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Abstract

The Mexican Axolotl is able to regenerate missing limb structures in any position along the
limb axis throughout its life and serves as an excellent model to understand the basic mech-
anisms of endogenous regeneration. How the new pattern of the regenerating axolotl limb is
established has not been completely resolved. An accumulating body of evidence indicates
that pattern formation occurs in a hierarchical fashion, which consists of two different types
of positional communications. The first type (Type 1) of communication occurs between
connective tissue cells, which retain memory of their original pattern information and use
this memory to generate the pattern of the regenerate. The second type (Type 2) of commu-
nication occurs from connective tissue cells to other cell types in the regenerate, which don’t
retain positional memory themselves and arrange themselves according to these positional
cues. Previous studies suggest that molecules within the extracellular matrix (ECM) partici-
pate in pattern formation in developing and regenerating limbs. However, it is unclear
whether these molecules play a role in Type 1 or Type 2 positional communications. Utilizing
the Accessory Limb Model, a regenerative assay, and transcriptomic analyses in regener-
ates that have been reprogrammed by treatment with Retinoic Acid, our data indicates that
the ECM likely facilities Type-2 positional communications during limb regeneration.

1. Introduction

Human limb loss can result directly from trauma or secondary to diseases, such as cancer and
diabetes, and is associated with many physical, psychological, and financial burdens on the
patient [1-3]. One of the major goals of regenerative medicine is to engineer a means to repair
missing limb tissues endogenously within the human body. A variety of model organisms,
which unlike humans exhibit robust regenerative ability, are utilized to assess the requirements
and mechanisms of innate regeneration in the hopes of achieving this goal.

Limb regeneration has been extensively studied in the Mexican axolotl (Ambystoma mexi-
canum), a urodele amphibian. This process involves the formation of a transient regenerative
organ known as the blastema, constituted by dedifferentiated limb progenitor cells and the
appropriate molecular signals. Together these cells and signals control the growth, patterning,
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and differentiation of the blastema into the missing limb structures. This overall regenerative
process has been well characterized as having three basic biological requirements [4]. The first
two requirements, the establishment of a wound epithelium and the innervation thereof, are
essential for the generation of a regeneration permission environment [4]. This environment
is sufficient for initial blastema formation, where stump derived cells revert to a more progeni-
tor-like cell state in order to provide the building blocks for regenerative output. However, this
environment is insufficient, on its own, to generate the blueprint, or pattern, of the missing
limb structures [4]. The third and final requirement for limb regeneration is a positional dis-
parity that is established between cells that arise from the different axes of the limb. These cells
are derived from connective tissue origins in the stump [4-6], migrate into the regenerative
permissive environment [4, 7, 8], and play an essential role in driving the formation of the
missing limb pattern.

The sufficiency of the above listed requirements, a wound epithelium, a nerve, and a posi-
tional disparity, for limb regeneration is exhibited through the regenerative assay known as the
Accessory Limb Model (ALM) [4]. In this assay a complete ectopic limb is formed from a
wound site generated on the side of the limb by surgically 1) removing a square of full thick-
ness skin, 2) deviating a limb nerve bundle into this wound site, and 3) grafting cells from the
opposite side of the limb, relative to the wound site [4, 9, 10], or treating with specific signaling
molecules [11, 12]. One of the strengths of the ALM is that it allows us to perform “gain of
function” assays to test the molecular mechanisms that drive each step of the regenerative pro-
cess. For example, this assay was used to show that the extracellular matrix (ECM) carries
some positional information [13], to identify combinations of growth factors that suffice for
nerve signaling [14, 15], and to generate complete limbs from lateral wounds that were treated
with signaling molecules at different time points [7].

However, the nature of the endogenous signals that connective tissue cells use to generate
new pattern remain elusive. There are multiple models that explain how new limb pattern
emerges—some are based on direct cell-cell interactions between pattern forming cells [16,
17]; others are based on the generation of morphogen gradients by these cells [18-20], and still
others are based both on cell-cell interactions and the generation of signaling centers by these
cells [21]. In our recently proposed model, known as the Patterning Hierarchy Model, we pro-
pose that patterning of the regenerate is dependent on two types of positional communica-
tions. The first type, Type 1, occurs between the connective tissue cells that are derived from
the different limb axes in the stump, which establishes the pattern of the regenerate 4,5,12,33-
36]. Once the basic limb pattern is established, the second type of communication, Type 2,
occurs between the connective tissue derived cells and the other limb progenitor cells, to
arrange them into their final conformation [12, 22-24]. Although a number of signaling mole-
cules and proteins have been implicated in pattern formation during regeneration [11, 25-29],
determining the type of positional communication that these proteins provide will be an essen-
tial step to understanding their role in patterning.

Growing evidence suggests that the ECM participates in the communication of positional
cues during pattern formation. Utilizing the ALM assay, it was shown that ectopic limb tissue
could be induced by implanting decellularized ECM from the posterior side of the limb into
an anterior-located innervated limb wound site [13]. Although the overall pattern of these
regenerates lacked complexity, often forming single nodules of cartilage that were tapered dis-
tally, grafts of anterior skin into the same wound locations fail to generate similar structures
[13]. Thus, the ECM tissue itself must contain molecules that provide positional cues in the
regenerating environment.

Although there are many types of molecules present throughout the ECM, Heparin Sulfate
Proteoglycans (HSPGs), are strong candidates for playing a role in positional communications
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during regeneration. HSPGs are located on the cell surface or within the ECM, and are consti-
tuted by long, linear glycosaminoglycan heparan sulfate (HS) chains covalently linked to a
core protein and can act as receptors, co-receptors, recruiters, and ligand sinks [30, 31]. Multi-
ple signaling pathways that play key roles in limb patterning, including fibroblastic growth fac-
tor (FGF), WNT, and Hedgehog (as reviewed by [30, 32]), are regulated by HSPGs.
Additionally, heparan sulfate sulfotransferases (HSST) genes, responsible for modifying HS
chains, are hypothesized to contribute to limb patterning during embryogenesis [33]. The
implantation of an artificial ECM constructed of type 1 collagen and HS alone is capable of
generating small ectopic structures in the context of the ALM [13]. Additionally, the complex-
ity of the resulting limb pattern in anterior ALMs implanted with posterior-derived connective
tissue is reduced when the tissue is treated with heparinase-III, thereby removing HS side
chains, prior to grafting [5]. These findings suggest that HSPGs contribute to, but are not
solely responsible for, pattern formation during regeneration.

Given the evidence that HSPGs play a role in providing positional cues, we sought to deter-
mine what type of cue they constitute-a Type 1 cue that generates cells with new positional
information or a Type 2 cue that communicates this positional information to the other tissues
in the regenerating limb. Our data, obtained from the ALM and expression analyses, indicates
that HSPGs fall into the latter category of positional communication.

2. Results

2.1. ECM-induced structures failed to regenerate in response to
amputation

According to the Patterning Hierarchy Model of regeneration, Type 1 positional communica-
tions occur between connective tissue derived cells (i.e. pattern forming cells) in the blastema
in order to generate the missing positional information to complete the pattern of the regener-
ate. Type 2 communications then dictate how the other cells (i.e. pattern following cells)
should arrange themselves in this context. Thus, one way to decipher between Type 1 and
Type 2 communications is to test whether they have generated new positional information in
the regenerating tissue or not. We assessed whether new positional information had been gen-
erated in ECM-induced ectopic limb structures using two assays. In the first, we assessed the
regenerative ability of the limb structures that were induced by a posterior ECM graft into an
anterior ALM. If these structures regenerate, then this implicates that new, stabile, positional
identities were induced by the ECM in the ALM. In the second assay we grafted the tissue that
was excised from these ECM-induced structures into both anterior and posterior located
ALMs. If these grafts result in the formation of ectopic limb structures in both ALM locations,
then this would additionally indicate that new, stabile, positional information is generated by
the ECM grafts. However, if ectopic limbs were only generated in posterior located ALMs,
then this indicates that no new positional identities were generated in the ECM-induced
structures.

We utilized the modified ALM-protocol, described by Phan et al. [13], to generate ECM-
induced structures. Briefly, posterior ECM was collected from the axolotl forelimb and decel-
lularized by treatment with urea. This acellular tissue was then grafted into anterior, inner-
vated wound sites on the forelimb. These wounds were allowed to heal and were monitored
for regenerative output. Of the 50 anterior ALM sites implanted with posterior derived ECM,
live-assessment showed 37 with small, rounded or digit like outgrowths by week 9 (Fig 1, pre-
amputation). 34 of these structures were large enough to be amputated and subsequently mon-
itored weekly for a regenerative response (Fig 1A).
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Fig 1. ECM induced ectopic structures failed to regenerate in response to amputation. A) Experimental design. Decellularized posterior ECM (purple)
was implanted into anterior, innervated wound sites. The resultant ectopic structures were allowed to pattern and differentiate, and then amputated and
monitored for a regenerative response. If decellularized ECM grafts were sufficient to elicit the generation of new (non-anterior) positional identities in the
ectopic structures, then the structures would have a diversity of positional information and would regenerate in response to amputation (outcome 1). If the
ECM grafts were insufficient to elicit the generation of new positional identities, then the structures would fail to regenerate as they would be constituted by
only anterior positional information (outcome 2). B-C) Representative images of ECM-induced ectopic structures before and after amputation. Amputated
structures were monitored for 8 weeks for a regenerative response, and two different phenotypes were documented. Panel B: In response to amputation a
blastema was generated (white arrow); however, this blastema regressed by week 8. Victoria blue stained whole mounts showed the absence of any new
skeletal elements in the ectopic structures at the site of blastema formation. 3 of the 34 amputated structures exhibited this phenotype. Panel C: In response
to amputation no blastema was generated in 31 out of 34 of the limbs. At week 8, all 34 limbs were harvested for Victoria blue whole mount staining and the
resultant whole mounts showed minimal, if any, skeletal patterning in the stump of the ectopic structures. The cartilage nodule (black arrow) present in the
whole mount stained limb of panel C was situated in the stump of the ectopic structure. This pattern was generated in response to the ECM-grafted into the
innervated anterior wound site.

https://doi.org/10.1371/journal.pone.0248051.g001

In response to amputation of the ECM-induced structures, blastema formation was docu-
mented in only 8.8% of the cases; and these blastemas ultimately regressed (Fig 1B). As a dis-
parity in positional information is one of the necessary biological requirements at the site of
injury for regeneration [4], the absence of regenerative output in response to amputation in
this experimental context suggests that ECM-induced ectopic structures lack sufficient posi-
tional diversity to stimulate a disparity. The remainder of the amputated structures generated
a wound epithelium and healed over without blastema formation, as seen with simple lateral
wounding (Fig 1C) [4]. These observations indicate that the ECM grafts did not induce the for-
mation of new, stabile, positional information in the structures elicited from anterior inverted
wound sites.
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2.2. ECM-induced structures are composed of tissue with an anterior, but
not posterior, positional identity

To further validate the above findings, we next tested the inductive abilities of the ECM-
induced structures in ALMs located on either the anterior or posterior sides of the limb. As
explained above, if the donor tissue induces the formation of ectopic limbs in both locations
then that indicates that both anterior and posterior positional information has been stabilized
in the grafted tissue. Alternately, the induction of limbs in only posterior ALMs would indicate
that the donor tissue was composed entirely of anterior positional information, and that the
ECM grafts failed to generate new, stabile, (non-anterior) positional information.

We harvested and subsequently grafted full thickness skin from the distal end of ECM-
induced ectopic structures from the donor animals into innervated anterior and posterior
ALM sites on the host limbs (Fig 2A). Of the ALM surgeries that were performed, graft reten-
tion and blastema formation were observed in 29 anterior ALMs and 12 posterior ALMs. Pos-
terior ALMs typically have a lower technical success rate because the wound position results in
rubbing of the surgery site on the flank of the animal, which can dislodge the grafted tissue.
We found that ECM-induced tissue elicited complex pattern, including complete limbs, when
grafted into posterior located ALMs (75%) (Fig 2B, Table 1). However, when this tissue was
grafted into anterior ALMs, only 4 (13.8%) gave rise to a structure (Fig 2C, Table 1), and the
pattern of these structures were simple, single nodules of cartilage. Together these findings
indicate that ECM-induced structures are composed mostly of anterior identities and have lit-
tle to no posterior positional information. These observations indicate that grafts of ECM into
the original anterior ALMs did not result in the formation of new, non-anterior positional
information in the ectopic structures. Thus, it is unlikely that the ECM, and any of the mole-
cules therein, constitute a Type 1 positional communication.

2.3. Expression of HSST genes in anterior and posterior ALMs is unaffected
by RA treatment

Previous studies indicate that HSPGs play a role in patterning developing and regenerating
limb structures [5, 13, 30, 33, 34]. HSPGs can be located both on the cell surface and through-
out the ECM. It has been hypothesized that differences in the type, number, or sulfonation pat-
terns of HSPGs between different limb axes directly communicates positional information to
pattern the regenerating limb structures [13, 35]. HSPG sulfonation patterns are established
and maintained by heparan sulfate sulfotransferases (HSST) and semi quantitative methods
show an axis specific differential expression pattern for a variety of axolotl HSST within blas-
tema tissue [13]. It was previously shown that the HSSTs HS6ST1 and NDST?2 had elevated
expression in the anterior side of the blastema, relative to posterior; while HS3ST1 had the
inverse expression pattern [13]. We hypothesized that if HSST expression directly contributes
to positional identity, then limb blastema cells that are reprogramed to a different positional
identity should have corresponding changes in HSST expression patterns.

To test this idea we utilized Retinoic acid (RA) treatment, which is sufficient to reprogram
undifferentiated blastema tissue to a posterior-ventral-proximal identity [7, 11, 25-29]. At the
molecular level, RA treatment significantly alters the expression of anterior and posterior
markers. For example, Shh (posterior marker) expression increased and Alx4 (anterior
marker) expression decreased significantly in anterior ALMs when treated with RA [7]. There-
fore, if HSST's play a direct role in communicating positional information during regeneration,
then their expression should be consistent with posterior blastema tissue (low HS6ST1 and
NDST2 and high HS3ST1) following RA treatment.
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Fig 2. ECM induced ectopic structures have anterior but not posterior positional information. A) Experimental design. Initially,
decellularized posterior ECM (purple) was implanted into anterior, innervated wound sites of transgenic fluorescent (GFP+ and RPF+)
donor animals. The resultant ectopic structures were allowed to pattern and differentiate. Then, full thickness skin was harvested from
the ECM-induced ectopic structures (donor tissue) and grafted into either anterior or posterior innervated wound sites of white host
animals. If decellularized ECM grafts were sufficient to elicit the generation of new (non-anterior) positional identities in the tissue
donor wounds, then grafts of this tissue into a new host will elicit a regenerative response in both anterior and posterior innervated
wound sites (outcome 1). If the ECM grafts were insufficient to induce the formation of new positional identities in the tissue donor
wounds, then grafts of this tissue will only elicit a regenerative response when implanted into posterior innervated wound sites (outcome
2). B-C) Representative time course of live images showing the most complex pattern elicited when full thickness skin from an ECM-
induced ectopic structure (donor tissue) was implanted into an anterior or posterior located ALM. At 10 weeks, tissue was harvested and
underwent whole mount cartilage staining to assess for skeletal patterning (last image in panel). B) Grafts into posterior located ALMs
resulted in the generation of more complex pattern (9 out of 12) relative to anterior sites. C) Grafts into anterior located ALMs usually
resulted in no ectopic growth (25 out of 29), but sometimes resulted in the generation of a single cartilage nodule (4 out of 29). For
statistics relating to patterning phenotypes see Table 1. Red signal in all live images represents grafted RFP tissue.

https:/doi.org/10.1371/journal.pone.0248051.g002

Mid-bud stage blastema tissue, generated from anterior and posterior ALM sites in the
absence of a tissue graft, were treated with either DMSO (vehicle control) or 150ug per gram
body weight of RA (Fig 3A). Tissues were collected 7 days post treatment, as this time point
has been shown to be sufficient to document significant alterations in the relative expression

Table 1. Quantification of ectopic limb structures induced in anterior and posterior ALMs.

ALM location | Total ALMs performed | Successful ALMs surgeries® | No element | Single nodule | Multiple asymmetrical elements | Complete limb
Anterior 34 29 25 (86.2%) 4 (13.8%) 0 0
Posterior 34 12 3 (25.0%) 0 5 (41.7%) 4 (33.3%)

*only ALMs that generated a blastema and retained a tissue graft at 3 weeks post-surgery were used for subsequent analysis. Due to technical difficulties, posterior ALMs

are prone to a higher rate of engraftment failure than anterior counterparts.

https://doi.org/10.1371/journal.pone.0248051.t001
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Fig 3. Location specific expressional analysis of heparan sulfate sulfotransferases (HSSTs) in response to RA treatment in blastema and mature axolotl
limb tissue. A) Experimental design. Innervated wound sites were generated on the anterior and posterior limb axis of the axolotl forelimb. Once mid-bud
stage blastema tissue had been generated at these sites, animals were treated with either DMSO (vehicle control) or RA. Blastema and mature tissues were
collected 7 days post treatment and used for the generation of cDNA libraries and subsequent HSST transcriptional analysis. (B-D) Histograms representing
HS6STI (N =4), NDST2 (N = 3) and HS3STI (N = 4) expression, relative to Ef-1o.. Quantification of relative HSST gene expression was conducted using the
Pfaffl method [36]. Error bars represent standard error of the mean. N.S. represents no statistical significance (p > 0.05; t-test).

https://doi.org/10.1371/journal.pone.0248051.g003

of the patterning genes Shh and Alx4 in anterior and posterior blastema tissue [7]. Transcrip-
tional analysis by q-RTPCR was then performed for the 3 different HSST genes—HS6ST1,
NDST2 and HS3ST1. Our data revealed no significant difference in the relative expression of
each of these HSST genes following RA treatment, irrespective of the limb location (Fig 3).
One surprising outcome to this expression analysis was that in the context of the ALM
HS6ST1, NDST2, and HS3ST1I are not differentially expressed in anterior and posterior ALMs.
Previously described anterior/posterior expressional differences in HSSTs were observed in
amputation blastemas [13], which are composed of connective-tissue derived blastema cells
from the different limb axes. In contrast, the current expression study was performed on ALM
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blastemas, which are generated by relatively “positionally pure” populations of connective tis-
sue derived cells (i.e. only cells from anterior or posterior). Thus, it is possible that position
specific differences in HSST expression (and HSPG composition) are downstream of pattern
formation, and thus would require positionally diverse blastema cell populations.

Another important consideration is that in the current study we quantified gene transcrip-
tion, and not protein level or function. It is plausible that translation or HSST or HSPG protein
function is different across the limb axes, and RA treatment may somehow affect these pro-
cesses. Future studies would be required to evaluation this. Never-the-less, we concluded that
HS6ST1, NDST2, and HS3ST1I transcriptional expression is not altered in blastema tissue in
response to RA-directed positional reprogramming. We interpret this data to implicate that
HSPGs are unlikely to play a direct role in communicating positional information during pat-
tern formation, and thus would not be considered a Type 1 or Type 2 cue. However, as we will
discuss below, it is probable that HSPGs play a supportive role in the transmission of Type 2
communications.

3. Discussion
3.1. The patterning hierarchy

Amphibian limb regeneration is orchestrated by a series of interconnected and temporally dis-
tinct signaling pathways, which activate specific molecular and biochemical processes. A thor-
ough understanding of these processes and the necessary inputs is therefore required before
attempting to successfully engineer an equivalent regenerative response in human tissue. Of
particular interest in mounting an effective regenerative response is pattern formation, which
specifies not only the cell types needed but also where the cells should be positioned in the
three-dimensional structure. We propose that pattern formation during regeneration occurs
in a hierarchical fashion [21].

At the first level of the hierarchy, pattern-forming cells have discrete and stabilized posi-
tional information. Experimental research demonstrates that cells of connective tissue origins
retain this positional memory [4, 5, 12, 22, 23, 37, 38]. In response to amputation, a regenera-
tive permissive environment is established and the migration of cells into this environment
juxtaposes cells from the different limb axes at the site of injury. This facilitates the second
level of the patterning hierarchy, where connective tissue derived cells from the different limb
axes communicate their positional information (Type 1), which drives the formation of new
cells with the missing positional information [16, 17]. The third and fourth levels of the hierar-
chy involves pattern forming cells establishing location specific molecular signaling centers
that generate Type 2 positional cues which directs both pattern-forming (connective tissue)
and-following (other cell types) cells as they organize into the tissues of the regenerate. These
last two positions on the hierarchy do not involve the generation of any new positional infor-
mation but instead are concerned with the interpretation and output of the Type 2 positional
cues.

The patterning hierarchy model adequately explains the phenomenological differences doc-
umented between RA, SHH and FGF8 induced ectopic limbs in the ALM. RA reprograms
positional information in receptive tissues (blastema tissue) to a posterior-ventral-proximal
limb identity [7, 11, 25-29], and this change is stabilized in the cells. Therefore, RA affects the
first level of the patterning hierarchy by changing the intrinsic positional information of the
connective tissue cells and thus can elicit the generation of pattern from innervated wound
sites (modified ALM) by facilitating the formation of new positional identities [11]. In con-
trast, SHH and FGF8 signaling both clearly instruct the organization of the regenerating limb
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cells, but do not change the actual positional identity of these cells [12], and therefore function
at the lower level of the patterning hierarchy as a Type 2 cue.

HSPGs modulates specific signaling pathways [13, 30, 34], including Hedgehog and FGF
signaling, which directly contribute towards patterning output in developing and regenerating
limbs [12, 13, 34]. However, our findings show that ECM-induced ectopic structures, which
exhibit minimal pattern, lack positional identities outside of the original wound site. Since the
grafted ECM tissue would include associated HSPGs, this suggests that none of these mole-
cules constitutes a Type 1 positional communication. Moreover, we observed that HSST
expression is unaffected by positional reprogramming to a proximal-posterior-ventral identity
by RA treatment, while Type 2 molecules are affected [7]. Therefore, HSPGs are not directly
responsible for the communication of positional information between cells with positional
memory (Type 1), nor behave in a manner similar to molecules that mediate Type 2 positional
communications. HSPGs may participate at the lower levels of the hierarchy (facilitating pat-
terning output) by interacting with autocrine/paracrine signals that communicate pattern
information, such as SHH and FGF8.

3.2. Communication of pattern inducing positional cues

There is a growing list of molecules which mediate Type 2 positional communications, includ-
ing FGF8, SHH, and WNT5a. SHH and FGFS elicit patterned formation but fail to establish
new positional identities in the axolotl during regeneration [12]; and in human cell culture
HOXA13-dependent WNT5a production by human foot derived fibroblasts facilitates palmo-
plantar specialization of positionally naive epithelium [22].

To date, the molecules that mediate Type 1 positional communications in the regenerate
have yet to be established. The current study indicates that these molecules are not present in
the ECM. One plausible hypothesis is that Type 1 communications occur through cell-cell
interactions, facilitated by cell surface molecules. These interactions have already been sug-
gested to contribute towards regenerative output [25, 39], and may include cell surface mole-
cules such as cadherins (N-cadherin, desmoglein 4 preprotein) and integrins (a1, 03, 06, v,
B1, and B3), which exhibit differential expression within regenerating tissue, both spatially and
temporally [40-44]. Although none of these molecules have been directly linked to positional
information, it is speculated that cell adhesion molecules mediate the selective adhesion prop-
erties previously characterized in the blastema [25, 39].

Selective adhesion has been documented along the Proximal/Distal (P/D) axis of the
amphibian limb. Late bud stage blastema tissue ends up at the appropriate location along the
P/D limb axis if autographed to a more proximal regenerating limb site [25]. In Notophtalmus
viridescens, Prod-1 is a membrane bound CD59-like molecule which exhibits a graded expres-
sion along the P/D axis of forelimb and has been implicated in this P/D selective adhesion phe-
nomenon [39]. In the axolotl, blastema cells with altered Prod-1 expression relocate to new P/
D locations [45]. However, unlike newt, axolotl Prod-1 is shed from the cell membrane [46];
suggesting that either a variety of molecules are involved in this selective adhesion process or
that species specific differences are at play. It is presently unresolved whether selective adhe-
sion is a means to communicate positional information, or if it is a result of differences in tis-
sue identities along the P/D axis. Moreover, the identification of cell-surface molecules may
mediate Type 1 communications along the Anterior/Posterior limb axis is lacking.

Due to this lack of understanding in the communication of positional identity, future
research in the field should assess for discrete properties and/or cell-surface molecules associ-
ated with pattern forming (connective tissue) cells from different anatomical positions within
the amphibian limb in order to identify potential candidates mediating Type 1 positional

PLOS ONE | https://doi.org/10.1371/journal.pone.0248051 March 5, 2021 9/15


https://doi.org/10.1371/journal.pone.0248051

PLOS ONE

ECM does not play a direct role in reprograming positional information during axolotl limb regeneration

communications during regeneration-associated pattern formation. Once such communica-
tions systems have been identified in the axolotl, the presence of these systems in other regen-
erating and non-regenerating systems can be sought to assess for conservation during
evolution.

4. Experimental procedures
4.1. Animal husbandry

Surgical manipulations and tissue collections were performed on white-strain (RRID:
AGSC_101]), GFP strain (RRID: AGSC_110]), and RFP strain (RRID: AGSC_112]) Mexican
axolotls, spawned on site at UMass Boston or obtained from the Ambystoma Genetic Stock
Center at the University of Kentucky. Anesthetization prior to surgery was administered by a
0.1% MS222 solution (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma), pH 7.0.

All experimental work was approved by the Institutional Animal Care and Use Committee
of the University of Massachusetts, Boston (protocol number: IACUC 2015004) and con-
ducted in accordance with the recommendations in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health.

4.2. Surgical methods

4.2.1. ECM preparation. Posterior, decellularized ECM was prepared according to Phan
et al., [13]. Full thickness posterior, stylopod skin was collected from white animals and rinsed
in 60% Dulbecco’s Modified Eagle’s Medium (DMEM, sigma). After brief sterilization in 70%
ethanol, the tissue was incubated under gentle agitation three times for 3 minutes in Ca**/Mg”
" free Hanks solution and the epidermis was peeled off with forceps. The tissue was incubated
in 2M urea solution twice for 15 minutes under gentle agitation and then rinsed and stored in
80% PBS for 2 days before grafting into innervated wound sites.

4.2.2. ECM induction of ectopic structures. Phan et al., [13] first described this method,
a modified version of the ALM [13]. In the current study, 2mm x 2mm lateral wounds were
generated on the anterior side of the stylopod of GFP and RFP animals (approximately 14cm
snout to tail tip). The brachial nerve was deviated to the wound site, and the animals were kept
on ice post-deviation for 1 and half hours to promote nerve retention in the site. The inner-
vated wounds were allowed to heal for 2 days, facilitating wound epithelium formation, and
then decellularized posterior ECM (see method 5.2.1) was grafted into the wound site, secured
under the newly formed wound epithelium. Post-surgery, the animals were maintained on ice
for 2 hours to enhance healing and retention of the ECM graft. The wound sites were moni-
tored closely for the next 3 weeks, and any site that lost the grafted tissue or failed to generate a
blastema in this time was excluded from the final analysis.

4.2.3. Amputation of and tissue collection from ECM-induced ectopic structures.

Eight weeks post ECM implantation, the ectopic structures were considered fully patterned as
they were covered by fully developed skin. Approximately 50% of each of these structures were
amputated and monitored, on a weekly basis for 8 weeks, for regenerative output. Full thick-
ness skin was collected from the distal end of the ECM-induced ectopic structures and implan-
tation into anterior and posterior innervated wounds (see section 5.2.4).

4.2.4. The Accessory Limb Model (ALM). To determine if posterior ECM was sufficient
to generate new positional identities in anterior wound sites, tissue was collected from the dis-
tal end of ECM-induced structures on GFP and RFP animals and implanted into anterior and
posterior ALMs. The ALM was originally described by Endo et al. [4]. Briefly, a lateral wound
is generated on the axolotl forelimb stylopod by removing a 2mm x 2mm piece of full thickness
skin. In the current study, this was performed on either the anterior or posterior of the limb.
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Innervation was achieved by deviating the brachial nerve to the wound site and the animals
were maintained on ice for 1 and half hours post-surgery to promote nerve retention. Two
days later, once a wound epithelium had been generated, the collected tissue (see section 5.2.3)
was implanted into the wound site, under the wound epithelium. Post-grafting, the animals
were maintained on ice for 1 hour and 30 minutes to promote graft retention. If a positional
disparity was established between the wound site and the tissue graft, pattern formation would
be facilitated and lead to regenerative output. Absence of a positional disparity would lead to
blastema regression.

The wound sites were monitored on a weekly basis for a regenerative response. Over the
first 3 weeks, any site that lost the tissue graft or failed to generate a blastema was excluded
from the final analysis. Fluorescent assessment in the live animals allowed for tracking of the
grafted tissue in the wound sites. Regeneration was considered to be complete (patterned and
differentiated) when the ectopic structures was covered by fully developed skin.

4.2.5. Reprogram of HSST gene expression. To determine if RA was sufficient to poster-
iorize HSST gene expression in blastema tissue, a modified version of the ALM was used [7,
11]. Here, innervated anterior and posterior wounds were generated on white animals
(approximately 5-8 cm snout to tail tip), in the absence of a tissue graft. Once mid-bud stage
blastemas had formed (9 days post-surgery) the animals were treated with RA or vehicle
(DMSO). RA was administered intraperitoneally at 150pg per gram of body weight [11, 47],
and animals were kept in the dark for 2 days after injection to minimize photoinactivation of
the drug. 7 days post treatment, blastema and mature limb (full thickness skin) tissues were
collected, extracted, and stored in Tripure Isolation Reagent (Sigma). 4 blastema or mature tis-
sue samples were pooled and used to generate a single biological replicate. 4 biological repli-
cates were produced per treatment and tissue type.

4.3. Whole mount staining and phenotype scoring

Whole mount cartilage staining with Victoria blue was conducted as described in Bryant and
Iten et al., 1974 [48]. The ectopic cartilage formed in the ALM wound sites were scored based
upon the number of skeletal elements documented. The following classifications were used, as
described in [7]—no element, single nodule, multiple symmetrical elements, multiple asym-
metrical elements and complete Limb.

4.4. mRNA isolation, cDNA synthesis, and differential gene analysis by
qPCR

mRNA was isolated from tissue samples extracted in Tripure Isolation Reagent using the
Nucleospin RNA XS kit (Macherey-Nagel) according to the manufacturers’ specifications. The

Table 2. Primer sequences utilized for differential analysis of HSST' in axolotl limb tissue.

Name

Ef-1o. Forward

Ef-1a: Reverse
HS6ST1 Forward
HS6ST1 Reverse
NDST2 Forward
NDST2 Reverse
HS3ST1 Forward
HS3ST1 Reverse

https://doi.org/10.1371/journal.pone.0248051.t1002

Sequence

5’ -AACATCGTGGTCATCGGCCAT
5’ -GGAGGTGCCAGTGATCATGTT
5’ —ACGCCTGACCCACACTACGTCA
5’ —CCAGGCGCACATTTTGTACCAGGT

5’ —CGTCTTTGCCTGACACTTGA

5" —ACGTGAAGTTGGGAACCAAG

5" —TATTAACATGTCGCCGTCCA

5" —TCCGTCGAAAAACTTCTGCT
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mRNA was then converted into cDNA libraries using the Transcription first strand cDNA
synthesis kit (Roche), in conjunction with the anchored oligo(dT)18 primer, as specified by
the manufacturer. Transcription of HSST genes, relative to that of the housekeeping gene Ef-
I, in the different experimental samples was assessed by qPCR (Azuraquant™ Green Fast
qPCR Mix Lo-Rox, Azura Genomics Inc.), using the Pfaffl method [36]. Primer sequences
used are presented in Table 2, including the HS6ST1 primer set which was previously pub-
lished by Phan et al. [13].

Supporting information

S1 Fig. All induced and amputated ECM-induced ectopic structures. Ectopic structures
were induced by grafting decellularized ECM into anterior, innervated wound sites on axolotl
forelimbs. Of the 50 anterior ALM sites implanted with posterior derived ECM, live-assess-
ment showed 37 with small, rounded or digit like outgrowths by week 9. At week 13, 34 of the
ectopic growths were large enough to amputate and these structures were allowed to regener-
ate. Amputated structures were monitored for 8 weeks for a regenerative response. 3 of the 34
amputated structures exhibited the formation of a blastema but resulted in no regenerated pat-
tern. The remaining 31 amputated structures simply healed over. Once regeneration/healing
was completed, limbs were collected and underwent whole mount cartilage staining.

(TIF)

S2 Fig. Full thickness skin derived from ECM-induced ectopic structures elicit complex
pattern when grafted into posterior located ALMs. Grafts, derived from ECM-induced
ectopic structures, into posterior located ALMs resulted in the generation of complex pattern
(9 out of 12). For statistics relating to patterning phenotypes see Table 1. Red and green signal
in all live images represents grafted RFP and GFP tissue respectively. Only ALMs that gener-
ated a blastema and retained a tissue graft at 3 weeks post-surgery were used for analysis in
this study. Once regeneration was completed, limbs were collected and underwent whole
mount cartilage staining.

(TIF)

$3 Fig. Full thickness skin derived from ECM-induced ectopic structures elicit very little
pattern when grafted into anterior located ALMs. Grafts, derived from ECM-induced
ectopic structures, into anterior located ALMs frequently resulted in no ectopic growth (25 out
of 29), but sometimes resulted in the generation of a single cartilage nodule (4 out of 29). For
statistics relating to patterning phenotypes see Table 1. Red and green signal in all live images
represents grafted RFP and GFP tissue respectively. Only ALMs that generated a blastema and
retained a tissue graft at 3 weeks post-surgery were used for analysis in this study. Once regen-
eration was completed, limbs were collected and underwent whole mount cartilage staining.
(TIF)

S1 Data. Excel spreadsheet with all the raw and processed data for the evaluation of the
transcriptional expression of HS6ST1, NDST2 and HS3ST1 in location specific blastema
tissue, in the presence and absence of RA.

(XLSX)

Acknowledgments

The authors would like to acknowledge Dr. Anne Phan for her insightful discussions regarding
this work.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248051 March 5, 2021 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248051.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248051.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248051.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248051.s004
https://doi.org/10.1371/journal.pone.0248051

PLOS ONE

ECM does not play a direct role in reprograming positional information during axolotl limb regeneration

Author Contributions

Conceptualization: Warren A. Vieira, Catherine D. McCusker.
Data curation: Warren A. Vieira, Shira Goren.

Formal analysis: Warren A. Vieira, Shira Goren.

Funding acquisition: Catherine D. McCusker.

Investigation: Warren A. Vieira, Shira Goren, Catherine D. McCusker.
Methodology: Warren A. Vieira, Catherine D. McCusker.
Project administration: Catherine D. McCusker.

Supervision: Warren A. Vieira, Catherine D. McCusker.
Visualization: Warren A. Vieira.

Writing - original draft: Warren A. Vieira.

Writing - review & editing: Warren A. Vieira, Catherine D. McCusker.

References

1. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. Estimating the Preva-
lence of Limb Loss in the United States: 2005 to 2050. Arch Phys Med Rehabil. 2008; 89: 422—429.
https://doi.org/10.1016/j.apmr.2007.11.005 PMID: 18295618

2. Mckechnie PS, John A. Anxiety and depression following traumatic limb amputation: A systematic
review. Injury. 2014; 45: 1859-1866. https://doi.org/10.1016/j.injury.2014.09.015 PMID: 25294119

3. Al-ThaniH, Sathian B, EI-Menyar A. Assessment of healthcare costs of amputation and prosthesis for
upper and lower extremities in a Qatari healthcare institution: A retrospective cohort study. BMJ Open.
2019; 9: 1-12. https://doi.org/10.1136/bmjopen-2019-030833 PMID: 31273011

4. EndoT,BryantS V., Gardiner DM. A stepwise model system for limb regeneration. Dev Biol. 2004; 270:
135-145. https://doi.org/10.1016/j.ydbio.2004.02.016 PMID: 15136146

5. McCusker CD, Diaz-Castillo C, Sosnik J, Q. Phan A, Gardiner DM. Cartilage and bone cells do not par-
ticipate in skeletal regeneration in Ambystoma mexicanum limbs. Dev Biol. 2016; 416: 26—33. hitps://
doi.org/10.1016/j.ydbio.2016.05.032 PMID: 27316294

6. Kragl M, Knapp D, Nacu E, Khattak S, Maden M, Epperlein HH, et al. Cells keep a memory of their tis-
sue origin during axolotl limb regeneration. Nature. 2009; 460: 60—65. https://doi.org/10.1038/
nature08152 PMID: 19571878

7. Vieira WA, Wells KM, Raymond MJ, Souza L De, Garcia E, Mccusker CD. FGF, BMP, and RA signaling
are sufficient for the induction of complete limb regeneration from non-regenerating wounds on Ambys-
toma mexicanum limbs. Dev Biol. 2019; 451: 146—157. https://doi.org/10.1016/j.ydbio.2019.04.008
PMID: 31026439

8. MuneokaK, Fox WF, Bryant S V. Cellular Contribution from Dermis and Cartilage to the Regenerating
Limb Blastema in Axolotls. Dev Biol. 1986; 116: 256—260. https://doi.org/10.1016/0012-1606(86)
90062-x PMID: 3732605

9. Satoh A, Gardiner DM, Bryant S V, Endo T. Nerve-induced ectopic limb blastemas in the axolotl are
equivalent to amputation-induced blastemas. Dev Biol. 2007; 312: 231-244. https://doi.org/10.1016/].
ydbio.2007.09.021 PMID: 17959163

10. McCusker CD, Gardiner DM. Positional Information Is Reprogrammed in Blastema Cells of the Regen-
erating Limb of the Axolotl (Ambystoma mexicanum). PLoS One. 2013; 8: 1-14. https://doi.org/10.
1371/journal.pone.0077064 PMID: 24086768

11.  McCusker C, Lehrberg J, Gardiner D. Position-specific induction of ectopic limbs in non-regenerating
blastemas on axolotl forelimbs. Regeneration. 2014; 1: 27-34. https://doi.org/10.1002/reg2.10 PMID:
27499858

12.  Nacu E, Gromberg E, Oliveira CR, Drechsel D, Tanaka EM. FGF8 and SHH substitute for anterior-pos-
terior tissue interactions to induce limb regeneration. Nature. 2016; 533: 407—410. https://doi.org/10.
1038/nature17972 PMID: 27120163

PLOS ONE | https://doi.org/10.1371/journal.pone.0248051 March 5, 2021 13/15


https://doi.org/10.1016/j.apmr.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18295618
https://doi.org/10.1016/j.injury.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25294119
https://doi.org/10.1136/bmjopen-2019-030833
http://www.ncbi.nlm.nih.gov/pubmed/31273011
https://doi.org/10.1016/j.ydbio.2004.02.016
http://www.ncbi.nlm.nih.gov/pubmed/15136146
https://doi.org/10.1016/j.ydbio.2016.05.032
https://doi.org/10.1016/j.ydbio.2016.05.032
http://www.ncbi.nlm.nih.gov/pubmed/27316294
https://doi.org/10.1038/nature08152
https://doi.org/10.1038/nature08152
http://www.ncbi.nlm.nih.gov/pubmed/19571878
https://doi.org/10.1016/j.ydbio.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/31026439
https://doi.org/10.1016/0012-1606%2886%2990062-x
https://doi.org/10.1016/0012-1606%2886%2990062-x
http://www.ncbi.nlm.nih.gov/pubmed/3732605
https://doi.org/10.1016/j.ydbio.2007.09.021
https://doi.org/10.1016/j.ydbio.2007.09.021
http://www.ncbi.nlm.nih.gov/pubmed/17959163
https://doi.org/10.1371/journal.pone.0077064
https://doi.org/10.1371/journal.pone.0077064
http://www.ncbi.nlm.nih.gov/pubmed/24086768
https://doi.org/10.1002/reg2.10
http://www.ncbi.nlm.nih.gov/pubmed/27499858
https://doi.org/10.1038/nature17972
https://doi.org/10.1038/nature17972
http://www.ncbi.nlm.nih.gov/pubmed/27120163
https://doi.org/10.1371/journal.pone.0248051

PLOS ONE

ECM does not play a direct role in reprograming positional information during axolotl limb regeneration

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Phan AQ, Lee J, Oei M, Flath C, Hwe C, Mariano R, et al. Positional information in axolotl and mouse
limb extracellular matrix is mediated via heparan sulfate and fibroblast growth factor during limb regen-
eration in the axolotl (Ambystoma mexicanum). Regeneration. 2015; 2: 182—201. https://doi.org/10.
1002/reg2.40 PMID: 27499874

Makanae A, Hirata A, Honjo Y, Mitogawa K, Satoh A. Nerve independent limb induction in axolotls. Dev
Biol. 2013; 381: 213-226. https://doi.org/10.1016/j.ydbio.2013.05.010 PMID: 23769980

Makanae A, Mitogawa K, Satoh A. Co-operative Bmp- and Fgf-signaling inputs convert skin wound
healing to limb formation in urodele amphibians. Dev Biol. 2014; 396: 57—66. https://doi.org/10.1016/.
ydbio.2014.09.021 PMID: 25286122

Bryant S V., French V, Bryant PJ. Distal regeneration and symmetry. Science (80-). 1981; 212: 993—
1002. https://doi.org/10.1126/science.212.4498.993 PMID: 17779956

French V, Bryant PJ, Bryant S V. Pattern Regulation in Epimorphic Fields. Science (80-). 1976; 193:
969-981. https://doi.org/10.1126/science.948762 PMID: 948762

Meinhardt H. A boundary model for pattern formation in vertebrate limbs. J Embryol exp Morph. 1983;
76: 115-137. PMID: 6631316

Meinhardt H. Cell Detemination Boundries as Organizing Regions for Secondary Embryonic Fields.
Dev Genes Evol. 1983; 96: 375-385.

Wolpert L. Positional Information and the Spatial Pattern of Cellular Differentiationt. J Theor Biol. 1969;
25: 1-47. https://doi.org/10.1016/s0022-5193(69)80016-0 PMID: 4390734

Vieira WA, Mccusker CD. Hierarchical pattern formation during amphibian limb regeneration. BioSys-
tems. 2019; 183: 103989. https://doi.org/10.1016/j.biosystems.2019.103989 PMID: 31295535

Rinn JL, Wang JK, Allen N, Brugmann SA, Mikels AJ, Liu H, et al. A dermal HOX transcriptional pro-
gram regulates site-specific epidermal fate. Genes Dev. 2008; 22: 303—307. https://doi.org/10.1101/
gad.1610508 PMID: 18245445

Rinn JL, Bondre C, Gladstone HB, Brown PO, Chang HY. Anatomic demarcation by positional variation
in fibroblast gene expression programs. PLoS Genet. 2006; 2: 1084—1096. https://doi.org/10.1371/
journal.pgen.0020119 PMID: 16895450

Yamaguchi Y, Itami S, Watabe H, Yasumoto Kl, Abdel-Malek ZA, Kubo T, et al. Mesenchymal-epithelial
interactions in the skin: Increased expression of dickkopf1 by palmoplantar fibroblasts inhibits melano-
cyte growth and differentiation. J Cell Biol. 2004; 165: 275-285. https://doi.org/10.1083/jcb.200311122
PMID: 15117970

Crawford K, Stocum DL. Retinoic acid coordinately proximalizes regenerate pattern and blastema dif-
ferential affinity in axolotl limbs. Development. 1988; 102: 687-98. PMID: 3168786

Ludolph D, Cameron JA, Stocum DL. The effect of retinoic acid on positional memory in the dorsoven-
tral axis of regenerating axolotl limbs. Dev Biol. 1990; 140: 41-52. https://doi.org/10.1016/0012-1606
(90)90051-] PMID: 2358123

Kim WS, Stocum DL. Effects of retinoids on regenerating limbs: comparison of retinoic acid and aroti-
noid at different amputation levels. Roux’s Arch Dev Biol. 1986; 195: 455—463. https://doi.org/10.1007/
BF00375749 PMID: 28305407

Maden M. The effect of vitamin A on limb regeneration in Rana temporaria. Dev Biol. 1982; 98: 409—
416.

Maden M. The effect of vitamin A on the regenerating axolotl limb. J Embryol Exp Morphol. 1983; 77:
273-95. PMID: 6655434

Lin X. Functions of heparan sulfate proteoglycans in cell signaling during development. Development.
2004; 131: 6009-6021. https://doi.org/10.1242/dev.01522 PMID: 15563523

Poulain FE, Yost HJ. Heparan sulfate proteoglycans: a sugar code for vertebrate development? Devel-
opment. 2015; 142: 3456—-3467. https://doi.org/10.1242/dev.098178 PMID: 26487777

Gerber T, Murawala P, Knapp D, Masselink W, Schuez M, Hermann S, et al. Single-cell analysis uncov-
ers convergence of cell identities during axolotl limb regeneration. Science (80-). 2018; 362: eaaq0681.
https://doi.org/10.1126/science.aaq0681 PMID: 30262634

Nogami K, Suzuki H, Habuchi H, Ishiguro N, Iwata H, Kimata K. Distinctive Expression Patterns of
Heparan Sulfate O-Sulfotransferases and Regional Differences in Heparan Sulfate Structure in Chick
Limb Bluds. J Biol Chem. 2004; 279: 8219-8229. https://doi.org/10.1074/jbc.M307304200 PMID:
14660620

Allen BL, Rapraeger AC. Spatial and temporal expression of heparan sulfate in mouse development
regulates FGF and FGF receptor assembly. J Cell Biol. 2003; 163: 637—-648. https://doi.org/10.1083/
jcb.200307053 PMID: 14610064

PLOS ONE | https://doi.org/10.1371/journal.pone.0248051 March 5, 2021 14/15


https://doi.org/10.1002/reg2.40
https://doi.org/10.1002/reg2.40
http://www.ncbi.nlm.nih.gov/pubmed/27499874
https://doi.org/10.1016/j.ydbio.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23769980
https://doi.org/10.1016/j.ydbio.2014.09.021
https://doi.org/10.1016/j.ydbio.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25286122
https://doi.org/10.1126/science.212.4498.993
http://www.ncbi.nlm.nih.gov/pubmed/17779956
https://doi.org/10.1126/science.948762
http://www.ncbi.nlm.nih.gov/pubmed/948762
http://www.ncbi.nlm.nih.gov/pubmed/6631316
https://doi.org/10.1016/s0022-5193%2869%2980016-0
http://www.ncbi.nlm.nih.gov/pubmed/4390734
https://doi.org/10.1016/j.biosystems.2019.103989
http://www.ncbi.nlm.nih.gov/pubmed/31295535
https://doi.org/10.1101/gad.1610508
https://doi.org/10.1101/gad.1610508
http://www.ncbi.nlm.nih.gov/pubmed/18245445
https://doi.org/10.1371/journal.pgen.0020119
https://doi.org/10.1371/journal.pgen.0020119
http://www.ncbi.nlm.nih.gov/pubmed/16895450
https://doi.org/10.1083/jcb.200311122
http://www.ncbi.nlm.nih.gov/pubmed/15117970
http://www.ncbi.nlm.nih.gov/pubmed/3168786
https://doi.org/10.1016/0012-1606%2890%2990051-j
https://doi.org/10.1016/0012-1606%2890%2990051-j
http://www.ncbi.nlm.nih.gov/pubmed/2358123
https://doi.org/10.1007/BF00375749
https://doi.org/10.1007/BF00375749
http://www.ncbi.nlm.nih.gov/pubmed/28305407
http://www.ncbi.nlm.nih.gov/pubmed/6655434
https://doi.org/10.1242/dev.01522
http://www.ncbi.nlm.nih.gov/pubmed/15563523
https://doi.org/10.1242/dev.098178
http://www.ncbi.nlm.nih.gov/pubmed/26487777
https://doi.org/10.1126/science.aaq0681
http://www.ncbi.nlm.nih.gov/pubmed/30262634
https://doi.org/10.1074/jbc.M307304200
http://www.ncbi.nlm.nih.gov/pubmed/14660620
https://doi.org/10.1083/jcb.200307053
https://doi.org/10.1083/jcb.200307053
http://www.ncbi.nlm.nih.gov/pubmed/14610064
https://doi.org/10.1371/journal.pone.0248051

PLOS ONE

ECM does not play a direct role in reprograming positional information during axolotl limb regeneration

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

Gardiner DM. Regulation of regeneration by Heparan Sulfate Proteoglycans in the Extracellular Matrix.
Regen Eng Transl Med. 2017; 3: 192—-198. https://doi.org/10.1007/s40883-017-0037-8 PMID:
29242821

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29: e45—e45. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

Lan F, Bayliss PE, Rinn JL, Whetstine JR, Wang JK, Chen S, et al. A histone H3 lysine 27 demethylase
regulates animal posterior development. Nature. 2007; 449: 689—694. https://doi.org/10.1038/
nature06192 PMID: 17851529

Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA, et al. Functional Demarcation of
Active and Silent Chromatin Domains in Human HOX Loci by Noncoding RNAs. Cell. 2007; 129: 1311—
1323. https://doi.org/10.1016/j.cell.2007.05.022 PMID: 17604720

Da Silva SM, Gates PB, Brockes JP. The newt ortholog of CD59 is implicated in proximodistal identity
during amphibian limb regeneration. Dev Cell. 2002; 3: 547-555. https://doi.org/10.1016/s1534-5807
(02)00288-5 PMID: 12408806

Sader F, Denis J, Laref H, Roy S. Epithelial to mesenchymal transition is mediated by both TGF-
canonical and non-canonical signaling during axolotl limb regeneration. Sci Rep. 2019; 9: 1144. https:/
doi.org/10.1038/s41598-018-38171-5 PMID: 30718780

Campbell LJ, Suarez-castillo EC, Ortiz-zuazaga H, Knapp D, Tanaka EM, Crews CM. Gene Expression
Profile of the Regeneration Epithelium during Axolotl Limb Regeneration. Dev Dyn. 2011; 240: 1826—
1840. https://doi.org/10.1002/dvdy.22669 PMID: 21648017

Makanae AKI, Satoh A. Early Regulation of Axolotl Limb Regeneration. Anat Rec. 2012; 295: 1566—
1574. https://doi.org/10.1002/ar.22529 PMID: 22933482

Satoh A, Hirata A, Satou Y. Blastema induction in aneurogenic state and Prrx-1 regulation by MMPs
and FGFs in Ambystoma mexicanum limb regeneration. Dev Biol. 2011; 355: 263—274. https://doi.org/
10.1016/j.ydbio.2011.04.017 PMID: 21539833

Tsonis PA, Doane K, Del Rio-Tsonis K. Expression of integrins during axolotl limb regeneration. Dev
Growth Differ. 1997; 39: 9—14. https://doi.org/10.1046/j.1440-169x.1997.00002.x PMID: 9079030

Echeverri K, Tanaka EM. Proximodistal patterning during limb regeneration. Dev Biol. 2005; 279: 391—
401. https://doi.org/10.1016/j.ydbio.2004.12.029 PMID: 15733667

Blassberg RA, Garza-Garcia A, Janmohamed A, Gates PB, Brockes JP. Functional convergence of sig-
nalling by GPl-anchored and anchorless forms of a salamander protein implicated in limb regeneration.
J Cell Sci. 2010; 124: 47-56. https://doi.org/10.1242/jcs.076331 PMID: 21118959

Niazi |A, Pescitelli MJ, Stocum DL. Stage-dependent effects of retinoic acid on regenerating urodele
limbs. Wilhelm Roux’s Arch Dev Biol. 1985. https://doi.org/10.1007/BF00877373

Bryant SV, Iten LE. The regulative ability of the limb regeneration blastema ofNotophlhalmus virides-
cens: Experimentsin situ. Wilhelm Roux Arch Entwickl Mech Org. 1974; 174: 90-101. https://doi.org/10.
1007/BF00577059 PMID: 28304737

PLOS ONE | https://doi.org/10.1371/journal.pone.0248051 March 5, 2021 15/15


https://doi.org/10.1007/s40883-017-0037-8
http://www.ncbi.nlm.nih.gov/pubmed/29242821
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1038/nature06192
https://doi.org/10.1038/nature06192
http://www.ncbi.nlm.nih.gov/pubmed/17851529
https://doi.org/10.1016/j.cell.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17604720
https://doi.org/10.1016/s1534-5807%2802%2900288-5
https://doi.org/10.1016/s1534-5807%2802%2900288-5
http://www.ncbi.nlm.nih.gov/pubmed/12408806
https://doi.org/10.1038/s41598-018-38171-5
https://doi.org/10.1038/s41598-018-38171-5
http://www.ncbi.nlm.nih.gov/pubmed/30718780
https://doi.org/10.1002/dvdy.22669
http://www.ncbi.nlm.nih.gov/pubmed/21648017
https://doi.org/10.1002/ar.22529
http://www.ncbi.nlm.nih.gov/pubmed/22933482
https://doi.org/10.1016/j.ydbio.2011.04.017
https://doi.org/10.1016/j.ydbio.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21539833
https://doi.org/10.1046/j.1440-169x.1997.00002.x
http://www.ncbi.nlm.nih.gov/pubmed/9079030
https://doi.org/10.1016/j.ydbio.2004.12.029
http://www.ncbi.nlm.nih.gov/pubmed/15733667
https://doi.org/10.1242/jcs.076331
http://www.ncbi.nlm.nih.gov/pubmed/21118959
https://doi.org/10.1007/BF00877373
https://doi.org/10.1007/BF00577059
https://doi.org/10.1007/BF00577059
http://www.ncbi.nlm.nih.gov/pubmed/28304737
https://doi.org/10.1371/journal.pone.0248051

