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Abstract

In 1901 T.H. Morgan proposed in “Regeneration” that pattern formation in amphibian limb
regeneration is a stepwise process. Since, biologist have continued to piece together the molecular
components of this process to better understand the “patterning code” responsible for regenerate
formation. Within this context, several different models have been proposed; however, all are
based on one of two underlying hypotheses. The first is the “morphogen hypothesis” that dictates
that pattern emerges from localized expression of signaling molecules, which produce differing
position-specific cellular responses in receptive cells depending on the intensity of the signal. The
second hypothesis is that cells in the remaining tissues retain memory of their patterning
information, and use this information to generate new cells with the missing positional identities.
A growing body of evidence supports the possibility that these two mechanisms are not mutually
exclusive. Here, we propose our theory of hierarchical pattern formation, which consists of 4 basic
steps. The first is the existence of cells with positional memory. The second is the communication
of positional information through cell-cell interactions in a regeneration-permissive environment.
The third step is the induction of molecular signaling centers. And the last step is the interpretation
of these signals by specialized cell types to ultimately restore the limb in its entirety. Biological
codes are intertwined throughout this model, and we will discuss their multiple roles and
mechanisms.
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1) Biological codes

Although no singular definition exists, a code can be defined as a system whereby
information is stored in one form, such as the sequence or pattern of letters or numbers, and
then interpreted such that output is generated in a different form. Code biology is the study
of the origin, refinement, function, evolution and conservation of life codes, broadly range
from organic codes, which contribute to the phenomena such as of cellular hereditary and
metabolism, to cultural codes, such as human language (as reviewed by (Barbieri, 2019,
2018, 2008)). At an organic level, examples of code-based systems are plentiful. One of the
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most classical illustrations being that of the genetic code. This phenomenon involves the
conversion (via transcription and translation) of a sequence of nucleotides (a gene and
informational entity), constituting a piece of a DNA strand, into a specific amino acid
sequence (a protein and functional entity) (Crick et al., 1961). Specific rules govern this
system to ensure not only the accuracy of the conversion itself but also when and where this
conversion of information occurs. Regulation occurs at several levels, including the use of
the histone code (Strahl and Allis, 2000). This epigenetic phenomenon involves specific
modifications, such as methylation and acetylation, being added to histone proteins. These
marks are read like a language, dynamically regulating the transcriptional output of the
associated DNA molecule (Rothbart and Strahl, 2014; Strahl and Allis, 2000). The histone
code and genetic code, although distinct, work together in a hierarchal fashion to facilitate
the ability of a cell to interpret its genetic information in the context of its environment and
give rise to the appropriate expressional fate.

The use of biological codes extends beyond gene regulation. A cell within a multicellular
organism responds to a dynamic environment composed of a variety of other cells. Each cell
must behave within this environment in an appropriate, cohesive manner, at both spatial and
temporal levels, to form the complex structures that compose a fully functioning organism.
A single fertilized egg cell must undergo profound changes in order to generate a three
dimensional organism. This process requires fidelity, and a patterning code would provide
reproducible outcomes during development. Furthermore, this code could be reemployed
post-embryonically in cases where lost pattern must be replaced.

Pattern formation, whether in a developmental or regenerative context, is the process
whereby the cells of an organism are organized spatially and temporally within a three
dimensional framework. Within a developmental setting, the establishment of anterior-
posterior (A/P) and dorsal-ventral (D/V) axes are required for the formation of the primary
body field. The development of the primary body plan is a progressive, segmented process,
with the head being established earlier than the more posterior structures such as the trunk
and tail. The secondary body fields are subsequently initiated at locations dictated by the
pattern of the primary field. These secondary fields are responsible for the patterning of
limbs or wings de novo.

Within a regenerative context, the primary and secondary body patterns have already been
established; therefore, any lost pattern must be re-specified in a manner that takes into
account the pattern of the remaining stump. Hence, the deployment of any patterning code,
used during development, must not only recognized pre-established, stump pattern but also
ensure seamless integration of the new and old tissue. Evidence supports the idea that the
mechanism by which this process occurs is hierarchical in nature, maintaining
reproducibility in structure and function. Here we present a new model for pattern formation
during limb regeneration called the Patterning Hierarchy Model. We will review the
experimental evidence from a variety of regenerating and developing systems that
contributed to the conception of this model. We will also discuss the potential roles of
different biological codes in this new model.
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2) Previous models describing pattern formation during regeneration

Despite the functional output of pattern formation being easily characterized by
morphological and histological studies, there is much to learn about the language and
regulation of the contributing codes facilitating this phenomenon. Many models have been
developed to explain how pattern formation occurs during limb regeneration. Irrespective of
the developmental or regenerative context, all models that describe patterning utilize a
fundamental term - positional information. Positional information is the attribute of a cell,
whereby the cell has a defined spatial position relative to one or more points. The
interpretation of this information subsequently determines the specialization of the cell and,
in so doing, generates pattern through spatial-specific differentiation (Wolpert, 1969).

One of the earliest models describing the mechanism by which positional information is
generated during development, involves a morphogen gradient in a sheet of cells (Figure
1A). Within a population of cells with uniform potential, a morphogen (a diffusible signaling
molecule) is produced by a signaling center. In order to achieve a linear concentration
gradient across the sheet, a “sink” may exist on the opposite end of the source. This sink will
limit diffusion of the morphogen beyond a specific location, establishing a set end point for
the gradient with a finite concentration. Therefore, the signaling hub and sink act as the
reference points by which relative positional identities are established. A cell will then
interpret the concentration of the morphogen to which it is exposed, at its location along the
gradient, and act accordingly (Wolpert, 1969).

One /n vivo example that contributed to this model is in the developing fly embryo, whereby
a Bicoid gradient establishes different A/P positional identities in the syncytial embryo.
Depending on its location in the embryo, each nuclei will receive differing abundances of
Bicoid, which in turn regulates the transcription of Hunchback and Kruppel in specific A/P
locations in the syncytium (Driever and Nisslein-Volhard, 1988). The gradient model also
explains the phenomenological effects documented in response to altered sonic hedgehog
(Shh) expression in the developing limb bud. Sh#is posteriorly expressed in the developing
chick limb bud, and its graded distribution facilitates the distinct A/P digit pattern of the
wing (Riddle et al., 1993; Tickle et al., 1975). Adding a new Sh/ signaling center to the
anterior margin on the limb bud distorts A/P pattern by generating a mirror image
duplication of the autopod. The most posterior digits are patterned closest to each of the S/
hubs and the most anterior digits centered furthest away, in the middle of autopod (Riddle et
al., 1993; Tickle et al., 1975).

Within a regeneration context, this model predicts the re-establishment of developmental
morphogen gradients in response to amputation which will facilitate the formation of new
pattern (Figure 1A) (Wolpert, 1996). It is possible that either the original signaling centers,
established during development, are responsible for generating the needed morphogen
gradients or new signaling centers are created at the site of injury. The latter would be the
case for Shhexpression during axolotl limb regeneration as Sh/ expression disappears once
limb development has completed and then re-appears during limb regeneration (Torok et al.,
1999). However, there are several shortcomings of the gradient model in terms of
regeneration. Firstly, if a morphogen gradient is re-established by a developmental signaling
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center, how is regeneration achieved if these centers are removed during amputation?
Secondly, if a new signaling center is generated at the site of injury, such as for Sh/in the
case of amphibian limb regeneration (Torok et al., 1999), what mechanism ensures that a
location-appropriate and -specific concentration of each of the necessary morphogens is
produced to recapitulate the developmental gradients from that point? In order for this to be
achieved, at least in part, cells must stably retain positional information long after the
completion of development. Such a phenomenon is not described in the gradient model but
is presented in a different model of patterning known as the polar coordinate model for
regeneration.

The polar coordinate model was conceived from observations on regenerating amphibian
and insect models to explain how new pattern emerges during regeneration, and it
compensates for some of the short falls of the gradient model. In this model positional
information is described in a polar coordinate system (Figure 1B) (Bryant et al., 1981;
French et al., 1976). One dimension of information corresponds to a cells position on the
circumference of the limb, which have been arbitrarily assigned identities 0 through 12.
Another dimension corresponds to the location of the cells on the proximal/distal (P/D) limb
axis, which have been arbitrarily assigned identities A through E. For example, a human
thumb would roughly be ascribed the value 9E in this coordinate system. In this model,
uninjured cells are in contact with ‘normal’ neighbors (example identities 2 and 3 in Figure
1B1) and are separate from or opposing ‘non-normal’ neighbors (example identities 3 and 9
in Figure 1B1). In response to amputation, wound healing brings ‘non-normal’ neighbors
together which proliferate to restore the missing positional identities between them via a
process called intercalation. This system has two fundamental rules. Firstly, intercalation
takes place by the shortest route around the limb circumference as possible. Therefore, if
identities 2 and 4 are brought together; identity 3 will be generated, rather than
5,6,7,8,9,10,11,12,1 (Bryant et al., 1981; French et al., 1976). Secondly, when new cells are
intercalated, they can also acquire a more distal identity, thus resulting in distal outgrowth
(Bryant et al., 1981). When identities 9A and 11A are brought together, identity 10A will be
generated; if identity 10 already exists in plane A the new cell will assume a more distal
identity (10B). The repeated iteration of intercalation and distal outgrowth, which depend
solely on local cell-cell interactions, leads to regeneration.

Although the polar coordinate model provides a conceptual framework to understand pattern
formation, little is known about how this model might work at the molecular level.
Additionally, this model focuses on local interactions between cells that retain positional
information; however, as will be discussed in section 3, not all cells retain positional
memory. These cells, which lack positional information, can be considered as positionally
naive and also participate in the formation of the regenerate and therefore require location-
specific instruction by some mechanism as well. Evidence for the importance of local cell
interactions has since emerged in patterning systems. Mesoderm induction, for example, in
the developing Xenopus embryo is reduced with a transfilter apparatus that physically
separates the vegetal (inducing) and animal (responding) cells, suggesting that direct, local
cell-cell interactions contribute to this developmental process (Slack, 1991).
Glycosaminoglycans mediated communication appears to be one mechanism by which these
localized interaction are facilitated, as mesoderm induction was abolished in the transfilter
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system with heparin treatment. This suggests that heparin is able to bind to signaling factors
in the liquid junction between the different cell populations (Slack, 1991). Furthermore,
pattern formation during regeneration is altered by heparin sulfate proteoglycan
manipulations (McCusker et al., 2016; Phan et al., 2015).

Despite the absence of molecular mechanisms, the polar coordinate model has emerged as a
powerful predicative tool for the pattern that is generated when confronting cells from
different limb positions in a regenerative permissive environment. This model accurately
predicts that in a regeneration permissive environment when completely opposing identities,
such anterior and posterior, are brought together, a complete circumference of positional
identities can be generated and, in turn, a new, complete limb will be patterned (Bryant and
Iten, 1976; Endo et al., 2004; Iten and Bryant, 1975; McCusker et al., 2014). Alternatively,
smaller disparities in positional information will fail to re-establish all the circumferential
identities required for patterning, thus generating distally incomplete structures.
Phenomenological examples of such distally incomplete patterns have been generated by 1)
the amputation of double posterior limbs in Urodeles (Holder et al., 1980) and 2) the heat or
radiation induced generation of small positional disparities in the imaginal discs of the fly
(Girton, 1981; Girton and Russell, 1980).

Unfortunately, not all experimental data aligns with the polar coordinate model. Firstly, this
model predicts that proximal patterning information is generated prior to distal identities.
However, in situ hybridization (ISH) of blastema tissue (a collection of regeneration
competent cells responsible for patterning the regenerate) reveals that both proximal and
distal Hox genes (HoxA9and HoxA13) are expressed in the early stages of limb
regeneration, irrespective of location along the P/D axis. As regeneration commences the
expression patterns of these genes become spatially restricted (Gardiner et al., 1995). Based
on this evidence, the “distal-first” hypothesis was presented as a modification to the polar
coordinate model. It was proposed that at the early stages of regeneration the regenerate has
the most distal identity, while the remaining stump tissue has the most proximal identity.
Since these are “non-normal” neighbors, this would drive an intercalary response to generate
the intermediate limb identities along the P/D axis (Gardiner et al., 1995). However, there is
some controversy regarding this modification to the model. Analysis of limb specific Hox
expression using antibodies directed against HoxA9, HoxA11 and HoxA13 indicates a
progressive, sequential segmentation of positional identities from proximal to distal
(Roensch et al., 2013). The discrepancy between this data and that documented from ISH is
uncertain and, therefore, the validity of the distal first hypothesis remains to be determined.
Although Hox genes are well established P/D markers within the limb, evaluation of a larger
pool of additional distal and proximal markers would likely improve our understanding in
this context. Although antibody availability in the axolotl is limited, the genome has now
been fully sequences and thus should aid in allowing for a variety of positional markers to be
used in future.

Secondly, there are several regeneration associated patterning responses that do not perfectly
align with the predictions of the polar coordinate model. For example, if double-half limbs
are generated and then amputated, according to the polar coordinate model, only a limited
number of identities will be present in the stump. Depending on how these identities interact
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locally, a variety of patterning outcomes could be generated - no growth, symmetrical and
distally incomplete, or branched and distally complete outgrowths (Bryant et al., 1981).
Furthermore, both anterior and posterior double half limbs would be predicted to have the
same potential in this context. However, amputation of double anterior limbs in Urodeles
results in no new pattern while double posterior limbs can (Holder et al., 1980).
Additionally, amputating and rotating a portion of the limb by 90° relative to the stump and
then reattaching it would result in only a small positional disparity, such as anterior meeting
dorsal. The polar coordinate model predicts incomplete distal outgrowth but /n vivo distally
complete, supernumerary limbs are generated (Maden and Turner, 1978).

These deviations from the patterning predictions of the polar coordinate model could be
accounted for, at least in part, by an uneven distribution of positional identities, both
circumferentially and linearly, within the limb. The ability of periosteum tissue to induce
supernumerary structures when implanted into distinct locations of the limb prior to
amputation, through the host site, revealed that the connective tissue of the humerus and
radius encoded only anterior and/or dorsal identities, while the ulna encoded the full
complement of information (Gardiner and Bryant, 1989). Therefore, each half of the double
posterior half limbs would contain more than half of the circumferential identities and
therefore elicit more complex intercalatory growth relative to anterior half limbs, where each
half has low positional diversity (Gardiner and Bryant, 1989). The same principle would
apply to 90° rotations of the limb relative to the stump, where large disparities could be
generated internally by small shifts between axes.

In an attempt to resolve the above mentioned phenomena, the boundary model of pattern
formation was presented to provide more insight into the molecular basis of how new pattern
emerges during embryogenesis and regeneration (Meinhardt, 1982, 1983a). The boundary
model was originally derived utilizing experimental observations in developing and
regenerating insect imaginal discs and limbs and was based on the idea, similar to the polar
coordinate model, that cells have positional information and use this information to generate
new pattern during regeneration. This model involved only cells with positional information
during regeneration, like the polar coordinate model. It additionally incorporated the concept
of a morphogen gradient (Figure 1C)(Meinhardt, 1982, 1983a).

According to the boundary model, secondary embryonic fields such as the limb are
established by at least three specified boundaries in the primary body axis that are brought
into direct contact — anterior (9), dorsal (12/0), posterior (3) and ventral (6) (Figure 1C2). At
the site of this juxtaposition, a local morphogen gradient is induced that will establish
rudimentary identities in the secondary field (Meinhardt, 1983b, 1983a). The morphogen
would be strongest at the sight of juxtaposition and correspond to the most distal identity in
the field. Moving away from this center, the morphogen would become more dilute and
specify more proximal identities, in a process termed bootstrapping (Meinhardt 1982;
Meinhardt 1983a) (Figure 1C3). Local cell-cell interactions within a particular P/D plane
would then lead to intercalation and the establishment of all the outstanding circumferential
identities (Meinhardt, 1982). In response to amputation and wound healing a new boundary
intercept would be established that would then drive this process again, restoring the missing
structure (Meinhardt, 1983c).
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Part of the /n vivo evidence that lead to the conception of the boundary model was derived
from the two dimensional environment of the developing and regenerating imaginal discs of
heat sensitive Drosophila mutants. In this system, exposure to elevated temperatures, or
surgical manipulations, resulted in some cells within the secondary field changing their
boundary specification. This generated boundary juxtapositions and, in turn supernumerary
limbs. The location of the different boundaries relative to each other were able to accurately
predict the completeness of the ectopic outgrowths (Girton, 1981; Girton and Russell, 1980;
Meinhardt, 1983a; Russell and Girton, 1981). However, this phenomenon is not reproduced
in the regenerating amphibian limb. The accessory limb model (ALM), is a surgical
manipulation whereby an ectopic limb can be generated on existing, patterned limb field. In
this “gain of function” regenerative assay the brachial nerve is deviated to a lateral wound
site, which is implanted with a piece of full thickness skin from the opposite side of the limb
axis (Endo et al., 2004). This surgery is sufficient to generate a complete limb (starting at the
elbow joint), suggesting that only two opposing boundaries, instead of three, are sufficient to
generate complete pattern (Bryant et al., 1981; French et al., 1976).

More recently, Nacu et al., (2016) was able to generate pattern from innervated limb wound
sites treated with exogenous Shh or Fibroblastic growth factor (FGF) 8 instead of a skin
graft. The ability of these signaling molecules to generate distal outgrowth correlates to the
process of bootstrapping presented in the boundary model. However, these structures were
symmetrical along the A/P axis and incomplete along the P/D axis. This suggests that
morphogen gradients alone are insufficient to generate the finer features of pattern, which in
the boundary model are induced by intercalation. As will be discussed further in this review,
morphogen gradients appear sufficient to generate pattern, albeit incomplete, but fail to elicit
the establishment of new positional identities.

The morphogen gradient, polar coordinate, and boundary models each provide valuable
insight into the possible mechanisms by which pattern formation occurs during regeneration.
However, as described above, each captures only a few aspects of a mutli-faceted biological
process, and none completely characterizes the activity of both pattern forming and
following cells during regeneration or the molecular underpinnings thereof. Despite each
model being independent; there is considerable overlap between them. Therefore, we
utilized each of the above-presented patterning models as well as the experimental evidence
that support them and generated a hierarchical model to describe pattern formation during
regeneration (Figure 2).

3) The Patterning Hierarchy Model of Regeneration:

Within the patterning hierarchy model two types of cells are defined, 1) pattern forming cells
and 2) pattern following cells. Pattern forming cells acquire positional identity during
development, and stably retain this information during the life of the organism. For example,
fibroblasts appear to be a pattern forming cell type. Fibroblasts harvested from different sites
within the human body have demonstrated a cell-autonomous and epigenetically-regulated
retention of location specific information, which resembles that documented within the
developing embryo (Rinn et al., 2008, 2007, 2006). Dermal fibroblasts contribute to the
amphibian limb regenerate, and are able to induce new pattern to form when confronted with
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tissue with opposing positional information (Endo 2004). In contrast, pattern following cells
do not retain this positional memory and can be viewed as being positionally naive. These
cells depend on informational cues from pattern forming cells in order behave in a location
appropriate manner. For example, positionally naive epithelial cells will undergo
palmoplantar specialization when co-cultured with foot derived fibroblasts but not with leg
fibroblasts (Rinn et al., 2008).

At the highest level of the hierarchy model, positional information is pre-established and
stably maintained in pattern forming cells by epigenetic mechanisms (Figure 2.1) (Rinn et
al., 2008, 2007). In uninjured tissues, these cells likely provide positional cues to the
surrounding pattern following cells to maintain tissue homeostasis. However, in response to
amputation, nerve-dependent signals generate a regeneration permissive environment in
which pattern forming cells can communicate their positional information with one another
and/or respond to this information appropriately (Endo et al., 2004; McCusker and Gardiner,
2013).

At this second level of the hierarchy, communication could be mediated through local cell-
cell interactions (Figure 2.2)(Bryant and Gardiner, 1992; McCusker et al., 2016; Phan et al.,
2015). Consistent with the polar coordinate model of regeneration, cells with opposing
positional information are brought together by wound healing. The pattern forming cells that
are juxtaposed to ‘non-normal’ neighbors will generate a positional disparity between them.

Pattern forming cells then interpret this discrepancy, and undergo a process of intercalation
and distal outgrowth to resolve it (Figure 2.3 and 2.4)(Bryant et al., 1981; French et al.,
1976). These two processes, proposed in the polar coordinate model, will restore both the
circumferential and P/D positional identities through the generation of new pattern-forming
cells with the missing identities. It is also plausible that some of the pattern-forming may be
directly reprogrammed, in the absence of proliferation, and assume the required, outstanding
identities.

At the third level of the hierarchy, once the missing positional identities have been restored,
pattern forming cells generate one or more signaling centers (Figure 2.5). Pattern forming
cells interpret their positional information to ensure the establishment of these signaling
centers in a location-appropriate manner. The resultant signaling molecules are required to
provide position-specific signaling cues to the pattern following cells in the regenerating
environment.

The fourth and final level involves both pattern forming and following cells. The signaling
molecules, generated at the third level of the hierarchy, are interpreted by both of these cell
populations (Figure 2.5)(Rinn et al., 2008), such that overall pattern is achieved in all tissues
(Figure 2.6).

Each level of this model, proceeding from pre-amputation to regeneration, will now be
discussed in detail. Experimental evidence validating each hierarchical level as well as the
mechanisms and biological codes assumed to be involved will be presented.
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4) Level 1: The code of positional information

Since the conception of the field of developmental biology, embryologists have been
fascinated by the complexity that arises from a single fertilized egg, sufficient to pattern a
multicellular organism. Though there are many aspects involved in the development of a
multicellular organism; ultimately, they either relate to the specification of distinct cell
types, or the arrangement of these cell types according to a specific blueprint, or pattern.
Patterning in the embryo starts early. For example, the location of sperm entry specifies the
dorsal/ventral axis in amphibian embryo. Here, molecules which promote Wnt signaling are
sequestered to the side of the embryo opposing the sperm penetration site and establish a
dorsal fate (Elinson, 1975; Pierce and Kimelman, 1995; Schneidera et al., 1996; Vincent et
al., 1986). In other organisms, patterning commences when multiple daughter cells have
been generated, and cells begin to learn where they are relative to their neighbors (as
reviewed by (Bedzhov et al., 2014)). At these early stages, this pattern information is still
somewhat plastic, and can still be manipulated (as reviewed by (Bedzhov et al., 2014)). As
the embryo continues to develop, additional layers of patterning complexity are added. The
establishment of the A/P primary body axis, and subsequent axes of secondary fields such as
limbs, will be formed. Hox genes have a well-established role in the patterning of the
primary and secondary embryonic fields, and the position-specific regulation of these genes
is often regarded as the Hox code.

Hox genes, which encode a family of transcriptional regulators, were originally discovered
in Drosophilia. These genes, encoded as two separate gene clusters (the Antennapedia and
Bithorax complexes), are expressed in a spatial co-linear manner resulting in the coordinated
and progressive segmentation of the developing fly embryo along the A/P axis (Figure 3A)
(Kaufman et al., 1980; Lewis, 1978; Lewis et al., 1980). Subsequent research demonstrated
that this gene family exhibits a remarkable degree of conservation during evolution, being
documented in vertebrates, invertebrates and even plants (as reviewed by (Holland, 2013)).
Genome duplications during evolution resulted in the duplication of the Hox genes and
formation of four distinct Hox clusters within most vertebrates, designated A through to D
(Figure 3A). Genes located at corresponding positions within each cluster and sharing
sequence similarity are referred to as paralogous genes. The genes of each cluster are still
expressed in a collinear fashion, both spatially and temporally, in a 3’ to 5’ direction during
development and specify the positional information of the primary and secondary body axes
(as reviewed by (Kmita and Duboule, 2003)).

Based on studies in embryonic stem cells, the most primitive stage of mammalian
development is assumed to lack Hox gene expression. The clusters are enriched with an
epigenetic mark correlated with transcriptional inactivation — Histone 3 Lysine 27
trimethylation (H3K27me3) (Soshnikova and Duboule, 2009) (Figure 3B). As development
proceeds, embryonically derived cells demonstrate a progressive loss in H3K27me3 marks
ina 3’ to 5’ direction along the Hox clusters, corresponding with a progression from the
anterior to posterior axis. This coordinated expression pattern corresponds with a directional
accumulation of a transcriptional activation mark — Histone 3 Lysine 4 trimethylation
(H3K4me3) (Soshnikova and Duboule, 2009) (Figure 3B). Although not completely
understood, the polycomb repressive complexes (PRC) 2 and 1 appear to be responsible for
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the addition and retention of the H3K27me3 marks on the Hox clusters (as reviewed by
(Mallo and Alonso, 2013)). This epigenetic mechanism, at least in part, ensure the
establishment and maintenance of the Hox code during embryonic development.

Experimental observations indicate that the Hox code is retained after the completion of
development as well. Fibroblasts harvested from different sites within the human body have
demonstrated cell autonomous, distinct Hox gene expression profiles, which are reminiscent
of developmental Hox expression profiles (Rinn et al., 2006), and maintained by a variety of
epigenetic mechanisms including histone modifications and non-coding RNA (Rinn et al.,
2008, 2007) (Figure 3C). This code appears sufficient to discern anatomical location, both
globally and locally. At a global level the differential expression of Hox genes, as well as
other genes, is sufficient to correctly cluster fibroblast populations according to body axis
location — such as A/P or P/D locations (Rinn et al., 2006), suggesting a degree of continuity
in information in structures located on the same end of an axis. At local level, however, there
appears to be differences in positional information within organs and structures. Within the
zeuogopod of the axolotl for example, the radius and ulna show distinct differences in
circumferential positional information — the radius encoded only anterior and/or dorsal
identities, while the ulna encoded the full complement of information (Gardiner and Bryant,
1989).

The stable retention of this location-specific Hox code is hypothesized to be a source of
positional memory for homeostasis and regeneration (Rinn et al., 2008). To maintain
homeostasis, fibroblasts populations are hypothesized to communicate positional cues to
pattern following cells to ensure location appropriate specialization. For example, the
positional cue Whiba ensures palmoplantar specialization of positionally naive epithelium.
This signal is produced by foot derived fibroblasts in a HoxA13dependent manner (Rinn et
al., 2008) (Figure 4A).

In the context of regeneration, new pattern must be generated in cells that have existing
pattern. Therefore, it could be assumed that a memory of already established pattern at the
stump would play an essential role in the formation of the pattern of the missing structures.
The ALM has demonstrated that a wound epithelium and nerve-specific signaling
culminates in the formation of an ectopic blastema. This blastema regresses unless provided
with a positional disparity. This disparity is generally achieved by generating a wound in the
anterior of the limb and grafting a piece of posterior, full thickness skin into the wound site
(Endo et al., 2004), allowing anterior cells to be juxtaposed to ‘non-normal’ neighbors
(Figure 4B). Thus, in the ALM only two completely opposite identities are sufficient to
generate the pattern of a distally complete limb. This observation aligns with our model as
well as the polar coordinate model but not the boundary model, where at least three distinct
positional boundaries are required (Bryant et al., 1981; French et al., 1976; Meinhardt,
1982).

It is important to note that not all cell types from the posterior side of the limb are sufficient
to stimulate a positional disparity. For instance, only cells of connective tissue origin (dermal
and periosteum cells), by retaining a memory of their location relative to the three
dimensional body axis (Figure 4B), are able to elicit a regenerative response (Endo et al.,
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2004; McCusker et al., 2016; McCusker and Gardiner, 2013). These are cell types known to
stably retain a HOX code in humans (Rinn et al., 2008, 2006). H3K27me3 levels are known
to stabilize positional identity in pattern forming cells and the alteration of H3K27me3 in the
regenerating cricket and flour beetle leg leads to defected pattern formation (Chou et al.,
2019; Hamada et al., 2015). This observation further complements the idea that epigenetic
mechanisms are involved in appropriate pattern formation during regeneration.

In summary, the first level of the hierarchal model of pattern formation involves patterning
forming cells with epigenetically stabilized positional memory. These pattern forming cells
are required to specify the existing pattern of the limb and will initiate the second level of
the model when placed in contact with “non-normal” neighbors in a regeneration permissive
environment.

5) Level 2: Local cell-cell interactions and intercalation by pattern forming
cells

Wound closure, after limb amputation, is a rapid process and brings “non-normal”, pattern
forming neighbors into contact with one another. This is exhibited by the migration of
labeled connective tissue cells, such as dermal fibroblasts, into the early staged blastema
(Endo et al., 2004; Muneoka et al., 1986; Vieira et al., 2019). It has been estimated that up to
80% of the early regenerate is of connective tissue origin (Muneoka et al., 1986). As
epigenetic mechanisms ensure the retention of positional information within this cell
population, a positional disparity is generated in response to these local cell-cell interactions,
which stimulates the establishment of cells with the missing positional values, within the
regeneration permissive environment. Achieving this requires two distinct and sequential
biological phenomena — 1) communication of positional information between pattern-
forming cells; 2) competence of pattern-forming cells to interpret, respond to and resolve
(potentially by intercalation and distal outgrowth) a disparity in positional information.
Successful resolution is achieved by the reprogramming, and subsequent stabilization of the
positional identity of pattern forming cells during intercalation (McCusker and Gardiner,
2013). The use of local positional information will ensure that the structure regenerated is
appropriate for the specific anatomical location. Therefore, the hierarchy model presented
here could be applied to any regenerating structure; as the same step-wise process would
occur with the resulting pattern dictated by the local positional interactions at the site of
injury.

5.1) Communication of positional information between pattern-forming cells

The mechanisms by which positional information is communicated between cells within
living organisms is slowly being elucidated. The growing evidence regarding the
communication between pattern following and forming cells will be discussed in section 6
and 7 of this review; within this section we will focus on the evidence, albeit limited, which
suggests that positional cues are mediated by cell-cell interactions between pattern forming
cells.
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As discussed earlier, mesoderm induction requires physical contact between vegetal
(inducing) and animal (responding) cells, as separation of these two populations with a
transfilter reduces the induction process in the developing Xenopus embryo (Slack, 1991).
Patterning within the imaginal discs of the developing fly is also dependent on local cell-cell
contacts. Decapentaplegic (Dpp), a morphogen expressed in the imaginal wing disc of
Drosophila, is present as a gradient within this tissue. However, this gradient is not mediated
by the secretion of Dpp into the extracellular matrix, but rather by the movement of this
molecule from one cell to another by direct cell-cell contract. Dpp travels through
specialized signaling filopodia (cytonemes), extending from Dpp receiving cells (which
expressed the Dpp receptor Thickviens) to Dpp producing cells (Roy et al., 2014).
Alternatively, cytonemes with Breathless, the Drosophila Fgf receptor, contact cells
producing Branchless, the Drosophila Fgf (Roy et al., 2011; Sato and Kornberg, 2002), and
facilitate directed migration of tracheoblast cells (Sato and Kornberg, 2002).

There is a growing body of evidence that indicates that the heparin sulfate proteoglycan
(HSPG) code of the extracellular matrix (ECM) is used to communicate positional
information between patterning forming cells during regeneration. HSPGs are an
evolutionary ancient group of biomolecules, being identified in a wide variety of vertebrate
and invertebrate phyla (as reviewed by (Yamada et al., 2011)). This glycoprotein is
constituted by long, linear glycosaminoglycan heparan sulfate (HS) chains covalently linked
to a core protein (Figure 5A). These molecules can either be anchored to the cell surface,
through a transmembrane domain or glycosylphosphatidylinositol anchor, or released into
ECM, either directly via secretion or enzymatic cleavage of the anchor. The HS chains are
generated by alternating glucuronic acid and N-acetylglucosamine residues, which can
undergo enzyme directed deacetylation, epimerization and sulfation. This diversity of
modifications, which can occur multiple times on a single HS chain in a variety of
combinations, are not evenly distributed along the length of the chain and, thus, generate
subdomains (as reviewed by (Kreuger and Kjellén, 2012)). These modifications allow HS
chains to act as epitopes for protein interactions. Structural motifs, the type of sulfation, and
the negative charge density of these subdomains facilitates distinct protein binding, and
allows for these biological molecules to modulate a variety of signaling pathways, by acting
as receptors, co-receptors, recruiters, and/or ligand sinks (Lin, 2004; Poulain and Yost,
2015). HSPGs have been shown to be essential in the signaling of a variety of growth factors
and morphogens that play fundamental roles in development and pattern formation,
including Fgfs, Wnts, and Hedgehogs (as reviewed by (Lin, 2004)).

With this in mind, and based on their work in the developing nervous system of C. elegans,
Biilow and Hobert (2002) proposed the HS code. They hypothesized that the combinatorial
and differential expression of HS-modifying enzymes and core proteins could generate
discrete HSPGs in a region specific manner that would affect local signaling cues and thus
dictate developmental processes (Bllow and Hobert, 2004). Holt and Dickson, 2005, placed
greater emphasis on HS modification, due to the limited number of core proteins and the
diversity in HS side chain modifications documented in biological systems (Holt and
Dickson, 2005). Supporting this idea was the observation that 1) different organs exhibit a
distinct HS profile (Ledin et al., 2004); 2) during embryonic development dynamic
alterations in HS composition, in a tissue specific manner, regulates Fgf signaling (Allen and
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Rapraeger, 2003); and 3) there is distinct differential expression patterns of HS modify
enzymes along the different body axes during embryogenesis (Nogami et al., 2004) (Figure
5B). In the case of the latter observation, heparan sulfate sulfotransferases (HSST) are a type
of HS modifying enzyme that display distinct temporal and spatial expression patterns in the
developing chick wing. These patterns correlated with, and as a result are suspected to be
responsible for, location- and stage-specific differences in the HS structure within the
developing wing bud (Nogami et al., 2004).

Limited observations within literature suggests that HSPGs contribute, at least in part, to
pattern formation during Urodele limb regeneration (Figure 6). HSSTs, enzymes responsible
for sulfation of the HS chains, exhibit differential expression between anterior and posterior
blastema cells, and may therefore contribute towards an axis specific HS code (Phan et al.,
2015). To test this, using the principles of the ALM, posterior de-cellularized ECM was
grafted into an innervated, anterior wound site and was found to induce minimal pattern
formation - what resembled a distal digit tip was generated (Phan et al., 2015) (Figure 6A).
Artificial ECM, constituted by type I collagen and HS, induced more complicated pattern
(jointed elements) relative to de-cellularized posterior ECM when grafted into an anterior,
innervated wound site in a concentration dependent manner, suggesting specificity (Figure
6B) (Phan et al., 2015).

Further support for a patterning HSPG code during regeneration was identified using the
ALM assay to test the pattern forming capabilities of periosteal tissue (Figure 6C and D).
Ulna-derived periosteum induces the formation of a completely patterned ectopic limb when
grafted into an innervated wound site. Enzymatic cleavage of the HS chains of this
periosteum tissue by heparinase-I11 prior to grafting reduced the complexity of the pattern
observed in the ectopic structures (McCusker et al., 2016). As a loss of HS chains did not
abolish pattern formation, nor did exogenous addition recapitulate complete limb formation
using the ALM system, HSPGs cannot be solely responsible for the communication of all
patterning information.

Other cell-cell specific interactions, such as those facilitated by cadherins, ephrines and the
like, may play a role in the communication of positional information; several of which show
differential expression patterns in regenerating tissues. Relative to the stump, transcription of
N-cadherin (Sader et al., 2019) and desmoglein 4 preprotein, a cadherin family member
(Campbell et al., 2011), is upregulated in blastema tissue (Sader et al., 2019). The integrin
proteins change dynamically as well, with a decrease in a1 and B1 integrin protein levels
being coupled with an increase in a3, a6, av and B3 integrins (Makanae and Satoh, 2012;
Satoh et al., 2011; Tsonis et al., 1997). Although, there is no direct evidence to link any of
these interactions with positional information, selective adhesion has been documented
within regenerating tissues. Late bud stage blastema tissue, derived from different locations
along the length of the axolotl forelimb, will migrate back to its relative position along the
P/D axis of a regenerate if autografted into a more proximal, regenerating site within the
hind limb (Crawford and Stocum, 1988). Prod-1, a CD59-like molecule that is GPl-anchored
to the cell membrane of Notophtalmus viridescens, was thought to be a factor in the
selective adhesion gradient in the regenerating limb (Da Silva et al., 2002). Prod-1 is
differentially expressed in blastemas along the P/D limb axis, with highest expression being
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most proximally (Da Silva et al., 2002). Altering the expression of Prod-1 in blastema cells
will result in the relocation of these cells to a new P/D location in the axolotl blastema
(Echeverri and Tanaka, 2005). However, it was recently shown that Prod-1 is not anchored to
the membrane of axolotl cells (Blassberg et al., 2010), which also exhibit selective adhesion
properties. Thus, either multiple cell surface molecules play a role in this property, or
species-specific differences are at play. Regardless, further research is required to determine
if the selective adhesive properties of blastema cells could facilitate the communication of
positional information.

In addition to surface molecules, other signals have been identified to convey positional
information between cells within developing and regenerating systems. For example, more
than 80 years ago, dramatic changes in electric potential were document within the
amphibian embryo as it progressed through different developmental stages (Burr and
Hovland, 1937), and it was proposed that pattern formation within living organisms is
established by “electrodynamic” fields (Burr and Northrop, 1935). Although a paucity exists
in our understanding of bioelectric signaling in biological systems; the regenerating tail of
the axolotl demonstrates dependency on appropriate bioelectric signaling, as the use of
specific ion channel antagonists inhibited regeneration of this structure (Franklin et al.,
2017), and electric potential has been shown to control facial patterning (Vandenberg et al.,
2011) as well as melanocyte migration, proliferation and morphology (Blackiston et al.,
2011) during embryogenesis in Xenopus. In the case of the melanocytes, their biology was
affected by the depolarization of cells expressing glycine receptor chloride channels, termed
instructor cells. These instructor cells are scattered as small clusters throughout the embryo,
and are able to affect the behavior of melanocytes at a distance (Blackiston et al., 2011).
Whether instructor-like cells equate to pattern-forming cells, or even a portion of the
population, is unknown, and requires further investigation.

Gap junctions, which can also modulate the electric potential of a cell by regulating ion
movement, facilitate intercellular communication; and mutations in the proteins that
constitute these structures impair regeneration and pattern formation. RNAI against
smedinx-11, an innexin gap junction channel gene, inhibited regeneration and impaired stem
cell maintenance in planarian tissue (Oviedo and Levin, 2007), while in developing and
regenerating zebrafish tissue, mutations in the gap junction protein Connexin43 caused
abnormal skeletal patterning (Hoptak-Solga et al., 2008; Misu et al., 2016). Intriguingly,
haplnia (hyaluronan and proteoglycan link protein 1a) is functionally downstream of
Connexin43, and links hyaluronic acid with proteoglycans in the extracellular matrix
(Govindan and lovine, 2014). Therefore, gap junctions may communicate positional
information by dictating the axis-specific proteoglycan profiles discussed above.

Neuronal polarity is also a possible mechanism by which positional information may be
communicated during regeneration. A/P patterning in regenerating planarian tissue depends
on neuronal polarity, whereby the direction in which signal molecules are transported along
the neuronal axons ultimately dictates the direction of the patterning morphogen gradients in
the regenerating tissue (Pietak et al., 2019). Although nerve signaling is vital for successful
regeneration (Singer, 1974, 1946), it is unknown if neuronal polarity has similar effects in
the regenerating amphibian limb.
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5.2) Competence of patterning forming cells to interpret and respond to a disparity in
positional information

Irrespective of the mechanism by which positional information is communicated, blastema
cells must be competent to interpret and respond to this information. This competency is
established within the injured environment through nerve derived signaling, a necessary
requirement for limb regeneration (Endo et al., 2004; Singer, 1946). Makanae et al.
demonstrated that a cocktail of Fgfs and Bone morphogenetic proteins (Bmps) can substitute
for nerve signaling using the ALM; although, not all the combinations were equivalent
(Lehrberg and Gardiner, 2015; Makanae et al., 2014). Of the eight different cocktail
combinations, all demonstrated the capacity to stimulate initial blastema formation;

however, only a combination of Bmp2, Fgf2 and Fgf8, or Bmp7, Fgf2 and Fgf8 made the
blastema cells capable of forming new pattern when cells from the opposing side of the limb
were grafted into the wound site. Therefore, a positional disparity in a wounded environment
on its own is insufficient to facilitate pattern formation unless the cells are able to interpret
this information and/or respond to it.

In the context of regeneration, a new limb structure requires new positional information to
be generated. The blastema is constituted by cells derived from the underlying stump tissue.
Therefore, the pattern forming cells that contribute to the blastemas must either assume or
generate new cells with more distal identities to form the missing portion of the limb. The
polar coordinate model calls the mechanism by which these new identities arise the process
of intercalation (Bryant et al., 1981; French et al., 1976). Intercalation is defined as a growth
response that is elicited between cells with disparaging positional information (in a
regeneration permissive environment), where the newly generated cells have the identities of
the intermediate, or missing, positional values. If the identity generated already exists in that
particular proximal-to-distal plane, the cell assumes a more distal identity in a process
referred to as distal outgrowth (Bryant et al., 1981).

Pattern forming cells must therefore exhibit positional plasticity, so to allow for the stable
acquisition of new positional information. For example, when early stage blastemas, which
are largely composed of dedifferentiated cells of connective tissue origin, are grafted into an
innervated limb wound site they fail to elicit a patterning response and simply integrate with
the surrounding tissue (McCusker and Gardiner, 2013). This suggests that this tissue is in a
state of positional plasticity (McCusker and Gardiner, 2013). Nerve signaling is required to
maintain plasticity in the early blastema cells because denervated early blastemas are
capable of inducting limb structures in innervated wound sites (McCusker and Gardiner
2013). The highly proliferative apical end of the late stage blastema also exhibits this
positional plasticity (Mccusker et al., 2015). However, the basal region of the late stage
blastema, where differentiation and proliferation rates are more comparable to stump tissue,
elicits a patterning response when grafted into an innervated limb wound (Mccusker et al.,
2015). These basal cells therefore have stabilized positional identity sufficient to generate a
positional disparity. Thus, cell proliferation and lack of differentiation are positively
correlated with positional reprogramming.

Evidence supports the hypothesis that epigenetic modifications to pattering genes plays an
important role in reprogramming positional information during pattern formation in the
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regenerate. At a transcriptional level, early bud and apical late bud blastema tissue are
enriched for epigenetic modifiers including jarid2, zym?2, habp4, uhrfl, Imnb2, parpl,
thymaopoietin, Prmt1, Smarcdl1, Banf1, Set, Setd8, Hmgb3, Histone H3f3b, Smarcdl
(Baf60a), Prmt1, Smarcd4 and Smarca5 (Knapp et al., 2013; Mccusker et al., 2015;
Monaghan et al., 2009). A re-expression of patterning genes has also been documented in
teleost (Rabinowitz et al., 2017; Stewart et al., 2009) and Urodele blastema tissue (Carlson
et al., 2001; Gardiner et al., 1995; Khan et al., 1999; Knapp et al., 2013; Torok et al., 1998).
Irrespective of the location (jaw, caudal fin, tail or limb), location specific and non-specific
patterning genes are re-expressed in blastema tissue, further supporting the notion that
positional reprogramming occurs within this population (as reviewed by (Vieira and
Mccusker, 2018)). In zebrafish, a loss in repressive epigenetic marks (H3K27me3) and gain
of activating transcription marks (H3K4me3) was noted in the promoter regions for most,
but not all, re-expressed genes considered (Stewart et al., 2009). Complementary to these
observations, significant quantitative (Sosnik et al., 2017) and qualitative (Hay and
Fischman, 1961) changes in nuclear architecture have been observed in early stage
amphibian blastema tissue, relative to mature dermal tissue. The blastema cells exhibit a
significant reduction in chromatin compaction. This large scale DNA remodeling event is
reminiscent of somatic cell nuclear reprogramming, an inducible process where somatic cell
assumes a more pluripotent state (as reviewed in (Gaspar-Maia et al., 2011)). These
previous observations were made on the blastema mesenchyme, which is composed mostly
of cells of connective tissue origin (Muneoka et al., 1986). Therefore, pattern-forming cells
would be expected to exhibit these properties during regeneration.

Within the limb, limb pattern forming cells with positional memory exhibit the capacity to
respond to a positional disparity and generate appropriate pattern. However, cells with
positional memory from different anatomical locations do not demonstrate this same
capacity in the limb. Replacement of the limb dermis and epidermis with that derived from
the head of the axolotl results in the inhibition of limb regeneration after amputation through
the tissue graft site (Satoh et al., 2007; Tank, 1987). Additionally, head dermal cells,
implanted into regenerating limb tissue, fail to participate in the regenerative response,
demonstrating only a minimal capacity to contribute to a small number of connective tissue
cells located around the graft itself (Satoh et al., 2007). Full thickness skin from the flank of
the axolotl, which is closer in anatomical position to the limb relative to the head, however
does demonstrate some capacity to participate in limb regeneration (Tank, 1987). Despite the
inability of head derived cells to participate in limb regeneration, head structures, such as the
jaw (as reviewed by (Vieira and Mccusker, 2018)), do exhibit regenerative capacity.
Therefore, we hypothesize that the ability of mature, non-limb cells to participate in limb
regeneration depends on their position in the body. When the disparity in positional
information, in relation to the limb, is too large (such as from the head), it cannot be
resolved, leading to a failure in intercalation and thus regeneration (Mccusker and Gardiner,
2014). Juxtaposition of limb and flank pattern-forming cells generates a disparity that can be
resolved, although the pattern is frequently abnormal in some way (Tank, 1987). This failure
in patterning pattern may relate to the inability of the non-limb cells to communicate their
positional information and/or respond to positional cues in the limb environment. More
research is required to determine the mechanisms by which positional information is
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communicated and interpreted by pattern forming cells and what regulates the responses of
these cells when transplanted into new, distant anatomical locations.

In summary, level two of the hierarchy involves the communication of positional memory
and the establishment of a positional disparity between pattern forming cells in response to
amputation. Within a regeneration competent environment, established by nerve-derived
signaling, pattern-forming cells participate in repeated iterations of intercalation and distal
outgrowth in order to replace the missing identities. In order for new identities to be
assumed, this population of cells must become positionally plastic, be re-patterned, and then
stably retain the new positional information. This will ultimately lead to complete pattern
formation as well as ensuring homeostasis and regenerative capabilities within the
regenerate.

6) Level 3: Induction of signaling centers that confer positional cues

Once the pattern of the regenerate has been generated, this information must be
communicated to pattern following cells to appropriately integrate all of the different tissue
types into a functional structure. Interestingly, early staged regenerates, where pattern
formation is presumably expected to occur, are mostly composed of cells of connective
tissue origin. At later time points, other patterning following cell types contribute to the
regenerate (Currie et al., 2016; Muneoka et al., 1986). Thus, it appears that the pattern
forming cells must provide some sort of signal to recruit these pattern following cells to the
blastema. In order for this to be achieved, we hypothesize that once pattern forming cells
have generated the missing pattern through an intercalary response, they establish signaling
centers to communicate this pattern information to the pattern-following cells.

The nature of these signaling centers would depend on the structure being regenerated.
Signaling centers are well characterized during limb development (Figure 7). The apical
ectodermal ridge (AER) is established at the most distal portion of the developing bud
(Saunders, 1948). This specialized signaling hub drives the P/D patterning of underlying
mesenchymal cells; although the precise mechanism by which this occurs is still
controversial (as reviewed by (Zuniga, 2015)). Regardless, the AER acts as a signaling
center for Fgf, Bmps and Wnt production; which dictates P/D patterning (Barrow et al.,
2003; Lewandoski et al., 2000; Mariani et al., 2008; Mcqueeney et al., 2002; Parr et al.,
1993; Pizette et al., 2001). An opposing interplay between Fgf8 and Retinoic acid (RA) also
appears to contribute to P/D pattern formation. RA, which is produced in the lateral plate
mesoderm by retinaldehyde dehydrogenase-2 (Mic et al., 2004), in the flank, has maximum
concentration in the proximal end of the limb bud and induces the expression of MeisZ and
Meis2, proximal determinate genes (Mercader et al., 2000). Moving to the distal end of the
bud, RA is diminished, through the action of CYP26B1 (Yashiro et al., 2004) and Fgf
represses Mers1 and Meis2 expression by inhibiting RA signaling in this region (Mercader
et al., 2000).

Within the vertebrate embryo, the A/P limb axis is initially defined by mutual antagonism
between two transcription factors, Hand2 and Gli3 (Galli et al., 2010; Zufiiga and Zeller,
1999). Hand2becomes restricted to the posterior end of the bud, and, along with other
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transcription factors, generates a signaling center — the zone of polarizing activity (ZPA)
(Galli et al., 2010). The ZPA is responsible for the production of the signaling molecule Shh,
which regulates subsequent A/P pattern formation (Riddle et al., 1993). This signaling hub
functions as part of a feedback loop with the AER as well to control limb outgrowth along
the P/D axis (Laufer et al., 1994; Niswander et al., 1994).

The D/V axis is governed by ectodermal-derived factors. Wnt7a, which also contributes in
part to A/P specification, is expressed within the dorsal ectoderm and dictates dorsal identity
(Parr and Mcmahon, 1995). Ventral Bmp production induces the expression of Engrailed,
which limits the expression of Wnt7a, and its downstream target LmxZ, to the dorsal side of
the limb bud (Pizette et al., 2001).

Based on the importance of Shh, Fgf, and RA signaling in limb bud development, it is not
surprising that these three signaling molecules participate in limb regeneration as well
(Figure 7). A small zone of Sh#hexpressing mesenchymal cells are formed on the posterior
margin of the mid-bud blastema under the apical epithelial cap (AEC) in axolotl
(Ambystoma mexicanum) and newt (Cyrnops pyrrhogaster), retained until late bud stage, and
are completely lost by advanced palette stage, when patterning has been completed
(Imokawa and Yoshizato, 2002; Torok et al., 1999). When anterior cells are surgically
confronted with posterior cells within a regeneration permissive environment a small Shh
signaling center is induced within a few days by the posterior population (Nacu et al., 2016).
Therefore, a positional disparity is required for the induction of a SA/signaling center in
these wounds.

Regeneration also induces the expression of Fg78 The mRNA for this gene was detected in
the basal layer of the AEC and as a thin layer in the underlying mesenchymal tissue of the
mid to late bud stage blastema of the axolotl. The expression pattern demonstrated slight
polarization to the anterior side of the tissue (Han et al., 2001). Thus, like Shh, Fgf8
recapitulates its developmental expression pattern.

Work using the ALM regeneration assay has demonstrated the role of these two signaling
molecules in pattern formation during regeneration (Nacu et al., 2016). Exogenous,
overexpression of Shhand Fgf8are sufficient to induce pattern from an ALM when acting
as a surrogate for a contralateral tissue graft. Fg78is sufficient, in a s/#/ dependent manner,
to elicit pattern formation from both anterior and posterior innervated limb wounds (Nacu et
al., 2016). Shhis only capable of inducing ectopic pattern from anterior innervated wound
sites and this induction is Fgf&dependent (Nacu et al., 2016). However, the pattern produced
by both of these signaling molecules is abnormal — P/D structures are missing with
incomplete, symmetrical A/P patterning (Nacu et al., 2016) (Figure 8). Additionally,
although the application of these signaling molecules can induce ectopic pattern from an
innervated wound site, the positional memory in these cells remains unchanged (has not
been reprogramed). Upon amputation these structures fail to regenerate, suggesting an
absence of positional disparity in these signaling molecule-induced regenerates (Figure 8)
(Nacu et al., 2016). Furthermore, full thickness skin from these anterior located ectopic
limbs can induce new pattern only when grafted into posterior, but not anterior, innervated
wounds. Thus they retain only anterior positional information (Nacu et al., 2016). Therefore,
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despite their ability to facilitate pattern formation in a regeneration permissive environment,
these signaling molecules are unable to establish (via intercalation) new positional identities.

In contrast to Fgf and Shh, exogenous RA appears to reprogram the positional memory of
blastema cells. RA, an active metabolite of vitamin A, has profound effects within
developmental (as reviewed by (Cunningham and Duester, 2015; Rhinn and Dolle, 2012))
and regenerating systems (as reviewed by (Maden and Hind, 2003)). Within the developing
embryo, RA is synthesized in the trunk and enters the limb bud. A gradient is established
through AER-Fgf directed inactivation of this morphogen at the distal end of the bud
(Mercader et al., 2000). Despite controversy related to the relevance and mechanism of
action of endogenous RA in the patterning of developing limb buds (as reviewed by
(Cunningham and Duester, 2015)), it is clear that exogenous RA disrupts P/D (Kochhar,
1973) and A/P (Tickle et al., 1982) pattern in this context.

RA appears to be present within the blastema as well. With the use of high performance
liquid chromatography (HPLC), the posterior of the blastema was found to have a five-fold
higher level of RA compared to the anterior (Scadding and Maden, 1994). Using an axolotl
retinoic acid response element green fluorescent protein (RARE-GFP) reporter line, RA
signaling appears localized distally in the apical epithelial cap of the early blastema, expands
into the posterior region of the structure as regeneration progresses, and then disappears by
the early stages of differentiation. Although, very little signal was detected in the blastema
mesenchyme during normal regeneration; RA treatment induced reporter signaling within
this population. This suggested that the mesenchymal cells are responsive to RA signaling
(Monaghan and Maden, 2012). As the wound epithelium was not removed by Scadding and
Maden (1994) during their analysis, the RA detected may have been derived from the AER
and not the mesenchyme of the blastema itself during their analysis of regenerating
amphibian limb tissue. HPLC analysis also revealed a higher level of RA in proximal
blastema tissue relative to distal counterparts, suggesting RA levels within the blastema are
dictated by P/D location (Scadding and Maden, 1994). Therefore, RA may play a role, like
in the developing limb, in pattern formation during regeneration.

In axolotl, newt, and frog, exogenous treatment with vitamin A metabolites, RA being the
best characterized in this context, affects the pattern of the regenerate in a reproducible
manner. It is proposed that RA reprograms the positional information of pattern forming
cells to a posterior-ventral-proximal limb identity (Bryant and Gardiner, 1992). The
following observations support this hypothesis.

Firstly, after amputation, RA treatment induces the formation of a regenerate that has pattern
more proximal than the amputation site (Kim and Stocum, 1986; Maden, 1983, 1982; Niazi
and Saxena, 1978; Thoms and Stocum, 1984). This P/D duplication is concentration
dependent, with the higher the RA concentration the more proximal the pattern formed (Kim
and Stocum, 1986; Maden, 1983, 1982). The interpretation of these observations is that RA
specifies P/D positional information within the regenerating limb (Maden, 1983).

Secondly, tissue grafting (Crawford and Stocum, 1988; Ludolph et al., 1990) and ALM
surgeries (McCusker et al., 2014) have shown that RA also re-specifies positional
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information along the A/P and D/V axes of the regenerating limb, allowing blastema cells to
assume more posterior and ventral identities. In the study by McCusker et al. 2014, RA was
able to induce ectopic limb formation from anterior and dorsal innervated wounds — both
having the capacity to generate complete, correctly patterned limbs. Ventral and posterior
wound sites very rarely gave pattern, and if they did it was minimal, when RA treatment was
used in place of a contralateral skin graft (McCusker et al., 2014). Additionally, RA, in
combination with Fgf2, Fgf8 and Bmp-2, which supplement for nerve signaling, can elicit a
regenerative response from a simple anterior lateral wound. These growth factor engineered
limbs also demonstrate complete limb patterning (Vieira et al., 2019). A combination of
Fgf2, Fgf8 and Bmp-2 fail to induce pattern from anterior lateral wounds in the absence of
RA or a skin graft (Makanae et al., 2014; Vieira et al., 2019), therefore RA is sufficient to
reprogram positional information in the regeneration permissive environment such that a
positional disparity is generated. All of the above mentioned RA-related observations are in
contrast to the incompletely patterned limbs induced in the ALM by Fgf8 and Shh
(McCusker et al., 2014; Nacu et al., 2016) (Figure 8).

Third, transcriptional analysis of blastema tissue treated with RA, reveals that RA changes
the positional identity of these cells on a molecular level. Gene microarray analysis of RA-
treated blastema tissue derived from distal limb amputation sites reveals increased
expression of proximal patterning genes (such as Meis1 and Meis2) and a decrease in distal
genes (such as HoxA13and Msx2). This suggests a proximalization of the treated tissue
(Nguyen et al., 2017). Molecular analysis of anterior and posterior located ALM blastemas
also indicates that RA reprograms A/P information. For example, untreated, anterior located
ALM blastema tissue abundantly expresses the anterior marker A/x4, while expressing little
of the posterior marker Shh. RA treatment results in the reversal of these expression patterns
such that they mimic the patterns in blastema tissue from the posterior side of the limb
(Vieira et al., 2019). Interestingly, it appears that mature limb tissue is refractory to being
positionally reprogrammed by RA because the expression of A/P markers is unaffected in
these tissues following treatment (Vieira et al., 2019).

Last, we have recently shown that the RA-induced ectopic limb structures generated in
anterior located ALMs are capable of regenerating (Vieira et al., 2019). Additionally, full
thickness skin from these RA-induced ectopic structures induce the formation of new
ectopic structures when grafted into anterior innervated wound sites. These data indicate that
RA treatment has permanently altered the positional memory in the ectopic limb structures
and that these structures have both anterior and posterior positional information (Vieira et
al., 2019).

In summary, since RA both reprograms the positional memory in regenerating limb cells and
is upstream of the expression of Shh, we hypothesize that this signaling pathway plays a role
on the second level of the hierarchy. Alternatively, Shh and Fgf signaling provide positional
cues that pattern forming cells respond to, yet do not alter the positional memory in the
regenerating cells. Thus, these latter signaling molecules are likely part of the third level of
the patterning hierarchy (Figure 2.5).
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7) Level 4: Cellular response by pattern following cells to positional cues

Limbs, and perhaps all organs, are constituted by both pattern forming and following cells
(Mccusker and Gardiner, 2014; Rinn et al., 2008; Vieira and McCusker, 2018). During
regeneration, a variety of different underlying stump tissues contribute towards the blastema,
including pattern following lineages such as nerve, epidermis, and muscle cells (Hay and
Fischman, 1961; Kragl et al., 2009; Tank, 1987). As we have explained previously, different
cell types contribute to the blastema mesenchyme at different stages of regeneration. The
pattern forming cells invade the blastema first and after pattern formation has commenced
the pattern following cells immigrate. Thus, the last level of the patterning hierarchy is
constituted by the response of pattern following cells to the positional cues generated by
signaling centers (level three), which results in the arrangement and specialization of these
cell types in a positionally appropriate manner.

Pattern forming cells, such as fibroblasts, have been demonstrated to communicate with
pattern following cells, such as keratinocytes, though specific signaling molecules. These
interactions regulate cellular activities such as proliferation and differentiation (Szabowski et
al., 2000), and position specific specialization (Rinn et al., 2008; Yamaguchi et al., 2004).
For example, plantar fibroblasts produce Wnt5a, a distal morphogen, which induces the
expression of epidermal keratin 9 (K9), a palmoplantar differentiation marker, in co-cultured
keratinocytes (Rinn et al 2008). This Wnt5a production is location specific and controlled by
HoxA13, which demarcates the fibroblast population as distal. Silencing of HoxA13by
SiRNA abrogates Wnit5aexpression, and subsequently epidermal K9 expression (Rinn et al.,
2008), indicating the importance of the positional HOX code in the ultimate specification of
patterning output in pattern following cells. Palmoplantar fibroblasts are not only able to
support the specialization of cells, but also suppress it. This cell population is able to reduce
the growth and pigmentation of melanocytes, relative to non-palmoplantar fibroblasts,
through the expression of Dickkopf 1 (DDKI), an inhibitor of canonical Wnt signaling. This
location specific production of DDK1 allows for pigmentation differences between
palmoplantar and non-palmoplantar regions of the body (Yamaguchi et al., 2004). In
addition to Wnt5aand DDK1, Rinn et al (2006) identified a variety of other signaling
molecules, including Whtsand Bmps that are produced by adult human fibroblasts in a
location specific manner. It is likely that these position specific signals, in conjunction with
those that are communicated from signaling centers (ZPA and AEC) are also playing an
essential role in the position-appropriate behavior in the pattern-following cells during limb
regeneration.

Despite the large paucity in understanding that exists regarding the precise mechanism by
which position specific information is communicated, evidence indicates that it is a crucial
step for final patterning output during regeneration. Further investigations are required to
determine the nature and mechanisms of such signaling molecules in the context of limb
regeneration.
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8) Application of the pattern hierarchy model to mammalian system

The model described within this review can be used as means to assess regenerative capacity
in other systems as well. For example, unlike the axolotl, mammals demonstrate poor
regenerative abilities and, therefore, they must be deficient in one or more levels of this
patterning hierarchy. However, mammalian system exhibit many of the biological codes
described in the model. For example, the Hox (Rinn et al., 2008, 2007, 2006) and HSPG
codes (Allen and Rapraeger, 2003; Ledin et al., 2004; Nogami et al., 2004) have been
identified in mammalian systems; and communication between pattern forming and
following cells has been documented and found to contribute to homeostasis (Rinn et al.,
2008). Furthermore, transplantation of de-cellularized, posterior, murine ECM into an
axolotl anterior ALM was sufficient to generate simple pattern, suggesting that there was
sufficient information within the graft to communicate and establish a positional disparity
(Phan et al., 2015). How mammalian cells would respond in the axolotl ALM is unknown as
differences in thermal tolerances between the cells of these two species inhibit cross-species
tissue grafting. To date, the ability of mammalian cells to assume new positional information
is not well characterized, but seems to vary depending on the anatomical location of the cell
population considered. HoxA11 expression is maintained in the murine tibia, specifically in
periosteum and osteocytes, after development. In response to local injury and repair the
expression of this gene is retained in the tissue (Leucht et al., 2008). Mature tibia periosteum
also retains this expression pattern when implanted into a distinct, HoxA11-negative
location, the mandible; however, the grafted tissue fails to integrate with the mandibular
environment, instead forming a cartilaginous callus (Leucht et al., 2008). Surprisingly,
HoxA11-negative mandible-derived periosteum can be successfully implanted into the Hox-
positive tibia, where the grafted cells assume HoxA11 expression and integrating with the
surrounding tissue. Although the hypothesis is limited by the consideration of only a single
positional gene, the absence of positional plasticity appears to impede healing. Further
investigations are required to determine the validity of this hypothesis; and, if true, why
some mammalian cell populations exhibit positional plasticity while others do not. Never-
the-less, based on all of these observations and the patterning hierarchy model, it is likely
that regenerative failure in mammalian systems is due to the absence of a regeneration
permissive environment and/or the inability of pattern forming cells to respond appropriately
to a positional disparity. Research is therefore required to address these ideas.

9) Conclusion

In this review we have presented a new model of pattern formation during limb regeneration
that we have called the Patterning Hierarchy Model. Throughout this review we have
discussed the role of different biological codes that contribute to each level of the hierarchy.
At the top of the hierarchy are the pattern forming cells with different positional identities.
The Hox code appears to play an essential role in specifying these identities, and the
epigenetic code ensures the retention of this information as positional memory. At the
second level of the hierarchy are the molecular mechanisms by which these pattern forming
cells communicate their positional identity to other pattern forming cells. We have discussed
evidence that supports the idea that HSPGs, and thus the HSPG code, are among the cell
surface molecules that communicates this information. Additionally, since positional
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plasticity appears to play a role in the establishment of new positional information in these
cells, it is likely that the epigenetic code also contributes to this step. The third level of the
hierarchy is the induction of signaling centers by the pattern forming cells, and the forth
level is the cellular response to these signals by the pattern following cells. While the
presence of biological codes is not yet evident at these last levels of the hierarchy, there is
still a lot that can be learned about the molecular mechanisms at play. However, it is clear
that pattern formation in the regenerating limb requires the integration of multiple biological
codes.

Although more research is required to expand and more clearly characterize our model at a
molecular level, the model provides a framework in which this can be achieved. Furthermore
it provides a means to consider the regenerative potential of non-regenerative systems and to
investigate where deficiencies may potentially lie and possibly be mitigated. Previously,
opposing schools of thought have suggested that either morphogen gradients or local cell
interactions alone are sufficient to dictate pattern. Although all previous models have
provided crucial insight into the mechanisms of pattern formation during regeneration, they
are limited. We believe that the model presented here, assembled from scientific
observations and the valuable insight of the previously described patterning models,
provides a mechanistic patterning code.

This work was supported by the National Institutes of Health [grant number 1R15HD092180-01A1].

Abbreviations

AP anterior-posterior

AEC Apical epithelial cap

AER apical epithelial ridge

ALM accessory limb model

BMP Bone morphogenetic proteins
DIV dorsal-ventral

Dpp Decapentaplegic

ECM extracellular matrix

Fof fibroblastic growth factor
H3K37me3 histone 3 Lysine 27 trimethylation
H3K4me3 Histone 3 lysine 4 trimethylation
HPLC high performance liquid chromatography
HS Heparan sulfate
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HSPG heparin sulfate proteoglycan
HSST heparan sulfate sulfotransferase
ISH in situ hybridization

K9 Keratin 9; P/D - proximal/distal
RA Retinoic acid

Shh Sonic Hedgehog

ZPA zone of polarizing activity
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Figure 1:
Previously proposed patterning models.

A) Morphogen gradient model: During development cells exists in a naive state, with
uniform positional potential (white cells) (1). A morphogen generating signaling hub is
established at one end of the cell sheet, in this model on the most proximal end (red cell) as
well as the most anterior (purple cell) end of the sheet. Diffusion of each signaling molecule
establishes an independent concentration gradient (2). The local concentration of the
morphogen is interpreted by the surrounding cells and in turn specifies positional
information, such as proximal to distal and anterior to posterior identities (3), which will
result in the patterning of the complete limb (4). In the context of regeneration, amputation
through the limb (5) would result in the generation of new signaling hubs along both the P/D
and A/P axes (5). The newly established local concentrations of the morphogens are then
interpreted by the new, positionally naive cells and in turn specifies positional information
(6).

B) The polar coordinate model: Prior to amputation identities pre-exist within the limb,
established during development, along the P/D (arbitrarily denoted as A-E identities) and
circumferential axes (arbitrarily denoted as 0 — 12). Pattern forming cells are demarcated in
grey (1). In response to amputation at plane A, wound healing and local cell-cell
communication will facilitate the establishment of a positional disparity (2). This disparity is
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resolved through the processes of intercalation, where new cells with the intermediate
positional identities are generated (3), and distal outgrowth, where the new identities that are
intercalated can assume the next distal identity (4). Repeated iteration of these two
phenomena results in the reestablishment of complete limb pattern (5).

C) The boundary model: Positional identities also pre-exist within the limb along the P/D
(arbitrarily denoted as A-E identities) and circumferential axes (arbitrarily denoted as 0 —
12). Pattern forming cells are demarcated in grey. Essential to this model is the established
anterior, posterior, dorsal and ventral boundaries within the limb (dotted lines). In response
to amputation at plane A, wound healing will juxtapose at least three limb boundaries, and
the opposing cells communicate with one another locally (2). A signaling hub is established
at the boundary intercept, which generates a circular morphogen gradient (3). Distal
outgrowth of the regenerating organ stimulates higher morphogen levels to be produced,
which then progressively specifies more distal identities. This progressive distal
specification by increasing morphogen concentrations has been termed bootstrapping.
Subsequently, any disparity between circumferential identities, within a single plane, are
then resolved through intercalation (4). Through the process of bootstrapping and
intercalation, the missing structure is re-patterned (5).
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1 for Regeneration

Pre-established positional identities
Dorsal

o
i 60@05
Anterior 6 é B}
_Repressed VG o‘i
oy Q0.5

Ventral
Proximal —————————— Distal

2
Positional interactions

Amputation

3 v

Intercalatory growth
& <

4 A4

Distal outgrowth

Repatterned
Dorsal
o
/AN
S - D
0% Anterior O BP
D% \&.,_ &/
! Qs
Ventral
Proximal —————————— Distal

Figure 2:
Patterning Hierarchy Model: As in the polar coordinate model and boundary model,

positional identities pre-exist within the limb prior to amputation. Epigenetic mechanisms,
such as histone modifications, DNA methylation and DNA looping, ensure the stable
retention of this information within pattern forming cells (grey cells). In response to
amputation at plane A, wound healing and local cell-cell communication will facilitate the
establishment of a positional disparity (2). This disparity is resolved through the processes
of intercalation (3) and distal outgrowth (4). Pattern forming cells then establish location
appropriate signaling centers (pink cell) for the production of morphogens and/or signaling
molecules (5). Morphogen gradients generated by these centers are then interpreted by
pattern following cells, which respond in a location appropriate manner. Pattern forming
cells can also respond to these morphogen cues, in a location appropriate manner (5). This
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process, along with intercalation and distal outgrowth, ensures complete regeneration of the
missing limb structure (6).
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A) Developmental Hox code
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Figure 3:
The Hox code and positional memory. A) The Hox genes are encoded as two separate gene

clusters in the fly and share a high degree of conservation with the four clusters, arising
through the process of genome duplication, in most vertebrates. The gene clusters are
expressed in a spatial co-linear manner resulting in the coordinated and progressive
segmentation of the developing embryo. B) The spatial and temporal co-linear expression
pattern of the Hox genes during development is regulated, in part, through activating
(H3K4me3) and repressive (H3K27me3) chromatin marks. C) Fibroblast populations
derived from the adult lung and foot show distinct, location specific differences in
transcriptional machinery (RNA polymerase 1) and repressive epigenetic marks
(H3K27me3) associated with the Hox genes (image modified with permission from (Lan et
al., 2007)).
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A) Human
Leg derived Epithelial
fibroblast cell
Foot derived Epithelial Distal
fibroblast cell specilization

-9 ®

B) Axolotl
Pattern Forming cells

Anterior innervated wound
+ posterior tissue graft

Pattern Following cells

Distal Schwann cell graft

Pattern forming and following cells facilitate tissue homeostasis and regeneration in adult
organisms. A) Pattern following epithelium cells respond in a location appropriate manner
when co-cultured with pattern forming cells, fibroblasts, from distinct locations (foot and
thigh) along the human hind limb. Wnt5a, expressed by foot derived fibroblasts, resulted in
the expression of keratin 9 in co-cultured epithelial (a marker of distal specialization) (Rinn
et al., 2008). B) Pattern forming cells, such as dermis, retains memory of its location.
Posterior dermis can be implanted into an innervated anterior wound site in order to induce a
positional disparity sufficient to generate a new patterned limb on the existing limb field
(Endo et al., 2004). Alternatively, pattern-following cells, such a Schwann cells, do not
retain positional memory. Distal Schwann cells implanted into a proximal amputation site
failed to hone to the distal region of the regenerate; instead the graft contributed along the
entire length (Kragl et al., 2009) (Live and fluorescent images modified with permission
from (Endo et al., 2004) and (Kragl et al., 2009))
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A) HSPG mediated signaling
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Figure5:

The HSPG code. A) HSPGs, found either on the cell surface or free within the ECM, are
composed of long, linear glycosaminoglycan HS chains covalently linked to a core protein.
The saccharides of the HS chains can undergo a variety of enzyme directed modifications,
including sulfation, which generates subdomains sufficient to participate in distinct protein
binding. For example, as depicted, HSPGs mediate Fgf signaling by recruiting Fgf ligand
and directing it towards the Fgf receptor. B) Within the developing chick wing bud, H52S5T
(heparan sulfate 2-O-sulfotransferase), HS6ST-1 (heparan sulfate 6-Osulfotransferase
isoform 1) and HS6ST-2 (heparan sulfate 6-Osulfotransferase isoform 2) have distinct
differential expression patterns along the P/D and A/P axes. Proximal — left, Distal — right,
Anterior — top, Posterior — bottom (image modified, with permission, from (Nogami et al.,
2004)).
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Figure6:
HS mediated communication of positional information during regeneration. A) Posterior de-

cellularized ECM stimulates the formation of minimally patterned outgrowths, when grafted
into an innervated, anterior wound sites. B) Artificial, HS-containing ECM elicits the
formation of more complicated patterning relative to de-cellularized posterior ECM, when
grafted into an anterior, innervated wound site. C) A complete limb can be patterned when
ulna-derived periosteum tissue is grafted into an innervated wound site; however D)
heparinase-111 treatment of the periosteum reduces the complexity of the resultant pattern.
(Images modified, with permission, from (McCusker et al., 2016; Phan et al., 2015))
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A) Location specific expression of signaling molecules
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Figure 7:
Signaling molecules and their role in regeneration. Shhand Fgrf&are expressed in signaling

centers in both the developing and regenerating axolotl limb. H39 — 39 days post hatching;
MB — Medium-bud blastema stage; a — anterior; p — posterior. RA signaling, visualized in a
RARE-GFP reporter transgenic axolotl, diminishes from the proximal to distal end of the
developing limb bud of the axolotl. Unlike S/ and Fgf8, the RA signaling pattern is not
recapitulated during regeneration; instead it is restricted to the posterior of the wound
epithelium. (Images modified, with permission, from (Han et al., 2001; Monaghan and
Maden, 2012; Torok et al., 1999).
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Figure 8:

Signaling molecules and pattern formation during regeneration. A) A non-regenerative
blastema, formed at an anterior innervated wound site, can generate pattern if treated with
Shh, Fgf8 or RA. The RA-, but not Shh- and Fgf8-, induced structures have the capacity to
be correctly patterned along the P/D and A/P limb axes. (B) Shh-induced ectopic limbs fail
to regenerate in response to amputation, indicating a lack of positional diversity in these
structures. (C) RA induced structures demonstrate regenerative capacity, indicating the
establishment and stabilization of new positional identities within the RA-induced
outgrowths. (Images modified, with permission, from (McCusker et al., 2014; Nacu et al.,
2016; Vieira et al., 2019))
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