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Abstract

Questions about how and why tissue regeneration occurs capture the attention of countless
biologists, biomedical engineers, and clinicians. Regenerative capacity differs greatly across
organs and organisms, and a spectrum of model systems with different technical advantages and
regenerative strategies are studied. Several key issues common to natural regenerative events are
receiving new attention from improving models and approaches, including: the determination of
regenerative capacity; the importance of stem cells, dedifferentation and transdifferentiation; how
regenerative signals are initiated and targeted; and the mechanisms that control regenerative
proliferation and patterning.

Regeneration is commonly defined as the replacement of body parts lost by injury. If we
lose blood from a wound, it regenerates through the activity of multipotent hematopoietic
stem cells. If a lobe is removed from a mouse liver, hepatocytes within remaining lobes will
proliferate and regenerate the lost mass. If a newt’s forelimb is amputated, a new limb with
patterned, vascularised, and innervated muscle and bone will regenerate, via formation of a
mound of proliferative tissue called a blastema. Yet, regeneration is most certainly not a
cloaked figure emerging only after trauma — it permeates and defines everyday adult
biology. The renewal of intestinal lining, the generation of new neurons in the brain, and the
maintenance of our skin, hair and bone all depend on ongoing or cyclical regeneration.

A key goal of tissue regeneration studies is to gain knowledge that will foster the broad new
field of regenerative medicine. This acquired information may include clues for stimulating
stem cell activity, bioengineering better scaffolds, or directly initiating regenerative
programs with biological factors. We already understand some forms of regeneration
sufficiently to manipulate and modify key events for therapeutic causes. For instance, the
common practice of bone marrow transplantation relies on the convenient homing of
hematopoietic cells to their regenerative niches. However, for most examples of
regeneration, we are just beginning to acquire the knowledge and techniques to attempt to
selectively block or enhance precise steps during regeneration.

Regeneration research has re-emerged on the shoulders of a wide range of model systems
with different experimental advantages and regenerative prowess (Table 1). For instance,
spectacular animal regeneration in planarians and hydra can now be studied using standard
RNA interference approaches, and transgenic axolotls and zebrafish facilitate mechanistic
studies of vertebrate limb and fin regeneration (Box 1). Although natural regenerative
capacities in mouse are modest by comparison, the superb range of genetic tools available
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for this species are primed to address our relative deficiency in understanding mammalian
regeneration.

The central questions in regeneration research remain much as they were a century ago: first,
what defines and controls regenerative potential? Second, what are the cellular sources of
regeneration, and is there lineage-switching to create diverse cell types in a complex
structure? Third, what factors initiate regeneration and how is their activation targeted to an
injured area? And finally, what signals control proliferation and patterning during
regeneration and how is the process completed appropriately? Here, | synthesize studies
from many model systems to broadly highlight recent insights that are energizing the field.
While previous reviews have largely focused on specific animals, structures, or molecular
signaling pathways, the aim here instead is to bring together common principles and key
future directions in the general field of tissue regeneration.

Regenerative capacity

One mystery of regeneration is nature’s capricious distribution of this property. There is a
striking hierarchy of regenerative potential among animals and organ systems. The
invertebrates planaria and Hydra are at the top of this hierarchy, with the capacity to renew
whole animals from tiny body pieces, or even small numbers of dissociated and re-
aggregated cells=. They are, in essence, immortal. No animal can survive without some
regenerative or self-renewal capacity, for instance in germ cells. However, many
mammalian tissues, like cardiac muscle, spinal cord, and major appendages, have strikingly
little regenerative capacity.

Clearly, tissues must be competent at the cellular and molecular levels to regrow patterned
structures after injury. Thus, the earliest “stage” in a sequence of regenerative events is
achieving or maintaining competence as an intact adult structure to respond to injury with
proper regeneration. Perhaps surprisingly, the competency of a certain tissue can show
differences not only between animal phyla — where significant differences at the genetic
level are likely to be responsible - but also in association with what appear to be minor
regulatory and epigenetic changes as described below. The latter findings are attractive as
they suggest that a structure can toggle between regenerative and non-regenerative states
with relatively few steps. Experimentally, and with respect to regenerative medicine, this
might mean fewer manipulations to bring about regeneration.

Regeneration genes

That regenerative capacity has been occasionally lost during evolution in various species,
rather than gained, is a relatively well-accepted concept. However, the basis of regenerative
differences between organisms is poorly understood.

One possibility is that certain genes are present and functional in a highly regenerative
species and not in a poorly regenerative species. Evidence for this model has been reported
for a single gene to date: Prod1, implicated in limb regeneration as described later in this
review, appears to be a salamander-specific protein not represented in fish or mammalian
genomes®. It is possible that this situation will change as the genomes of increasing numbers
of species are sequenced. An alternative suggestion is that, in organisms with high
regenerative capacity, certain phylogenetically conserved genes function only during
regeneration. In zebrafish, several screens have been carried out to identify conditional
mutations in genes that have essential roles during both embryonic development and in the
regeneration of amputated adult fins®=8. The results of one such screen and suggested that
the Fgf ligand gene fgf20a, which is induced early after amputation and whose mammalian
orthologue has not been implicated in regeneration, might function solely or primarily in
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tissue regeneration®. Indeed, the effects of an apparent null fgf20a mutation on embryonic
zebrafish development were negligible compared to its effects on regeneration. One
interpretation of these findings is that fgf20a has been specifically preserved for its role in
regeneration during zebrafish evolution. However, it is equally possible that fgf20a is
redundant or has minor roles during embryogenesis; there may have been more selection for
backup to the function of this gene in embryogenesis compared to adult regeneration, which
is less likely to be maintained by selection. Consistent with this notion, a recent study
identified defects in hindbrain neurogenesis in fgf20a mutant embryonic zebrafish,
indicating some additional functions for this ligand1C. Future genetic screens in zebrafish
may reveal additional examples with which to further examine the idea of regeneration-
specific genes. Cross-referencing such genes for regenerative function in other species will
also be pertinent to this discussion.

A more conservative notion is that certain gene programs are activated selectively after
injury in regenerative systems, but not in non-regenerative systems. Evidence for this theory
comes from studies of zebrafish fin regeneration, in which JunB proteins are phosphorylated
by Jun N-terminal kinase (JNK) during fin regeneration and are required for normal
regeneration!l. By contrast with zebrafish JunB proteins, mammalian and Xenopus laevis
JunB proteins lack a JINK phosphorylation sitel2, suggesting that this site may be a
molecular signature of regeneration. Xenopus tadpoles in fact provide a convenient model
for identifying such signatures, given that the regenerative potential of their limbs is
gradually lost as development proceeds. For example, an expression program including
Fgf10 is induced specifically following amputation of early stage limbs, which show
regeneration, but not in later stage limbs, which are non-regenerativel3. Similarly, Xenopus
tails can regenerate robustly before they are resorbed during metamorphosis, with the
exception of stage 45-47 animals4. This refractory period can be suppressed by
experimental increases in BMP or Notch signaling, or by manipulating H+ ion flow4: 15,
These data indicate again that relatively small steps in developmental progression or small
changes in gene expression can toggle regenerative capacity.

There are multiple possible mechanisms by which these regeneration programs can be kept
active or inactive, some of which are beginning to be explored. For instance, chromatin
regulation at key genes in ES cells is critical for decisions of pluripotency or
differentiationl®. Early experiments suggest that removal of repressive histone methylation
marks at key genes contribute to reactivating expression of regeneration genes after
amputation of adult zebrafish fins!’. Similarly, microRNAs provide a potential means to
quickly and concurrently regulate hundreds of genes during regeneration. A recent study
indicates that zebrafish fin regeneration is fine-tuned by reducing levels of miR-133, a
microRNA that inhibits pro-regeneration targets, following fin amputation. Supporting this
notion, artificially high levels of miR-133 blocked fin regeneration, while miR-133
antagonism accelerated the processi8: 19,

Growth, aging, and regenerative capacity

As mentioned above, there is a correlation between developmental stage and regenerative
capacity in Xenopus laevis. Similar results have been observed in mammals. Children show
an enhanced ability to regrow lost fingertips2?: 21, and fetal mice renew digit tips much more
rapidly than mature animals22: 23, In these examples, regeneration can occur if the
amputation occurs within the nailbed. In mice, this area has an expression domain of
Msx122, a transcription factor shown to regulate regeneration in concert with BMPs24: 25,
There is even recent evidence that fetal mice can regenerate cardiac muscle cells?6, while by
contrast, little or no regeneration occurs after cardiac injury in adult mammals. It is
suspected that, as these embyonic or juvenile tissues are still in their growth phase, they
might have easier access to embryonic programs necessary for regeneration than in adults
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that have been largely quiescent for months or years. This possibility is particularly
interesting when one considers that many highly regenerative vertebrates like salamanders
and fish species continue to grow for an extended period of their adult life. Multiple studies
indicate that adult salamanders and zebrafish express substantial levels of developmental
triggers like transcription factors and signaling ligands in uninjured tissues, the same factors
active in rapidly regenerating structures, for presumed use in either growth or homeostatic
maintenance2’~29, While more experiments are necessary, including functional studies and
more precise comparisons with corresponding mammalian structures, it is fascinating to
postulate that regenerative capacity is at least in part a function of the accessibility to
molecular programs that are normally employed for adult growth and maintenance.

Similarly, the extent to which the aging process impacts the regenerative capacity of adult
tissues is striking. It is now clear that many mammalian tissues show a decline with age in
homeostatic renewal or injury-induced regeneration. These tissues include: hematopoietic
stem cells, displaying reduced capacity for long-term reconstitution of irradiated mice; the
pancreas, displaying reduced islet cell proliferation and regenerative capacity with age; the
brain, in which less subventricular zone neurogenesis takes place in aged mice; and skeletal
muscle, displaying reduced satellite cell-mediated myogenesis with age in response to
injury30—33, Such age-related changes in regenerative capacity are believed to contribute to
age-related disease and decline. Thus, new insights into regenerative mechanisms and
capacity stand to have enormous impact on interpreting and changing the biology of aging.

Little is known about the molecular underpinnings of the inverse relationship between age
and regenerative capacity. However, recent studies made a compelling argument that age-
related increases in p16/NK4a |evels impede regeneration in several tissues30732,
Furthermore, aging skeletal muscle appears to respond positively to a blood-born factor(s)
produced in young animals33, with recent publications pointing to Wnt signaling
effectors34: 35. There is currently much excitement about such age-dependent regulators of
regenerative capacity, which promises to be an interesting line of research.

Cellular sources of regeneration

To understand any regenerating system, it is crucial to delineate the cellular origins of
renewed tissues. This not only aids in identifying signals acting upon those cells, but is also
germane to potential regenerative therapies. An ongoing rush of studies employ techniques
like genetic lineage-tracing and single-cell transplantation to delineate regenerative sources
(Box 2). These tools have matured first in model systems like mice and flies, but have also
begun to emerge in highly regenerative animals like zebrafish. The mechanisms that provide
the cellular source for regeneration can be generally classed as either involving stem cells or
progenitor cells, or as requiring the dedifferentiation or transdifferentiation of cells within
the tissue.

Stem-cell based regeneration

Stem or progenitor cell-based regeneration involves maintenance of a self-renewing source
of differentiated cell types to be regenerated after injury. Key research directives include: 1)
to identify stem cells and stem cell subpopulations, often by restricted marker expression; 2)
to define the stem cell niche and mechanisms by which stem cells are activated by injury;
and 3) to determine the differentiation potential of stem cells, and the regulation and
dynamics of the processes by which they reconstitute tissue.

Planarians display arguably the best-understood example of stem cell-based regeneration.
These mechanisms can homeostatically renew an entire animal in a week, or regenerate
entire animals after repeated amputations. Their stem cells are referred to as neoblasts, and
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are generally classified by their low cytosolic content, their expression of markers piwi36
and bruno-like3’, and their property as the only proliferating cells in the organism.
Additional lines of evidence support their designation as stem cells. For instance, their
transplantation after purification can rescue lethally irradiated planarians, and they can be
labelled with a BrdU pulse that can be “chased” into other cell types38: 39,

The extent to which neoblasts might be a homogeneous population is unclear, as the
developmental potential of a single neoblast has not yet been elucidated. Technological
developments in this model system will be needed for this question to be addressed. These
include: in vitro culturing and differentiation of purified clonally isolated neoblasts;
implantation of single neablasts into irradiated animals and analysis of tissue contributions;
and transgenic lineage-tracing approaches as used in other model systems, often based on
cell type-specific promoters and a site-specific recombinases. The study of planarian
neoblasts, if indeed they are confirmed pluripotent, will be particularly powerful when it
becomes possible to generate transgenic animals. One can envisage transgenic planaria with
fluorescent neoblasts, imaged in real-time as these stem cells divide, differentiate, and
interact with their niches.

Many vertebrate organ systems maintain adult stem cells, including blood, the frequently
reviewed champion of stem cell-based regeneration®: 41, as well as skin, brain, lung, gut
epithelium, and skeletal muscle. This last tissue contains undifferentiated progenitors called
satellite cells that carry out one of the best-studied and most robust mammalian examples of
solid tissue regeneration. These committed myogenic cells occupy a quiescent location
submerged within the basal lamina of muscle fibers. They become activated upon injury and
mature into myoblasts that fuse to existing myoblasts and myofibers to replace mass*2.
Vertebrate skeletal muscle regeneration is vigorous, but requires that a connective tissue
scaffolding remains from the injured tissue*3; a large mass of skeletal muscle will typically
regenerate only in the setting of appendage regeneration in amphibians and certain fishes.
Recent studies point to subclasses of satellite cell types that express classic satellite cell
markers like Pax744 but also other indicators, such as certain cell-surface markers, that vary
between subclasses?®: 46, Elegant transplantation assays have demonstrated robust self-
renewal and differentiation activity from single prospectively isolated satellite cells*°.

Dedifferentiation and transdifferentiation

Multiple tissues regenerate through mechanisms that do not appear to require a multipotent
stem cell or an undifferentiated progenitor cell. The scenarios can involve processes known
as dedifferentiation and transdifferentiation. Early use of the term “dedifferentiation” at the
beginning of the 20th century described ascidian stolon regeneration®’, and currently it
refers to a reduction in the molecular and/or functional properties of a differentiated cell
type. This reduction can be minor and transient, affecting a few key genes, or can in more
dramatic fashion achieve multipotency. Indeed, recent studies have clearly demonstrated
that differentiated cells can be forced back into pluripotent stem cells from which complete
animals can be derived*8, There are also clear examples of natural dedifferentiation during
regeneration - at least that which is not caused by forced stem cell conversion through gene
manipulation. These include the reversion of Drosophila spermatogonia, which can
dedifferentiate back to a germline stem cell and occupy the niche near the central “hub”
cells, after the stem cells are transiently depleted of Jak-STAT signaling®®. A recent study
indicated that similar reversibility occurs in the murine spermatogenic compartment; cyst
cells past a certain level of differentiation are able to re-acquire the ability for long-term
repopulation of the compartmentC,

Accumulating evidence suggests that heart regeneration, which is limited to non-mammalian
vertebrates, involves dedifferentiation. Adult zebrafish replace most or all of the muscle
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when 20% of the ventricle is removed at the apex®L. Recent studies in zebrafish used
inducible Cre recombinase-based lineage tracing to indicate that the majority, if not all, of
this regenerated cardiac muscle is derived from cells expressing the gene cmlc2, which is
required for the contractile function of cardiac cells, whether cmlc2-expressing cells are
irreversibly labeled in embryos®? or in adults®3. Regenerating myocytes were found to
induce regulatory sequence for the transcription factor gata4, which is required for
embryonic heart development, and show reduced cmlc2 expression and loss of sarcomeric
structure®3. The most likely model to explain these results is that existing differentiated
cardiomyocytes reduce their contractile state to revert to a more embryonic form in which
cell division is facilitated.

A regenerative phenomenon related to dedifferentiation is transdifferentiation — the
conversion from one differentiated cell type to another, sometimes utilizing an
undifferentiated intermediate. A classic example of transdifferentiation is the striking
regeneration in adult newts after lens dissection. In this system, a new, functional lens
emerges in transdifferentiation events from the dorsal, but not the ventral, pigmented iris
tissue. These events also occur in cultured explants, and this system has been used to
identify signals that can influence lens induction from dorsal or even ventral iris tissue®# °°,
Another example of transdifferentiation was recently reported in which glucagon-producing
alpha cells of the mouse pancreas were converted to insulin-producing beta cells, after
massive diptheria toxin-induced lesions of beta-cells and provision of insulin®. Thus, an
exciting revelation over the past few years has been the identification of more cell plasticity
than previously suspected among regenerating tissues.

The newt limb has been intensely studied with respect to questions about the relative
contributions of dedifferentiation and transdifferentiation during regeneration. For nearly 80
years, this system has been used to study how the limb blastema arises, including the extent
to which dedifferentiation occurs and the multipotency or otherwise of the progeny of such
events®’: 58 These experiments have generally involved transplantation of tissues or cell
populations that may or may not have contaminating cell types. While there is sufficient
evidence to conclude that newt skeletal myofibers can fragment into proliferative
myoblasts®® 60, the roles of dedifferentiation and/or transdifferentiation in the regeneration
of limb structures are still subject to debate®1.

Axolotls have shorter generation times than newts and are more amenable to transgenic
approaches. Recently, transgenic axolotls that express EGFP in all tissues®2 have been used
in combination with the elegant transplantation experiments possible in salamander embryos
and adults to provide evidence in favor of lineage restriction with only limited
transdifferentiation (Figure 1). That is, limbs with transplanted EGFP-labeled skeletal
muscle tissue gave rise only to labeled skeletal muscle in the regenerated tissue, and
transplanted labeled skeletal cartilage gave rise only to labeled cartilage2: 63, While these
experiments did not address the extent to which dedifferentiation occurs, they are the most
rigorous demonstration to date that a vertebrate appendage blastema need not be comprised
of dedifferentiated, multipotent cells, but rather compartments of lineage-restricted cells.

What are the molecular mechanisms that underlie dedifferentation and trandifferentiation?
Several findings indicate that the forced expression of fate-determining transcription factors
can eventually wrest control of the developmental program of a cell type that has previously
been committed to a specific lineage. Notable examples are the derivation of iPS cells from
adult somatic cells*8, the direct reprogramming of pancreatic beta cells from exocrine
cells®, and the reprogramming of cardiac or dermal fibroblasts to cardiac muscle cells®. It
remains to be determined whether instances of natural dedifferentiation require analogous
developmental activity by transcription factors, although a recent report indicated
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upregulation of reprogramming factors like Sox2, KIf4, and c-Myc in regenerating newt
limb and lens tissues®®. If they do, information gained from dedifferentiation during limb
regeneration in salamanders or heart regeneration in fish might be useful for attempts at
optimizing reprogramming, or guiding subsequent contributions to regeneration, by
mammalian cells. One absence in many if not all of these studies is a definitive marker of
dedifferentiation. Presumably, intermediate states exist as a differentiated cell reverses its
course toward a more plastic or proliferative form. If indeed so, the identification of
expression signatures specific to these intermediate states would be of high value in
understanding and further dissecting the process.

Finally, it should be noted that cellular sources can vary for different forms of injury to a
given tissue. For instance, the endocrine beta cells and hepatocytes in the injured pancreas
and liver, respectively, will reconstitute like cells after mechanical removal of tissue from
these organs®”: 68, However, alternative cells in either organ can differentiate into new
parenchymal cells under certain conditions like ischemia or hepatotoxicity®®: 70. Pancreatic
endocrine alpha cells can acquire beta cell phenotypes like insulin production under
conditions of extreme beta cell loss®®. Thus, multiple experimental injury models are
needed, as the key cells and signals involved in regenerative mechanisms will be best
considered in the context of specific injuries.

Initiation and targeting of regeneration

In tissues that are competent for regeneration, signals must be released that identify the
correct area for regenerative events to occur and direct nearby cellular sources to undergo
regenerative programs. As described below, mechanisms that operate either locally or at a
distance have been suspected, and in some cases identified, that stimulate regeneration. This
is an important area of research, as these early signals have the potential to jumpstart the
regenerative process.

Local regenerative stimuli

The simplest mechanism one might imagine for initiating regeneration is that a critical
signal(s) is released locally upon injury that can stimulate regeneration in the spared tissues.
This paradigm has been studied in many tissues from both invertebrate and vertebrate
laboratory models. Limb regeneration in urodeles and fin regeneration in teleosts like
zebrafish have been particularly attractive systems, as the high capacities for regeneration in
these appendages starkly contrast with mammalian limbs, and because vertebrate limb bud
development is a rich field of organogenesis that has provided several candidate signals’®.
For many years, we have known that amphibian limbs and teleost fins initiate regeneration
by epidermal healing of the wound, within minutes to hours of trauma. As this regeneration
epidermis matures into a multilayered structure, it begins to secrete factors critical for
organizing the underlying mesenchyme into a blastema (Figure 2a). The steps resulting in
blastema formation are specific to regenerative versus non-regenerative limbs, and thus key
to regenerative capacity, and are analogous to how embryonic limb bud mesenchyme is
organized under a developing apical ectodermal ridge in chick or mouse. A number of
developmental factors have been identified in amphibian and fish appendages that are
expressed very early after injury, and whose activity is critical for blastema formation
(Figure 2a and 72). For example, in regenerating zebrafish fins these signals include Fgf20a,
certain Wnt ligands, and Activinp-A% 73=75_ While it is expected from studies to date that
released signals like these will often recapitulate signals present in embryonic development
of the same structures, understanding the regulation of their release and responses by adult
cells that receive them will provide clues for whether and how a process like limb
regeneration can be stimulated in adult mammals.
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Other mechanisms that stimulate local regeneration have recently emerged. Local cell stress
or death make sense as signals for instructing local regenerative replacement, as the signals
are likely to be restricted to areas of need. Recent findings have shown how apoptotic cells
are assocated with and can even stimulate nearby regenerative events’6="9 (Figure 2b). In
the adult Drosophila midgut, Jiang and colleagues identified an elegant mechanism by
which parenchymal enterocytes undergoing apoptosis or infection release Unpaired
cytokines’®, which activate nearby intestinal stem cells that divide and generate new
enterocytes. In this way, a tissue with high turnover like intestinal epithelium has a robust
mechanism for local regenerative replacement, during either normal homeostasis or injury
and infection. An analogous mechanism can occur during Hydra head regeneration. Hydra
rapidly regenerate their head or foot after bisection midway through the body column, but
apoptosis of interstitial cells is focused in the anterior injury site. Here, as these cells die,
they synthesize and release Wnt3, a factor that rapidly stimulates local cell proliferation
(Figure 2¢)’8. Wnt3 produced by endodermal epithelial cells hours later is then also key for
head formation80. Apoptosis is necessary and sufficient for activation of this type of
regeneration, and has also been recognized as a regenerative requirement in tail regeneration
in tadpoles’’. Thus, signals released from dying cells may also represent instructive
mechanisms for regeneration in vertebrates. It will be interesting to determine whether
apoptosis also has roles during the prolonged process of regeneration; e.g. in other contexts
described below.

Dynamic injury responses

While a freshly healed epidermis or a focus of dying cells provides an obvious source for
initiating signals, regeneration can also involve organ- or organism-wide events. As
indicated above, local skeletal muscle regeneration can be impacted by circulating factors
whose efficacies change with age33. Similarly, exercise is known to stimulate neurogenesis
from neural stem cells in the subventricular zone of adult rodents81. Thus, signals distant
from the injured area can influence regenerative capacity.

Conversely, we also know that local injury can impact tissues distant from the trauma. In
mammals, distal blood loss stimulates haematopoietic stem cell activity in marrow, through
the action of cytokines and growth factors within niches. Similarly, partial hepatectomy
activates compensatory hepatocyte hyperplasia in spared lobes, in part through released
factors like 1L-6, TNF-alpha, and HGF®8. A surprising, organ-wide response is also
displayed by the regenerating heart of zebrafish. Within days after a focal injury removing
the apex of the ventricle, embryonic gene programs are activated in cell types throughout the
chamber, not just adjacent to the wound®2. Epicardial cells surrounding the entire chamber
upregulate expression of the retinoic acid-synthesizing enzyme Raldh2, and subepicardial
muscle cells adjacent to them activate regulatory sequences of the gata4 transcription factor
gene53 82, Activated programs localize to the injured and regenerating area in the following
days, and these cells make key contributions to the renewed structures. It is unclear how
signals are transmitted from injured to uninjured areas in this cardiac regeneration model,
but it is possible that this sequence of events represents a process of searching for and
identifying the injury site, which might be enhanced in a regenerative heart versus a non-
regenerative (mammalian) heart.

Analogous regulatory phenomena are present in invertebrates. Decapitated planaria reset
their body axes, involving animal-wide changes in expression of many released factors and
signaling mediators (see the next section for further details). One of the more striking
animal-wide effects occurs in Drosophila, which regenerate injured imaginal wing discs83~
85. After X-ray irradiation, or mechanical or genetic ablation of disc tissue, animal
development toward pupariation and eclosure is delayed as the disc regenerates86—88. Thus,
there is some signal that senses local trauma and delays larval metamorphosis — an elegant
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mechanism for preserving synchronized development. Recent data from genetic studies
indicate that this detection mechanism inhibits synthesis of the major metamorphosis signal,
ecdysone, delaying pupariation8. Midbrain expression of the neuropeptide PTTH, which
regulates ecdysone production, is inhibited by tissue damage, providing a likely mechanism
of control. Retinoids were implicated as the systemic regulator of PTTH expression, as
mutants in retinoid synthesis had attenuated delays in PTTH expression and development.

Over the next few years, one can predict to see increasing numbers of examples across phyla
in which regeneration is not an isolated developmental event, but can control (and be
controlled by) the physiology of the entire organ and/or animal. This may prove to add
convenience or complexity in the context of regenerative medicine. In some cases, potential
interventions need not be locally applied; in others, stimulating regeneration may trigger
responses in unintended locations.

Control of proliferation and patterning

Once a tissue is competent for regeneration and the correct cell source is stimulated in the
correct location, regeneration must be meticulously regulated such that only the appropriate
structures are replaced. Like all examples of organogenesis, these events require mitogens
and patterning signals, as well as some mechanism that senses scale to slow and eventually
end the process.

Mitogens and patterning

It is clear that during adult regeneration, molecules important for embryonic development
are called upon once more. As alluded to above, the large amount of mechanistic
information yielded from studies of limb development over the past 15 years have revealed
many candidate factors with potential roles during limb regeneration. For instance, factors
like Sonic hedgehog, Fgfs, Whnts, retinoic acid, and BMPs that are key for patterning and
outgrowth of the embryonic limb bud appear to exert similar effects on the regenerating
adult limb or fin blastema’?. In fact, we likely know more about basic signals for
proliferation and patterning during regeneration than we do about other key events discussed
elsewhere in this review.

However, regenerative growth of adult tissues is not strictly a repeat of embryonic
development. For instance, the recent discovery of Anterior gradient (nAG) as a blastemal
mitogen in the regenerating newt limb did not occur from comparisons with embryonic
development!®: 90. Indeed, there are key differences between embryonic development and
regeneration that are worth pointing out. For instance, an injured organ may have an effect
on other uninjured tissues, or indeed be affected by these tissues, as discussed earlier.
However, only the injured organ is amenable to developmental cues that augment mass
during regeneration, while uninjured tissues retain their size. By contrast, embryonic organs
develop simultaneously and gain mass simultaneously as the animal grows, albeit by organ-
specific mechanisms. In addition, the source of dividing cells is different: an adult organ
regenerates from adult cells that have been homeostatically maintained for months or years,
whereas embryonic tissues typically develop from fields of progenitor cells not so far
removed in time from the fertilized one-cell animal. The issue of how the correct scale and
shape are determined is one of the most fascinating and poorly understood aspects of
regeneration. There must be a positional memory, by which adult cells retain the
developmental ability to construct organ parts of the correct size and shape, replacing only
that which was lost. Our limited understanding of this phenomenon is discussed below.
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Positional memory

During embryonic patterning, cells decode complex, position-dependent signals to initiate
molecular programs that control proliferation and differentiation. How cells interpret
different concentrations and combinations of signals in developing systems has been heavily
investigated 8 91795 with advances in understanding at the molecular level having been
gained recently in Drosophila %699, During adult tissue regeneration, cells spared by injury
must either remain competent to positional instructions even as a part of fixed, determined
structures, or they must somehow maintain the instructions themselves.

Positional memory during regeneration is mainly considered in the context of appendages,
which have obvious axes and patterns. Regulators of positional memory in appendages are
expected to have two main characters: first, they should be present in a gradient or restricted
pattern within the intact adult structure; second, their misexpression or blockade should
affect the regenerative pattern. Surprisingly few factors to date have been implicated in
control of positional memory during appendage regeneration. Retinoic acid (RA) treatment
proximalizes amphibian limb regenerates, causing wrist-level amputations to sprout
shoulder-level regenerates100. While these data are spectacular, the endogenous role of RA
in positional memory is unclear, since there is no discernable PD gradient of RA in the intact
limb, and loss-of-function experiments have not been successful. Other candidate factors
include Prod1, a proposed receptor for nAG90r 101. Prod1 is induced by exogenous RA and
expressed at slightly higher levels (~1.8-fold) in proximal intact limb regions as compared to
distal regions102. While in vivo function is unclear, antibody knockdown of Prod1 in
cultured blastemas blocks characteristic in vitro behavior of proximal blastemas, and
blastema cells electroporated with excess Prod1 distribute proximally during regeneration as
compared to control electroporations101: 103.

Much remains to be discovered about regulation of positional memory in adult tissues.
While generating stem cells in plasticware is now routine, regenerative medicine of
complex, patterned tissues like limbs requires major advances in understanding how to
confer tissue-building instructions. That adult cells maintain positional information, even in
mammals, is a relatively new concept. While most scientists might have assumed that skin
fibroblasts isolated from different areas of the human body are molecularly the same, we
know now through mRNA microarray studies that they are in fact distinct. Even when
maintained in culture for several passages after isolation, the expression profiles of
fibroblasts cluster among cells also taken from that anatomic site in different individuals,
rather than with cells taken from different sites on an individual. One topographically
controlled set of genes is the Hox genes. These genes are classic regulators of
morphogenesis; thus, this finding suggests that the maintained expression of site-specific
Hox codes in fibroblasts represents positional memory104. There is also evidence for
positional memory distinguishing different subsets of adult bone cells. Adult murine
mesoderm-derived bone and neural crest-derived bone were shown to heal injuries using
progenitors of the same embryonic origins. However, mesoderm-derived adult progenitor
cells transplanted to injured neural crest-derived bone did not contribute to healing9°.
Another piece of convincing evidence of positional memory has come from lineage analysis
of neural stem cells from different regions within the ventricles of the adult mammalian
brain. These cells may have a similar niche architecture and molecular profile, but they
maintain positional information to generate distinct neurons, even in culture or if grafted to
heterologous locations196. Thus, we are beginning to learn more about examples of
positional memory within adult mammalian tissues.

The positional memory displayed by planarian cells during regeneration may be related to
these properties of mammalian cells. Intact planarians maintain graded or region-specific
expression patterns of developmental signaling molecules that are also called upon during
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regeneration (Figure 3a). For instance, wnt-P1 expression is restricted to a small number of
cells at the posterior midline of the intact animall97, and bmp4 expression exists in a rostral-
to-caudal stripe of midline cells198, If extended RNA interference is used to disrupt such
maintained signals in the absence of injury, the animal can take on monstrous forms. Among
spectacular examples, knockdown of beta-catenin leads to emergence of ectopic heads from
all body regions109: 110 (Figure 3a), and knockdown of the slit neural guidance cue causes
ectopic nervous system structures to form111. Thus, positional memory in planarians is
manifest in part by the active maintainence of patterning signals in gradients and region-
specific distribution across the entire animal.

As mentioned earlier, active maintenance of developmental signals like Shh and Fgfs also
occurs in the uninjured axolotl spinal cord and zebrafish tailfins?”: 29, Factors like these may
link somehow to genes that maintain bona fide positional memory across a field of adult
cells. This may explain how the adult salamander spinal cord maintains a graded distribution
of Hox gene expression along the anteroposterior axis of its spinal cord, giving each location
along the spinal cord a distinct positional identity12. It seems reasonable to postulate that
the adult cells of highly regenerative vertebrates like salamanders and fish may have a more
‘planarian’ profile than mammals, retaining positional memory in part by retaining the
expression of embryonic morphogenetic stimuli or responders (Figure 3b).

Regeneration research has lagged behind other fields such as embryology, immunology, and
neuroscience in reaching the molecular age. This is largely because regeneration is an adult
process that employs genes that were necessary for viable embryogenesis, and because the
most spectacular regenerators have not been the most tractable genetic systems. The
establishment of advanced tissue- and stage-specific tools in multiple species, for example
based on control of recombinases like Cre, will allow access to regeneration and its
mechanisms in the coming years. Exquisite tools are already available for regeneration
studies in fruit flies and mice, where they are bearing excellent fruit. Similar tools are likely
to continue to mature quickly in zebrafish, because of the large body of genetic researchers,
and to emerge in other species like planarians and salamanders because of their attractive
regenerative properties and increasing interest in community resources.

Furthermore, as it has permeated all fields of biological research, the continued
accumulation of genome and transcriptome sequence information will aid future
regeneration studies. Genome sequencing, especially of highly regenerative animals with
large or understudied genomes like salamanders, may reveal gene regulatory sequences key
to regenerative events. The ability to sequence genomes of individual animals will also
make it easier to identify mutations that underlie regenerative defects. High-throughput deep
sequencing will improve upon microarray technology, generating more sensitive mMRNA
expression profiles in regenerating tissues of organisms with or without fully annotated
genomes. This work will reveal candidate genes that can be filtered from data from different
tissues or different organisms, and may be used to home in on important differences in
expressed genes that could contribute to regenerative capacity - for instance, adult
cardiomyocytes from a regenerative species like zebrafish versus a non-regenerative species
like mouse. Integration with characterization of epigenetic regulatory mechanisms and
targets during regeneration will generate high-resolution molecular models of how
regeneration is initiated and controlled. New information from these findings will then need
to be synthesized to derive methods that encourage stem cell activity, build regenerative
scaffolds, or impart enhanced regenerative capacity with biological factors.
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Figure 1. Injured tissues retain lineages during axolotl limb regeneration

A. Schematic of cartilage grafting from transgenic EGFP-expressing axolotl to wild-type
recipient. After amputation, the tissue contributions of the donor graft and location in
regenerated structures can be assessed.

B. Time course indicating the progression of EGFP-labeled donor tissue throughout the
regeneration experiment. The amputation (dotted line) is made through an area containing a
stable cartilage graft (green), and the graft and its derivatives are then visualized by whole-
mount imaging throughout stages of regeneration. The Inset in the first image indicates that
the EGFP-labeled cartilage graft does not co-label with a marker of skeletal muscle (red).
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C. Summary of results from tissue-grafting experiments by Kragl and colleagues. Key tissue
lineages like muscle, cartilage, Schwann cells, and epidermis remain restricted to their
developmental origin and do not transdifferentiate to other lineages during limb
regeneration.

D. Model of tissue contributions during blastema formation and limb regeneration, from ref
63. Blastemal cells arise from different tissue types but remain compartmentalized in the
blastema. During regeneration, there is little lineage-switching, other than dermal cells; that
is, blastemal cells retain their memory of origin as they are patterned into new limb
structures. All figure panels reprinted with permission from 63,
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Figure 2. Signals initiating regeneration

A. Signaling during blastema formation. Following amputation of a zebrafish fin or
salamander limb, a wound epithelium quickly covers the appendage stump and matures into
a key paracrine signaling structure for the blastema. Multiple factors are synthesized in the
epidermis that are important for initiation and/or regulation of blastemal proliferation, while
other factors appear to signal from underlying structures like the blastema or nerve to the
epidermis.

B. Model for regenerative signaling in the Drosophila midgut. Enterocytes (EC)
encountering stress or undergoing cell death release Unpaired cytokines to activate
production of replacement enterocytes and enteroendocrine cells (EE) by intestinal stem
cells (ISC) and enteroblast (EB) progenitors, through activating Jak/Stat signaling in these
progenitor cell types. Reprinted with permission from 7°.

Nat Rev Genet. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Poss

Page 21

C. Model for regenerative signaling by apoptotic cells after mid-gastric bisection in Hydra.
Amputation causes apoptosis in cells near the plane of injury within 30 minutes, and
concomitant Wnt3 release from those apoptotic cells. Wnt3 acts as a mitogen for interstial
cells like nematoblasts, promoting regeneration by effects in addition to its role as a head
organizer’®.
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Figure 3. Models of positional memory in invertebrates and vertebrates

A. Maintenance of patterning signals in planarians. (Left) bmp4-1, which regulates midline
and dorsoventral patterning, is expressed in the midline region of intact animals108. wntP-1
regulates anteroposterior (AP) polarity during regeneration, and is normally expressed in a
few cells in the tail of intact animals107. (Right) Knockdown of B-catenin causes head-like
protrusions in ectopic locations, revealing homeostatic maintenance of the AP axis by this
signaling molecule109' 110.

B. Model for contributions to positional memory in highly regenerative vertebrate tissues.
Graded distribution of morphogenetic factors along the proximodistal (PD; top) or
anteroposterior (AP; bottom) axis might also assist in recognition of positional identity
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during amphibian limb regeneration. Such factors would have a graded or region-specific

distribution in the intact limb that helps maintain cell identity, and that can be quickly
recovered in the regeneration blastema to help pattern the regenerate.
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Box 1. Loss-of-function approaches in highly regenerative systems

A. A forward genetic screen in zebrafish. Point mutations are randomly induced by
chemical treatment with ENU, followed by breeding mutations to homozygosity through the
F3 generation. F3 animals have their fins clipped at 2-3 months of age, and are scored for
regenerative defects after 1-2 weeks. This can also be performed as a temperature-sensitive
screen for conditional mutations, with animals shifted from 25-26 degrees to 33 degrees
during the regeneration period’: 8. Robust mutants are chosen for genetic mapping and

mutation identification.

B. RNA interference in planarians and Hydra. RNA duplexes targeting a candidate gene
are introduced by injection or by feeding of bacteria containing RNAi-generating expression
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cassettes, in various forms, to adult animals. Animals are then amputated and scored for
regeneration, sometimes followed by an additional round of RNAI and regeneration tests13,
C. Morpholino electroporation. Fluorescently labeled antisense morpholinos are injected
into the blastema of the regenerating zebrafish fin114 (top) or axolotl limb115, followed by
electroporation to allow nucleic acid entry into cells. The regenerate is assessed after several
days; in this example, fin regeneration is delayed in morpholino-treated region.
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Box 2. Lineage tracing techniques used in regeneration studies

A. Tests of tissue contributions. (Left) Tissue grafts are accepted well in salamanders,
when performed either at the embryo or adult stage. A tissue type from a genetically distinct
animal, e.g. a triploid animal or a transgenic animal expressing a fluorescent reporter gene in
all cell types, can be dissected surgically and implanted into the intact limb of an unlabeled
host. After amputation through the host limb, labeled tissues in the blastema and in the
regenerate represent the derivatives of the graft. If multiple tissue contributions are detected
after a transplant, issues of initial graft purity arise. (Right) Transgenic fate-mapping
approaches typically use a cell type-specific promoter driving an inducible recombinase, e.g.
a tamoxifen-inducible Cre fused to a mutated estrogen receptor, to trace the progeny of cells
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activating that promoter. After irreversibly labeling a limb cell type by tamoxifen injection,
the limb is amputated and the blastema and regenerate assessed for labeled derivatives. A
downside to this approach is that it relies on the availability and fidelity of a presumed
tissue-specific promoter, relying on one marker for conclusions.

B. Clonal analyses can aid conclusions in lineage tracing experiments. (Left) A single
labeled cell purified by flow cytometry is implanted into the intact host limb, or into the
blastema (not shown). Labeled tissues in the regenerate can be traced back to that single cell,
permitting rigorous tests of multipotentiality and self-renewal. (Right) A limited dose of
tamoxifen will induce recombination in a small number of isolated cells, and presumably in
those cells with relatively strong activation of the cell type-specific promoter driving the
recombinase. Clones of cells in the regenerate can be assessed for cell type-specific markers
to determine the tissue diversity of clonally related cells.

Nat Rev Genet. Author manuscript; available in PMC 2011 April 1.



Page 28

Poss

Anoeded anijesausbal

NIH-PA Author Manuscript

- ) - - N - - - 1uapuadap-abe Jo -abers
uonelauabal jo Buibew
) - - - - (senuep) p N s awl}-|eal 1oy [enuslod
s s - - - N - - sonauab premio4
Bunyeid anssn
- s |» A A - N s 10 uoneuedsuen |80
Buioely abeaul|
) . - - - N, - - UBALIP 8SeUIqUI0daY
) s - A A N - s sisauafsuel |
+ t - - - - t t IVNY
UOIRUIqWI0D3I
) s - - - - - - snobojowoy Ag IN0xo0Ud
Burobuo 1o paysiuly
) . - - ) N, N, ) aouanbas awous)
:sj0o L
S]199 W89
wnijpyyda Ino
uns  eunsy
anIau pJod S|1990 41eH
leasydiusd  |eulds
sealoued rel pJ0d Jeulds

18N MeaH  pd4od Jeuids rUNYY eunay wiaIsAs

SNOAJBN

S|199 W89 ajosnw sua] squi squui| MJesH  S[[90 Wi

[e1INMs ajodpe
nBpIN poolg  squi el Irex sul4 Jewiue  [ewiue salpn1s uolyelauabal
ajodpe 3JOUM  9JOYM Ul Passasse sanssi Aoy
e[iydosoig asno IMBN nojoxy  sndousax ysyeldgaz  sueleueld  eIpAH
‘Salpnis co_um\_wcwmw\_ 10J S]00] pue SwiaIsAs |9POIN
T3alqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Nat Rev Genet. Author manuscript; available in PMC 2011 April 1.



