
(green) and epidermis (green). Images are adapiad {1) Echeverri, K., and Tanaka, E. M. (2002%td8erm to mesoderm lineage switching
during axolotl tail regeneration. Scien2@8, 1993-1996. Reprinted with permission from AAAZ) Gargioli, C., and Slack, J. M. (2004). Cell
lineage tracing during Xenopus tail regeneratioav&opmentl3l, 2669-2679. Reproduced with permission of the Gommf Biologists. (3)
Reprinted from Cell, 113, Tanaka, E. M., Regeneratif they can do it, why can't we?, 559-562, 200Bh permission from Elsevier. (4)
Echeverri, K., Clarke, J. D., and Tanaka, E. M.0®0 In vivo imaging indicates muscle fiber dediffistiation 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.

212



K. A. Gurley & A. S Alvarado

To track dedifferentiation events, culturegls can be labeled and implanted under the skiregénerating
limbs. In vitro differentiated myotubes, labeled with dye or vireertion, remain stable in culture, but about 25%
fragment upon implantation to generate prolifetmononuclear cells that contribute to the blast¢iamar et
al., 2000; Loet al., 1993). A few cells were eventually observedaonf cartilage cells, suggesting a change in cell
fate, but this was an extremely rare eventétal., 1993). On the other hand, reserve satellite-diddés also appear
to contribute to the blastema (Morrisenal., 2006). Proliferating cells derived from satelliike precursors were
isolated in culture from adult newt myofiber exganwWhen tagged and implanted into regeneratingt didibs,
these cells contributed to the blastema and mapgapd to switch lineage into cartilage and evedeemal cells.
To the contrary, another group found that implarpedary myofibers from juvenile axolotls can fragnt and
proliferate in the absence of satellite cells (Kurdaal., 2004). It is possible that these disparate testdn be
explained by the difference in species and lifdegtages (adult versus juvenile), or by the défercriteria used to
assess whether satellite cells were present. dtréimains possible that both myofiber fragmentatiad satellite
cell proliferation contribute to the blastenma vivo and their relative contribution may be age andipecies
dependent. A definitive explanation for these dipancies will be important and most likely awaisvivo cell
tracking experiments.

In another set of implantation experiment]scisolated from the newt heart (cardiomyocyt€d)s) were
isolated, tagged, and implanted into un-amputateaingoutated limbs (Laubet al., 2006). While CMs implanted
into un-amputated limbs were stable and exhibitedpecial behavior, they were activated when intpthimto day
5 regenerating limb blastemas and 65% gave riskefetal myotubes while a few expressed a cartitefjemarker.
This is clear evidence of the plasticity of thefeliéntiated state in adult urodele amphibians,tbhetmagnitude of
fate change is unclear because the transplanteddohtsued to express desmin, a marker found inynmanscle
cell types. While these experiments do not rulesorgle for reserve stem/progenitor cells, thepdieillustrate that
a large fraction of isolated newt CMs can at lsagtch muscle types.

In vivo studies

The most convincing support for muscle fragtaon 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 lhaxalotls that range from 2-5 cm in size from ntsail. Axolotls
are generally considered juveniles at around 5reierigth and adults average roughly 23 ¢cm longs BiL0-fold
difference in animal length between larvae andtadthnslates into a large difference of scaleathlthe 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 formaleege demonstrating the equivalence of these twindical
contexts of regeneration is presently lacking. Nlobeless, then vivo data provide strong evidence to support the
notion that differentiated cells can in fact chatiggir functional state. These data are represdntdtie following
three key experiments.

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

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

Experiment (2): To track individual neural progenitor cells (¢lizells) during tail regeneration, spinal cords &ver
electroporated immediately after tail amputatiorfdoce expression of GFP under the control of alglpecific
promoter (see Figure 1A; Echeverri and Tanaka, R0fVhile 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%nohals glial cells gave rise to cartilage. Thésdings are
significant because they clearly demonstrate thégeest in the larval axolotl, neural progenitolicef ectodermal
origin can switch fate into mesodermally derives$ties during a regenerative response.
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Experiment (3): A series of transplants and single cell electrapjons were recently performed to trace the lieeag
of spinal cord cells during tail regeneration (Mclighvili et al., 2007). Spinal cord tissue transplants from GP(+
to GFP(-) animals showed that the cellular preagrsised to regenerate the spinal cord are recrérided within
500 um of the amputation plane. The cells close to thewation give rise to distal spinal cord cells,ilettells
farther from the amputation give rise to proximalle Single cell GFP electroporations and embrydaFP(+)
neural plate transplants revealed that in mostscassls retain their regional identity during rageation such that
dorsal and ventral cells each give rise to cellhefsame respective position (McHedlisheilal., 2007). However,
in 8 of 21 electroporations and 3 of 5 transplacé#ls changed dorso-ventral (DV) identities. ldlididn, a fraction
of ventro-lateral cells near the terminal vesieldemporary structure that forms at the tip ofgpmal cord during
regeneration, migrated out of the spinal cord. €haggratory cells apparently contributed to thé héastema and
gave rise to blood vessels, Schwann cells, andsamtally to muscle and cartilage cells. The ressitggest that
glial cells can serve as multipotential stem/pratpes 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 aniguing line of
questions for future investigation. These data adlayer of complexity to the regionalization andudar make-up
of the larval tail blastema and suggest that bithalge 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 @rajes lie ahead. The modern and classic urodgknegation
literature is derived from a mixture of regenenmatgaradigms (limb, tail, and spinal cord) and frammixture of life
stages €g., adult newt, adult and larval axolotl), which JIgsiffects the scale on which regeneration takesepl
and the cell types that may be present prior torynjWhile important progress has been made, tfiaitiee source
of regenerative cells in urodeles remains unknomchia most likely a complex mix of cell types armtgntials. The
current data suggest that the blastema may be cedpuf both de-differentiated and reserve stemgriogr cells,
but this has not yet been rigorously elucidatedidies aimed at establishing fundamental differenaed
similarities between tail and limb regenerationthé® be performed. These should include long-teethlmeage
analyses during limb regeneration such that issfiell potentiality and the relative contributior cells to the
final regenerated structures can be unambiguoustplved. In addition, studies that incorporate maker
dissections of the regionalization that occursmyuproximal to distal patterning of the early lirnlastema need to
be expanded (Echeverri and Tanaka, 2005). Untis @ek clearly marketh vivo and lineage traced, the nature of
the limb blastema will remain enigmatic and conénial.

Likewise, much has been made of the abilityghef multi-nucleated urodele myotubes to fragmeat produce
proliferating mono-nucleated cells that contribtwethe blastema following injury (Brockes and Kumapo02;
Brockes and Kumar, 2005; Straube and Tanaka, ZDfitaka, 2003). While thia vitro andin vivo data show that
muscle fragmentation and proliferation occur, anat tsome cells switch identity during regeneratibmemains
unclear as to what role this plays in the regermrgirocess. Because muscle only contributes tghlgul 7% of the
blastema, future research should focusrovivo cell characterization/tracking of other cell typegluding dermal
cells, to determine their contribution to the bésst and to assess their differentiation poteniareover, a
potential role (compensatory differentiation) fordage switching can be deduced from early experisnghowing
that limbs devoid of bone regenerate normal linmbduding the missing bone (Weiss, 1925). This sstg that the
blastema can regenerate structures absent fromgaahpae-existing tissues. These experiments cleadg to be
revisited with modern cell tracking techniques (€am, 2003).

Thein vivo andin vitro data alike suggest that some differentiated céllsodele amphibians display plasticity,
as they are able to convert from one lineage toh&moThe question remains as to how differentithede 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 A1l anduiseoC2C12 cells appear differentiated and no longer
respond to growth factors, but the epigenetic sttbe genome is completely unknown for thesesc8llhat is the
state of genome methylation and other epigenetikkaens: of differentiation in newt A1 and mouse C2GEAS?
This same question about epigenetics can be aglatltivs. larval urodele amphibians and should be askedl in a
regeneration contexts. Is there a difference ireghigenetic differentiated state that can accoomthfe flexibility of
cells in their response to injury? What are thgepetic differences between the adult and larvalods? In fact, it
remains possible that data from larval cells assuies may not apply to the adult context. Diffeesnare bound to
exist between the limbs of a 3cm-long larval axoémtd a 25cm-long adult. For example, de-differidn 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 zonesdy 3 post-amputation (Echeverri and Tanaka, 2@@flberg,
2005). Because most if not all of the vivo experiments described above were performed imalaanimals,
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 @feflopmental biology for many years. As a reseancdel, this
animal has provided researchers with key insights how animals coordinate the progression fromngles
fertilized egg into billions of organized, commuating cells that function in the complex tissued argan systems
of an entire animal. To study frog development, amg@nt tools such as transgenic overexpressiore developed
to allow a detailed molecular interrogation of frioiglogy. These tools are now proving useful far #tudy of frog
regeneration.

Anuran amphibians can regenerate limbs aifglda tadpoles. This regenerative ability rapidéclines during
differentiation and metamorphosis at stage 52, shahby stage 56 differentiated cell types andfiesshones are
present and the regenerative response has dimihighés illustrates a common theme of correlatietween cell
plasticity and regenerative ability. Tadpoles caly gegenerate complex structures while they aiagthrough a
period of large-scale morphological change, inaigdimb development and tail regression during metghosis.
This suggests that regeneration in anuran amplsbiiay depend upon the presence of undifferentizisl which
are no longer present once differentiation hasrsddoes anuran “regeneration” represent the ghiditregenerate,
or instead the ability to forge on with developmiaitowing 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®&8e is a refractory period in which the regetiegaability of the
tail is lost between stages 45 and 47 (4—6 dayfewélopment), but is regained after stage 48 (Beek., 2003).
Therefore, the anuran amphibian provides a modskry that can be used to study the transition lestwiee loss
and gain of regenerative abilities. For example, ilockage of the BMP or Notch signaling pathwaysibits
normal tail regeneration while overexpression resageneration during the refractory period (Beicid., 2003).
Msx1 is a direct target of BMP signaling and forcedresgion of a hyperactive form bfsxl is sufficient to allow
tail regeneration during the refractory period. Hower, manipulation of these pathways did not altegeneration
of late stage tadpoles, again implicating the rfeedesponsive cell types that are likely preseitrgo state 56, but
absent thereafter.

Regeneration of the anuran amphibian taitgeds through the formation of an undifferentidtibtema-like
structure. However, recent studies using GFP(spé&dransplants and Cre-Lox mediated cell trackiznge shown
that each tissue of the frog tadpole regeneratemniindependent manner, giving rise to the sanseidigluring
regeneration (muscle to muscle, notochord to natathneural plate to spinal cord, and melanophdees
melanophores; see Figure 1A; Gargioli and Slaclk)42@.in et al., 2007; Ryffelet al., 2003). Unlike urodele
amphibians, there is currently no evidence to ssigtfeat anuran amphibian cells cross lineage baieslduring
regeneration, and unlike urodele muscle, anuramiascle 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 (Conbogt al., 2003; Conboy and Rando, 2002). What coordindtegproliferation and differentiation
of multiple tissue types, and why does regeneratbitity decline despite the continued presencsatéllite cells?

In anurans, as in urodeles, regenerationmiipen the formation of a WE and an AEC. The foromabf the
WE and properly specified AEC is critically impantaand during periods of lost regenerative abil#gputation
leads to the formation of a skin-like epitheliunstigad of a wound epithelium. WE and AEC specifaatare
tightly coordinated with blastema formation usindeast 4 signaling pathways. Disruption of BMP, t\ar Notch
signaling causes the loss of regenerative abilltigsffecting either the formation or maintenanéeagroperly
stratified AEC structure and the lossMéx1 expression in the underlying mesenchymal tisswexKBgt al., 2006;
Becket al., 2003; Kawakamét al., 2006; Yokoyamat al., 2007)). These pathways appear to control theesgjon
of coordinated FGF signals, FGF-8 and FGF-10, whimte also likely to be key players in the
epidermal/mesenchymal interactions that drive eblidgtema formation, proliferation, and regeneetutgrowth
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(Slack et al., 2004; Yokoyamaet al., 2001; Yokoyameet al., 2000). An elegant mix of pharmaceutical and
transgenic overexpression strategies recently sthdhat regeneration of the frog tail requires F@E aanonical
Whnt signaling (Lin and Slack, 2008). These studiss suggest that Wnt signaling functions upstredfGFs and
that both pathways are inhibited when noggin, whitlerferes with BMP signaling, is overexpresseéh (And
Slack, 2008). While it is clear that signaling pa#lys play an essential early role to establish g@rop
epidermal/mesenchymal interactions, and that eiashie type is derived from lineage-restricted céllsemains
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 stumb only
vertebrate development, but also regeneration (PXX}/; Posst al., 2003). Among other tissues, zebrafish can
regenerate retina, fins, and heart. It remains ankn whether zebrafish fin regeneration relies on
“dedifferentiation” or stem/progenitor cell actii@i. Because cell implantation or tissue graftisgnbt yet an
option in adult zebrafish, transgenesis has bedbmenethod of choice to address mechanisms of ezgton. The
recent employment of transgenic lines during zefhmafieart regeneration clearly implicates a res@negenitor
cell (discussed below) and points the way for fatexperiments that should be designed to track dabeorigin of
the blastema.

Appendage (fin) regeneration
Characterization

While the zebrafish response to appendageautatipn is very similar to that of amphibians, treatomy of the
fish fin differs significantly. Fish appendages ammposed of multiple fin rays, each of which proekitheir own
blastema (see Figure 2A). Wound healing occursutfiica process of epithelial cell migration to foamwound
epidermis, which thickens to form a layered streetoontaining a basal layer of distinctive cuboidalls. Like
urodele amphibians, the uninjured tissues in zedfraflose to the amputation plane become “disomgatij and
cells of the mesenchyme proliferate, appear to amégrand give rise to a blastema (12-48 hpa, hoass p
amputation). The zebrafish blastema then compaitttiees at the onset of regenerative outgrowth I{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 craspct of early
progenitor cell organization. Cells of the earlpdiema are proliferative and the G2 phase of theyde at this
stage is greater than 6 hrs long, indicating teds @re cycling slowly (Nechiporuk and Keating02p Cells in this
region express markers includimgsxb, msxc, dyl, mpsl, fgf20a, and hsp60 (see Figure R). Thus, the early
blastema may consist of a homogeneous cell popualatir it may instead consist of a heterogeneopsilption of
cells that differentially express these markers.

By the onset of regenerative outgrowth (48 hpa)ihastema begins to resolve into two distinct domgsee Figure
2A). Cells of the proximal blastema proliferate @dpj achieving a G2 length of roughly 1 hr by 72ahpnd express
mpsl, hsp60, and PCNA(Nechiporuk and Keating, 20R2XCells of the distal blastema do not proliferanel express
msxb, msxc, anddlyl. In addition, the distal-most cells of the diskdhstema region expredgf20a by 72 hpa,
illustrating sub-regionalization within the distadne (Whiteheadt al., 2009. It has been suggested that the distal
zone is important to direct regenerative outgroautid that the distal zone cells may be undifferéedigorogenitor
cells because they expraasxb andmsxc, which associate with undifferentiated cell tyjresther model organisms
(Nechiporuk and Keating, 20DZurther experimentation will be necessary tadade or refute these possibilities.
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Figure 2A Stages of zebrafish caudal fin regeneration aslongitudinal sections.

Homeaostatic 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 i€xhours, the wound epidermis thickens as cells theaamputation disorganize and migrate
toward the amputation plane. By 24-48 hpa, a bisesteas formed that contains cells expressing a euoftmolecular markers. Near the end of
this period, the blastema has compartmentalizedpraximal and distal zones that can be distingddby the level of cell proliferation as well
as the expression of molecular markers. This mdmxonset of regenerative outgrowth. By 72 hpadtbtal zone can be further subdivided by
the expression dff20a. (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 odl R&iorescent Protein (RFP) driven by a
heart muscle-specific promoter. Cells along theniblauy of regenerating tissue exhibit reduced “dewpression of this marker, which could
indicate either that the cells are dedifferent@tand reducing the expression of tissue specifitegeor instead that progenitor cells are just
beginning to express this gene for the first tifigpper panels — Right) To distinguish these polisés, Lepilina et. al. engineered fish to
express both GFP and RFP from the same heart masetific promoter. Because GFP folds faster thBR Rnd RFP is more stable once it is
made, GFP+/RFP- cells should represent cells tinat kurned this gene on for the first time (stepgpnitor progeny) while GFP-/RFP+ cells
should represent cells that have turned off theegdrthis promoter (dedifferentiation). As illused, GFP+/RFP- cells are clearly present near
the edge of the amputation, indicating that thetien™ cells are in the process of activating heautsole-specific genes for the first time and
therefore represent differentiating stem/progergtils. (Lower panels) After injection of the flesicent dye near the heart of unamputated fish,
epithelial cells around the exterior of the hearbrfesce red. During normal tissue homeostasisetitells migrate inward and eventually give
rise to vasculature within the heart, illustratitg unexpected dynamics of cellular activity in theamputated zebrafish heart. Images are
adapted from: (1) Tales of regeneration in zebnafiyol. 226, 2003, 202-210; Reprinted with perinissof John Wiley & Sons, Inc. (2)
Reprinted from Cell, 127, Lepilina, A., Coon, A.,Xikuchi, K., Holdway, J. E., Roberts, R. W., BaerrC. G., and Poss, K. D., A dynamic
epicardial injury response supports progenitor @efivity during zebrafish heart regeneration. 8I3; 2006, with permission from Elsevier. (3)
Wills, A. A., Holdway, J. E., Major, R. J., and RBp&. D. (2008). Regulated addition of new myocalrdnd epicardial cells fosters homeostatic
cardiac growth and maintenance in adult zebrafdgvelopment35, 183-192. Reproduced with permission of the ComéBiologists.
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BrdU pulse-chase experiments suggest thds selgregate to the distal blastema at the endladtdma
formation around 36—48 hpa, and that these ceflsdascendents of formerly proliferating cells (Npohuk and
Keating, 2002). However, it is unclear how this gamimentalization occurs. If the early blastemeoisiposed of a
homogeneous cell population, perhaps these cedlsnaluced to restrict their expression profile & bnset of
compartmentalization. Alternatively, if the earliastema is a heterogeneous cell population in wie@abth cell
already expresses its position-specific profilentiperhaps compartmentalization occurs by a prazfessl sorting.
How the shift from slow cycling to rapid cycling é®@ntrolled and how it is coordinated with comparhtalization
of the blastema remains unknown. New tools sugir@soter driven cell ablation should help disseethiological
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 &lama in zebrafish
appendages (Doyast al., 2008 Menget al., 200§.

Functional genetics

Mutagenesis screens for temperature sensitigkes that affect regeneration brought caudeldigeneration to
the forefront of regeneration research (JohnsonVdedton, 1995; Posg al., 2002). Although these screens are
limited by the fact that complete coverage of tlea@mne with temperature sensitive alleles is nosiptss genes
associated with regeneration have been uncovengdoBbining forward genetics, pharmacology, anddgenic
overexpression a potent toolbox is now availablezébrafish for a thorough investigation of its negetive
processes.

These strategies have already provided stthatsare defective at various stages of regemerakior example,
fish harboring a mutation in eith&f20a (discussed below) drsp60 never form a blastema (Makire al., 2005;
Whiteheadkt al., 2005). Interestinglyhsp60 is expressed in early mesenchymal blastema cell@ppears to play a
role in the mesenchymal cell response to nearbyugatipn (Makinoet al., 2005). On the other hand, fish with a
mutation inmpsl, a mitotic checkpoint protein, exhibit normal walinealing and early blastema formation, but are
defective in the regenerative outgrowth phase (Rbss., 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 pléyouse-keeping” type of role in rapidly proliférg 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 diststelma zone is enlarged. Because the yabglsgene product is
involved in protein trafficking and zebrafighyl expressing cells segregate into the distal zormenglthormal
blastema compartmentalization, #igl 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 iipsl andslyl mutant phenotypes provide resources to study the
compartmentalization stage of zebrafish regeneratise genomic regions surrounding these geneslalatso
provide useful enhancer sequences for future ifgaasins.

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
(Whiteheadet al., 2005; Yokoyamat al., 2001; Yokoyamat al., 2000). The FGF signaling pathway is essential fo
fin regeneration as evidenced using pharmacolodgfasset al., 2000), morpholino (Thummek 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 formationiufai of
uninjured tissue near the amputation to disorgardne absence of a blastema (Whitehetaal., 2005).fgf20a is
expressed within the first 6 hours after amputatiothe mesenchyme directly beneath the wound epidewhile
the FGF receptofgfrl, is expressed byl8 —24 hpa in fibroblast-like lplastemal 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 formatignigration,
proliferation, or organization. The cells expregdigirl may represent a fruitful target of future resedoztused on
elucidating the nature of regenerative stem/prdgecklls in zebrafish.

Two other pathways, activin/T@Rnd Wnt, have also been implicated in the earfitsgps of the regenerative
response. Microarray experiments revealed tmivin-5A, a member of the secreted TgBuperfamily, is
upregulated as early as 1 hpa (Jazwirgtka., 2007). Manipulations that inhibit activin/T@Gsignaling cause an
early block in the regenerative response by reduaiesenchymal disorganizatiomsxb expression, and/or cell
proliferation (Jazwinskat al., 2007; Kawakamit al., 2006). On the other hand, inhibition of canohi¢ént
signaling (via overexpression of DKK or dominangagve TCF3) or activation of non-canonical Wntrgiting
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(via overexpression of Wnt5a), blocks stratificatiaf the wound epidermis and blastema formationa#emiet
al., 2006; Stoick-Coopeet al., 2007). Wnt signaling inhibition also eliminategpression of bottigf20a and
downstream FGF targets, suggesting that Wnt siggadi upstream of FGF signaling following amputatid hus,
regeneration of the zebrafish tail fin is akin batt of the anuran tadpole tail in that both systetiize the same
signaling pathways in apparently similar ways (&imd Slack, 2008). These data provide a glimpsetita@omplex
coordination of signaling pathways during the eaglgenerative response (Kawakastnal., 2006; Stoick-Coopesat
al., 2007). Elucidation of the interactions betwelea basal layer of the wound epidermis and the respe pre-
blastemal stem/progenitor cells is paramount tcesstdnding the vertebrate response to regeneration.

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

1. Do blastema cells derive from differentiated caltsundifferentiated reserve cells? While long tguaise-
chase BrdU studies have apparently ruled out leddalning (slow cycling) progenitor cells (Nechipkrand
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 irthins of intact, unamputated animals.

2. What is the source of the basal layer of the woepithelium and how is it specified2fl appears in cells
prior to the formation of a morphologically recogable basal layer (Poss al., 2000, but are they really
presumptive cells of the basal layer? How are thkiphe essential signaling pathways coordinatedrdythis
specification? The basal layer appears to be @abkdot regeneration, but why? Does it signal anduice
blastema formation or is it simply a source of gitofactors or extracellular matrix?

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

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

Given the ever-expanding toolkit availablettee study of zebrafish biology, it is expectedttanswers to these
questions will be forthcoming in the foreseeabkeife.

Organ (heart) regeneration

Studies of zebrafish heart regenerationtitide that careful lineage experiments are a peisée for assessing
the cellular source of regeneration (Lepiligial., 2006). When adult fish hearts expressing redréiscent protein
(RFP) driven by a cardiomyocyte(CM)-specific proeroare transected, cells in the regenerating regiquress
markers of cardiac embryonic progenitor cells ahdrésce red at a much reduced level compared @o th
surrounding differentiated CMs (see Figure 2B).sT¢ould be interpreted as the dedifferentiatio€bfs, or as the
differentiation of progenitor cells turning on tl@&M promoter for the first time. To distinguish betn these
possibilities, fish expressing both RFP and GFnftbe same CM promoter were analyzed. Because &8® dnd
fluoresces slower than GFP and it is more stalle, appearance of RFP-/GFP+ cells after amputationldv
represent newly differentiating progenitor cellshilw RFP+/GFP- cells would represent cells undergoi
dedifferentiation. When the experiment was perfapthese double transgenic hearts yielded RFP-/GédHs
throughout the regeneration process, indicatingriigeneration of the myocardium results from ttigeikntiation
of progenitor cells and not from dedifferentiatiggee Figure 2B; Lepilinat al., 2006). While this provides
important support for the progenitor hypothesise thpproach includes a key assumption: if a cell was
dedifferentiate, the cardiomyocyte promoter wouldht off and proteins would undergo their normalntwer.
Because the potential mechanism used to accomgéslifferentiation is unknown, it remains possibfatt a
dedifferentiating cell would rapidly degrade a kngumber of protein products and the differences/den RFP
and GFP stability would no longer be observable.

Where do the progenitor cells come from? Using Isimapproaches during tissue growth in unamputateghals,
recent work revealed that CM progenitor cells ar@duced throughout the entire adult myocardium duriapid
homeostatic tissue growth (Wilks al., 2008). In addition, epicardial-derived cellsrfraghe outer edge of the heart
actively migrate into the myocardium during botheeeration and homeostasis to build vascular tiésee Figure
2B; Lepilinaet al., 2006; Willset al., 2008). Additional analysis of cell proliferatiomth more markers and at
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earlier time points will be required to fully addsethe origin of the progenitor cells. Nonetheldss type of careful
and creative experimental approaches used to tlissediac regeneration in zebrafish will be necessa all
vertebrate regenerative contexts to critically ease the contributions of dedifferentiation andsfrogenitor cells.

Regeneration in planarians
Background

Planarians are bilaterally symmetric animbkst tpossess derivatives of all three germ layardde ecto-, and
mesoderm) and display astonishing regenerativétiabilReddien and Sanchez Alvarado, 2004). Reativcells
involved in the vertebrate regeneration responke, dource of regenerative cells in planarians ichmiess
controversial. Planarians recruit an experimentatiyessible population of adult stem cells calledhtasts that are
distributed throughout the body. Classically defirey morphology, sensitivity tg-irradiation, and mesenchymal
distribution, neoblasts are undifferentiated cellth a large nucleus and very little cytosol (Rendand Sanchez
Alvarado, 2004). With the exception of the germlineoblasts are thought to be the only planaridis cepable of
division. After animals are exposedyarradiation, cell division ceases and neoblastslast, rendering the animals
incapable of regeneration or homeostatic tissunoter (Pellettieri and Sanchez Alvarado, 2007). Tdes of
neoblasts is manifested by a characteristic ventrding and the eventual lysis of the animals (@Redet al., 2005
). In contrast to irradiation, neoblasts respondrtgoutation with a proliferative burst, which rdstuh the formation
of a regeneration blastema and the eventual réstoraf the missing body parts. Because only ingext of
neoblast-enriched preparations can restore longawd regeneration to irradiated animals (Bagetfd., 1989), it
is believed that in planarians, regeneration ssgli# homeostasis are primarily driven by neobiasttion.

Because small neoblast-containing fragments cum fadmost any location in the adult animal can posdaentire,
properly proportioned planarians, it is thoughtt theoblasts are collectively totipotent. While tieoblasts are toti-
potent as a population, the differentiation pontf any given neoblast is unkown and the molecoédure of the
neoblast population remains poorly described. temé years, the molecular dissection of planargaemneration has
been aided immensely by the discovery that RNArfatence (RNAI) can be used to interrogate genetfon
(Newmarket al., 2003; Sanchez Alvarado and Newmark, 1999). le broad stroke, it was shown that over a
thousand genes from an RNAI library could be soedefior phenotypes in a relatively short amountimiet This
work identified 240 genes associated with regeimratiefects. From this collection, 140 gene pedtidns
blocked, limited, or reduced regeneration, 48 ofclwitaused the characteristic curling/lysis phepetgbserved
after irradiation, indicating that neoblast funatiwas compromised (Reddienal., 2005).

In addition to RNAI, sequencing of the planariamgme (http://www.genome.gov/Pages/Research/Sequgnci
SegProposals/PlanarianSEQ.pdf), generation of HBaries (Sanchez Alvarada al., 2002; Zayast al., 2005),
production of antibodies (Agatt al., 1998; Gucaet al., 2006; Kobayashét 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 hybridizatiofSgF) methods (Cebriat al., 2007; Eisenhoffeet
al., 2008; Gurleyet al., 2008; Umesoncet al., 1999), labeling of proliferative cells (Newmadand Sanchez
Alvarado, 2000), development of fluorescence attidacell sorting (FACS) protocols (Hayas#i al., 2006;
Reddienet al., 2005), and single cell RT-PCR techniques (Higwetlal., 2008) have catapulted planarians from an
academic curiosity to a viable and fascinating nhdde regeneration research. Because the cellsiedoin
planarian regeneration and homeostasis are ideht#find these cells can be studiegivo, the set of questions one
can currently address using planarians are veferdifit from those being addressed by amphibiansebrafish
experimentation. These questions are focused ohithegy of planarian stem cells and the mechanistiized to
control their self-renewal, fate choice, and difetiation:

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

What is the extent of their molecular heterogerreity

How, when, and where do neoblasts choose theirafadedecide to differentiate, especially in thetesnof
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 choi@ernat each step?

wnh e
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Heter ogeneity and lineage of neoblasts

Researchers have begun to answer the abogéangeusing the tools of modern molecular bioldmyt 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 allegearchers to both visualize cells that are elgtiproliferating
and follow those cells over time. After a singldsauof BrdU, only neoblasts are initially labeleailicating that
this population is rapidly dividing (Eisenhoffet al., 2008; Guoet al., 2006; Newmark and Sanchez Alvarado,
2000). Labeled cells are distributed throughoutgleenchyma (mesenchyme) of the animal and aremumisly
absent from the pharynx and from a region anteoathe photoreceptors, the two regions of the ahtimat are
unable to regenerate. This distribution fits thesslcal criteria for neoblast distribution. An &otly that recognizes
phosphorylated histone H3 (H3P), which marks digdcells, reveals a similar neoblast distributisrda cell cycle
specific probesnicm2 andpcna homologs; Newmark and Sanchez Alvarado, @rl., 2005; Salvettet 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. Labeledscelin be observed in the post-mitotic epitheliuresd days
later. When planarians are exposed to long-terntiraeed doses of BrdU, all neoblasts, as definednayphology,
are eventually labeled. Finally, if a pulse of Bri@Jadministered prior to amputation, a large nundfdabeled
cells are found in the regenerating tissue, showhag the progeny of neoblasts that were activalidohg prior to
amputation make a major contribution to the regatireg tissue (Eisenhoffeat al., 2008; Newmark and Sanchez
Alvarado, 2000). Combined, these data argue tlah#oblast population constantly divides to replzals lost to
turnover. In addition, the cells of regeneratirsgtie are derived from the dividing neoblasts.

The neoblast population likely contains both stefisand their committed progeny. However, the togteneity of
the neoblast population has been difficult to agslteecause neoblasts are defined by their morphdingdence of
heterogeneity among neoblasts has recently beegestagl by electron microscopy and FACS experimgras
associate chromatoid body-containing cells with wappears to be different stages of differentiafldiguchiet al.,
2007). Chromatoid bodies are electron dense stegtiound in the cytoplasm of many cells thatHi¢ tlassical
definition of a neoblast. While two types of nedlike “stem” cells were noted, these most likedpresent
neoblasts in different stages of the cell cyclealise they were separated based on DNA contenheAmbment,
general cell morphology and fluorescent dyes coetbiwithy-irradiation are the only available parametersa s
cells, which results in the sorting of clearly nixeell populations (Eisenhoffet al., 2008; Higuchiet al., 2007).
The promising potential of FACS analysis awaits ihentification of markers that can be used to sspacells
based on molecular criteria.

The best example to date of a lineage-restrictethlast fate is the presumptive primordial germsélhe germline
stem cells derive from somatic cells because heagmfents devoid of germ cells regenerate them amd c
eventually make oocytes and sperm (Morgan, 190@)mGells represent a lineage-restricted stentyyal and are
indistinguishable from neoblasts at the ultrastradt level (Higuchiet al., 2007). However, these cells can be
identified by their distribution and their specifxpression of the planariamnos homolog Djnos, Smed-nanos;
Handberg-Thorsager and Salo, 2007; Sht., 2006; Wanget al., 2007).nanos encodes an RNA binding protein
with a known role in germ cell differentiation amdaintenance, and in planarians the undifferentiaizbs-
expressing cells are located near the testes aamieevImportantly, silencingmed-nanos by RNAI does not affect
neoblast function or planarian regeneration, bolishes the formation, regeneration, and mainteaafgonads in
sexual planarians (Wang al., 2007). In addition, the germline represents dhéy clear case of cycling cells
besides neoblasts because these cells: 1) ar¢igensirradiation (Handberg-Thorsager and Sali)72 Satcet al .,
2006; Wanget al., 2007; 2) incorporate BrdU (Sadbal., 2006); 3) express PCNA (Satbal., 2006); and 4) stain
positive for H3P in the spermatocyte cysts (Wahgl., 2007). Interestingly, expression of tha&nos homolog in
asexual animals revealed that although these asigdaahot form functional gonads, they still spegi&m cells that
do not divide (Handberg-Thorsager and Salo, 208 & al., 2006; Wanget al., 2007).

A recent study illustrates the vast potential ofdexm molecular tools to dissect the nature of planastem cells
(Eisenhofferet al., 2008). Comparing microarray expression profidson-irradiated and irradiated animals at
either 24 hrs or 7 days post-irradiation generatdist of genes enriched in neoblasts and theiggmyg. These
comparisons were crucial because neoblasts, améfdhe neoblast-specific genes, disappear by 24altex
irradiation. However, genes that disappear sooreéfier represent post-mitotic cell types thatlast because no
neoblasts remain to replenish them. Three categofiaeoblast-related genes were identified bagetier ordered
rate of disappearance following irradiation, andlogir expression pattern in intact animals (segifei 3A). WISH,
BrdU pulse-chase, and double-labeling FISH expanimshowed that BrdU labeled cells, which are resiblat the
time of labeling, exhibit a stereotyped progressibeell differentiation. At early time points, ¥30.5% of BrdU+
cells are positive for Category 1 markers. By 2sdafter a BrdU pulse, BrdU+ cells instead expregegory 2
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markers and by 4 days they express category 3 msark¢hile cells expressing category 2 and 3 markees
descendents of neoblasts, the precise relatiormsipeen these cells remains to be determined (fiéfem 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 callswhether those cells must first enter a tempocatggory 2-expressing state. Regardless, cells
that express either category 2 or category 3 gareemore peripherally located than the neoblasticating 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 RNAi experiments,leviothers 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 fgtrdiess of the location of
amputation. In contrast, RNAiI @&ned-APC-1 causes stem cell progeny to adopt a tail fatdolecular markers of anterior and posterior fate o
day 4 of regeneration following amputation down tieater of the animal. After RNAi dimed-gcatenin-1 (low B-catenin activity) orSmed-
APC-1 (high p-catenin activity), stem cell progeny along theirenamputation plane adopt an anterior or postdete, respectively. Images
provided by George T. Eisenhoffer. the authors,adapted from (Gurlest al., 2009.
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This study unambiguously identified markersfuactionally investigate the self-renewal of nexsté and the
differentiation of their progeny (see Figur&)3However, this is just the tip of the iceberghMé the WISH pattern
of each category 1 marker is similar and marks leestd careful double FISH of all category 1 maskaiay reveal
long sought-after molecular heterogeneity amondlasts. These studies significantly expand on eraglkpression
analysis of irradiated animals from a related plenspecies (Rosst al., 2003. However, the genes screened by
microarray still represent only a small fractiontbé planarian genome and additional early lineagesin to be
discovered. Moreover, the experiments addressiageimporal regulation of gene expression were pegd on
intact animals (Eisenhoffet al., 2008. During the homeostatic conditions studied, dfedentiated adult cell types
were present. How the animal senses which bod parteplace after amputation, how it selects ther@priate
lineages, and how this corresponds to the linealggionships observed in intact animals are fasicigauestions
for future investigation.

Gene function and neoblasts

Several neoblast studies have focused onaptan genes that encode homologs of RNA bindingeprs
associated with germ granules in other animals.|l®&wome planarian RNA binding proteins are expigssea
neoblast-like patternp{wi homolog3 (Guo et al., 2006; Reddieret al., 2005 Salvettiet al., 2005), some are
expressed in both neoblasts and differentiatedigsgumilio, bruno, and musashi homologs; Gucet al., 2006;
Higuchi et al., 2008; Salvettet al., 2005), and others are expressed exclusivelpengermline yasa and nanos
homologs; Handberg-Thorsager and Salo, 2007; &ash, 2006; Shibatat al., 1999; Wangt al., 2007) or in
differentiated tissuesrusashi homologs; Higuchét al., 2008). RNAi-mediated silencing ptimilio, piwi, or bruno
homologs leads to regenerative failure, but throdferent mechanisms (Gua al., 2006; Reddieret al., 2005
Salvettiet al., 2005). While neoblasts are eventually lost IrBatases, careful evaluation of early phenotypagess
has led to important insights. Whenbeuno homolog @med-bruno-like) is silenced, stem cell maintenance is
defective while differentiation is normal (G al., 2006). These animals can initiate regeneratioth ldegin
forming new tissue, but as neoblasts are deplétedtissue regresses and the animals die. Onthiee band, when
apiwi homolog émedwi-2) is silenced by RNAI, neoblasts proliferate, th@iogeny migrate, but differentiation is
defective (Reddiert al., 2005). These studies illustrate the potentialinderstand various aspects of stem cell
control during tissue homeostasis and regenerafioay also illustrate that it is crucial to distuigh primary from
secondary regeneration phenotypes, because theflasblasts is a common secondary consequeneartér
defects in distinct processes (Gei@l., 2006; Oviedo and Levin, 2007; Reddatral., 2005 Salvettét al., 2005).
Genes that do not encode RNA binding proteins dsm lae silenced to elicit irradiation-like stemlegéfective
phenotypes. After silencin@med—-cdc23, neoblasts arrest in anaphase, cannot divide ptage tissue during
homeostasis, and the animals curl and lyse a®y¥f fiad been irradiated. In addition, RNAi of a plaan innexin
homolog émed-inx11) abolishes regenerative capacity and leads taalenitirling (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 (Eisenheffal., 2008). smedinx-11 expression may reflect a ttiansstate
from neoblasts to differentiating progeny, but thigposition has not been rigorously tested.

Fate choice

In 1904, Thomas Hunt Morgan observed thagrémtand posterior facing amputations both haeepiitential to
become either a head or a tail (Morgan, 1904).rflisiis had to wait over 100 years for molecularerathnding of
how planarians sense which structure to replacés mbw insight stems from silencing the intracalutore
components of the canonical Wnt signaling pathwsse (Figure 3B). RNAI silencing of a planarigftatenin
homolog (Gurleet al., 2008; Iglesiast al., 2008; Petersen and Reddien, 2008jisinevelled homologs (Gurlet
al., 2008) induces the regeneration of a head eviem il amputation. Conversely, silencing thadenomatous
polyposis coli (APC) homolog, which encodes an antagonisfafatenin, causes increaspdatenin activity and
consequently, a tail regenerates even if the headmoved (Gurleyt al., 2008). These data indicate that under
normal circumstanceg;catenin is a molecular switch: activity is inhdaitor never initiated at anterior wounds to
induce head formation and is highly activated att@dor wounds to induce tail formation. The cohtbp-catenin
activity is also crucial for homeostasis becauseARDf p-catenin (Smed-Scatenin-1) in intact animals causes
neoblast progeny throughout the animal to adordarior fate, leading to the transformation ofesttissue types
into heads (Gurlegt al., 2008; Iglesia®t al., 2008; Petersen and Reddien, 2008). Thus, thacsilg of specific
planarian genes has uncoupled fate decisions ofneellast 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 eviderkiest, after
cutting Smed-pcatenin-1(RNAi) animals just anterior to the photoreceptors, tHeynot regenerate a new head
anterior to the old one, but instead specify theror tissue that needs to be replaced (PetersgiiRaddien, 2008).
Second, tail fragments of untreated animals, whicist regenerate a trunk and a head, specify theianmargin

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

The discovery thaB-catenin activity is dynamically controlled duripdanarian homeostasis and regeneration has
provided a foothold to study how planarians recogrthat the anterior or posterior structures haaenkremoved.
Two main questions remain unresolved. First, wiiehs 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 signalsdinérol 3-catenin
activity? Secreted Wnt ligands and antagoniststla@emost likely candidates and their RNAs are esg&d in a
complex AP gradient, but silencing these genembaget led to head or tail misspecification defdGurleyet 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 alnkmgdom suggesting that it is not just a cagihgsubject, but
that the underlying biology is fundamental. In fagtgeneration may be an ancestral feature of metalife that
has been lost to varying degrees in multiple liesa@@anchez Alvarado, 2000). Unfortunately, whilemmals can
regenerate certain organs to some extent, our eegtdre 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 egdion. It is important to remember that embryptacval, and
adult regeneration are very different with resgectverall scale and the ratio of differentiatecdutalifferentiated
cells that are present. However, in any contexgiemeration critically depends on a source of peddive
stem/progenitor cells. While great strides havenbreade in understanding vertebrate regeneratiorttendomplex
cell interactions that are involved, very littleksown about the definitive source of regeneratigls or their fate.
This should soon change as techniques for prohitg $uch questions are rapidly improving. For examp
transgenic GFP+ tissue transplants have alreagy rolit significant plasticity for blood stem cedlsring axolotl
tail regeneration (Sobkowt al., 2006), while the contribution of blood stem selluring zebrafish regeneration
remains unexplored. Planarians, on the other harmwljide 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 regenenatian now be approached from multiple fronts. Tiuelys of
signaling pathways serves as an example of hovintegration of data across multiple regenerativetexts has
informed general concepts. In zebrafish and amph#i Wnt signaling is required for regenerationaoese its
inhibition leads to an improperly stratified AECdaabsence of a blastema. In planaria, decreadesreases iff-
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 follog/iWnt signaling
inhibition in vertebrates is caused by the improfete specification of either AEC cells, or of wdtde
stem/progenitor cells. Thus, improper fate choi@y head to an improper regenerative response. itaely, it is
also possible that the same signaling pathway jBogled in a completely different way by differentimals to
achieve a similar outcomeg., the replacement of missing structures. Similadgdgehog signaling appears to
control the proliferation of posterior blastemaseluring tail regeneration in larval axolotls (8elppet al., 2005),
but has a tissue patterning function during axdiotb and zebrafish fin regeneration (Avaretral., 2006; Quintt
al., 2002; Royet al., 2000). Whether Hedgehog signaling is involvedpianarian regeneration remains to be
determined.
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In zebrafish and planarians, steady-state celloitenis a constant process. Zebrafish change th&r of cell
proliferation in response to changes in populatiensity and planarians constantly adjust their oateroliferation
to match nutritional status and will even shrinkemtstarved. During specific phases of a regeneraégponse in
zebrafish, cellular proliferation abruptly switchiestween slow and fast cycling modes. In planaripndiferation
increases in response to amputation, but the gré&aigtics of the cell cycle during regeneratioa eurrently under
active investigation. It could be argued that astén zebrafish and planarians, regeneration reagnbexaggerated
version of homeostasis. However, this is not likelyoe a universal rule for regeneration, becauseymrmammalian
tissues exhibit extensive homestatic cell turnovkile their regenerative response is quite limi(Béllettieri and
Sanchez Alvarado, 2007). In contrast to planar&ars zebrafish, urodele amphibian limbs exhibitdigteady-state
cell proliferation outside of epithelial tissue (Hand Fischman, 1961) and yet, these animals peotlid most
dramatic examples of regeneration.

Fertilization provides a single totipotent cell thll divide many times with a concomitant decreas potency of
the resulting progeny as development ensues. Tdsiation correlates with changes in chromatiructtrre
(epigenetics), which usually consists of varyingres of DNA methylation, histone methylation acdtglation,
and the presence or absence of repressive chrolnatimg complexes at specific genomic locationscéht work
suggests that even in differentiated mammaliantgplls, 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;
Takahashét 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 flgkilp in their response to injury. What is the stsibf methylation
in amphibian, fish, and mouse cells and where la@erépressor complexes bound? Do changes in epigaitete
occur in specific cell types during regeneration®wHdoes the epigenetic state of cultured newt Ad mouse
C2C12 cells compare? In planarians, one would &sdnd how epigenetics contribute to the maintenasice
neoblasts, and which changes occur when neoblaftsedtiate. A comparison of the epigenetic stared
transcriptional profiles in regenerating and nogererating tissues from amphibians, zebrafish, maed
planarians could help identify commonalities anfledénces associated with regenerative capacitiksg these
lines, recent work has focused on obtaining expsagsrofiles of zebrafish fin and heart regenematfbien et al.,
2006), as well as defining the transcriptional peodf the planarian neoblasts (Eisenhofeal., 2008; Lienet al.,
2006).

Because each model system of regeneration hasvitsadvantages and disadvantages, the field standertefit
from the integration of the molecular and cellularowledge garnered from these organisms. For ex@n®l
planarian geneiwi, bruno, andpumilio homologs) that encode members of different RNAdisig families are
essential for apparently different biological fupoas within neoblasts. Do these genes play rolesgwebrafish
and/or amphibian regeneration? Can the express$ithese genes or other known stem cell markers,thbse used
for “reprogramming,” be used to locate vertebrategpnitor cells? The proteins PROD1 and AG playla in
proximal/distal fate specification and cell protéi&on in urodeles, but do they have a role in anueebrafish, or
planarian regeneration (da Siha al., 2002; Echeverri and Tanaka, 2005; Kunefral., 2007)? Likewise,
microRNAs (miRNA) play a key role in controllingftérentiation during zebrafish regeneration (éiral., 2008).
While miRNA is likely to function in all regenera@ contexts, which miRNAs control which aspects of
regeneration in each of the different contexts? ICoany pattern or general rules be gleaned fromhsuc
comparisons? As more information is gleaned frora #tudy of pre-bilaterian animals such as hydra and
nematostella, we will also need to incorporate éhéata with what is learned from the study of leilat 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 madras to achieve this incredible biology, or whettiere are
underlying principles and gene networks common dgeneration. In either case, the molecular andileell
mechanisms gleaned from these studies may helfifidpromising experimental strategies to eithesmote innate
or introduce new regenerative capacities in manandlssues.
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