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Abstract

The emergence of regenerative medicine has raised the hope of treating an
extraordinary range of diseases and serious injuries. However, to achieve such important
goals, fundamental questions must first be answered, such as why regeneration occurs in
some animals and not others. Thus, understanding the processes of cell proliferation,
differentiation and pattern formation in regenerative organisms could help find ways to
enhance the poor regenerative abilities shown by many other animals, including humans.
In recent years, planarians have re-emerged as an attractive model in which to study
regeneration. Remarkably, these animals possess a population of totipotent somatic stem
cells (neoblasts) that differentiate into any cell type after amputation. Through the
application of modern molecular and genomic tools, the planarian community has started
to unravel the molecular mechanisms regulating stem cell biology and pattern formation
during regeneration. Here, we summarize current understanding of neoblast biology,
regeneration of the central nervous system and re-establishment of the anteroposterior
and dorsoventral body axes during regeneration. We also discuss the relationship between
regeneration and cancer.

1. Introduction
Interest in regenerative medicine has increased dramatically in recent years. Given its

promise of curing diseases and injuries that affect millions of people worldwide, it is not
surprising that information reaches us through the mass media almost weekly, or that the last
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three or four years has seen the establishment of a number of new specialized scientific
journals, such as Journal of Tissue Engineering and Regenerative Medicine (2007),
Regenerative Medicine (2006), Journal of Stem Cells and Regenerative Medicine (2006) and
Cell Stem Cells (2007).

Research is mainly focused on identifying ways to manipulate stem cells in order to use
them as therapeutic agents to cure traumatic injuries and various human diseases (such as
neurodegenerative disease, diabetes, and heart disease). However, much remains to be
understood about the fundamental mechanisms underlying regeneration or its absence in
different organisms. While most metazoan phyla include species that are able to regenerate,
the efficiency with which this occurs may vary (Sanchez-Alvarado, 2000; Sanchez-Alvarado
and Tsonis, 2006; Tanaka, 2003; Tsonis, 2000).

In addition, even closely related species may show very different regenerative capacities.
Thus, for example, amphibians and zebrafish are able to regenerate, among others, their
limbs, tail, fins and heart (reviewed in Stoick-Cooper et al., 2007), whereas other vertebrates
(e.g. humans) have lost the capacity to regenerate such complex structures. Regeneration
requires the missing organ or structure to be sensed, proliferation and differentiation of new
cells induced to re-build those missing parts, and then specific signals and instructions
provided to properly patterns the newly regenerated tissues and organs.

Finally, those de novo created tissues, organs or structures must integrate within the old
tissues to restore normal functionality. While current research efforts largely focus on
controlling the differentiation of stem cells, either embryonic stem cells (ES) or induced-
pluripotent stem cells (iPS) in vitro, use of those in vitro-differentiated cells faces a number of
significant hurdles. In order to ensure that, once implanted, the cells go where they are
required, integrate within the pre-existing tissues or organs, and ultimately restore normal
function; much more may need to be understood about how this occurs in systems with a high
regenerative capacity.

Thus, for example, Zebrafish has become an attractive model in which to study heart
regeneration (Poss et al., 2002; Raya et al., 2003) and in the near future knowledge obtained
in this system may be applied to the treatment of heart disease in humans. Zebrafish are also
being used to study the regeneration of the mechanosensory hair cells in the lateral line
(Lopez-Schier and Hudspeth, 2006; Behra et al., 2009), and those studies might provide some
insight into why mammals have lost the capacity to regenerate their inner ear hair cells, as
well guiding the development of therapeutic approaches to solve hearing loss. In those cases,
jumping from Zebrafish to humans may not be so complicated or far away. In other
situations, however, the distance to cover appears longer and full of obstacles. Being able to
induce the complete regeneration of an amputated arm or leg in humans as normally happens
in amphibian limbs, for instance, appears a very distant goal.

One of the primary materials required for regeneration is a population of undifferentiated
or progenitor cells that can proliferate and differentiate into the cell type(s) required in each
different context. The origin and type of those primary cells vary depending on the animal
model and the kind of regenerative process required. In amphibians, after limb or tail
amputation, differentiated cells go through a process of dedifferentiation, re-enter the cell
cycle, proliferate, and differentiate again into the missing cell type(s).

Recent studies addressing the question of how far the dedifferentiation process goes
during axolotl limb regeneration have shown that most cell types do not actually reach a
multipotent undifferentiated stage but instead seem mainly to re-differentiate into the same
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cell type (Kragl et al. 2009). The mechanism by which these cells remember their origin is of
obvious relevance for the field of regenerative medicine. In many vertebrates, some tissues
contain specialized cells (e.g. the satellite cells of the muscle) that can be induced to
differentiate after damage or injury (Lagha et al., 2008; Montarras et al., 2005). In other
systems, such as planarians, a population of totipotent stem cells is found in adults. After
amputation or damage, those specialized cells proliferate and differentiate into the missing
structures. Given that controlling the differentiation of undifferentiated stem or progenitor
cells is a prerequisite for future therapies, planarians thus offer us an important opportunity to
study the behavior of such totipotent stem cells in vivo.

Planarians became a classical model in which to study regeneration because of their great
plasticity (Brgndsted, 1969; Newmark and Sanchez-Alvarado 2000). For instance, if a
planarian is cut into multiple pieces, each tiny piece will regenerate a whole animal within
around two weeks. In recent years, however, the power of molecular biology has begun to be
harnessed in planarians to gain insights into the molecular control of these regeneration
processes (Agata, 2003; Reddien and Sanchez-Alvarado, A., 2004; Salé, 2006). What makes
planarians particularly special and interesting as a model for research into regenerative
medicine is that they maintain a population of adult stem cells throughout their lives. These
stem cells are totipotent and are the source of all the differentiated cell types required during
normal homeostasis, as well as after traumatic amputation (Bagufia et al., 1989). Planarians
can reproduce both sexually and asexually.

In those species with asexual reproduction, a high regenerative capability is obviously
correlated with their mode of reproduction. Asexual planarians reproduce by fission (Figure
1), and that means that after reaching a certain size, or depending on culture or environmental
conditions, animals attach their tails to the substrate and stretch themselves until they break
into two or more pieces (depending on the species). Subsequently, each piece will regenerate
the missing part through proliferation and differentiation of their stem cells.

These unique features together make planarians an excellent model in which to study
stem cell biology in vivo, and offer us a paradigm for investigating not only the regulation of
stem-cell proliferation and differentiation but also how these cells subsequently integrate into
pre-existing tissues or become properly organized into de novo generated tissues and organs.

Figure 1. Fissioning in Schmidtea mediterranea. Both resulting pieces will regenerate the missing parts.
Scale bar: 1 mm.

In this chapter, we will begin by reviewing current understanding of the biology of
planarian stem cells. We will then discuss the regeneration of the planarian central nervous
system (CNS) before considering the role of two conserved signalling pathways in the control
of tissue patterning during planarian regeneration. Finally, we will discuss some data
suggesting that planarians may be also a good model in which to study the relationship
between regeneration and cancer.
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2. Planarian Stem Cells: The Neoblasts

2.1. Planarian Anatomy and Biology

Planarians are freshwater flatworms from the phylum Platyhelminthes (Order Tricladida,
Class Turbellaria) belonging to the Lophotrocozoan clade of the Protostomes. They are
triploblastic acoelomates and unsegmented, although some of their organs, like the gut and
the central nervous system, do display iterations (Figure 2 A, B).

They lack circulatory, respiratory, and skeletal structures, but have well-defined bilateral
symmetry, as well as anteroposterior (AP) and dorsoventral (DV) axes. They also show clear
cephalisation, with a pair of cephalic ganglia and two ventral longitudinal nerve cords that are
interconnected by commissural neurons, and sensory organs (photoreceptors, chemoreceptors
and rheoreceptors), which are mostly located in the head area (Figure 2 A).
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Figure 2. Diagram of the major organ systems in the freshwater planarian Schmidtea mediterranea. (A)
Central nervous system with a bilobed cephalic ganglion with lateral branches and two ventral
longitudinal nerve cords interconnected by transverse commissures. The eyes are located dorsal to the
brain (B) The digestive system comprises a blind diverticulated gut with one anterior and two posterior
branches and a single pharynx in the centre. The excretory system is a dorsal network of canals in
which the flame cells reside. (C) The hermaphroditic S. mediterranea strain has a complex reproductive
system with two ventrally located ovaries, two dorsolateral rows of testes and vitelline glands. The
copulatory apparatus contains a copulatory bursa (where the sperm interchanged during copulation is
stored), a penis and seminal vesicle (where the mature sperm is stored), and shell glands that connect to
the atrium to produce the polyembrionic eggs or cocoons. Adapted from Sal6, 2006.
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The digestive system consists of a blind three-branched diverticulated gut with no anus
and a pharynx in the central region, which evaginates through a ventral mouth opening
(Figure 2 B) (Hyman, 1951; Rieger et al. 1991). The body wall musculature comprises four
layers of muscle fibers (outside to inside): circular, longitudinal, diagonal and longitudinal
(Cebria et al., 1997). The excretory system is a dorsal network of canals containing
specialized flame cells with continuously beating cilia (Figure 2 B). The parenchyma fills the
space between the monostratified ciliated epidermis and the gut and contains diverse cell
types such as epidermal gland cells, fixed parenchymal cells, which connect different cell
types and tissues, pigment cells that give the planarians a brownish color, and the neoblasts
(planarian stem cells).

In the anterior region, a pair of eyespots, consisting of rhabdomeric photoreceptor cells
and pigment cells, can be distinguished on the dorsal side of the planarian (Figure 2 A). In the
ventral epidermis, a large number of cilia facilitate movement—planarians are the largest
organisms to employ ciliary locomotion. The animals also move through a combination of
muscle contraction and slime secretion.

Planarians are usually hermaphroditic and most often possess the ability to reproduce
both asexually and sexually. The sexual strains have a complex reproductive system with two
ovaries situated anteroventrally and a large number of testes and vitelline glands located in
long lateral and parallel lines in the dorsal part of the body (Figure 2 C). Polyembryonic eggs
or cocoons are laid (embryogenesis is highly derived), and five to eight juveniles hatch after
10 days to several weeks, depending on the species and temperature.

2.2. Planarian Morphological Plasticity

Planarians show a high degree of plasticity in the control of morphology and cell
turnover. Tissue homeostasis takes place continuously to renew all cell types, and in addition,
planarians shrink by reducing their total body cell number in the event that food availability is
restricted (Gonzéalez-Estévez et al., 2007; Bagufia and Romero, 1981).

When food becomes available again, the planarian will re-grow by increasing cell
numbers (Bagufia and Romero, 1981). Growth and degrowth represents a dynamic
equilibrium between cell proliferation and cell death (Bowen et al., 1976).

During growth there is more cell proliferation than cell death, leading to an increase in
the total number of cells in the body. In contrast, during degrowth the equilibrium shifts
towards cell death, so that the total number of cells in the planarian body will decrease and
the planarian will get smaller, while remaining functional at any size (Bagufia and Romero,
1981; Bagufia, 1976) (Figure 3 A).

It has been suggested that a process of re-juvenilization occurs during the degrowth—
growth process (Child, 1914; Hyman, 1951), and this possibility has been suggested for the
regeneration process and for asexual reproduction (Child, 1914; Hyman, 1951), suggesting
that planarians may be able to "escape" the aging process in many different ways. The
lifespan of turbellarians is mostly known from laboratory cultures (Hyman, 1951), and several
labs have maintained a clonal line from a single asexual Schmidtea mediterranea animal for
years. In such lines, hundreds of fissions have already taken place, giving rise to thousands of
individuals that are literally identical at a genomic level.
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Figure 3.Planarian homeostatic and regenerative capacities. (A) Growth—degrowth. Planarians are very
plastic, and upon starvation there is a reduction in the total body cell number (degrowth) caused by an
increase in the rate of cell death compared with that of cell proliferation. After feeding, the planarian
will grow in size and cell number will increase again (growth) through a shift in the equilibrium to
favour mitosis over cell death. (B-D) Regeneration. Practically any imaginable amputation of the
planarian can give rise to two individual animals. (B) A sagittal cut induces the formation of a lateral
non-pigmented blastema along the length of the planarian body. The missing eye differentiates and the
remaining organs are remodeled, giving rise to an entirely regenerated planarian that is smaller than the
original animal. (C) Following transverse cuts, the middle fragment forms both an anterior and a
posterior blastema. The head, including the eyes and the brain, is regenerated in the anterior blastema
and the tail in the posterior blastema. A process of remodeling takes place in the middle fragment,
adjusting the organs to the new smaller size of the planarian. (D) When two fragments with different
positional values are joined together, intercalary regeneration reforms the missing tissues between the
two regions and gives rise to a single planarian. Modified from Handberg-Thorsager et al, 2008.

The capacity to regenerate is especially pronounced in some ftriclads such as S.
mediterranea and Dugesia japonica, species used extensively in planarian research. These
planarians can regenerate along any body axis, and small fragments, except the pharynx and
the headpiece anterior to the eyes, are able to regenerate a complete organism.

Thus, a transverse or sagittal cut can lead to the formation of two animals in two weeks
by producing a new region of undifferentiated tissue, or blastema, and remodeling the old
tissue to the new smaller proportions (Figure 3 B, C).

Experimental manipulation of these organisms has shown that intercalary regeneration is
also possible when bringing an anterior fragment together with a posterior fragment while
leaving out the middle fragment (Brgndsted, 1942) (Figure 3 D).

Grafting experiments involving inversion of the DV axis of the donor tissue with respect
to the host planarian induced new organizing centers in each of the confronted pieces, leading
to the generation of multiple new planarian axes (Santos, 1929; Schilt, 1970; Agata and
Watanabe, 1999).

These observations indicate that DV interaction and tissue confrontation with different
positional values are two distinct scenarios in which regeneration is activated.
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2.3. The Cell Biology and Dynamics of Neoblasts

The synapomorphy of Platyhelminthes is the presence of a unique totipotent and
proliferative stem cell population in adult flatworms (reviewed in Handberg-Thorsager et al.,
2008). This unique characteristic underlies the tremendous plasticity and regenerative
capacity of the phylum. Neoblasts are small cells of 6-10 microns diameter with a high
nucleus-to-cytoplasm ratio and, depending on the adult size, they account for 20-30% of the
total cell number. This percentage corresponds to the true stem cells and the postmitotic cells
that are already committed but retain neoblast-like features. The cytoplasm is strongly
basophilic, rich in free ribosomes and with few mitochondria, and contains chromatoid bodies
close to the nucleus (reviewed in Coward, 1974 and Gremigni, 1988). The chromatoid bodies
are RNA processing centers that decrease in number during differentiation until they
disappear (Coward, 1974; Higuchi et al., 2007). Theyare also present in the planarian germ
cells, which, together with the neoblasts, are the only mitotic cells described in the planarian
(Sato et al., 2006). The neoblasts are totipotent cells that differentiate to form all cell types,
including the germ line (Bagufia et al., 1989). At least 20 types of differentiated planarian
cells have been described (Bagufia and Romero, 1981), although the differentiation pathway
of the neoblasts remains an open question, and their cell lineages have not been fully
established. Cytological studies divide the neoblasts into subpopulations based on
ultrastructural features and cell cycle distribution. By looking at electron microscopy images
of neoblasts, Higuchi and co-workers (2007) defined type A and type B neoblasts based on
cell size, chromatin structure and number of chromatoid bodies. Type A neoblasts are larger
(9.6 £ 2.9 um) with more chromatoid bodies (4.4 £ 2.1) than type B neoblasts (size, 6.2 + 1.4
pum; number of chromatoid bodies, 2.1 + 0.9); type A neoblasts are also rich in euchromatin,
whereas type B neoblasts are rich in heterochromatin. The nucleus-to-cell ratio of type A
neoblasts is lower than that of type B. Fluorescence-activated cell sorting (FACS) has shown
that type A cells belong to irradiation-sensitive dividing cells, whereas type B cells are
irradiation-sensitive non-dividing cells (Hayashi et al., 2006; Higuchi et al., 2007). The same
group also described a population of differentiating cells with chromatoid bodies and few
organelles that continued to divide, suggesting that committed or progenitor cells may
maintain proliferative ability (Higuchi et al., 2007). Feeding and regeneration are two
physiological processes that increase the rate of neoblast division. Two peaks have been
described in the time course of mitosis after feeding or amputation of the planarian, with the
first maximum at 4-12 hours and a second higher maximum occurring after 2-4 days at 17°C
(Bagufia, 1974, 1976; Sal6 and Bagufia, 1984). Cell markers and karyotypes have been used
to measure the cell kinetics in the blastema, the number of cells produced on the stump area
and the rate of neoblast movement. These data showed that a small area of 300 um below the
blastema was enough to produce the cells necessary for the new tissue (Sal6 and Bagufia,
1985). In the same study, the ability of the chimeric animal to undergo intercalary
regeneration was shown to be equal from both sides. A headpiece from a sexual animal was
placed together witha tailpiece from an asexual one (with a Robertsonian translocation in
their karyotype) and it was observed that the contribution to blastema formation was equal
from both pieces. Local X-ray irradiation, which partially destroys the neoblast population,
leads to repopulation of the irradiated area by healthy neoblasts and recovery of regenerative
capacity (Dubois, 1949). This was interpreted as a demonstration of neoblast migration
through the irradiated area. In contrast, tissue transplantation experiments comparing
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chromosomal markers in an irradiated host compared with a non-irradiated one have shown
that wounding does not trigger neoblast migration towards the damaged area when the graft is
far from the wound (Sal6 and Bagufia 1985). Finally, the cell turnover observed in areas of
the planarian that are known not to have mitotic activity, mainly the area in front of the eyes
and the pharynx, suggest that neoblasts are able to undergo directed migration (Newmark and
Sanchez-Alvarado, 2000). Taken together, these findings indicate that neoblasts can migrate
locally, depending on the tissue context, but regeneration appears not to require long-distance
neoblast migration. Although neoblasts have generally been considered responsible for
forming the blastema, the evidence is indirect, and in many models of regeneration the
blastema cells, or the cells that participate in regeneration, arise through dedifferentiation of
somatic cells. The main experiments in support of dedifferentiation in planarians were done
by Gremigni and co-workers (1980, 1982) using a species in which chromosome numbers
differ between somatic and germ cells. By analyzing cell ploidy, they observed that germ
cells could contribute to blastema formation and differentiate into new structures by
dedifferentiating and forming different cell types. However, these results could also be
interpreted as transdetermination of partially determined stem cells, namely the germ line.
Several classical observations, along with the results of more recent experiments, suggest that
the blastema is formed by neoblasts. Thus, total irradiation causes loss of cell renewal and
regenerative capabilities, and ultimately leads to death. This lethal phenotype can be rescued
by injection of a neoblast-enriched cell suspension (Bagufa et al., 1989). In contrast, injection
of a cell suspension enriched in differentiated cells did not rescue the phenotype and no
mitosis was observed. Using different strains as host and donor, it was shown that the
neoblasts were the sole source of regeneration and that they behaved as a totipotent cell, since
an asexual irradiated host became sexual after injection of neoblasts from a sexual strain
(Bagufia et al., 1989). We can thus conclude that neoblasts are capable of ‘‘transforming’’
one planarian strain into another, which strongly suggests that neoblasts can give rise to all
differentiated cell types, including the germline.

2.4. Neoblast Molecular Markers and First Lineage Descriptions

Neoblasts are not homogeneously distributed along the parenchyma, and an
anteroposterior gradient in the number of neoblasts undergoing mitosis has been described,
with more dividing cells in the pre-pharyngeal area than in the posterior part of the planarian
(Bagufia, 1976). Recent molecular studies analyzing histone H3 (phosphorylated -S10), a
conserved marker of mitosis, showed a similar distribution of mitotic cells in S. mediterranea
(Newmark and Sanchez-Alvarado, 2000). A number of neoblast markers have been described
based on analysis of the molecular fingerprint of planarian cells (Table 1). These markers
have been used to examine the distribution of the neoblasts in the planarian body and show
that they are found throughout the mesenchyme except for the pharynx and the area in front
of the eyes (Bagufa, 1973; Newmark and Sanchez-Alvarado, 2000; Orii et al, 2005).

Various experiments have now shown that they can be divided into subpopulations
according to their distribution along the AP, DV, and mediolateral axes:
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Table 1. Summary of genes and proteins characterized in planarian (Order Tricladida)
neoblast cells (Species abbreviations: Dj, Dugesia japonica; Gd, Girardia dorotocephala;
Ph, Phagocata sp.; Smed, Schmidtea mediterranea)

Gene (9)/ Gene Product Gene Expression Functional References
Protein (p)/ (Species) Features
Stain (1)/
array(a)
BrdU- Incorporation of | (Ph, Gd, Incorporation Newmark and
incorporation the thymidine Smed) in proliferative Sanchez
U} analogue cells, the Alvarado, 2000
bromodeoxyuridi neoblasts
ne (BrdU) during
DNA synthesis
detected with the
antibody anti-
BrdU
Bruno (g/p) RNA-binding bruli/Brul | Neoblasts and Neoblast Guo et al., 2006
protein i (Smed) central nervous | maintenance
(inhibiting system (CNS)
translation)
a-H3Pser10 (p) | Anti-histone H3 Mitotic cells, Newmark and
phosphorylated the neoblasts Sanchez
serine 10 Alvarado, 2000
Innexin (g) Proteins forming | Smedinx- | Neoblasts smedinx-11 Oviedo and
gap junctions 2and-11 required for Levin, 2007
(Smed) tissue
regeneration,
homeostasis
and neoblast
maintenance
MCM2 Minichromosom | DjMCM2 | Neoblasts Salvetti et al.,
e maintenance (D)) 2000
protein, a DNA
replication factor
PCNA (g/p) Proliferating Djpcna/ Proliferative Orii et al., 2005
Cell Nuclear DjPCNA | cells, neoblasts
Antigen, an (Dj) and germ cells
auxiliary protein
to DNA
polymerase &
and associated
with DNA
replication
Piwi (g/p) PAZ and PIWI Djpiwi-1 | Neoblasts, Djpiwi-1 Reddien et al.,
protein, (D)) germcellsand | marks a 2005a
component of Smedwi-1 | at the level of neoblast Rossi et al.,
the RISC and -2 the cephalic subpopulation | 2006
complex in the (Smed) ganglia , Smedwi-2
RNAinterference required for
pathway neoblast

differentiation
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Table 1. (Continued)

Gene (9)/ Gene Product Gene Expression Functional References

Protein (p)/ (Species) Features

Stain (1)/

array(a)

PTEN (g) Tumour Smed- Neoblasts and | Regulation of | Oviedo etal.,
suppressor PTEN-1 differentiated | neoblast 2008
phosphatase and -2 cells proliferation

(Smed)

Pumilio (g) PUF protein, DjPum Neoblasts and | Neoblast Salvetti et al.,
RNA-binding (Dj) at the level of | maintenance 2005
protein the cephalic
(regulating ganglia
translation)

Vasa (g) An ATP- DjvigA, Both in germ Shibata et al.,
dependent RNA | Djvlg-B cells. DjvigA 1999
helicase with (Dj) also in
DEAD box, neoblasts and
component of in CNS
the chromatoid
body

DjCBC-1 (g) RNA Helicase DjCBC-1 Chromatoid Yoshida-

(Dj) bodies Kashikawa et
al., 2007

RNAi-based 240 phenotypes (Smed) Genes Reddien et al.,

screen involved in 2005b

regeneration

Macroarray of Neoblast genes (Smed) Neoblast Rossi et al.,

neoblasts (a) activated at low cytoprotection | 2007
X-ray doses

Microarray 30 irradiation- (Smed) Neoblasts and | Neoblast Eisenhoffer et

Genes down- sensitive genes their lineage al., 2008

regulated after postmitotic

irradiation(a) descendants

Knockdown of smedinx-11, which encodes an innexin gap-junctional protein expressed
in neoblasts, revealed a striking loss of mitotic activity in neoblasts that occurred in an
anterior to posterior direction (Oviedo and Levin, 2007). The authors of that study suggested
that smedinx-11 gap junctions regulate the movement of small molecules that control the
maintenance, migration, and differentiation of the progeny of proliferative neoblasts. Along
the DV axis, whereas S-phase neoblasts are scattered throughout the mensenchyme, mitotic
neoblasts are mainly concentrated in external dorsal and ventral domains (although mitotic
cells are also found in more internal regions of the mesenchyme), suggesting that the
neoblasts migrate to these areas before division (Newmark and Sénchez-Alvarado, 2000).
Two planarian PTEN homologues have been described in S. mediterranea, Smed-PTEN-1
and -2, which are capable of regulating neoblast proliferation and differentiation. PTEN
protein is involved in the control of (PI3K)-AKT signaling, which is crucial for regulation of
proliferation. RNAI for Smed-PTEN-1 and -2 leads to hyperproliferation of neoblasts with
overgrowth of postmitotic cells, incapable of differentiation, followed by lysis of the



Regenerative Medicine 41

planarians (Oviedo et al., 2008). In the planarian speciesD. japonica, three neoblast markers
DjMCM2, Djpcna and Dj-Piwi-1 (Table 1), have been used to define two spatially distinct
neoblast populations with a mediolateral distribution in the dorsal mesenchyme: two lateral
DjMCM-2 and Djpcna-positive domains and a domain containing DjMCM-2, Djpcna and Dj-
Piwi-1-positive neoblasts along the midline (Orii et al., 2005; Rossi et al., 2006; Salvetti et
al., 2000). Also, most of the genes described as expressed in neoblasts, such as bruno, Djcbc-
1, piwi, pumilio and vasa, are found to be expressed around the brain (Guo et al., 2006;
Salvetti et al., 2005; Shibata et al., 1999; Yoshida-Kashikawa et al., 2007) (see Table 1).
Interestingly, this expression domain seems to be irradiation tolerant and could be
corresponding to either non-proliferating, committed nerve cells or already differentiated
neurons (Guo et al., 2006; Salvetti et al., 2005; Yoshida-Kashikawa et al., 2007). Even though
no actual stem cell niche has been described in planarians, these findings indicate that, in
addition to distribution throughout the parenchyma, neoblasts tendto accumulate in domains
along the midline and lateral regions in D. japonica.

Several high-throughput strategies have been used to characterize neoblast genes. An
RNA.i screen of 1065 putative genes defined 240 genes with multiple phenotypes (Reddien et
al., 2005b). An oligo-macrochip with 600 putative planarian genes was analyzed under high
and low X-ray doses to isolate genes related to neoblast cytoprotection (Rossi et al. 2007).
Recently, microarray analysis between normal versus irradiated planarians has defined a set
of genes expressed in neoblasts and their cell progeny (Eisenhoffer et al. 2008). The use of
BrdU labeling and in situ hybridization with those genes defined a first partial cell lineage
with three discrete subpopulations of cells in planarians. These results can be considered the
first example of the potential of the planarian model system to perform cell lineage in vivo in
adult wild type and RNAi-treated organisms. The exploitation of such a plastic stem cell
system as that found in planarians could pave the way for future applications in human
regenerative medicine.

3. CNS Regeneration and Complete Recovery of
Neural Function in Planarians

One of the most impressive observations during planarian regeneration is how fast a tiny
amputated body piece can regenerate a whole CNS de novo (reviewed in Cebria, 2007). This
newly regenerated CNS, which forms in just a few days, will integrate with the pre-existing
one and take immediate control of normal behaviors, such as directed movement, negative
phototaxis, and feeding behavior. How this is controlled at the molecular level remains
largely unknown. Our understanding of the planarian CNS and its regeneration is increasing
and, so far, the expression of dozens of neural-specific genes has been characterized (Table 2;
Mineta et al., 2003; Nakazawa et al., 2003). Many distinct neuronal subpopulations have also
been characterized based on the specific neurotransmitters they produce (Table 3). In
addition, several functional analyses have started to unravel how the planarian CNS is
regenerated (see below). However, some important questions remain unsolved, such as how
neoblasts become committed to a neural lineage. In addition, unlike in vertebrates, very little
is known about the molecular and cellular events occurring immediately after amputation of
the planarian CNS that might be important to trigger successful regeneration. In vertebrates,
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some of the important factors that block the regeneration of the CNS are the formation of a
glial scar together with the presence of several inhibitory molecules that block the growth of
the truncated axonal projections (reviewed in Yiu and He, 2006 and Busch and Silver, 2007).
In planarians, however, it is not clear what happens during those first stages of neuronal
regeneration: Are stimulating factors upregulated? Are inhibitory factors downregulated?
What is the role of the extracellular matrix? Answering these and other related questions will
help not only to understand how planarians are able to regenerate their CNS but may also
provide critical information to enhance the poor neural regenerative capacity of higher
animals, including humans. This becomes relevant if we consider the number of people
affected by neurodegenerative diseases and spinal cord injuries, for example, for which there
is currently no successful treatment. Thus, in 2006 the worldwide prevalence of Alzheimer
disease was 26.6 million and it could reach more than 100 million by 2050 (Brookmeyer et
al., 2007). In addition, data from the National Institute of Neurological Disorders and Stroke
(NIH) in 2004 reported that, in the United States, at least 500,000 people were believed to
suffer from Parkinson disease, with about 50,000 new cases every year. Finally, in 2005, the
National Spinal Cord Association reported that as many as 450,000 people in the United
States were living with a spinal cord injury (SCI), with an estimated 11,000 new SClIs
occurring every year. In all these cases, the patients would require the differentiation of new
neural cells to repair or replace the damaged and dying cells. Clearly, insights into what
allows the complex planarian CNS to be regenerated might help to identify potential
therapeutic targets in other systems.

Table 2. List of some genes expressed within the planarian central nervous system

Gene Homology Expression pattern Species | Reference

Djotp Orthopedia Brain lateral branches Dj Umesono et al. 1997

PC2 Pro-hormone General Dj Agata et al. 1998
convertase

DjotxA Orthodenticle Cephalic ganglia (medial | Dj Umesono et al. 1999

region)

DjotxB Orthodenticle Cephalic ganglia Dj Umesono et al. 1999

GtPax6a Pax6 General Gt Pineda et al. 2002

Djnlg Noggin-like Brain lateral branches Dj Ogawa et al. 2002a

nou-darake Fibroblast growth Cephalic ganglia Dj Cebria et al. 2002¢c
factor receptor-like

DjFGFR1 and 2 |Fibroblast growth Cephalic ganglia Dj Ogawa et al. 2002b
factor receptor

1008HH Glutamate receptor | Brain lateral branches Dj Cebria et al. 2002a

4307HH Nicotinic General Dj Cebria et al. 2002b
acetylcholine
receptor

Gtsix3 Six/so Brain lateral branches Gt Pineda and Salé 2002
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Gene Homology Expression pattern Species | Reference
Gtwnt-5 Whnt External side of the Gt, Sm |Marsal et al. 2003
Smed-wnt5 central nervous system Adell et al. 2009
DjXnp SNF2-like Cephalic ganglia Dj Rossi et al. 2003
DjFoxG Brain factor-1 Cephalic ganglia Dj Koinuma et al. 2003
Djeya Eye absent Cephalic ganglia Dj Mannini et al. 2004
DjPHM Peptidylglycine | General Dj Asada et al. 2005
a.hydroxilating
monooxygenase
Inx3 and 4 Innexins General Dj Nogi and Levin 2005
Smed-netR Netrin receptor General Sm Cebria and Newmark 2005
DjCAM N-CAM General Dj Fusaoka et al. 2006
DjDSCAM DSCAM Cephalic ganglia Dj Fusaoka et al. 2006
Smed-roboA Roundabout General Sm Cebria and Newmark 2007
DjCHC Clathrin heavy General Sm Inoue et al. 2007
chain
Smed-bruli Bruno General Sm Guo et al. 2006
DjwntA Wnt Posterior half of the brain | Dj Kobayashi et al. 2007
DjfzA frizzled Anterior half of the brain | Dj Kobayashi et al. 2007
Smed-Smad1 Smadl General Sm Molina et al. 2007
Smed-nogginl | Noggin General Sm Molina et al. 2007
Djsnap-25 Snap-25 General Dj Takano et al. 2007
DjCBC-1 Me31B protein Cephalic ganglia Dj Yoshida-Kashikawa et al.
2007
Smed-GSK3.2 Glycogen General Sm Adell et al. 2008
synthase kinase 3
DjmlgA, B and C | Musashi General Dj Higuchi et al. 2008
Smed-dvl1, 2 Dishevelled General Sm Gurley et al. 2008
Smed-fcateninl | Bcatenin General Sm Iglesias et al. 2008
Gurley et al. 2008
Petersen and Reddien 2008
Smed-evi Evi/Wntless General Sm Adell et al. 2009
Smed-nlg8 Noggin-like Cephalic ganglia Sm Molina et al. 2009

The term “general” is used for those genes that are broadly expressed in both the brain (=cephalic

ganglia) and the VNCs, independently of the number or subpopulations of neurons that they label.
Dj, Dugesia japonica; Gt, Girardia tigrina; Sm, Schmidtea mediterranea. Modified from Cebria

2007.
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Table 3. Distinct neuronal populations in planarians based on neurotransmitter gene
expression and protein localization

Neuronal cell Marker In situ / Localization Reference

type Immuno

Serotonergic Anti-5HT Immuno CNS, PNS Cebria, 2008;

neurons Reuter et al.,
1995, 1996

Serotonergic Tryptophan In situ / CNS, eye Nishimura et al.,

neurons hydroxylase Immuno pigment cells 2007a

Allatostatin- Anti-allatostatin Immuno CNS Cebria, 2008

positive neurons

Neuropeptide F- | Anti-NPF Immuno CNS, PNS Cebria, 2008

positive neurons

GYRFamide- Anti-GYRFamide | Immuno CNS, PNS Cebria, 2008

positive neurons

Dopaminergic Tyrosine In situ / CNS, PNS Nishimura et al.,

neurons hydroxylase Immuno 2007b

GABAergic Glutamic acid In situ/ CNS, PNS Nishimura et al.,

neurons decarboxylase Immuno 2008a

Octopaminergic Tyramine-f- In situ / CNS, PNS Nishimura et al.,

neurons hydroxylase Immuno 2008b

CNS, central nervous system; PNS, peripheral nervous system.

3.1. Planarian CNS: Structure and Regeneration

The CNS of freshwater planarians comprises a brain or pair of cephalic ganglia in the
anterior region and a pair of ventral nerve cords that extend along the length of the animal
(Figure 4). In the model speciesS. mediterranea and D. japonica, the two lobes of the
cephalic ganglia are connected by a single anterior commissure, although additional brain
commissures may be present in other species (Agata et al., 1998; Cebria et al., 2002a; Hyman,
1951; Lentz, 1968; Reuter et al., 1995, 1996; Rieger et al., 1991). The cephalic ganglia have a
spongy texture as they are traversed by dorsoventral muscle fibers and secretory cell
processes (Bagufia and Ballester, 1978). These ganglia are organized as a central neuropil
formed by the processes of the surrounding neural cell bodies (Fig. 4). In addition, lateral
branches project from the brain to the body margins where they connect to the sensory organs
of the head (Hyman, 1951; Rieger et al., 1991). Along the ventral nerve cords, neurons are
organized in small knot-like ganglia that appear more or less regularly spaced along their
length (Agata et al., 1998; Cebria et al., 2002a). Similar to their distribution in the brain, the
cell bodies of those neurons are mainly peripheral to the central thick track of neuronal
processes that form the nerve cords (Figure 4). The ganglia from the left and right nerve cords
are connected by transverse commissures and sends lateral projections to the lateral margins
of the body. Although intimately connected, the brain and the ventral nerve cords can be
considered as two independent structures at both a structural and a molecular level (Agata et
al., 1998; Cebria et al., 2002a).



Regenerative Medicine 45

Despite this apparent morphological simplicity, the planarian CNS has a striking
molecular complexity. Thus, the cephalic ganglia can be subdivided into several molecular
domains based on the expression patterns of specific genes. Planarian Otx gene homologues,
for instance, define three distinct mediolateral domains (Umesono et al., 1999). These
molecular domains can be further subdivided by the expression of additional neural-related
genes (Cebria et al., 2002b; Mineta et al., 2003; Nakazawa et al., 2003).

Figure 4. (A) Central nervous system of Schmidtea mediterranea after immunostaining with an anti-
synapsin antibody (Developmental Studies Hybridoma Bank). (B) Nuclear counterstaining with DAPI.
cg, cephalic ganglia; vnc, ventral nerve cords; ph, pharynx. Anterior to the left.

[
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Figure 5. Whole mount in situ hybridizations with clone 953 _HH (very low-density lipoprotein receptor
homologue; Cebria et al. 2002a) allows visualization of the process of CNS regeneration in the
planarian Dugesia japonica. Arrowheads indicate the differentiating brain primordia.



46 Francesc Cebria, Teresa Adell and Emili Salé

Remarkably, planarian neural genes show a high degree of conservation with their
homologes in vertebrates and they are functionally linked to processes such as
neurotransmission, axon guidance, brain morphogenesis, neural differentiation and sensory
systems (Mineta et al., 2003). That means that we can use planarian genes to study their
function during regeneration and try to correlate the data obtained with the predicted role for
those genes during vertebrate neural development.

After decapitation, planarians will regenerate a new cephalic region including a complete
functional brain in 7-10 days (Figure 5). From a conceptual point of view, planarian CNS
regeneration can be divided into three main stages: 1) brain rudiment formation, 2) growth of
the brain and the truncated nerve cords with the subsequent formation of proper neural
networks, and 3) functional recovery (Cebria 2007; Cebria et al., 2002a; Agata and Umesono,
2008). At each of these three stages, different neural genes are upregulated, suggesting a
correlation between the expression of those genes and the cellular and molecular processes
taking place (Cebria et al., 2002a; Agata and Umesono, 2008).

As described above, planarian regeneration depends upon the proliferation and
differentiation of totipotent stem cells called neoblasts. During regeneration, neoblasts will
give rise to all cell types, including neurons.

Neoblasts are probably a highly heterogeneous cell population (Higuchi et al., 2007),
comprising both true totipotent stem cells and already committed cells, and no molecular
markers have so far been reported for progenitor cells such as neural precursor cells, . As a
result, it has been difficult to study how neoblasts become committed to the neural lineage or
to determine the origin of the brain rudiment (or brain primordium).

At day 1 of regeneration, many markers of differentiated neural cells are already
expressed in the two small clusters of cells within the blastema that give rise to the brain
primordia (arrowheads in Figure 5; Cebria et al., 2002a). In addition, genes that are expressed
in neural progenitor cells in other systems are also expressed within the blastema at those
early stages (1-2 days of regeneration). For instance, three homologues of the musashi family
have been identified in D. japonica (Higuchi et al., 2008). Musashi encodes a conserved RNA
binding protein, which is expressed in the neural lineage, including neural stem cells, in many
animals (reviewed in Okano et al., 2005).

In planarians, three musashi-like genes are expressed throughout the mature nervous
system (Higuchi et al., 2008). These genes are expressed in post-mitotic differentiated cells
and very little if any expression has been detected in proliferative cells, raising the question of
whether true neural stem cells exist in planarians (Higuchi et al., 2008). Moreover, RNAI-
based functional analyses have shown that even planarians in which all three musashi-like
genes have been silenced are able to regenerate a normal brain (Higuchi et al., 2008). In that
study, the only effect observed on the nervous system was a reduction in the expression of the
neural markers choline acetyl transferase and glutaminase after RNAI for one of the musashi
genes.

These unexpected results led the authors to suggest that a subset of lineage-restricted
neural stem cells may not be present in planarians, or alternatively, if such neural stem cells
existed yet unidentified genes would define them. Thus, more molecular markers are needed
to better understand the initial stage of brain regeneration during which neoblasts are
committed to give rise to the brain primordia.
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3.2. Genes Required for the Reconstruction of Neural Networks

The second main step in planarian CNS regeneration is the growth of the initial brain
primordia together with the outgrowth of the truncated ventral nerve cords. During this stage,
new neural networks need to be re-built and the regenerating nervous system will be re-wired
(Cebria et al., 2002a; Agata and Umesono, 2008). Several studies indicate that conserved
axon guidance cues play an important role at this stage of planarian regeneration. In his
neurotropic theory, Santiago Ramon y Cajal suggested that unknown forces guided axons to
their proper targets (reviewed in Ramon y Cajal, 1928). Nowadays there is a fair knowledge
of the molecular mechanisms that guide axons to their targets. The main families of cues
involved in axon guidance are netrins, slits, ephrins and semaphorins (Araujo and Tear, 2003;
Guan and Rao, 2003; O’Donnell et al., 2009). Some of these act as attractive cues for the
axons, guiding them towards permissive areas, whereas others repel axons from non-
permissive regions. Moreover, the same guidance cue may function as an attractive or
repulsive signal depending on the context. These cues have a pivotal role in the wiring of the
CNS during embryogenesis in a large variety of animals, from Drosophila and C. elegans to
vertebrates. However, much less is known about the function they might have during
regeneration. In most animals, axonal projections in the CNS do not usually regenerate
because of intrinsic and environmental factors. However, the regenerative capacity of the
planarian CNS makes it a good model in which to study the function of such cues during
regeneration.

Netrins were initially identified as secreted chemoattractant molecules for growing axons
in C. elegans, Drosophila and vertebrates, but subsequent observations revealed that they can
also act as chemorepellents (Ishii et al., 1992; Kennedy et al., 1994; Serafini et al., 1994;
Colamarino and Tessier-Lavigne, 1995; Harris et al., 1996; Mitchell et al., 1996; Serafini et
al., 1996). Netrins are recognized by two families of receptors—Deleted in Colorectal Cancer
(DCC) and UNC5—that mediate the attractive or repulsive response of the growing axons
(Chan et al., 1996; Keino-Masu et al., 1996; Hong et al., 1999; Keleman and Dickson, 2001).
In planarians, Smed-netrinl, netrin2, and Smed-netrin receptor are necessary for normal
regeneration of the CNS; also, these genes are required for the maintenance of nervous
system architecture in adult planarians (Cebria and Newmark, 2005).

Thus, after RNAI of either Smed-netrin 2 or Smed-netrin receptor planarians regenerate
abnormal cephalic ganglia, which are shorter, wider and connected by a thicker anterior
commissure. In addition, instead of the two parallel ventral nerve cords normally regenerated
in control animals, RNAI-treated animals regenerate a completely disorganized meshwork of
axonal projections (Cebria and Newmark, 2005).

Outside the brain and nerve cords, these molecules also play an important role in the
proper targeting of the axonal projections of the photosensitive cells. Planarian photosensitive
cells express Smed-netrin receptor, whereas Smed-netrin2 is expressed in the brain region
where those axons project (Cebria et al., 2002a; Cebria and Newmark, 2005). RNAI of any of
these genes results in a failure of the visual axons to project to the proper brain region,
indicating that Smed-netrin2 acts as an attractive cue for the proper targeting of those axons
(Cebria and Newmark, 2005).

Roundabout (robo) codes for a transmembrane receptor that binds the secreted protein
SLIT (Brose et al., 1999; Kidd et al., 1999). Slit was first identified as a repulsive cue for
commissural axons in Drosophila (Rothberg et al., 1988, 1990; Kidd et al., 1999), and the
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Slit/Robo system has an evolutionarily conserved function in axon guidance (Long et al.,
2004; Dickson and Gillestro, 2006).

In planarians, Smed-roboA is expressed throughout the CNS (Cebria and Newmark,
2007). RNAI analyses indicate that Smed-roboA is required for normal regeneration of the
planarian CNS. Silencing of Smed-roboA results in the disruption of neuronal connectivity
during regeneration (Cebria and Newmark, 2007). The cephalic ganglia are either become
connected by a thinner anterior commissure or, in some cases, remain unconnected. While the
truncated ventral nerve cords fail to properly regenerates and the connection between them
and the newly formed cephalic ganglia is absent. In addition, the axons of the photosensitive
cells have abnormal projections after RNAI experiments.

Other genes that have an important role in this stage of planarian CNS regeneration are
homologues of cell adhesion molecules, such as DjCAM and DjDSCAM, as well as a
homologue of a clathrin heavy chain (CHC) gene. After RNAIi of DjCAM, the axonal bundles
that project from the cephalic ganglia to the body margin appear defasciculated (Fusaoka et
al., 2006). Silencing of DjDSCAM results in a clear disorganization of the neuropil that
translates into a morphologically aberrant brain; in addition, the number of lateral branches of
the brain is reduced and the branches appear disorganized (Fusaoka et al., 2006). Recently,
Inoue and colleagues (2007) reported that planarian DjCHC is necessary for neurite growth,
as neurons isolated from RNAi-treated animals and cultured in vitro extended significantly
fewer and shorter neurites compared to controls. These results could explain the
morphological defects observed in the regenerated brain after DjCHC RNAI.

In summary, several genes with important roles in the wiring of the nervous system of
other organisms show a conserved function during planarian CNS regeneration. By
comparing their expression dynamics and function in the CNS of planarians with that seen in
animals with poor regenerative capacity , new strategies or approaches could be identified to
enhance regeneration in other systems.

3.3. Nou-Darake Restricts Brain Tissues in the Cephalic Region

Regeneration of new tissues and organs must involve accurate regulation of their size and
spatial position. The nou-darake (ndk) gene exemplifies how this spatial restriction is
regulated during planarian CNS regeneration (Cebria et al., 2002c). After decapitation,
neoblasts proliferate and differentiate into neurons that give rise to a brain rudiment within
the blastema. This brain rudiment will grow and form a definitive brain that will build new
neural networks with the regenerating ventral nerve cords as well as with the peripheral
nervous system. The regenerating brain grows within a new anterior region that is also being
formed at the same time. Somehow, the growth of both the brain and the anterior region must
be tightly coordinated so that the new brain ultimately occupies most of this anterior region.
After ndk silencing by RNAI, planarians regenerate an apparently normal brain rudiment,
which will grow to form a complete brain.

However, instead of staying restricted to the new anterior region, the newly formed brain
expands posteriorly (Cebria et al., 2002c). Ndk is specifically expressed in the anterior region
of planarians, including the brain, and codes for a transmembrane receptor that displays
similarity to the Fibroblast Growth Factor (FGF) receptor family; however, it lacks the
cytoplasmic tyrosine kinase domain (Cebria et al., 2002c).
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Based on its expression pattern, domain structure and the results of overexpression in
Xenopus embryos, it has been proposed that ndk could act as a negative regulator of FGF
receptor signaling (Cebria et al., 2002c; Agata and Umesono, 2008). Because the
differentiation of ectopic brain tissues in the posterior regions of ndk-RNAi animals depends
on the presence of FGFRs in those regions, it was proposed that ndk could restrict the
diffusion of an FGF-like ligand that would work as a brain activator in planarians (Cebria et
al., 2002c; Agata and Umesono, 2008).

According to this model, ndk would trap excess ligand in the head region and prevent it
diffusing to more posterior regions. In ndk-RNAI animals, this brain activator would diffuse
outside the head region, interact with FGFRs, and trigger ectopic brain differentiation (Cebria
et al., 2002c; Agata and Umesono, 2008). Even though these results suggest the existence of
an FGF-type signaling pathway to control brain differentiation in planarians, no FGF-like
molecule has been identified in these animals yet.

Ndk shows sequence similarity to FGFRL1 (Fibroblast growth factor receptor-like 1), a
gene identified in humans that also lacks the tyrosine kinase domain (Wiedemann and Trueb,
2000). The available functional data on this gene in vertebrates suggest that FGFRL1 has a
negative effect on FGF signaling (Hall et al., 2006; Rieckmann et al., 2009). This would be in
agreement with the proposed function for ndk in planarians. Recently, orthologues of
FGFRLL1 have been identified in a wide variety of bilateria, from the cnidarian Nematostella
to amphioxus, echinoderms, Xenopus, tunicates, nematodes, crustaceans molluscs and insects
(Bertrand et al., 2009; Beyeler and Trueb, 2006; Hayashi et al., 2004).

Interestingly, it has been found that FGFRL1 genes are in the vicinity of other genes of
the FGF pathway (FGF8/17/18 and/or FGFR) in the genome of many bilaterians, forming a
syntenic block that could have been conserved in Urbilateria (Bertrand et al., 2009). In
addition, FGFRL1 shows some overlapping expression patterns with those of FGF8 in
amphioxus and Xenopus (Bertrand et al., 2009; Hayashi et al., 2004). Further analyses should
help to elucidate the exact function of FGFRL1/nou-darake genes in the regulation of the FGF
signaling pathway.

3.4. miRNAs and Neural Regeneration and Repair

MicroRNAs (miRNAs) are short (~22 nucleotides) noncoding RNAs with a key role in
regulating gene expression. They bind to complementary sequences in the 3’ untranslated
region of target mMRNAs, inducing their degradation or inhibiting translation of the bound
MRNAs (reviewed in Carthew and Sontheimer, 2009 and Flynt and Lai, 2008).

Hundreds of miRNAs have been identified in plants and animals, where they play
important regulatory roles in many developmental and disease processes. Thus, miRNAs have
been shown to be involved in regulating, among others, developmental timing (Lee et al.,
1993; Reinhardt et al., 2000), Hox gene expression (Naguibneva et al., 2006), regeneration
(Yin et al., 2008; Crist et al.; 2009), apoptosis (Cimmino et al., 2005), and cell proliferation
(Brennecke et al., 2003). In addition, they also have important roles in stem cell division and
differentiation (Forstemman et al., 2005; Hatfield et al., 2005; Houbaviy et al., 2003).

A large number of miRNAs are expressed in the CNS (Kapsimali et al., 2007) and,
recently, miRNAs have been shown to function in neural stem cells and progenitors (Cheng et
al., 2009; Schwamborn et al., 2009; Zhao et al., 2009). In addition, a role for miRNAs has
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been reported in many neurodegenerative diseases (Hutchinson et al., 2009). Thus, alterations
in the expression of mMiRNAs have been reported in Alzheimer (Cogswell et al., 2008; Hébert
et al., 2008), Parkinson (Wang et al., 2008) and Hungtinton (Packer et al., 2008) diseases.
Some recent studies have uncovered changes in the expression of multiple miRNAs after
traumatic brain injuries (Lei et al., 2009; Redell et al, 2009), which may help us to better
understand the regulation of events occurring after injury. Being able to control the
expression of miRNAs could thus become a potent therapeutic target for the treatment of
neurodegenerative disease and injury (Hutchison et al., 2009). Numerous miRNAs have now
been identified in planarians (Palakodetti et al., 2006; Lu et al., 2009; Friedlander et al.,
2009).

Remarkably, several have been shown to be downregulated after irradiation, an indication
that they could be specific to neoblasts (Friedl&dnder et al., 2009; Lu et al., 2009). Whole-
mount in situ hybridizations have uncovered a variety of expression patterns (Gonzélez-
Estévez et al., 2009). Some miRNAs are specifically expressed in the digestive system,
epidermis, parenchyma, or nervous system, whereas others show broader expression patterns
(Gonzalez-Estevez et al., 2009).

Several planarian miRNAs are expressed in the CNS, including the miR-124 family,
which has three members in these animals (Palakodeti et al., 2006). Planarian miR-124c is
expressed throughout the CNS, whereas miR-124a and -124b are expressed in the
parenchyma and in the cephalic ganglia. The expression of miR-124a and -124b in the
cephalic ganglia and parenchyma (Gonzalez-Estévez et al., 2009; Pearson et al., 2009)
appears to be downregulated after irradiation (Gonzalez-Estévez et al., 2009). MiR-124 is the
most abundant miRNA in the adult mouse brain (Lagos-Quintana et al., 2002).

A recent report suggests that miR-124 controls neurogenesis in the adult subventricular
zone (SVZ) niche (Cheng et al., 2009). The expression of miR-124 increases as the
neuroblasts exit the cell cycle. Overexpressing miR-124 promotes neuronal differentiation
whereas blocking it retains SVZ cells in an active proliferating state. Thus, miR-124 appears
to regulate the number of progenitors and the timing of neuronal differentiation (Cheng et al.,
2009). As no convincing molecular marker has been reported yet for planarian neural stem
cells or progenitors, the miR-124 family may be an attractive target for further studies.

4. Pattern Formation during Planarian
Regeneration

4.1. Pattern Formation and Development

Pattern formation in living organisms refers to the process by which cell fate is controlled
in space and time to generate complex tissues and organs. Metazoans have highly diverse
body patterns, ranging from the apparently asymmetric organization of sponges to the
bilaterally symmetric body plan of vertebrates and most invertebrates. Three main
perpendicular body axes, the anteroposterior (AP), the dorsoventral (DV) and the left-right, or
mediolateral axis defines the symmetry of bilateral animals. Research into the gene network
that controls cell growth, differentiation and morphogenesis—the main processes that must be
coordinated for correct patterning of the organism—has led to a deep understanding of the
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molecular mechanisms governing these events. For example, a detailed genetic cascade has
been identified that controls patterning of the AP axis during fly embryogenesis (reviewed in
Mann and Morata, 2000). However, most current data is derived from studies of
embryogenesis, while few data exist on regeneration. The regenerative capacity of animals
varies widely across phyla and even between species. While some species, such as humans,
are only able to regenerate small parts of just a few organs, others, such as Hydra or
planarians, can regenerate a complete individual from any small piece of the body. In all
cases, however, the replacement of missing structures does not only require proliferation and
growth but also correct differentiation and spatial organization of cells to re-establish the
correct pattern. For historical and practical reasons, most research into patterning mechanisms
has been done in only a few animal models, mainly fly, frog, and mouse. Even though several
other models are now emerging, substantial efforts in the lophotrocozoa clade of protostomes,
to which planarians belong, are still missing. Fortunately, the ‘molecular age’ is heralding the
rebirth of planarians as an essential model in which to understand the mechanisms underlying
pattern formation during regeneration.

4.2. The BMP and WNT/B-Catenin Pathways Direct Body Axis
Establishment during Planarian Regeneration

Both the BMP and the Wnt/f3-catenin pathways are evolutionarily conserved mechanisms
used for cell-cell communication. Their essential role in cell growth and differentiation means
that they are involved in almost every biological event during embryogenesis and
regeneration, as well as in related pathological processes such as degenerative disease or
cancer. BMPs (a subgroup of the larger TGF-beta superfamily) and Wnts, the secreted
elements of these pathways, are classical morphogens, as they can confer different cell
identities on receiving cells according to their concentration and, therefore, the distance from
the source (reviewed in De Robertis and Kuroda, 2004; Ashe and Briscoe, 2006 and Ibafies
and Izpista Belmonte, 2008). Activation of the BMP pathway by binding of BMPs to a
complex of type 1 and 2 transmembrane serine threonine kinase receptors triggers the
phosphorylation and activation of the type 1 receptor by the type 2 receptor kinase and the
phosphorylation of a receptor-associated SMAD, which subsequently complexes with
SMAD4 and translocates to the nucleus to regulate gene transcription (reviewed in Feng and
Derynck, 2005). Similarly, the receptors of the Wnt pathway, the Frizzled proteins, bind Wnt
ligands together with LRP co-receptors, leading to the disruption of the p-catenin
‘degradation complex’, composed of Axin, GSK3, CKI, and APC. Therefore, B-catenin
accumulates in the cytoplasm, enters the nucleus and activates TCF transcription factors,
which are able to regulate the expression of multiple genes (reviewed in Fuerer et al., 2008).
During development, the BMP pathway is essential for the establishment of the DV axis
(reviewed in De Robertis and Kuroda, 2004; Little and Mullins, 2006; Lowe et al., 2006 and
Yu et al., 2007), whereas the most conserved role of the Wnt pathway is in establishing the
AP axis (Kiecker and Niehrs, 2001; Hollad, 2002). Recently, several studies have been
published reporting the role of the main elements of both pathways during planarian
regeneration (Kobayashi et al., 2007; Gurley et al., 2008; Petersen and Reddien, 2008;
Iglesias et al., 2008, Orii and Watanabe, 2007; Molina et al., 2007; Reddien et al., 2007).
Those studies clearly demonstrate the essential role of the BMP and Wnt/B-catenin pathways
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in establishment of the DV and AP body axis, respectively, during planarian regeneration.
The results of these studies support the idea that the mechanisms involved in patterning
during embryogenesis are essentially conserved during regeneration in adult organisms.

4.3. The BMP Pathway Is Essential For Establishing the DV Axis in
Planarians

In both vertebrates and invertebrates, the BMP pathway has been shown to play an
essential role in the establishment of the DV axis during development. However, it is
interesting to note that many genes of the BMP pathway that are conserved between
vertebrates and invertebrates show expression patterns that are inverted with respect the DV
axis and to each other. For instances, whereas BMP4 is expressed ventrally in vertebrates, the
Drosophila orthologue dpp, is expressed dorsally, and they exert ventralizing and dorsalizing
functions, respectively (reviewed in Hogan et al., 1994).

These observations have lead to the suggestion that the DV axis and its patterning
mechanisms were inverted during evolution (Arendt and Nubler-Jung, 1994). Several
elements of the BMP pathway have been identified and functionally characterized in
planarians, and it has been shown that this pathway is necessary for the re-establishment of a
proper DV axis in regenerating animals (Orii and Watanabe, 2007; Molina et al., 2007;
Reddien et al., 2007).

The S. mediterranea BMP homolog Smed-BMP is expressed in small clusters of cells all
along the dorsal midline, as in other invertebrates, and silencing by RNAI leads to a
ventralized phenotype (Figure 6 A,B). Moreover, planarian homologues of Smadl and
Smad4, the cytoplasmic transducers of the signal, have been described (Molina et al., 2007;
Reddien et al., 2007).

According to the dorsalizing role of BMP, silencing of Smed-Smads also results in
animals in which the dorsal region is ventralized. This ventralization is clearly observed by
the disappearance of dorsal molecular markers together with the ectopic expression of ventral
ones on the dorsal sides of the RNAi-treated planarians (Molina et al., 2007; Reddien et al.,
2007). In the most severe transformations, a duplication of the eyes or an almost complete
dorsal ectopic central nervous system can be observed (Figure 6B) (Molina et al., 2007).
Because Smed-BMP is expressed at the midline, it has also been suggested that the BMP
pathway regulates midline patterning during planarian regeneration (Reddien et al., 2007).

In planarians amputated parasagittally along their anteroposterior axis, the BMP pathway
instructs the formation of proper blastemas in bilaterally asymmetric fragments (Reddien et
al., 2007). Recently, the existence of a large family of BMP antagonists, the noggins, has
been reported in S. mediterranea (Molina et al. 2009).

In contrast to most animals, in which between two and four noggin genes are present,
planarians have an expanded noggin family with up to ten members. Planarian noggins have
been subdivided into noggin genes (2), with a canonical noggin domain, and noggin-like
genes (8) with an insertion of 50-60 amino acids between the fifth and sixth conserved
cysteine residues (Molina et al., 2009).

In planarians, these genes show diverse and complex expression patterns throughout the
planarian body (Molina et al., 2009). Future functional analysis will determine the role, if
any, of these genes in the re-establishment of the DV axis.
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Control | Smed-Wnt5 (-) [Smed-WntA (-)

Figure 6. Phenotypes generated after silencing of BMP and Wnt signalling pathway elements. (A)
Control planarians. (B) Smed-BMP and Smed-Smad1-silenced planarians show a ventralized phenotype:
ectopic differentiation of eyes deep in the mesenchyma and ectopic differentiation of nerve cords in the
dorsal region. (C) Smed-bcatl and Smed-WntP-1-silenced planarians show an anteriorized phenotype.
Multiple eyes appear around a large circular cephalic ganglion in Smed-bcatl-silenced planarians, and a
posterior head appears in Smed-WntP1-RNAi animals. (D) Smed-Wnt5 and Smed-WntA-silenced
planarians show defects in the mediolateral and anteroposterior patterning of the brain, respectively.
The axis affected in each case is indicated. (E) Schematic drawing of a planarian showing the
expression patterns of Smed-Wnts (light blue, Smed-Wnt11-1/2; red, Smed-WntP-1; yellow, Smed-
WntP-2; pink, Smed-WntP-2; dark blue, Smed-WntA; green, Smed-Wnt5; orange, Smed-Wnt2-1). The
antibody used for immunostaining is indicated in each image (anti-synapsin, which labels the CNS, and
anti-arrestin, which labels the visual axons). Yellow asterisks indicate the pharynx and yellow arrows
indicate the eyes. Red arrows point to ectopic eyes. Anterior to the left.

4.4. The WNT/B-Catenin Pathway Is Essential for Establishing the AP Axis
in Planarians

The main element of the canonical Wnt signaling pathway, p-catenin, is required for DV
polarity in early vertebrate embryos (De Robertis and Kuroda 2004). However, the most
conserved role of the pathway in animals is in establishing the AP axis during development of
several species, such as mouse (Marikawa, 2006), chick (Nordstrom et al., 2002), zebrafish
(Schier and Talbot, 2005), Xenopus (Kiecker and Niehrs, 2001), amphioxus (Holland, 2002),
C. elegans (Huang et al., 2007) and Platynereis (Schneider and Bowerman, 2007). In
cnidarians, diploblastic animals with only one body axis, it specifies the oral-aboral
embryonic axis (Lee et al., 2006).

Several elements of the Wnt/B-catenin pathway have been characterized in the genome of
S. mediterranea and functional studies have been reported (Gurley et al., 2008; Iglesias et al.,
2008; Petersen and Reddien, 2008). The most extreme phenotype is obtained after silencing
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of Smed-Bcateninl, the S. mediterranea homolog of B-catenin. Thus, Smed-Bcateninl-
silenced planarians appear as ‘radial-like hypercephalized’ animals, which have a large
circular cephalic ganglion that induces the differentiation of several ectopic eyes all around
the planarian body (Iglesias et al., 2008) (Figure 6C). Analysis of the phenotypes of live trunk
pieces from regenerating Smed-Bcateninl-silenced animals along with expression of neuronal
and positional markers (HoxD, AbdBA) has shown that those animals are fully anteriorized
and that medial and posterior identities are lost (Gurley et al., 2008; Iglesias et al., 2008;
Petersen and Reddien, 2008). Moreover, although the AP axis is completely abolished in
those animals, the DV axis is normal; demonstrating that disruption of the Wnt/B-catenin
pathway exclusively affects the establishment of the AP axis during planarian regeneration
(Iglesias et al., 2008). The role of the Wnt/B-catenin pathway in AP axis patterning in
planarians has also been demonstrated by silencing other elements of the pathway. For
example, two-headed animals are obtained following silencing of Smed-dsh, the planarian
homolog of dishevelled, an intracellular protein required Wnt signal transduction, or Smed-
evi/wls, the homolog of evi/wntless, which is required for Wnt secretion (Adell et al., 2009a;
Gurley et al., 2008). Accordingly, it has been reported that when APC-1, a component of the
B-catenin ‘degradation complex’ is silenced, the opposite phenotype is obtained: a tail instead
of a head appears in regenerating planarians (Gurley et al., 2008). Taken together, these data
demonstrate a conserved role for the Wnt/B-catenin pathway in AP axis establishment in
planarians.

Based on currently available data, it has been proposed that there is a gradient of -
catenin activity along the length of the planarian body, with its maximum concentration in the
posterior region (Adell et al., 2009b). According to this hypothesis, inhibition of Smed-
Becateninl activity would lead all planarian cells to adopt an anterior fate. The morphogens of
the pathway, namely the S. mediterranea Wnt family, have been the subject of recent studies.
Nine Wnts have been found in the S. mediterranea genome, and they have region-specific
expression patterns (Figure 6E). The mRNA of three of them (Smed-wntP-1, Smed-wnt11-1
and Smed-wnt11-2) is only found in a very small number of cells in the posterior region of
the animals (Petersen and Reddien 2008; Adell et al 2009a), and therefore they are candidates
to have a role in AP patterning in planarians through Smed-fcateninl regulation. Recent
RNAI experiments have also demonstrated the involvement of two planarian Wnts in AP axis
establishment. Silencing of Smed-Wntl11-2 leads to a tailless phenotype, while RNAI for
Smed-WntP-1, the clearest effector of the canonical Wnt signal, generates two-headed
planarians (Figure 6C) (Adell et al., 2009; Petersen and Reddien, 2009). It has also been
demonstrated that although silencing of Smed-WntP-2, which is expressed in the posterior
half of the planarian body, does not generate any apparent phenotype alone, it leads to an
increased number of two-headed planarians when silenced together with Smed-WntP-1
(Petersen and Reddien 2009).

Based on currently available data, the only Wnt, which clearly transduces the signal
through Smed-Bcateninl, would be Smed-WntP-1, because it is the only one for which
silencing leads to regeneration of a head instead of a tail. However, it should be noted that
Smed-WntP-1 is detected not only in the posterior blastema but in any blastema during the
first few hours of regeneration (Petersen and Reddien 2009), and that Smed-Bcateninl mRNA
is also detected in any blastema, as well as broadly all around the planarian body (Gurley at
al., 2008; Iglesias et al., 2008). Therefore, although the role of the Wnt/B-catenin pathway in
AP patterning is clear and consistent with the expression patterns of several Wnt ligands, the
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precise mechanism of cell-cell communication, which leads to AP patterning during planarian
regeneration, is still unknown. Moreover, although the activity of Smed-Bcateninl itself
seems to be sufficient to instruct posterior identity, its expression may not be exclusively
regulated through the Wnt pathway. For instance, it has been recently reported that silencing
of patched (ptc), an element of the Hedgehog (Hh) pathway, induces the same posteriorized
phenotype as APC, and that its effect depends on wntP-1 expression (Rink et al., 2009,
Yazawa et al., 2009).

4.5. Differential and Restricted Planarian WNT Domains

As discussed, four Wnts are expressed in the posterior part of the planarian body: Smed-
wntP-1, Smed-wntl1-1, and Smed-wntl1-2 are expressed in only a few cells at the most
posterior end of the animal, whereas Smed-wntP-2 is expressed in the posterior half. The
remaining planarian Wnts also show regionally restricted expression patterns: Smed-wntP-3
is expressed in a few cells in the proximal part of the pharynx; Smed-wnt2-1 is expressed in
both lateral regions of the head; Smed-wnt5 is expressed in the most external part of the
cephalic ganglia; and Smed-wntA is enriched in the posterior part of the cephalic ganglia
(Figure 6E). Interestingly, and consistent with their expression patterns, inhibition of wntA by
RNAI induces posterior expansion of the anterior part of the brain (Kobayashi et al., 2007;
Adell et al., 2009) (Figure 6D), and silencing of Wnt5 induces lateral expansion of the
cephalic ganglia (Adell et al., 2009) (Figure 6D). Thus, most S. mediterranea Wnts seem to
be involved in AP axis patterning at different levels of the planarian body, whereas Smed-
Whnt5 could have a role in patterning along the mediolateral body axis. These data suggest
that the different wnts could pattern the different regions of the planarian body and act
together to achieve the correct global patterning, as previously proposed for cnidarians
(Guder et al., 2006).

4.6. Planarians Represent a Unique Model for Patterning Studies

The Wnt and BMP gradients act together in the developing embryo to determine the AP
and DV body axis, respectively. However, as they are universal mechanisms of cell-cell
communication, both pathways also have an essential role in the control of cell proliferation,
differentiation and tissue morphogenesis in adult organisms (Reya and Clevers, 2005; Kitisin
et al., 2009). All the data presented from planarians are consistent with the hypothesis that
those pathways represent an evolutionarily conserved mechanism to confer cell identity and
subsequent tissue polarity not only during embryonic development but also in adult
organisms, during regeneration processes. Furthermore, essentially the same phenotypes are
obtained after silencing most of the described BMP and Wnt elements in intact planarians.
This means that the same mechanisms governing regeneration also govern normal
homeostasis in adult planarians. Of course, this is not very surprising considering that
planarians are in continuous growth and degrowth and remodeling, but it is nevertheless an
important observation, because it supports the general idea that developmental genes and
functional networks are also active in adults.
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Although the same developmental networks appear to be functional many times in adults,
the Wnt pathway has only been found to be involved in patterning during regeneration of
cnidarians, animals with plasticity comparable to planarians (Lee et al., 2006). With the
exception of planarians, the Wnt and BMP pathways only have demonstrated roles in
regenerative capacity or extent of regeneration through their essential activity as mitotic
signals. Nevertheless, this appears to be more down to the limitations of the experimental
systems used, and their potential role in patterning remains clear. For instance, Wnt/p-catenin
signaling, together with FGF, is required for wound healing and blastema formation during
limb regeneration in urodeles and fin regeneration in zebrafish, two of the main vertebrate
models of regeneration currently employed. However, its role in patterning cannot be
assessed, because regeneration is impaired when the Wnt pathway is up- or downregulated
(reviewed in Stoick-Cooper et al., 2007). Another example is seen with limb regeneration in
crickets. These animals can regenerate their limbs when amputated, and it has been
demonstrated with classical graft experiments that they can not only regenerate terminal
structures but also are also able to intercalate the missing structures after different kinds of
grafts. While B-catenin silencing in planarians leads to clear anteriorization of regenerating
structures, in case of crickets B-catenin silencing leads to inhibition of the regeneration
(Nakamura et al., 2007). Thus, the plasticity of planarians allows visualization of the essential
patterning role of B-catenin, while in the cricket it is not possible to determine whether -
catenin would have a patterning role besides its function as a proliferative signal. The striking
phenotypes obtained in adult planarians after silencing of developmental/patterning genes,
even in intact organisms, appear to be unique among current models, making planarians in an
essential tool for the functional analysis of these genes during regeneration processes in adult
organisms.

An increasing volume of literature describes the involvement of cell-cell communication
pathways, such as the BMP and Wnt pathways, in common human diseases such as cancer
and degenerative illnesses (Hardwick, 2008; Kim and Kim 2006; Massagué, 1998; Chen et
al., 2004). For instance, the common sporadic form of colorectal cancer, familial
adenomatous polyposis, results from mutations in adenomatous polyposis coli, which leads to
aberrant Wnt pathway activity, and mutations in BMP pathway elements have been also
found in several polyposis syndromes that predispose to colorectal cancer (Hardwick et al.,
2008). Planarians may therefore also become a model of choice for addressing the molecular
mechanisms by which these pathways could govern cell proliferation and why misregulation
leads to the development of so many tumors.

5. Regeneration, Tumor Formation and Cancer

Tumors occur because of misregulation of the proliferative properties of cells leading to
abnormal tissue growths. In cancers (malignant neoplasms), these uncontrolled proliferating
cells acquire invasive properties and in the worst cases metastasize to other body locations.
Since tumor and cancer development depend upon an initial uncontrolled cell proliferation,
regenerative processes need to be tightly regulated to avoid tissue overgrowths and tumor
formation. Interestingly, high regenerative capacity has been associated with striking
resistance to the development of tumors (Brockes 1998).
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Recently, Oviedo and Beane (2009) reviewed the relationship between regeneration and
cancer in amphibians and planarians. In their excellent review, the authors discuss the
apparently paradoxical situation in which regeneration may represent a source of abnormal
growth while also preventing and correcting growth abnormalities.

Two hypotheses have been proposed to explain the relationship between regeneration and
tumor formation: 1) tumors occur through impaired or incomplete regeneration, and 2)
regeneration processes may bring the independent growth of tumors under control (Seilern-
Aspang and Kratochwil, 1965). A good example of the resistance to tumor formation in
regenerating urodele amphibians is found in Triturus cristatus (Seilern-Aspang and
Kratochwil, 1965). These animals are able to regenerate their tail if amputated posterior to the
last sacral vertebra; however, if amputation is done anterior to this point regeneration is
absent. After injection of a mixture of the carcinogens benzpyrene and dibenzanthracene in
the regenerative area of the tail (posterior to the last sacral vertebra), 9% of the animals
developed tumors, this percentage increased to 15% when carcinogens were injected in the
non-regenerative region (anterior to the last sacral vertebra).

More importantly, however, only 7% of the tumors that developed in the regenerative
region shifted to infiltrative growth; in contrast, 90% of the tumors induced in the non-
regenerative region gave rise to metastases (Seilern-Aspang and Kratochwil, 1965). Another
example in which there is a clear relationship between regenerative potential and decreased
tumorigenesis is the case of amphibian lens regeneration. During lens regeneration,
differentiated dorsal cells of the iris dedifferentiate and provide a cellular source for
regeneration. Application of carcinogenic molecules during lens regeneration results in
normal regeneration that sometimes occurs alongside the development of tumors from the
ventral iris, which does not have regenerative potential (reviewed in Oviedo and Beane,
2009).

Compared to amphibians, planarians do not appear to be quite so resistant to tumor
development after treatment with carcinogens (Best and Morita, 1982; Schaeffer, 1993).
Histology reveals the formation of a variety of different growths in planarians exposed to
mammalian carcinogens, ranging from mammalian-like neoplasms to increased proliferation
with some degree of differentiation and cellular organization (Schaeffer, 1993). A special
case comes from the study of the planarian Dendrocoelum lacteum.

If amputated anterior to the pharynx, the trunk piece is able to regenerate a new head,;
however, if the amputation plane is posterior to the pharynx, the resulting tailpiece is unable
to regenerate a head (Brondsted 1969). This is similar to the situation described above for tail
regeneration in Triturus. In a study involving implantation of the carcinogenic compound
Scarlet red in the regeneration-competent anterior part of Dendrocoelum, hyperplasia of
different tissues was only observed in 2 out of 200 animals (Seilern-Aspang and Kratochwil,
1965). However, if Scarlet red was applied to the posterior region, which is not able to
regenerate, 15 out of 200 animals developed infiltrating tumors. Those results suggest that the
regeneration-competent region is somehow able to control the cell proliferation induced by
the carcinogen, whereas such a regulatory mechanism may not be present in the non-
regenerative part of the animal, thus leading to malignant growth. Remarkably, if an animal
with a posterior tumor is then decapitated and forced to regenerate a new head, then those
tumors either are assimilated or differentiate into several structures (Seilern-Aspang and
Kratochwil, 1965).
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As neoblasts are the only proliferative cells in planarians, and dedifferentiation of
somatic cells has not been convincingly shown to occur in planarians, it seems plausible that
transformed neoblasts are the source of planarian tumors. Recently, genes related to cancer
have been identified in planarians, thus opening a door to the analysis of neoblast behavior
and regulation in regeneration and tumor formation.

Several tumor suppressor genes, such as p53, Rb (retinoblastoma) and PTEN, have been
identified in planarians (Oviedo et al., 2008; Pearson and Sanchez Alvarado, 2009). These
genes are frequently mutated in a variety of human cancers. Rb also plays an important role
during regeneration in amphibians. Following amputation in those animals, muscle cells
dedifferentiate and re-enter the cell cycle (a key event for successful regeneration) in response
to thrombin in culture by inhibiting Rb (Tanaka et al., 1997, 1999, Brockes, 1998).

In contrast, mouse myotubes are not able to phosphorylate Rb or re-enter the cell cycle
after serum stimulation (Tam et al., 1995). A simple interpretation of this finding would be
that the ability to regulate Rb could partially explain the plasticity and regenerative capacity
of amphibian muscle cells. Interestingly, silencing of planarian PTEN homologues results in
hyperproliferation of neoblasts, tissue disorganization, disruption of the basement membrane,
tissue regression in front of the photoreceptors, and development of abnormal outgrowths,
that resulting in the death of the animals (Oviedo et al., 2008).

These results indicate that planarian PTEN genes function as tumor suppressor gene in
these animals. Further functional analyses of these and other cancer-related genes could help
to clarify the relationship between regeneration and cancer. Planarians, therefore, can be used
to study how regenerative tissues are able to regulate growth and control potential
malignancies (Oviedo and Beane, 2009).

Conclusion

It is obvious that the study of stem cell biology and regeneration has direct applications in
the field of regenerative medicine, as one of its main goals is to control the ‘in vitro’
differentiation of stem cells to the desired fate. In addition to controlling the fate of
undifferentiated stem cells, the newly differentiated cells must be properly organized to form
a complete tissue that is correctly patterned. The future success of regenerative medicine will
therefore depend not only on a deeper understanding of the biology of stem cells but also on
the study of pattern formation. Planarians are already an organism of choice for molecular
studies of patterning and regeneration —the coming years are likely to see them rapidly gain
ground as a model system for research into regenerative medicine.
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