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Molecular mechanisms of limb regeneration: insights from

regenerating legs of the cricket Gryllus bimaculatus
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ABSTRACT This review summarizes recent advances in leg regeneration research, focusing on
the cricket Gryllus bimaculatus. Recent studies have revealed molecular mechanisms on blastema
formation, establishment of positional information, and epigenetic regulation during leg regen-
eration. Especially, these studies have provided molecular bases in classical conceptual models
such as the polar coordinate model, the intercalation model, the boundary model, the steepness
model, etc., which were proposed to interpret regeneration processes of the cockroach legs. When
a leg is amputated, a blastema is formed through the activation of the Janus-kinase (Jak)/Signal-
Transduction-and-Activator-of-Transcription (STAT) pathway. Subsequently, the Hedgehog/Wing-
less/Decapentaplegic/Epidermal-growth-factor pathways instruct distalization in the blastema,
designated as the molecular boundary model. Downstream targets of this pathway are transcrip-
tion factors Distal-less (DIl) and dachshund (dac), functioning as key regulators of proximodistal
pattern formation. D/l and dac specify the distal and proximal regions in the blastema, respectively,
through the regulation of tarsal patterning genes. The expression of leg patterning genes during
regeneration may be epigenetically controlled by histone H3K27 methylation via Enhancer-of-zeste
and Ubiquitously-transcribed-tetratricopeptide-repeat-gene-X-chromosome. For the molecular
mechanism of intercalation of the missing structures between the amputated position and the
most distal one, Dachsous/Fat (Ds/Ft) steepness model has been proposed, in which the Ds/Ft
pathway maintains positional information and determines leg size through dac expression. This
model was theoretically verified to interpret the experimental results obtained with cricket legs.
Availability of whole-genome sequence information, regeneration-dependent RNA interference,
and genome editing technique will have the cricket be an ideal model system to reveal gene func-
tions in leg regeneration.
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Introduction

Many regeneration processes exist that allow an organism
to regrow lost body parts. Despite having distinct morphologies
of regenerative organs, different organisms may share common
regeneration processes. In both insects and amphibians, for
instance, leg regeneration is initiated via macrophage activation
(Mescher, 2017) and blastema formation, followed by prolifera-
tion, dedifferentiation, and redifferentiation of blastemal cells to

generate a functional leg (Nacu and Tanaka, 2011; Das, 2015;
Tanaka, 2016; Haas and Whited, 2017). Extensive genome and
transcriptome sequencing data are currently available, and gene
expression can be easily manipulated by gene editing methods.
Applying these technological advances, researchers can study
regeneration processes systematically based on gene function,

Abbreviations used in this paper: Ds/Ft, Dachsous/ Fat; Jak, Janus-kinase; STAT; signal-
transduction-and-activator-of-transcription.
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compare regeneration processes among animals at the molecular
level, and identify common basic genetic mechanisms in organ
regeneration.

Historically, detailed phenomenological studies on leg regen-
eration of cockroach nymphs (Bohn, 1971; French et al., 1976;
Truby, 1983) provided important concepts in regeneration including
positional information and leading models such as the gradient
(steepness) model (Bohn, 1971), the polar coordinate model (French
etal., 1976), and the boundary model (Meinhardt, 1982) to explain
regeneration phenomena. However, the cockroach system has be-
come less used, probably because the fertilized eggs are surrounded
by an egg case (oothecal), that makes it quite difficult to inject DNA
or RNA in the egg to produce genetically-modified organisms. In
contrast, in crickets, which also have remarkable regenerative
capacity to restore missing distal leg parts of nymphs, eggs are
easy to isolate and suitable for producing genetically-modified one
to perform gene functional analyses. In addition, gene function in
crickets can be studied by means of regeneration-dependent RNA
interference (rdRNAI). Thus, insect leg regeneration processes
have been studied at the molecular level using a cricket species
Gryllus bimaculatus (two-spotted cricket; hereafter, denoted as
Gb or cricket) (Mito and Noji, 2008; Wilson-Horch et al., 2017).
As results, several signaling molecules and transcription factors
have been identified as components of gene network pathways
regulating regeneration processes in nymphal legs.

Here we review the molecular mechanisms of cricket leg re-
generation, according to the distalization-and-intercalation (D&I)
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principle (Agata et al., 2007), the molecular boundary model for
distalizaion, and the Dachsous/Fat (Ds/Ft) steepness model for
intercalary regeneration processes. The cricket can now be used
as a potent model insect to study mechanisms of leg regeneration
at the gene functional level.

Early processes in leg regeneration

The cricket leg consists of six segments arranged along the
proximodistal (P/D) axis in the following order: coxa, trochanter,
femur, tibia, tarsus, and claw (Fig. 1A). When a metathoracic
leg of a cricket nymph in the third instar is amputated at a distal
position of the tibia, the distal missing part is restored after four
molts during the first month after amputation (Fig. 1B). After leg
amputation, a blastema forms beneath the wound epidermis in a
manner akin to that of other regenerative organisms. The lost part
of the leg is regenerated from blastemal cells, regulated by the
expression of evolutionally conserved signaling molecules. The
regeneration process of cricket legs is divided into four steps: (1)
wound healing with clot/scab formation, (2) blastema formation,
(3) recognition of positional information and cell proliferation, and
(4) repatterning (Fig. 1B).

Wound healing and blastema formation in regenerative animals

Wound healing is a conserved process observed in both re-
generative and nonregenerative animals, including human. In
general, wound healing involves closure of the wound surface
by a clot/scab and closure of the
wound surface beneath the scab
by the wound epidermis. In a ho-
lometabolous insect, such as the
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al.,, 2016). In the wound-healing
step, the macrophage-activating
pathway is likely to initiate regenera-
tion (Mescher, 2017). In vertebrates,
myristoylated alanine-rich C-kinase
substrate (MARCKS)-like protein
was identified as an extracellularly
released factorthatinducestheinitial
cell cycle response during axolotl
appendage regeneration (Sugiura
et al., 2016). It is intriguing to know
whether molecular and cellular bases
of wound healing in crickets are
similar to those found in Drosophila
or in vertebrates.
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Fig. 1. Structure of the cricket leg and four steps of cricket
leg regeneration. (A) Dorsal view of a cricket nymph at the
third instar (left) and schematicillustration of its metathoracic
leg (right). (B) Amputated leg regenerates via four steps:
(1) wound healing with clot/scab formation, (2) blastema
formation, (3) recognition of positional information and cell
proliferation, and (4) repatterning.
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Fig.2.Involvement of Jak/STAT and Sav/Wts/Hpo signaling pathways
during cricketleg regeneration. The red line indicates the amputated posi-
tion. Blastema and regenerated tissue are indicated in pink. Macrophage-
like cells may be involved in scab formation, depending on gene functions
of Grainyhead, Stitcher, Pale, and Dopa decarboxylase (Ddc). Jak/STAT
signaling promotes blastema formation. Ds/Ft and Sav/Wts/Hpo signaling
pathways inhibit proliferation of blastemal cells.

After wound healing, blastema formation is the key event for
tissue regeneration. For blastemal formation, there must exist
certain common basic mechanisms, because insects, small fishes,
salamanders, and frogs regenerate missing tissue parts through
proliferation of blastemal cells, a population of dedifferentiated
proliferating cells that forms adjacently to the wound epidermis.
Although cellular proliferation modes for regeneration at the stump
tips differ between hydra (Galliot, 2013) and planarian (Tasaki et
al., 2011a; Tasaki et al., 2011b), it seems that regeneration is com-
monly regulated via MAPK and Wnt signaling pathways (Petersen
and Reddien, 2009; Yazawa et al., 2009). Recent advances in
studies on regeneration of vertebrate appendages were reviewed
in detail by Tanaka (Tanaka, 2016). Given the knowledge on early
regeneration processes of invertebrates and vertebrates, secreted
molecules (e.g. Unpaired (Upd) of Drosophila and MARCKS-like
protein of axolotl) likely initiate blastema formation after wound
closure and may regulate blastemal cell proliferation via certain
signaling pathways. Roles of the signaling pathways in blastema
formation will be discussed in the next section.

Jak/STAT signaling is involved in cell proliferation during
blastema formation in cricket

During cricket leg regeneration, blastema forms within 2 days
post amputation (dpa). Genes of several signaling molecules,
including wingless/Wnt (wg/Whnt), hedgehog (hh)/Sonic hh (Shh),
Epidermal growth factor (EGF), decapentaplegic (dpp)/ TGF-B,
Salvador (Sav)/Hippo (Hpo)/Warts (Wts), and Janus-kinase (Jak)/
Signal-Transduction-and-Activator-of-Transcription (STAT), show
upregulated expression levels during blastema formation (Mito et
al., 2002; Bando et al., 2009; Bando et al., 2013). Comparative
RNA-sequencing (RNA-seq) data has revealed similar results in
other animals (Satoh et al., 2011). Activation of Jak/STAT signaling
is necessary for regeneration of the midgut and imaginal disc of
Drosophila and for maintenance of the pluripotency of embryonic
stem cells and induced pluripotent stem cells (Staley and Irvine,

Molecular mechanisms of cricket leg regeneration 561

2010). Thus, it is likely that Jak/STAT signaling plays important
roles during blastema formation.

Jak/STAT signaling is evolutionarily conserved from insect to
human (Arbouzova and Zeidler, 2006). Ligands for Jak/STAT sig-
naling are secreted cytokines, including interleukins (IL-6) in verte-
brates and secreted molecules (Upd, Upd2, Upd3) in Drosophila.
In Drosophila, cytokines bind to an interleukin receptor Domeless
(Dome) and activate a non-receptor tyrosine kinase Hopscotch
(Hop), which phosphorylates the transcription factor STAT. The
phosphorylated STAT homodimerizes and localizes in the nucleus
to activate transcription of target genes, including cyclins and sup-
pressor of cytokine signaling (SOCS), which negatively regulates
Jak/STAT signaling by inhibiting Jak activation.

Since expression of Jak/STAT signaling genes Gb’dome and
Gb’Stat are upregulated during cricket leg regeneration, it is
suggested that this signaling is involved in the cricket blastema
formation as well. RNAi-mediated knockdown of Gb’dome"™™A and
Gb’Stat™™ show regeneration-defective phenotypes; noregenera-
tion of lost parts of the tibia or tarsus. Gb’hop"™ " shows incomplete
regeneration phenotypes; the lost part is reconstructed but with
an abnormal morphology. Since expression of Gb'cyclin E is de-
creased in the blastema of Gb’Stat™™A crickets, Jak/STAT signaling
promotes blastemal cell proliferation during leg regeneration. In
contrast, Gb’Socs2"NA, in which Jak/STAT signaling is constitutively
activated, shows the lengthened regenerated leg phenotype by
upregulating Gb’cyclin E expression. Thus, Jak/STAT signaling
is required for cell proliferation during blastema formation in the
cricket leg (Fig. 2) (Bando et al., 2013).

Sav/Wits/Hpo signaling suppresses blastemal cell proliferation
in regenerating cricket legs

Aftertissueloss, blastemal cells proliferate rapidly and differenti-
ate into several cell types to reconstruct lost parts of the tissue.
Thereafter, proliferation of differentiated blastemal cells should be
suppressed. A known tumor suppressor pathway in many human
cancers, Sav/Wts/Hpo is an evolutionarily conserved signaling
pathway from insects to vertebrates (Harvey et al., 2013). In Dro-
sophila, Sav/Wts/Hpo signaling regulates organogenesis, including
formation of wings and compound eyes (Staley and Irvine, 2012).
Key components of Sav/Wts/Hpo signaling (vertebrate homo-
logues) are Hpo (Mst1/2), Sav (Sav1), Wts (Lats1/2), and Mats
(Mob1/2). Hpo and Wts are serine/threonine kinases, while Sav
and Mats are adaptor proteins for Hpo and Wits, respectively. Hpo
phosphorylates and activates Wts, which phosphorylates its target
protein Yorkie (Yki) to promote proteasomal degradation of Yki.
Yki, a transcriptional co-activator of transcription factor Scalloped
(Sd), induces expression of cyclin B, cyclin E, inhibitor of apoptosis
proteins (IAP), and others. The vertebrate homologue of Yki is
Yap, a transcriptional co-activator that promotes cell proliferation.
The vertebrate homologue of Sd is Tead, which is an antiapoptotic
transcription factor. Thus, activation (or inactivation) of Sav/Wts/
Hpo signaling suppresses (or promotes) cell proliferation via inhibi-
tion (or activation) of Yki activity. Sav/Wts/Hpo signaling activity is
regulated by two huge protocadherins, Ds and Ft, in Drosophila.
Interaction of Ft with Ds activates Hpo signaling to suppress cell
proliferation (Cho et al., 2006).

In the early phase of cricket leg regeneration, some Hpo signal-
ing components are upregulated. Sav/Wts/Hpo signaling may be
involved in blastemal cell proliferation. RNAi-based knockdown of
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Sav/Wts/Hpo signaling component genes leads to enlargement of
the blastemal region and hyperproliferation of blastemal cells in
regenerating legs of Gb'fftNA, Gb'ds™A| and Gb'wts™ A crickets.
In Gb’ykifNA' crickets, hyperproliferation of the enlarged blastemal
cells is suppressed, presumably through Sav/Wts/Hpo signaling
thatis activated by Ds/Ftand through Yki (Bando et al., 2009;Bando
et al., 2011b). Taken together, these findings indicate that Jak/
STAT signaling promotes and Sav/Wts/Hpo signaling suppresses
blastemal cell proliferation (Fig. 2). As almost all components of
Jak/STAT and Sav/Wts/Hpo signaling are evolutionarily conserved
from insects to vertebrates, these two signaling pathways may be
involved in regulation of liver regeneration in vertebrates as well
(Cressman et al., 1996; Li et al., 2002; Wuestefeld et al., 2003).
Roles of Sav/Wts/Hpo signaling pathway in size control of organ
regeneration were discussed by Hayashi et al., (Hayashi et al.,
2015b) and also in this Review.

Molecular systems to establish positional information
during leg regeneration

The distalization-and-intercalation principle

In the 1900s, Thomas Hunt Morgan categorized tissue regen-
eration in animals into two modes: morphallaxis and epimorphosis
(Morgan, 1901). Inthe case of cricket leg regeneration, the residual
part of the leg appears to remain as itis and the lost parts are added
on. This kind of regeneration is called “epimorphic regeneration”.
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On the other hand, lost body parts of hydra are reconstructed
morphallactically: when the head or tail region of hydra is lost,
whole body parts are completely reconstructed in the remaining
parts in miniature. The reconstructed miniature part then grows to
recover the original size and shape without blastema formation in
the hydra. In 2007, Agata et al., (Agata et al., 2007) observed that
regeneration of the planarian is neither morphallactic nor epimor-
phic. They proposed a new unifying principle, called “distalization
and intercalation” (D&l) principle. It is likely that when animals
lose body parts, such as limbs (for newts and salamanders), tails
(for tadpoles), caudal fins (for zebrafish), or legs (for insects and
other cases), animals should recognize the amputated position
as the most distal position. Then, they reconstruct the lost parts
similarly to the original ones from blastema by intercalating parts
between the most distal position and the remained position with
changing the remaining part of the tissue. So far, the molecular
boundary model has been proposed for initiation of pattern for-
mation (i.e., “distalization”), while the Ds/Ft steepness model has
been applied for intercalary pattern formation during regeneration
(i.e., “intercalation”).

The molecular boundary model for distalization
In newts and cockroaches as well as crickets, supernumerary
legs are formed at anterior and posterior sides of the grafting posi-
tion, when the distal graft piece is transplanted to the contralateral
host stump. French and colleagues proposed the polar coordinate
model to interpret this phenomenon (French et al., 1976; Bry-
ant et al., 1981). The model includes two rules: the shortest
intercalation rule and the full circle rule. The shortest inter-
calation rule states that discontinuity of positional informa-
tion between the host stump and graft piece is recovered

o

Fig. 3. Schematic model of distalization and its molecular
players. (A) In the early Drosophila leg imaginal disc, hh (green) is
expressed in the posterior compartment, while dpp (light blue) is
expressed dorsally and wg (orange) ventrally at the anteroposterior
boundary. High activity levels of Dpp and Wg induce expression of
an EGFR ligand at the center of the leg disc. A distal-to-proximal
gradientof EGFR activity is foundin the presumptive distal segments
(yellow), in which EGFR signaling activation appears inside each
leg segment (yellow). (B) Regeneration of cricket leg amputated at
distal tibia. During early regeneration, Gb'hh (green) is expressed
in the posterior blastemal cells, and Gb dpp (light blue) and Gb ‘wg
(orange) are expressed in dorsal and ventral blastema, respectively.
Gb 'Egfr (blue) is broadly expressed in distal blastema. EGFR activity
is shown in yellow. In later regenerating legs, Gb Egfr expression
forms rings adjacent to presumptive joints between regenerating
leg segments. Panels A and B are modified from Fig. 7 in Nakamura
et al., (2008b). (C) A mode of formation of supernumerary legs by
grafting operation in the cricket nymph based on the CTBM. When
the right mesothoracic leg (T2) of the graft (ventral view) grafted
into the left metathoracic leg (T3) of the host (ventral view) to
reverse the anteroposterior polarity, Gb’Hh (green) in the posterior
compartment of the host and graft legs induces the expressions
of Gbdpp (light blue) and Gb'wg (orange) in the dorsal side and
ventral side of the anterior compartment (red arrows). The site
where the Gb dpp-expression cells abuts the Gb'wg-expressing
cells becomes an organizer that induces the formation of the P/D
axis (red circles). Co, coxa; Tr, trochanter, Fe, femur; Ti, tibia; Ta,
tarsus, 1, 2, 3, 4, 5, tarsal segments 1-5; Pr, pretarsus, A, anterior;
D, dorsal; R, posterior; \, ventral.



by intercalating the minimum missing positional information to
continue the discontinuity, although the direction of the intercalate
is forwarded or reversed. The full circle rule states that leg out-
growth will occur where there is a complement of circumferential
positional information. According to the polar coordinate model,
supernumerary leg outgrowth occurs when there is discontinuity
of circumferential positional information and intercalates the gap
of positional information (French et al., 1976).

The boundary model was proposedto explain thatthese phenom-
enawould be promoted by local interaction of tissue compartments
(Meinhardt, 1983). Afterward, the molecular basis of the boundary
model was clarified through intimate gene expression analysis of
Drosophila leg imaginal disc (Campbell and Tomlinson, 1995). In
their model (Campbell and Tomlinson boundary model: CTBM),
the posterior compartment of leg imaginal disc is defined by the
expression of engrailed, which encodes a homeoprotein. dpp is
expressed by the dorsal cells at the anteroposterior (A/P) bound-
ary, whereas wg is expressed by the ventral boundary cells (Fig.
3A). The crossing point of the dpp-expressing cells and the wg-
expressing cells is the presumptive distal tip, which is a molecular
base for “distalization” during limb development. It should be noted
that while the number of circumferential positional values are drawn
to be 12 as a familiar clock face in the polar coordinate model,
three compartments, posterior, antero-ventral, and antero-dorsal,
are enough for distalization in insect limb development (Vincent
and Lawrence, 1994).

The CTBM model was subsequently found to suit well to cricket
leg regeneration (Mito et al., 2002). Gb’hhis expressed in the pos-
terior compartment in the regeneration blastema, whereas Gb’'dpp
and Gb'wg are expressed in the dorsal and ventral cells at the A/P
boundary, respectively (Fig. 3B). These gene expression patterns
are comparable to those of the leg bud of cricket embryo and the
legimaginal disc of Drosophila (Niwa et al., 2000; Mito et al., 2002),
suggesting that leg regeneration along the P/D axis goes through
a distalization process similarly to normal leg development. In the
case of grafting experiments involving formation of supernumerary
legs, the posterior cells are forced to confront the anterior cells
and two new interfaces are formed (Fig. 3C). Since Hh induces
dpp or wg expression in the Drosophila leg imaginal disc (Fig. 3A)
(Campbell et al., 1993; Basler and Struhl, 1994; Diaz-Benjumea et
al., 1994), Gb'Hh secreted from the posterior compartment likely
induces expression of Gb’dpp and Gb’'wg in the dorsal and ventral
boundary cells, respectively. In this way, leg regeneration along the
P/D axis is triggered at the boundary cells of Gb’dpp-expressing
domain and Gb'wg-expressing domain, which has been verified
by RNAi-based functional studies (Mito et al., 2002).

Inthe Drosophilaleg imaginal disc, a combined activity gradient
of Dpp and Wg activates downstream gene expression along the
leg P/D axis. The highest dppand wgexpression levels induce vein
(vn), which encodes a ligand of EGF receptor (EGFR) (Campbell,
2002; Galindo et al., 2002). Vn acts as a principal morphogen for
distal leg patterning by activating EGFR signaling, indicating that
the tarsus may be patterned by a distal-to-proximal gradient of
EGFR activity (Fig. 3A) (Campbell, 2002; Galindo et al., 2002).
During leg regeneration, Gb’Egfr expression is observed in the
blastema, whereasits expression is maintained as ring-like adjacent
to presumptive intersegmental borders in the later regenerating
leg (Fig. 3B) (Nakamura et al., 2008b). Gb’Egfr was shown to be
required for formation of distal leg structures, specifically the distal

Molecular mechanisms of cricket leg regeneration 563

tarsus and claws, in the regeneration process and supernumerary
leg formation (Nakamura et al., 2008a; Nakamura et al., 2008b).
Thus, Gb’Egfr is essential for distalization to regenerate distal
tarsal structures and claws. This finding is consistent with the role
of EGFR signaling during Drosophila leg development (Campbell,
2002). These findings indicate that the molecular mechanisms for
distalization shown in the CTBM model well explain the various
phenomena observed during formation of the P/D axis in the devel-
oping and regenerating insect leg. Recently, Nacu et al., (Nacu et
al., 2016) identified single factors that can substitute for functions
of anterior and posterior tissue, Shh for posterior and Fibroblast
Growth Factor 8 (FGF8) for anterior tissue, in supernumerary limb
formation in axolotls. This observation suggests that in axolotls
the CTBM model works under different molecular players from
those of insects.

Role of P/D-patterning genes (Gb’EGFR, Gb’al, Gb’DIl and
Gb’dac) during establishment of segment identity in
regenerating legs

In Drosophilaimaginal disc, genes involved in establishing the
P/D axis of the leg are induced by the EGFR signaling pathway.
Dlil'is indispensable for development of distal leg parts (Cohen
et al., 1989), dac is required for development of medial leg parts
(Mardon et al., 1994; Dong et al., 2001), and homothorax (hth)
instructs proximal leg fates (Rieckhof et al., 1997;Wu and Cohen,
1999). In the cricket leg bud, segment identity may be determined
by Gb’'DIl, Gb’'dac, and Gb’hth genes (Inoue et al., 2002), as in the
Drosophilaimaginal disc (Goto and Hayashi, 1999; Kojima, 2004).
In the blastema, Gb’'DIl, Gb'dac, and Gb’aristaless (al) genes are
expressed in a manner that is similar to that observed in develop-
ing leg buds (Nakamura et al., 2008a; Nakamura et al., 2008b).
Thus, a common mechanism for P/D patterning is likely to exist
between leg buds and blastema.

A model for P/D patterning of regenerating legs is shown in
Fig. 4 (Ishimaru et al., 2015). Gb'Dllis expressed in the blastema
that corresponds to tarsal segments 1-3, and higher expression is

NI L
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Gb’EGFR activity

¢

Gb® Gbal
dac Gb’'BarH
Gb’bab

Fig. 4. Schematic model of repatterning process during cricket leg
regeneration. Schematic of transcriptional regulation by tarsal repatterning
genes to form tarsal segments (see the text for details). The amputated
position is shown in red lines. Regenerated segments are indicated in pink.
Ti, tibia, 1, 2, 3, tarsal segments 1-3.
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Fig. 5. Schematic diagrams of regenerated leg phenotypes in control,
Gb'E(zf"M, and Gb’ Utx™Ai crickets. Regenerated metathoracic (T3) adult
legs shown in pink. Fe, femur; Ti, tibia: Ta 1-3, tarsal segments 1-3; Cl, claw;
Ex-Ti, extra-tibia (in yellow).

involved in the most distal region. When higher Gb’DIl expression
is induced by GB’EGFR signaling in the most distal region, Gb’'dac
expressionis substantially reduced, and tarsal appendage-pattern-
ing genes, such as Gb’al, Gb’BarH, and Gb'bric a brac (Gb’bab),
are expressed in the distal region. Therefore, Gb’'Dll is critical for
tarsus regeneration, and the formation of tarsal segments 2-3 may
be regulated by expression of these patterning genes. Conversely,
in the proximal regions where Gb'DIl expression is low, Gb'dac
expression is increased whereas Gb’bab expression is repressed,
and consequently formation of tarsal segment 1 is induced. Thus,
Gb’dac is essential for regeneration of tarsal segment 1. These
observations lead to the conclusion that Gb’'DIl acts as a nega-
tive or positive regulator for Gb’dac expression, depending on its
expression level, in the formation of tarsal segments along P/D
axis. During establishment of the P/D axis in leg regeneration, cell
proliferation appears to be promoted in the presumptive tarsus and
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tibia. Cell proliferation is mainly affected by Gb’dac expression,
and Gb’dac may contribute to elongation of the regenerating tarsal
segment 1 (Ishimaru et al., 2015). Furthermore, Gb’dac affects
tibial cell proliferation and is associated with the size determina-
tion of regenerating tibia along the P/D axis through Gb'Ds/Gb’Ft
signaling (Ishimaru et al., 2015).

Epigenetic regulation of leg patterning genes during
repatterning process

Epigenetic control of gene expression via chemical modification
of the histone tail is a conserved mechanism to regulate pattern
formation in animal development. However, the way of its involve-
ment in pattern formation may vary among species (Supplemental
information and Fig. S1). Pattern formation of developing limbs
in mice is regulated by HOX genes (a subset of homeotic genes)
whose expressions are epigenetically regulated by Ring finger
protein 1 (Ring1), an essential component of Polycomb repressive
complex 1 (Yakushiji-Kaminatsui etal., 2016). Segment patternsin
insect embryos, including Drosophila, Tribolium, and Gryllus, are
regulated by HOX genes whose expressions are epigenetically
controlled by Polycomb group proteins (Matsuoka et al., 2015).
Expressed-gene sets and gene expression patterns are similar
between regenerating legs and developing legs in the cricket (Na-
kamura et al., 2008b;Donoughe and Extavour, 2016), indicating
that epigenetic regulation is involved in nymphal leg regeneration.
Indeed, comparative transcriptome analysis shows that expressions
of several epigenetic factor genes are upregulated in regenerating
legs at 24 hpa compared to 0 hpa (Bando et al., 2013).

Epigenetic regulation via methylation of the 27" lysine residue
of histone H3 (H3K27) is known to transform euchromatin into
heterochromatin, which in turn represses gene expression, and
vice versa (Tie et al., 2009). Methylation status of histone H3K27
is regulated by a single histone methyltransferase and a single
histone demethylase in insects: Gb’Enhancer of zeste (Gb'E(z))

ation
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Fig. 6. Typical regenerated leg
phenotypes, leg patterning
gene expression, and plausible
model forrepatterning. Plausible
models of repatterning process in
control, Gb E(z)f"A and Gb 'Utx N4
regenerating legs (see details
in text). Gb'dac and Gb'Egfr are
illustrated by magenta and blue,
respectively. Double-headed red
arrows indicate Gb'dac express-
ing domains in extra-tibia and
tarsus regions. Blue and orange
arrowheads indicate Gb'Egfr ex-
pression and diminished Gb'Egfr
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and Gb’Ubiquitously transcribed tetratricopeptide repeat gene, X
chromosome (Gb’Utx) encode a methyltransferase and demeth-
ylase of histone H3K27, respectively. Gb’'E(z) and Gb’Utx expres-
sions are upregulated and ubiquitously expressed in regenerating
legs, respectively. The distribution of trimethylated histone H3K27
(H3K27me3) is reduced in Gb'E(z)™ A legs and increased in
Gb'Utx™A legs. In Gb'Utx"™Airegenerated legs, tarsal segments
1 and 2 are fused, and tarsal spurs are not restored (Fig. 5). On
the other hand, in Gb'E(z)™ regenerated legs, an additional seg-
ment is regenerated between original tibia and tarsal segment 1 in
the most severe phenotype (Fig. 5). By analyzing morphological
structures and expression patterns of leg patterning genes, the ad-
ditional segment by Gb’E(z)"™A turns out to be a tibia, designated
extra-tibia (Ex-Ti).

To elucidate the epigenetic mechanism to induce formation of
the additional leg segment of Ex-Ti, expression patterns of leg re-
patterning genes, including Gb’'dac, Gb’'DIl, Gb’Egfr, and Gb’'BarH,
were examined (Hamada et al., 2015). Correlation between the
RNAi phenotypes and expression patterns of leg patterning genes
is schematically shown in Fig. 6. In Gb’E(z)™* regenerating legs,
Gb’dac expression is expanded in tarsal segment 1. This ectopic
expression of Gb’dac may induce tibialization of a part of tarsus,
resulting in additional tibial formation. In Gb’Utx""A' regenerating
legs, expression of Gb’'Egfr is diminished in the middle tarsus,
which may inhibit leg joint formation in the tarsus. Thus, epigenetic
regulation of gene expression via histone H3K27me3 controls leg
regeneration along the P/D axis. In conclusion, histone H3K27 meth-
ylation via Gb’E(z) and its demethylation via Gb’Utx epigenetically
controls the expression of leg patterning genes (Hamada et al.,
2015). Roles of epigenetic regulation via histone H3K27 methyla-
tion during regeneration has been also discussed in Drosophila
imaginal disc regeneration (Repiso et al., 2011) and Xenopus limb
regeneration (Hayashi et al., 2015a).

The Ds/Ft steepness model for intercalation

Intercalary regeneration

In 1971, apaper entitled “Intercalary Regeneration and Segmen-
tal Gradients in the Extremities of Leucophaea (Blattaria) Larvae”
was published and a gradient (steepness) model for intercalation
was proposed (Bohn, 1971). There is a grafting experiment on
cricket legs, in which a short graft amputated at the distal position
of the tibia is transplanted into another amputated host, which is
shortened at the proximal position of tibia, with lacking the middle
region of the tibia. After transplantation, crickets undergo “intercalary
regeneration” of the lost middle region between the host and graft
to recover the discontinuity (Fig. 7). When a long graft that was
amputated at the proximal position of the tibia is transplanted into
another long host, which is amputated at the distal position of the
tibia, with overlapping of the middle region of the tibia from host
and graft. In this case, “reversed intercalary regeneration” of the
overlapping middle region is observed in the opposite direction
along the P/D axis (Fig. 7). In both cases, the intercalated parts
are originated from the segment that has distal identity. When
discontinuity of positional information occurs by amputation or
transplantation of legs, the legs intercalate lost parts to retrieve
missing positional information (Bohn, 1971; French etal., 1976). On
the other hand, in 1978, a paper entitled “Intercalary regeneration
around the circumference of the cockroach leg” was published and
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Fig.7.Intercalary regeneration and reversed intercalationin the cricket
leg. Intercalary regeneration: When distally amputated mesothoracic leg
(g, graft)is transplanted to proximally amputated metathoracic leg (h, host),
the middle region is intercalarily regenerated (red numbers). Reversed
intercalation: When proximally amputated mesothoracic leg (g, graft) is
transplanted to distally amputated metathoracic leg (h, host), the middle
region is duplicated in the opposite direction.

it was demonstrated that cells at different positions have different
positional valuesin acircumferential sequence, which is analogous
to the proximal/distal sequence (French, 1978). It is interesting
to note that when the tibia and the femur are amputated at the
same position and then the tibial graft is transplanted to the host,
no intercalary regeneration occurs. This indicates that positional
information along the P/D and circumferential axes is equivalent in
eachleg segment, suggesting thatthe molecular basis of positional
information should be reiterated in each leg segment in a gradient
manner along these axes (Bando et al., 2009).

Involvement of the Ds/Ft signaling pathway in maintaining
positional information during intercalation

To explain intercalary regeneration at a molecular level, Bando
et al., (Bando et al., 2009; Bando et al., 2011b) proposed the Ds/
Ft steepness model. It has been known in Drosophila that Ds and
Ft are expressed in imaginal discs in a counter-gradient manner
and regulate morphogenesis of several organs, including eyes,
wings, and legs. As huge protocadherins found at the adherence
junction of the cell membrane, Ds and Ft interact with each other
to regulate cell-cell contacts. Heterodimerization of Ft with Ds ac-
tivates Sav/Wts/Hpo signaling to transduce cell-cell contacts and
regulate cell proliferation, apoptosis, planer cell polarity (PCP), and
cell morphology. Signal transduction from Ds/Ft to Sav/Wts/Hpo
is mediated by an unconventional myosin Dachs (D) and a novel
dsRNA binding protein Lowfat (Lft). Regulation of PCP by Ds/Ft
involves a multifunctional Golgi kinase, Four-jointed (Fj) (Harvey
and Hariharan, 2012; Staley and Irvine, 2012). These character-
istics indicated that Ds and Ft are good candidates for molecules
related to positional information.

Incricketlegs, Gb’dsand Gb'ftare expressedin each leg segment
of developing limbs and regenerating legs in a counter-gradient
manner along the P/D axis. Gb'd and Gb’fj/GP’lft are expressed
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Fig. 8. Involvement of Ds/Ft signaling in regeneration
and a steepness model. Summary of leg regeneration and
transplantation in control and Gbftf" crickets. Amputated
positions are shown in red lines, regenerated tissues in pink,
and plausible positional information in numbers. (A) In control
cricket, the lost part of the leg regenerates as the original one
independently of the amputated position. In Gb ‘ds 4, Gb N4,
Gb d™ or Gb1ft™4' crickets, regenerated legs are shortened
depending on the amputated positions. (B) When a graft piece
is transplanted into different positions of the host, discontinuity
is recovered by intercalation in the control. Intercalation does
not occur in Gb'dsfN, Gb ‘ft™¥, or Gb 'd"™ crickets. Positional
information of intercalated regions is shown in red numbers.
(C) Normal regeneration: schematic of the steepness model
for leg regeneration. After amputation at positional value (PV)
=4 in tibia (with tibial stump in orange), blastemal cells detect
positional disparity (PV, 4/9). The most distal PV is established
(distalization) by the mechanism proposed by the molecular
boundary model. A steep slope is formed, which leads to inter
calary growth until positional continuity is re-established (yellow,
PV = 4-~9), as epimorphic-like regeneration. Pre-existing stump
(orange) grows allometrically, retaining the original positional and
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similarly to Gb'ds and Gb'ft, respectively, suggesting that the
regulation of positional information may involve Ds/Ft signaling
(Bando et al., 2011a; Bando et al., 2011b). If this possibility were
true, then signaling knockdown would cause morphological defects
along the P/D axis during regeneration and intercalation. As ex-
pected, regenerated legs of Gb'ds™A and Gb’ffNA' are shortened
and thickened, respectively, and those of Gb’d™A' and Gb'IffiNA
are shortened. Regenerated legs of Gb’ds™A, Gb'ftfNA (Fig. 8A),
Gb’dfNA and Gb'IfffNA are shortened depending on the amputated
position along the P/D axis, while in control amputation the length
of regenerated legs is almost the same as that of the contralateral
legs. Although the regenerated leg of Gb’ftf™N'is very short after the
tibia is amputated at the proximal position, the tarsus, claw, and

allometric information (PV = 1~4). Ds/Ft RNAI (purple arrows):
In Gb'ds™ or Gb ft"N" nymphs after amputation, remodeling
of the stump takes place as morphallaxis-like regeneration.
The normal Ds/Ft gradient (dotted line) shifts down with the
same slope (purple), thus resetting the positional value of the
amputated surface to the most distal positional value or the
minimum scalar value of the Ds/Ft gradient.

tibial and tarsal spurs are reconstructed at relative positions (Fig.
8A). One explanation for this phenomenon is that rearrangement
of positional information in the amputated leg stump shrinks the
leg structures (Fig. 8C).

If positional information is rearranged after knockdown of Ds/
Ft signaling, then intercalary regeneration would be changed. In
the control cricket, when a graft piece is transplanted into the host
stump at different positions to induce discontinuity of positional in-
formation, intercalary regeneration or reversed intercalation occurs
to recover the continuity of positional information. In contrast, no
regeneration phenomenon occurs in Gb'ds®™A| Gb’'ffiNA' (Fig. 8B),
or Gb'd™A crickets (Fig. 8B). Thus, it can be concluded that Ds/
Ft through D maintains positional information along the P/D axis
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in leg segments during regeneration and intercalation. Lft helps
to maintain positional information during longitudinal regeneration
but is not needed during intercalation (Bando et al., 2009;Bando
et al., 2011a;Bando et al., 2011b). Protocadherins Ds and Ft are
evolutionarily conserved from insects to vertebrates. However,
maintenance of positional information via Ds/Ft signaling during
tissue regeneration has not been analyzed in other regenerative
animals.
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Fig. 10. Schematic diagrams of cricket leg regeneration process.
Schematic diagram of the process of leg regeneration in cricket. After
amputation, Jak/STAT signaling is required for blastema formation. Hh/Dpp/
Wo/EGF pathway instructs distalization in the blastema. Ds/Ft signaling
establishes positional information of the regenerating tibia through Hippo
signaling. Epigenetic regulation, EGFR signaling and transcription factors are
involved in the leg repatterning process of regenerating tarsus. Positional
value is denoted arbitrarily by numbers 1~9.

Formula 1: redistribution during cell division

Formula 2: cell-proliferation condition

l;=ry > diff (threshold value)
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Fig.9.The Ds/Ft steepness model. The extended steepness
model: A Ds/Ft trans-heterodimer case. During cell division,
the Ds/Ft heterodimers are deemed redistributed on the wall
of the newly created cell. |, and |, are the initial number of Ds
and Ft heterodimers in the left cell, whiler, andr, are the initial
number of Ds and Ft heterodimers in the right cell, respec-
tively. The left and the right Ds/Ft molecules are redistributed
during cell division under Formula 1, where n. and n, are the
number of Ft and Ds heterodimers in the new membrane of
the divided cell. Cells can proliferate under Formula 2, where
diff is a threshold value of the steepness for proliferation.

Lawrence et al., (Lawrence et al., 2008) described a steepness
hypothesis linking PCP and cell growth, which are disconnected
features of animal development, proposing that Ft and Ds link up
to determine PCP and organ dimensions. Bando et al., (Bando et
al., 2011b) proposed the Ds/Ft steepness model for intercalary
regeneration and leg-size determination (Fig. 8C), based on the
Ds/Ft trans-dimer system (Fig. 9).

Theoretical verification of the Ds/Ft steepness model

The Ds/Ft steepness system may provide some positional
information of the leg (Lawrence et al., 2008). To verify the steep-
ness hypothesis, Yoshida and others proposed a mathematical
model (Fig. 9) (Yoshida et al., 2014). They assumed that (1) Ds/
Ft trans-heterodimers or trans-homodimers are redistributed dur-
ing cell division, and (2) growth would cease when a differential
of the dimer across each cell decreases to a certain threshold
(Yoshida et al., 2014). Their model was applied to simulate the
results obtained by leg regeneration experiments with crickets.
The simulated results were qualitatively consistent with the experi-
mental data for leg regeneration of Gb’ds™A or Gb'ff"NA nymphs,
orintercalary regeneration. The similar results were obtained even
if the gradient of transheterodimers was not linear. Thus, the Ds/Ft
steepness model is the probable model for molecular mechanisms
on leg regeneration.

Concluding remarks

The cricket is a potent model for studying how amputated legs
can achieve full regeneration. Studies of cricket systems have led
to an understanding of the molecular basis of the four major steps:
(1) wound healing with clot/scab formation, (2) blastema formation,
(3) establishment of positional information, and (4) repatterning of
the leg (Fig. 10). This review has focused on candidate molecules
and signaling pathways that are involved in leg regeneration. We
have proposed a molecular basis of regeneration with the molecular
boundary model for distalization and the Ds/Ft steepness model
for intercalation, according to D&l principle (Fig. 8C). Furthermore,
we have demonstrated that epigenetics plays important roles in
repatterning during regeneration.

With advances in whole-genome sequencing and gene-editing
technologies, the tools needed to identify molecules and signal-
ing cascades of leg regeneration processes are available. Genes
expressed during regeneration can be manipulated to determine
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their functions, using a combination of RNA-seq data, rdRNAI,
and genome editing methods with CRISPR/Cas (Supplemental
information and Fig. S2). In addition to more precise investigation
of molecular mechanisms in each step, how leg regeneration is
initiated is one of the crucial and elusive questions to be answered
for understanding the regenerative capacity in animals. This will
be comprehensively understood soon, focusing on roles of mac-
rophages in cricket.
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