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1 Abstract 
Regeneration is the phenomenon in which an organism replaces a lost body part 
regaining both structure and function. This phenomenon is widely distributed across 
the tree of life, from unicellular organisms all the way up to vertebrates, nevertheless, 
the ability to regenerate seems to be limited in most vertebrates such as humans. 
However, amphibians seem to have their regenerative capabilities unhindered being 
able to regenerate a wide variety of structures such as limbs, spinal cord and heart. 
To gain more information about regeneration, we studied limb regeneration through 
an RNA-seq time course experiment. Using eight different time points, I generated a 
transcriptome assembly which was annotated identifying protein coding genes and 
long non-coding RNAs. I also performed a differential expression analysis to find 
genes that changed throughout the process of regeneration, along with GO term and 
KEGG term enrichment analyses to find groups of genes associated with a specific 
function. Altogether, I found genes that had already been described to be involved in 
regeneration, but also novel elements that have yet to be characterized. 

Resumen 
Regeneración es un fenómeno en el cual un organismo reemplaza una parte perdida 
de su cuerpo restaurando tanto estructura como función. Este fenómeno esta 
ampliamente distribuido en el árbol de la vida, desde organismos unicelulares hasta 
los vertebrados, sin embargo, la habilidad para regenerar parece ser limitada en la 
mayoría de los vertebrados como los humanos. No obstante, los anfibios no tienen 
tantas limitaciones, siendo así capaces de regenerar una gran variedad de estructuras 
como extremidades, médula espinal y corazón. Para obtener más información acerca 
de la regeneración, estudiamos la regeneración de extremidad usando un 
experimento de RNA-seq a lo largo del proceso. Usando ocho diferentes puntos de 
tiempo, generé un ensamblado de transcriptoma el cual fue anotado identificando 
tanto genes codificantes de proteínas como RNAs largos no codificantes. Además, hice 
un análisis de expresión diferencial para encontrar los genes que cambian a lo largo 
del proceso de regeneración, junto con el análisis de enriquecimiento de términos GO 
y KEGG que permitirían identificar genes asociados con una función en específico. 
En conjunto, encontré genes cuyo comportamiento ya había sido descrito en el 
proceso de regeneración, como también nuevos elementos que todavía necesitan 
caracterizarse.   
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2 Introduction 

2.1 Definition of Regeneration 

Regeneration could be broadly defined as the replacement of a lost part of an 
organism or an organism itself from a piece of a preceding one (Morgan, 1901). While 
this definition might be a little vague, it includes most, if not all, the regeneration 
processes regardless of the organism for which it has been described on. 
Regeneration is a developmental process widely distributed across the tree of life, 
being present in unicellular organisms like Stentor, or pluricellular organisms from 
the kingdoms of fungi, plantae and animalia (Hernández-Oñate & Herrera-Estrella, 
2015). 

This phenomenon has baffled humanity for several millennia. One of the most 
ancient references to regeneration dates to almost 3,000 years ago in Hesiod’s 
Theogony, where he speaks of the titan Prometheus. Known for giving mortals the 
secret of fire that had been safekept by the gods as a punishment, Prometheus was 
chained to the side of the Caucasus Mountains by Zeus, the leader of the Olympian 
gods, where Prometheus would have his liver eaten by an eagle, however, his liver 
would regenerate overnight; thus, providing an endless supply of food for the eagle 
and torment for Prometheus (Chen & Chen, 1994). 

Although the process of regeneration was interesting for humans since ancient times, 
it was not until the 18th century when this phenomenon began appearing in scientific 
studies. René-Antoine Ferchault de Réaumur started studying regeneration on 
crustaceans as early as 1710 by amputating their limbs and observing under which 
conditions regeneration was carried on (Ratcliff, 2005). Following Ferchaul de 
Réaumur’s steps, his pupil Abraham Trembley discovered in 1744 that yet another 
type of animal can regenerate: The Hydra (Lenhoff & Lenhoff, 1984). In the 1760’s, 
the Italian physiologist Lazzaro Spallanzani performed the first experiments in 
vertebrates by showing that salamanders can regenerate limbs, this with the 
intention of separating the term regeneration from reproduction (Tsonis & Fox, 
2009). 

Over a century later after Spallanzani’s work, in 1901, Thomas H. Morgan would 
publish a book which laid down the bases of modern regeneration research. In this 
book, which he called “Regeneration”, Morgan compiled the most relevant findings 
on the field, and offered insightful commentaries on various regeneration-related 
processes (Morgan, 1901). 
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From this point forward, research on regeneration has advanced at a steady pace, 
using different animal models to understand its basis such as planarian, hydra, fish, 
mice and a variety of salamander species.  

2.1.1  Types of Regeneration 

Like in many phenomena in biology, regeneration can be sub-classified based on 
different processes. A classification scheme for regeneration is presented in Carlson 
(2007), categorizing the regeneration phenomenon into six groups: 

• Physiological regeneration: The process through which most multicellular 
organisms replace worn out cells depending on their physiological needs. A 
very notable example of this type of regeneration is the replacement of 
epidermal cells. 

• Epimorphic regeneration: This type of regeneration involves the replacement 
of complex body parts through the formation of a blastema, which is a mass 
of undifferentiated cells that can proliferate and differentiate yet again into 
the lineages that were present in the lost structure. Clear examples of this 
regeneration are limb regeneration of several amphibians, as well as whole 
organism in some flatworms such as planarians. 

• Tissue regeneration: This branch of regeneration englobes those processes 
that are in charge of damaged tissue replacement but, contrary to epimorphic 
regeneration, they perform this action without the presence of a blastema, 
such as the regeneration of muscle and bone after an injury in mammals. 

• Cellular regeneration: Within this type of regeneration are the processes 
where the reconstitution of a damaged cell takes place. It can be observed in 
unicellular organisms such as the ones belonging to the Stentor genus as well 
as in other protozoans. Animals also exhibit this type of regeneration in cells 
from the neural system. 

• Hypertrophy: This regenerative process involves either the increase in size of 
a paired organ whose counterpart has been lost, like in the case of the kidneys, 
or even the restoration of mass of a damaged organ such as the liver. 

• Morphallaxis: Within this group are processes in which organisms 
reconstitute a structure by remodeling using existing body cells, with the 
chance of these going through differentiation in order to compensate for 
missing cells. Most studied organisms on this phenomenon are the one 
belonging to the Hydra genus. 

In this work, we will mainly focus on epimorphic regeneration. The term epimorphic 
regeneration was first proposed by Morgan in 1901, along with the term 
morphallaxis, which he considered as antagonistic phenomena (Figure 1). 
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Figure 1 - Contrast between the different regeneration types in animals. A) 
epimorphic regeneration and B) morphallactic regeneration 

2.2 Limb Regeneration in Salamanders 

As mentioned before, salamanders have played an important role in the field of 
regeneration research. They are one of the few vertebrate groups that can perform 
epimorphic regeneration, making them of special interest for applied research. 
Among salamanders, there has been one that stands out and that is the Mexican 
axolotl (Ambystoma mexicanum). 

The Mexican axolotl is an endemic species of the lakes of Xochimilco and Chalco, and 
is known to be a neotenic organism, meaning that it retains its larval features 
throughout adulthood. With more than 150 years as a research model organism 
(Reiß, Olsson, & Hoßfeld, 2015), a variety of different molecular biology tools have 
been developed on the axolotl, just like the generation of transgenic lines through 
techniques such as plasmid injection (Sobkow, Epperlein, Herklotz, Straube, & 
Tanaka, 2006) and CRISPR-Cas genome editing (Fei et al., 2017; Nowoshilow et al., 
2018), which have furthered our knowledge of the regeneration phenomenon. 

2.2.1 Overview of salamander limb regeneration 

To better understand regeneration, scientist first wondered how cells behaved 
through the limb regeneration process, providing a series of descriptive studies 
detailing each stage of the phenomenon (Iten & Bryant, 1973; Schmidt, 1968; Tank, 
Carlson, & Connelly, 1976). Here I present the regeneration process divided into six 
major stages as described by Carlson (2007) (Figure 2): 

Wound healing 
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Shortly after amputation, the wound surface is covered by a thin translucid 
epidermis sheet that is generated through migration of epidermal cells adjacent to 
the amputation site. There are also clear signs of trauma on the distal area denoted 
by necrotic spots across the end of the humerus, as well as moderate presence of 
inflammatory cells, however, not to an extent one would expect if an injury of the 
same magnitude was inflicted to a mammal (Figure 2A). 

 

Figure 2 - General overview of the salamander limb regeneration process. A) 
Wound healing stage: after the amputation, the wound is covered by a thin layer of 
migrating epidermis B) Phagocytosis and demolition stage: during this stage, removal 
of damaged tissue begins, as well as a thickening of the wound epidermis, forming 
what is known as the Apical Epidermal Cap C) Dedifferentiation stage: the first stage 
where the blastema is distinguishable, regenerating nerve fibers have made their 
way to the AEC, and different tissues have begun dedifferentiation and migration D) 
Blastema formation stage: the blastema grows rapidly, as dedifferentiation continues 
E) Morphogenesis: tissues begin to differentiate, and patterns begin to form in order 
to give rise to the new limb. Based on Carlson (2007). 

Phagocytosis and demolition 

This stage could be considered as a phase of preparation for dedifferentiation, as 
several factors necessary for the regenerative process are taking place. Firstly, the 
wound epidermis begins to thicken and forms what is known as Apical Epithelial Cap 
(AEC), while macrophages remove sarcoplasm (cytoplasm from striated muscle) from 
damaged areas. It is important to highlight that apart from the start of removal of 
tissue debris, not much is known about this phase, and it could be considered as the 
least understood stage in terms of its underlying molecular processes (Figure 2B).  
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Dedifferentiation 

This stage is the most distinctive of the regeneration process, in its  cells that seem 
to have lost all histological traits and that resemble embryonic cells (blastema cells), 
are first visible across the regions of the connective tissue that have been loosen due 
to the remodeling of the extracellular matrix via metalloproteases. Numerous 
osteoclasts begin to appear, and bone erosion starts. 

There are only signs of trauma at the distal area of the bone, and the inflammatory 
response begins to disappear. At the AEC, there is no evidence of cell layering, and it 
has now been penetrated by regenerating nerves.  

As for muscle, cells begin to lose striation at the amputation site and now harbors 
immature looking cells that will later migrate to the blastema. Similar changes begin 
to happen to dermal fibroblasts (Figure 2C). 

Blastema formation 

In this stage, the blastemal cells now resemble the mesenchymal cells that are present 
on the embryonic limb bud. These are being accumulated rapidly and lack 
distinguishable histological features (Figure 2D). 

A long-standing question that has been only partially answered is which cells 
contribute to the formation of the blastema, and on what proportion they do. On the 
latter issue, Muneoka, Fox, and Bryant (1986) reported that 43% of blastemal cells 
had a dermal origin, composing the majority of blastemal cells. Another important 
contributor to the blastema cell population are muscle-derived cells, and even though 
they compose the majority of cells of a normal limb, they seem to be outnumbered in 
the blastema by dermal-derived cells (Han et al., 2005). Other cells that contribute to 
the blastema but to a lesser extent are cartilage, periosteum and pericytes (Currie et 
al., 2016). 

Although it is important to define which cells contribute to the blastema, Currie et al. 
(2016) discovered that the timing of migration is also important. In this instance, 
dermal fibroblasts are known to give rise to either cartilage or dermal connective 
tissue, through what could be considered as a type of transdifferentiation (Kragl et 
al., 2009). However, only fibroblasts that migrate during the onset of the regeneration 
process are able to transdifferentiate into cartilage, while late migrating fibroblast 
only give rise to connective tissue (Currie et al., 2016). 

Morphogenesis 

During this stage, the blastema still grows, however several cells start differentiating 
into their final cell lineage, for example, the development of precartilaginous 
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structures which translates into digital primordia, which start appearing in an 
orderly manner. As these primordia grow, they begin to get separated by grooves as 
the interdigital tissue regresses. 

Other tissues start to experience changes towards differentiation as well. For 
example, regenerating muscle cells start to differentiate into myotubes in a similar 
manner as in embryonic limb formation, and cells from the lateral epidermis of the 
stump start to have a column shape morphology, as well as the epidermis now has a 
basement membrane that was absent during previous stages (Figure 2E). 

Growth 

After patterning is over, the limb has regenerated perfectly but it is shorter than the 
original limb. So, during the following weeks, the limb will continue to grow until it 
has reached the size of its predecessor. 

2.2.2 Molecular aspects of limb regeneration 

While understanding the histology and cellular dynamics of limb regeneration is 
important to achieve a full mechanistic description of the process, regeneration is 
governed at the molecular level, with tight regulation control. Several genes that act 
during limb regeneration or have been hypothesized to play an important role during 
this phenomenon have been described (reviewed in Haas & Whited, 2017). However, 
it is likely that there are many genes missing from the list presented in Haas & Whited 
(2017).  

Homeobox (Hox) genes expression during regeneration 

The Hox gene family is one of the most iconic when it comes to talking about 
developmental biology. Their main function lies in the patterning of the body plan, 
and are present in most of the bilaterian clade (Ryan et al., 2007). Another peculiarity 
of this gene family is its genomic arrangement. They are organized in a collinear 
manner, concurring with their spatial-temporal expression pattern, order in an 
anterior-posterior manner (from snout to trunk, Figure 3)(Graham, Papalopulu, & 
Krumlauf, 1989). 

Gene clusters, however, are not numerous in ancestral animal lineages, for example, 
it has been shown that nematodes (H. Zhang et al., 2003) and insects (Mallo & Alonso, 
2013) have only one Hox gene cluster encoded in their genomes. However, there was 
an increase in the number of clusters at some time during the evolution of organisms 
that gave rise to jawed vertebrates, since they all have at least four Hox gene clusters 
(Ruddle et al., 1994). 
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Hox genes have already been proven to play an important role on vertebrate limb 
development. For a normal limb development in vertebrates, clusters HoxB and HoxC 
seem dispensable, since there was no significant phenotypes on developing limbs 
exhibited upon deletion (Medina-Martínez, Bradley, & Ramírez-Solis, 2000; Suemori 
& Noguchi, 2000). In contrasts, HoxA and HoxD clusters seem to be necessary for 
normal limb development. While deleting only one of these clusters does not have a 
strong impact on limb development, deleting both of them stops limb development 
(Kmita et al., 2005). 

 

Figure 3 - Hox gene expression and genomic organization. A) On top the 
Drosophila and Mice Hox gene homologues expression pattern is shown during 
embryogenesis. On the bottom, the Drosophila Hox homologue cluster and the four 
Human Hox genes clusters are shown, colors depicting each paralogue group. B) Hox 
gene expression throughout vertebrate limb morphogenesis. Different genes are 
expressed across the limb, and subtle differences have been reported on the 
development of hindlimbs and forelimbs. Based on Gilbert (2010). 
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Knowing that Hox genes are actively involved during limb development, and limb 
regeneration being considered an homologous developmental process, several 
groups started describing the behavior of said genes during limb regeneration in 
salamanders (Gardiner & Bryant, 1996). Consistent with what was found during limb 
development, clusters HoxA and HoxD seem to be expressed in a collinear manner 
during limb regeneration (Gardiner, Blumberg, Komine, & Bryant, 1995; Torok, 
Gardiner, Shubin, & Bryant, 1998). However, some genes from other clusters seem to 
be expressed also during the regeneration process, but whether they are essential to 
the process remains to be tested. For example, HoxC10 can be found in non-
regenerating limbs, but after amputation it seems to be upregulated during the 
blastema formation stage (Simon & Tabin, 1993). 

Establishment of the three axial regions during limb regeneration 

Another key point that has been studied thoroughly during limb morphogenesis and 
in limb regeneration is the establishment of the different axis present in the 
regeneration/development plane: the distal-proximal axis, the dorsal-ventral axis 
and the posterior anterior axis (Figure 4A). While every axis has its own set of genes 
necessary for specification, it is important that specification of all the axes is 
coordinated during development through a genetic network (Figure 4C). 

The most studied of all the genes presented in Figure 4C is Sonic Hedgehog (SHH). The 
protein encoded by the gene is a member of the Hedgehog protein family, comprised 
of three members: Indian Hedgehog (IHH), Desert Hedgehog (DHH) and SHH. They 
mainly possess three domains: signal peptide (SS), an amino-terminal signaling 
domain (HhN/Hedge) and a autocatalytic carboxyl-terminal domain (HhC/Hog), and 
they act through binding to a membrane receptor that activates a signaling cascade 
that ends with the activation of the Gli transcription factors, which are the final 
effectors of the signaling pathway (Bürglin, 2008). 

SHH is essential for the establishment of the zone of polarizing activity (ZPA), since 
its presence alone is enough to induce it (Riddle, Johnson, Laufer, & Tabin, 1993). 
Through the ZPA, SHH establishes what will become the posterior-anterior axis, and 
when the number of ZPAs increased through the developmental plane, the number 
of digits also increases (Honig & Summerbell, 1985).  

SHH promotes the expression of Grem1, which is an antagonistic protein to the TGF-
β pathway, and inhibits the bone morphogenetic proteins (BMPs), mainly BMP2 and 
BPM4 (Church et al., 2015), by binding to them and inhibiting the so called BMP 
pathway. By doing so, Grem1 indirectly promotes the expression of FGF8, helping to 
establish the apical ectodermal ridge (AER). Simultaneously, when expression of 
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FGF8 passes a threshold, it inhibits the expression of Grem1, generating a negative 
feedback loop (Verheyden & Sun, 2008). 

 

Figure 4 - Establishment of the three different axes in the developmental limb 
plane. A) The different axis that form during limb development, blue depicting the 
anterior-posterior axis, red the dorsal-ventral axis and green the proximal-distal axis. 
B) Diagram showing the main areas required for the establishment of the different 
axes, where the AER spans across the anterior-posterior axis in the most distal area 
of the limb (green), the ZPA on the posterior end of the limb (blue), and the zone 
where the genes necessary for dorsal axis to be established are expressed (red). C) 
Key factors involved in the establishment of the three different axes, and their 
interactions. Based on Mundlos & Horn (2014). 

Through the expression of FGF8 across the AER, the proximal-distal axis is 
established. At the same time that SHH indirectly promotes the expression of FGF8 
through Grem1, FGF8 promotes the expression of SHH by inhibiting its repressors (Z. 
Zhang, Verheyden, Hassell, & Sun, 2009), making FGF8 an important factor in the 
establishment of the posterior-anterior axis. 

Last, but not least, Wnt7a is the main player element in the establishment of the 
dorsal-ventral axis, since its loss of function causes a phenotype where the whole 
limb exhibits ventral structure (Parr & Mc Mahon, 1995). Although it is not 
intermingled as strongly as SHH and FGF8, Wnt7a also plays a role in the 
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establishment of the posterior-anterior axis, since its removal also produces a 
significant decrease in the levels of SHH (Y. Yang & Niswander, 1995). 

The establishment of these axis has been thoroughly studied during limb 
morphogenesis. However how these factors behave throughout limb regeneration 
has only recently started to be studied, finding that at least the interaction of SHH 
and FGF8, through Grem1, is important during axolotl limb regeneration (Nacu, 
Gromberg, Oliveira, Drechsel, & Tanaka, 2016). Yet, the behavior and relevance of 
factors like Wnt7a and BMP during limb regeneration remains to be described. 

2.2.3 Transcriptomic efforts to study salamander limb regeneration  

Wang, Gerstein, and Snyder (2009) have defined a transcriptome as “the complete set 
of transcripts in a cell, and their quantity, for a specific developmental stage or 
physiological condition”. Through a transcriptome, scientists can begin to understand 
what elements of the genome are being transcribed and have an idea of what 
processes might be involved in a phenomenon of interest. 

In this section, I present the transcriptomes that have been relevant to the subject of 
limb regeneration using axolotl as a model organism. Using different strategies, field 
experts have interpreted these transcriptomes to improve our understanding of the 
regeneration process. 

Due to the high cost of the sequencing techniques in the decade of the 2000’s, many 
opted to use microarrays to perform transcriptomic analyses. However, there is a 
shortcoming when using microarrays: since the probes that are on the array must be 
synthesized individually, there is a limited resolution to the diversity of transcripts 
that can be tested, so the information such as the expression levels of isoforms or 
transcripts that were not included in the microarray design are lost. 

Axolotl microarrays were designed using expressed sequence tags (ESTs) 
(Habermann et al., 2004), and then used for several studies, including the analysis of 
the first regeneration transcriptomic analysis (Monaghan et al., 2009). In their work, 
genes involved with extracellular matrix remodeling (ECM) like metalloproteinases 
(MMPs), as well as genes involved in a variety of signaling pathways were found to 
be transcriptionally changing through regeneration. 

Years later, the costs of sequencing began to drop making it possible to sequence 
transcriptomes and genomes with more ease (Wetterstrand, 2016). Therefore, it was 
possible to sequence the first axolotl regeneration transcriptome using RNA-seq, 
(Stewart et al., 2013). While this resource proved valuable, since it provided a full set 
of transcripts that could be used as a reference for molecule design such as probes, 
the transcriptome had several technical flaws: it had several missing transcripts 
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(Figure 5), and it had no biological replicates. In this work, they focused mainly on 
already reported transcripts like metalloproteinases, as well as developmental 
factors known to be present during limb development like SHH and the HOX genes. 
Also, they reported that pluripotency-related genes (also known as oncogenes), like 
MYC or KLF4, increase their expression a day after the amputation is performed. On 
a more general note, they report GO terms that were enriched during the 
regeneration process, some of the most significant being collagen catabolism 
processes during early and mid-regeneration, as well as bone development, which is 
enriched in the late stages of regeneration. 

While the transcriptome provided by Stewart et al. (2013) was a valuable approach, 
it was a limited insight to the organism transcriptomic landscape, especially when 
many transcripts were known to have their expression restricted to a certain tissue 
or phenomenon (Sonawane et al., 2017). Keeping in mind these facts, there were three 
separate efforts to generate a transcriptome that was representative of most axolotl 
transcripts. 

The first effort was carried out by Bryant et al. (2017), who made a transcriptome 
using 16 tissues including proximal and distal blastema, skeletal muscle, bone and 
cartilage, as well as testes and ovaries. The aim of their work was to generate a 
transcriptome that captured the most axolotl transcripts, but they were capable of 
identifying factors that are important for limb regeneration. Between those were 
cirbp and kazald1, which are two of the few factors that have been reported to be 
expressed during regeneration but not limb development, although their exact 
mechanism of action remains to be studied. 

The second effort was made by Nowoshilow et al. (2018), who made a composite 
transcriptome using 22 different tissues, including tissues like liver and lungs. 
However, in comparison to the transcriptome presented by Bryant et al., (2017), this 
transcriptome presented different tissues undergoing the regeneration process like 
brain, tail and limb. 

The third effort was made by Caballero-Pérez et al. (2018), who used the sequencing 
data published by Stewart et al. (2013) and new sequencing data that included several 
tissues such as gills, heart, liver and different limbs. A peculiarity of this 
transcriptome is that it contains sequencing data of wild-type organisms, which could 
provide resources for SNP profiling in axolotl wild populations (Smith et al., 2018).  

Together, these transcriptomes are the most complete in terms of single copy 
orthologues, having approximately 90% of the BUSCOs using a tetrapod database 
(Figure 5). Hence, these transcriptomes are suitable for use as a scaffold for future 
transcriptomic projects. 
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One of the problems traditional RNA-seq experiments have is that normally tissues 
used for sequencing are heterogeneous, having an impact on the quantification of 
certain transcripts, especially in samples such as the ones obtained in limb 
regeneration whose cell proportion change throughout the process (Muneoka et al., 
1986). To overcome this problem, scientist have developed a method to sequence cells 
individually commonly known as single cell RNA-Seq (scRNA-Seq). With this method, 
we can not only pinpointing the exact origin of a transcript, but also track lineages 
during development (Hwang, Lee, & Bang, 2018). 

A single cell sequencing dataset during the process of regeneration has been 
generated recently, with the objective of examining the faith of cells throughout limb 
regeneration. Gerber et al. (2018) performed two major scRNA-seq experiments: the 
first one, the authors perform a time-course scRNA-seq using six different time points, 
and thus classifying different lineages and their marker genes, but also the 
development trajectories of cells derived from connective tissue. The second one 
compared limb buds from developing axolotl larvae with regenerating limbs, finding 
that the transcriptional programs were similar depending on the position of the cell 
in the developmental axes. 

In this work, we performed a time course RNA-Seq of axolotl’s limb regeneration, in 
which we have included a wide selection of stages that cover most of the process. This 
transcriptome addresses several technical issues present in previous works, such as 
the lack of biological replicates. It is also the first regeneration transcriptome using 
wild-type organisms instead of the D/D breed that has been used as the axolotl stock 
breed for research work, and thus eliminating problems that come with inbreeding. 

In this work, I aimed to make a limb regeneration transcriptome that englobes eight 
different time points that we consider to be representative of the process, using wild 
type animals instead of the stock lab breed. I used a variety of computational tools to 
analyze thoroughly the transcriptomic data, not only limiting the analysis to a 
differential gene expression analysis of coding protein genes, but also identifying 
lncRNAs, enrichment of different functional annotations, as well as the creation of a 
gene co-expression network. Overall, we found genes that had already been reported 
to be involved in regeneration, as well as novel factors that have yet to be 
characterized. 
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3 Objectives 

3.1 General objective 

The main objective of this thesis was to characterize the changes in the 
transcriptional program during progressive stages of the regeneration process of A. 
mexicanum.  

3.2 Specific objectives 

To achieve the main objective, we undertook several specific objectives: 

• To obtain the transcriptional profiles in eight different time points (from 0 to 40 
days post-amputation (dpa)) during limb regeneration in Ambystoma mexicanum. 

• To determine the differentially expressed genes along the limb regeneration 
process in A. mexicanum. 

• To assess the transcriptional behavior of previously reported genes associated 
with limb regeneration in A. mexicanum. 

• To define the function of the differentially expressed genes through categorical 
enrichment during limb regeneration of A. mexicanum. 

4 Materials and Methods 

4.1 Amputation, RNA extraction and sequencing 

Sixty-six neotenic Ambystoma mexicanum adult animals with a length between 18-19 
cm of total length were used for amputation. Prior to the amputations, animals were 
sedated using a solution with benzocaine at a concentration of 50 mg/L for 30 min. 

Once the organism was anesthetized, it was placed on a sterile tray and under a 
stereoscope, and with a sterile scalpel either the limb at the level of the zeugopod or 
the blastema at different time points (1, 3, 9, 15, 25, 32 and 40 dpa) were collected. 
Collected tissue was placed on an Eppendorf tube and frozen in liquid nitrogen for 
its posterior storage at -80°C. After amputation, organisms were placed on a 20L fish 
tanks with 2 drops of methylene blue to prevent infections.  

To perform the RNA extraction, collected tissue was dipped into liquid nitrogen, and 
using a homogenizer samples were grinded along with 1 mL of Trizol per 50-100 mg 
of tissue. The solution was then centrifuged at 1,300 rpm for 10 min at 4°C, and 
supernatant was recovered with a micropipette and incubated for 5 min at room 
temperature. 

After incubation, 2 µL of chloroform per 1 mL of Trizol were added to the 
supernatant, and then the tube is agitated for 15 s vigorously. The tubes were 
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incubated for 5 min or until there was visually a separation of phases, and then it was 
centrifuged at 1,300 rpm for 15 min at 4°C. Then, after been cooled on ice the aqueous 
phase was transferred to a new tube. Finally, isopropyl alcohol was added in a 
proportion of 1:3 of Trizol, and was left to rest overnight at 4°C. 

The samples were then centrifuged at 1300 rpm for 10 min at 4°C, and the 
supernatant was discarded. The resulting pellet was then washed twice by adding 
1mL of ethanol, vortexing the sample and then centrifuging it at 7500 rpm for 7min 
at 4°C, discarding the aqueous phase and drying for 3 min. The pellet was then 
resuspended in DEPC water, 20 µL if tissue was less than, otherwise 50 µL of DEPC 
water were used, prior to their storage in at -80°C. 

RNA samples from the same time-points were then pooled together making a 
biological replicate, which made for up to two biological replicates in most time-
points (Table 1). Each biological replicate library was prepared independently. 

Sequencing libraries were prepared using the TruSeq Library Preparation kit, and it 
was sequenced using a NextSeq 500, in a format of 150bp paired-end reads, 
generating approximately 10 million reads per sample (Table 1). Sequencing was 
done by the Laboratorio de Servicios Genómicos at the Unidad de Genómica 
Avanzada del Cinvestav Irapuato. 

All animal experiments were performed according to the Mexican Official Norm 
(NOM-062-ZOO-1999) “Technical Specifications for the Care and Use of Laboratory 
Animals” based on the Guide for the Care and Use of Laboratory Animals “The Guide”, 
2011, NRC, USA, with the Federal Register Number # BOO.02.08.01.01.0095/2014, 
awarded by the National Health Service, Food Safety and Quality (SENASICA-
SAGARPA). The Institutional Animal Care and Use Committee (IACUC) from the 
CINVESTAV approved the project “Management and husbandry of Ambystoma spp. 
and experimental processing of tissue for functional analyses and genetic 
expression” ID animal use protocol number: 0209-16. 

4.2 Filtering and cleaning sequencing data 

Raw sequencing data were analyzed using FastQC v0.11.5 (Andrews, 2010) to perform 
a diagnosis on the sequencing quality, making special emphasis on detecting the 
presence of sequencing adapters and other factors that could influence downstream 
analyses, like GC content and per base quality. After the diagnosis was complete, 
reads were trimmed using Trimmomatic v0.36 (Bolger, Lohse, & Usadel, 2014) under 
the parameters --threads 8 LEADING:20 TRAILING:20 HEADCROP:2 
SLIDINGWINDOW:4:15 MINLEN:60. 
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4.3 Transcriptome assembly and annotation 

Paired-end reads were assembled using the software Trinity v2.5.1 (Haas et al., 2013) 
with the default parameters except for the following: --max_memory 250G --CPU 10 -
-no_normalize_reads. Transcripts resulting from the assembly were then filtered by 
length, keeping those that were at least 500 nucleotides in length.  

Afterwards, the transcriptome was subjected to a quality assessment and 
completeness with BUSCO v3 (Waterhouse et al., 2017), using a tetrapod single copy 
orthologue database provided by the software developers as reference. 

To comprehensively annotate the transcriptome, I followed the workflow established 
by the Trinotate tool: firstly, all open reading frames (ORFs) that were at least 100 
amino acids in length were predicted by Transdecoder. Relevant protein homologues 
were identified using BLASTx and BLASTp (from the software ncbi-blast+ v2.6.0), 
with the Swiss-Prot database as reference, which is a non-redundant highly inclusive 
manually annotated protein database. Protein domains were annotated using 
HMMER v3.1b2 and the PFAM’s protein domain database (version 31). Lastly, trans-
membrane domains and signal peptides were annotated using tmHMM v2.0c and 
SignalP v4.1 respectively. All the outputs from the different steps were loaded into 
Trinotate and filtered using a threshold of 1x10-10 for the BLAST e-value to consider 
an annotation as existing (BLAST, 2013; Boutet, Lieberherr, Tognolli, Schneider, & 
Bairoch, 2007; Finn et al., 2015; Krogh, Larsson, von Heijne, & Sonnhammer, 2001; 
Mistry & Finn, 2007; Petersen, Brunak, Von Heijne, & Nielsen, 2011).  

The transcriptome was checked for contamination using FASTQ-Screen v0.11.3 
(Wingett, 2018), with the trimmed reads used for the transcriptome assembly as 
input, comparing them against the assembled transcriptome, two other published 
axolotl transcriptomes (Nowoshilow et al., 2018), and the maize transcriptome 
obtained from ENSEMBL-Plants database (version 42) as references. Contaminating 
transcripts were identified by comparing the assembled transcriptome against the 
maize transcriptome, removing those transcripts that had at least 400 bit-score and a 
percentage of identity above 90%. 

4.3.1 Annotation of lncRNAs 

Long non-coding RNAs (lncRNAs) were annotated using CPC v0.9r2 (Kong et al., 2007) 
with UniRef90 as a reference database, and CPC2 (no version information available) 
(Kang et al., 2017). To discard transcripts that may have been wrongly assembled, I 
mapped the transcripts to the axolotl genome (Nowoshilow et al., 2018) using BLAT 
v35 (Kent, 2002), and selected transcripts where at least half of their nucleotides 
mapped with at least 95% identity. It is important to note that if a transcript had 
multiple mapping sites across the genome, only the best hit was conserved for further 
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analysis. Long non-coding transcripts were later confirmed by comparing against 
already published transcriptomes (Bryant, Johnson, DiTommaso, et al., 2017; 
Nowoshilow et al., 2018) using BLASTn, discarding transcripts that were not covered 
at 80% length at 95% identity by one of the published transcripts. 

4.3.2 Annotation of Transcription Factors 

Transcription factors were annotated using the data presented by Lambert et al., 
(2018) as a reference. Firstly, domains that have been characterized to be DNA 
binding factors were obtained from the reference, finding 310 PFAM terms. 
Transcripts that possessed these domains were extracted from the annotation made 
using Trinotate. To finalize the search, and since not all proteins with these domains 
are considered transcription factors, axolotl proteins designated as TFs were aligned 
against the human transcriptome using BLAST, and vice versa, in order to extract just 
the best bi-directional hits (BBH). Only proteins whose BBH was a transcription factor 
were classified as such. 

4.4 Gene quantification and differential gene expression analysis 

Transcript abundances were estimated using paired-end reads and Kallisto v0.43.1 
(Bray, Pimentel, Melsted, & Pachter, 2016) with the parameters --bias -b 100 --seed 
1992 -t 8. Since most of the differential expression packages require raw counts to 
perform a differential expression analysis, the estimations were then converted 
using tximport v1.4.0 in R v3.3.0 (Soneson, Love, & Robinson, 2016), for both genes 
and transcripts, separately. To further reduce the number of genes, those that did not 
have at least 1 count per million (cpm), in at least 2 libraries, were discarded.  

Differential expression analysis was tested under a quasi-likelihood F-test, which 
accounts for type-I errors more rigorously using the R-package edgeR (Bryant, 
Johnson, DiTommaso, et al., 2017). Also, to obtain the most complete panorama on 
gene expression, contrasts were made across all different samples. A cut-off value of 
0.05 in false discovery rate (FDR) was used to determine if a gene is differentially 
expressed. 

4.4.1 Identification of regeneration related genes 

A list of 51 genes associated with regeneration was obtained from Haas & Whited 
(2017), and orthologs for those genes were obtained from the ENSEMBL database for 
human (GRCh38.p12) and Xenopus tropicalis (JGI 4.2). Axolotl orthologs for these 
genes were obtained taking the best bi-directional hits from the comparison between 
the assembly generated as a result of the process described in section 4.3, and the 
software NCBI-BLAST+’s (v2.6.0) tBLASTn and BLASTx tools (BLAST, 2013). 
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4.4.2 Identification of enriched genes per regeneration stage 

To identify enriched genes per stage, the following equations were used: 

𝜏=
∑ (1−𝑥𝑖)
𝑛
𝑖=1

𝑛−1
;𝑥𝑖=

𝑥𝑖
𝑚𝑎𝑥
1≤𝑖≤𝑛

(𝑥𝑖)
 

Where Tau (τ) represents specificity and varies from 0 to 1, 0 meaning a gene is 
broadly expressed across all tissues/samples, and 1 that it is highly specific to a 
certain sample; n represents the number of tissues/samples; and lastly, 𝑥𝑖 represents 
the expression value of a gene. 

For this work, counts per million (cpm) normalized values that were averaged per 
type of sample were used as expression values (𝑥𝑖). To decide whether a gene was 
preferentially expressed in a sample, with threshold of 0.85 for τ, and also to be 
differentially expressed in at least 4 contrasts. 

4.5 Gene Ontology (GO) term and KEGG pathway enrichment 
analysis of differentially expressed genes  

4.5.1 Gene Ontology term enrichment 

A GO term enrichment analysis was performed to give a functional interpretation to 
the results obtained by doing the differential gene expression analysis. Firstly, I took 
the GO terms already provided by the annotation made using Trinity as explained in 
section 4.3. 

GO term enrichment was statistically tested using the R package topGO (v2.30.0) 
(Alexa & Rahnenführer, 2007), using a combination of two different algorithms: the 
elimination algorithm, or elim, which eliminates nodes and genes from the bottom 
up in terms of the GO term tree depending on their significance; and a weighting 
algorithm, or weight, that assigns significance to genes contained depending on the 
significance differences between parent and children nodes that contain them (Alexa, 
Rahnenführer, & Lengauer, 2006). The statistical test used to test whether a term is 
enriched or not was the Fisher exact test. Terms whose p-value was below 0.01 were 
considered as enriched. 

4.5.2 KEGG pathway enrichment 

KEGG term annotations were obtained from the Trinotate annotation made in section 
4.3. Since the annotation made by Trinotate is very homogeneous in terms of which 
species the homologous genes come from, it was difficult to apply any of the 
enrichment tools currently available. Taking this into account, a Fisher test was 
performed test assuming a hypergeometric distribution, using KEGG pathways 
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(Ogata et al., 1999), which encompass several KEGG terms related to metabolism, 
genetic information processing, environmental information processing and cellular 
processes ; and used a p-value of 0.01 as a threshold.  

4.6 Gene co-expression network construction 

To construct a gene co-expression network, counts normalized using the variance-
stabilizing transformation (vst) function from the DESeq2 R-package (v1.18.1) (Love, 
Huber, & Anders, 2014). To further filter the number of genes used for the 
construction of the network, we calculated the median absolute deviation (mad), and 
selected those genes whose mad was in the top 20,000. A signed network was 
constructed using these genes with a power of 32 and a tree cutoff distance of 0.20. 

A Gene Ontology term enrichment analysis was performed as described in section 
4.5.1 for each of the modules obtained. 
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5 Results and Discussion 

5.1 Filtering and cleaning sequencing data 

Sequencing was performed on RNA samples from 8 different timepoints throughout 
the regeneration process, each time point had at least two biological replicates, 
obtaining a total of 158,317,036 paired-end reads. After removing low quality reads, 
141,588,326 reads remained, which is approximately 90% of the original reads (Table 

1). 

Table 1 - Number of reads before and after removing low quality sequences. Time points are days post-
amputation (dpa). Technical replicates are represented with uppercase letters and biological replicates 
with numbers.  

Time point Replicate Number of raw reads Number of high-quality reads Percentage of kept reads 
(%) 

0 dpa 
1 11,128,090 10,068,324 90.48 
2 10,029,377 9,129,224 91.02 

1 dpa 
1A 6,613,785 5,901,204 89.23 
1B 4,187,085 3,549,661 84.78 
2 9,927,518 8,926,537 89.92 

3 dpa 
1 13,526,455 12,313,912 91.04 
2 9,779,562 8,863,380 90.63 

9 dpa 
1 11,168,628 10,143,789 90.82 
2 13,348,038 12,305,123 92.19 

15 dpa 

1A 5,314,310 4,727,625 88.96 
1B 4,724,682 4,003,674 84.74 
2A 6,960,777 6,281,224 90.24 
2B 4,966,995 4,285,333 86.28 

25 dpa 
1A 3,271,888 2,238,313 68.41 
1B 3,014,922 2,561,857 84.97 

32 dpa 
1 9,949,789 8,951,578 89.97 
2 8,151,995 7,348,975 90.15 

40 dpa 
1 12,275,133 10,963,818 89.32 
2 9,978,007 9,024,775 90.45 

Total  158,317,036 141,588,326 89.43 

 

5.2 Transcriptome assembly and annotation 

High quality reads were then assembled into a transcriptome, which yielded 681,125 
transcripts representing 553,990 genes. From these, I removed those that did not have 
at least 500 nucleotides in length, keeping 115,243 transcripts, distributed in 69,466 
genes. 

To corroborate whether real transcripts were lost over the length filter, I assessed the 
completeness on both transcriptomes using BUSCO, which searches the single copy 
orthologs from a pre-compiled database of a certain genus of the tree of life, in this 
case, the tetrapod database. In the unfiltered transcriptome, I found 3,179 complete, 
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360 fragmented and 411 missing BUSCOs; while on the filtered transcriptome 3,174 
complete, 338 fragmented and 438 missing were found (Figure 5). 

 

Figure 5 - Completeness assessment between multiple axolotl transcriptomes 
using BUSCO. Color denotes whether the BUSCOs are missing (blue), fragmented 
(red) or complete (green) in a given transcriptome. 

Compared to more diverse axolotl transcriptomes (Bryant, Johnson, DiTommaso, et 
al., 2017; Caballero-Pérez et al., 2018; Nowoshilow et al., 2018), ours bares ~10% less 
BUSCOs. This can be easily explained due to the nature of the samples used in each 
transcriptome, since Bryant et al., (2017) and Nowoshilow et al., (2018) used a 
combination of 16 and 22 different tissues respectively, including samples of 
embryonic states and differentiated tissues, making the transcriptome more 
comprehensive in terms of transcript diversity in the axolotl. However, none of these 
transcriptomes included a wide limb regeneration time course, leaving the possibility 
of having missing regeneration-specific transcripts. Caballero-Pérez et al. (2018) 
transcriptome assembly used a combination of tissues such as gills and liver, as well 
as a limb regeneration time course providing enough transcript diversity to be at a 
similar level of completeness as Nowoshilow et al. (2018), Bryant et al. (2017) and 
Caballero-Pérez et al. (2018) transcriptomes.  

In contrast, the transcriptome reported by Stewart et al., (2013), which represented 
thoroughly the regeneration process, has a rather poor number of complete BUSCOs 
in comparison to other transcriptomes (Figure 5). Thus, we can conclude that our 
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transcriptome is close in completeness to the other three transcriptomes and is more 
complete than Stewart et al. (2013). 

 

Figure 6 - Similarity between the axolotl regeneration transcriptome and 
reported axolotl transcriptomes of interest. A) Comparison against two reported 
axolotl transcriptomes. B) Comparison against a maize transcriptome, only 
portraying the fraction of the reads that were mapped. 

Also, to verify that our reads are similar to the ones used to assemble other axolotl 
transcriptomes I used FASTQ-Screen, using the transcriptomes presented in 
Caballero-Pérez et al. (2018), Nowoshilow et al. (2018) and Bryant et al., (2017) and 
found that 94.58%, 91.53% and 90.81% of the reads align to each transcriptome, 
respectively (Figure 6A). These results further confirm that most of the reads used for 
the transcriptome assembly were indeed derived from axolotl transcripts. 

To fully annotate the transcriptome, I used the pipeline known as Trinotate, which 
uses a combination of databases and tools that help annotate transcriptomes 
systematically (Haas, 2017). Using the pipeline, I annotated 25,966 genes, however, 
there was a substantial amount of plant genes within the annotation, suggesting 
potential contamination.  

To quantify how much of the sequencing data can be attributed to contamination, I 
used FASTQ-Screen using a maize transcriptome and the transcriptomes reported by 
Caballero-Pérez et al. (2018), Nowoshilow et al. (2018) and Bryant et al. (2017) in order 
to have a comparison against a maize-free dataset. The result showed that a small 
portion of the reads (0.05% to 0.13%) mapped exclusively to the maize transcriptome 
(Figure 6B).  
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To remove the contaminating sequences, I compared the Maize transcriptome to the 
axolotl regeneration transcriptome using BLASTn, finding 2,064 maize transcripts 
within the axolotl transcriptome, which were excluded from subsequent analyses. 

After the elimination of contaminating sequences, I annotated the lncRNAs present 
in the transcriptome using CPC and CPC2, obtaining 51,657 and 59,857 respectively, 
in which 47,202 lncRNAs are shared. To further confirm the existence of these 
lncRNAs, I searched the sequences of the lncRNAs in published transcriptomes using 
BLASTn and that had an 80% coverage and a minimum identity of 95% (Bryant, 
Johnson, DiTommaso, et al., 2017; Nowoshilow et al., 2018), finding 13,901 and 16,863 
lncRNAs that were shared across both transcriptomes using CPC and CPC2 
respectively, and having 12,897 genes shared between the two tools (Figure 7). 

 

Figure 7 - lncRNAs found in axolotl using two different prediction tools. A) 
lncRNAs reported by CPC in the axolotl transcriptome assembled in this work that 
were also found in published transcriptomes. B) lncRNAs reported by CPC2 in the 
axolotl transcriptome assembled in this work that were also found in published 
transcriptomes. C) Shared lncRNAs reported by CPC and CPC2 and that are found in 
both reported transcriptomes, missing 34,305 lncRNAs. 

Trinotate’s transcription factor (TF) annotation is not very reliable because it is 
primarily based on sequence identity, rather than on the presence of protein motifs. 
Therefore, I followed a strategy similar to the one presented by Lambert et al. (2018) 
for the identification of all human TFs. Firstly, I searched thoroughly in the literature 
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for TFs that have been experimentally characterized and we were able to identify 463 
putative axolotl TFs using the protein domain annotation already generated by 
Trinotate and a BBH strategy. 

  

Figure 8 - Correlation between sequencing samples. A) Heatmap showing the 
Spearman correlation between samples B) Manhattan clustering between different 
samples. The term rep denotes different biological replicates, while the letter after 
the number of biological replicates denotes technical replicates. C) MDS plot of the 
fold change. 

5.3 Gene quantification and differential gene expression analyses 

After quantifying gene expression and applying a cutoff value of 1 cpm in at least two 
samples, we were left off with 36,573 genes. In order to verify the reproducibility of 
the experiments we calculated the Spearman correlation between the counts in all 
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samples (Figure 8A), and also performed a clustering of the samples using the 
Manhattan clustering method (Figure 8B). 

From the correlations between samples, there are several features that stand out. 
Firstly, there are groups of samples that do not come from the same time point that 
are highly correlated, specifically between samples coming from 3 and 9 dpa, and 32 
and 40 dpa, with correlations higher than 0.8. This suggests fewer transcriptional 
changes between these samples than with the rest of the samples.  

In contrast, there are several samples where correlation is low even between 
biological replicates (less than 0.7), even though they are chronologically close. This 
phenomenon can be attributable to the nature of the samples, since 15 and 25 dpa is 
where the blastema displays the highest growth rate, and probably the most 
heterogeneous cell composition throughout the whole regeneration process. 

Finally, to add supplementary confirmation that the experiment is reproducible, we 
performed a multidimensional scaling (MDS) plot (Figure 8C). As expected, most 
biological replicates from the same condition grouped together with the few 
exceptions being the biological replicates belonging to 15 dpa. 

Following these preliminary analyses, we performed a differential gene expression 
analysis accounting for all possible comparisons, finding a variable number of 
differentially expressed genes for each comparison (Figure 9). We found that the most 
differentially expressed genes were concentrated in comparisons that involve 15 dpa 
and 25 dpa, which are time points corresponding to the stages of blastema formation 
and differentiation (Figure 2).  

From these results, I looked at specific genes that had previously been reported or 
suggested to be involved in limb regeneration in previous works. I searched the 
axolotl transcriptome for 51 core genes involved in regeneration (Haas & Whited, 
2017), being able to find 29. Not being able to find the rest of the core genes can be 
attributed to their low expression under these conditions, perhaps due to these genes 
are expressed in tissues that are not predominantly expressed in the most abundant 
cell types present in the tissue where the RNA was extracted from, resulting in the 
assembler not being able to assemble them due to the lack of sequencing reads 
(Grabherr et al., 2011). 

As for the core genes that were present on the axolotl transcriptome, many of them 
display an expression pattern similar to the ones as reported in the literature. For 
example, hox genes in Figure 10 behave similarly, increasing their expression 
dramatically at 25 dpa.  
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Figure 9 - Differentially expressed genes across all conditions. The number of 
downregulated (red) and upregulated (blue) genes (vertical axis) per comparison 
(horizontal axis). 

Due to the nature of the transcriptome itself (whole limb and blastema), it is 
impossible for us to determine where each individual hox gene is expressed, however 
due to its collinear nature (Lemons & McGinnis, 2006) it is safe to assume that they 
are being expressed temporarily similar., but they might not be expressed in a similar 
spatial manner. 

 

Figure 10 - Expression patterns of genes previously reported as involved in the 
regeneration process. Relative expression (z-score) of each gene, where triangles 
(triangles pointing upwards show upregulated genes, downwards downregulated 
genes) in each cell denote differential expression in a specific stage in reference to its 
predecessor stages. 
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In the specific case of the hoxD cluster, the latter members of the cluster (hoxD-8 to 
hoxD-13) are usually expressed in early and late regenerating limb buds until the first 
digits start to form (Torok et al., 1998), which is consistent our findings (Figure 10). 

Similarly, MMPs, which are essential in the initial stages of the regeneration process, 
change their expression in various occasions. Three out of five MMPs present in the 
set of core genes (mmp-1,3 and 11) showed diverse expression patterns through 
regeneration. It is known that mmp-1 and mmp-3 act during early stages of 
regeneration, remodeling the ECM and therefore promoting cell migration and 
proliferation (Kato et al., 2003; Mu, Bellayr, Pan, Choi, & Li, 2013; Seifert, Monaghan, 
Voss, & Maden, 2012). I indeed found their expression levels rise between 1 and 3 dpa. 
In contrast, mmp-11 exhibits a different pattern of expression, reaching its maximum 
level of expression towards the end of regeneration (25 to 40 dpa). Although the role 
of mmp-11 in regeneration has not been studied thoroughly, it is known that the 
protein encoded in this gene is required for the morphogenesis of the myotendinous 
junction (Jenkins, Alrowaished, Goody, Crawford, & Henry, 2016), which is an 
interface between the muscle and the tendon. Thus, it is likely that mmp-11 is 
regulating the morphogenesis of this tissue towards the end of the regeneration. 

Another group of interesting genes that are presented in Figure 10 is the one 
comprised by fgf8 and ssh. As mentioned in section 2.2.2, these two genes play a key 
role in the establishment of the different axes during the regeneration process. Their 
expression pattern is similar, having a significant increase around 25 dpa and 
gradually decreasing towards the patterning stage at 40 dpa (Figure 10). Their 
expression pattern is analogous to what has been reported in the literature, where 
ssh and fgf8 reach their maximum expression at the late blastema stage, fading away 
afterwards indicating the disappearance of the ZPA and the AER (Gilbert, 2010; Nacu 
et al., 2016). 

While we found genes that behave as expected from what is reported in different 
studies, some did not agree with the previously reported transcriptional behavior. 
For example, kazald1, which is a gene whose function or mechanism of action has yet 
to be described, has been found to be expressed since early blastema and maintained 
through the regeneration process while the blastema is still sustained (Bryant, 
Johnson, Ditommaso, et al., 2017), however, I found it to be upregulated towards the 
differentiation and patterning stage (Figure 10).  

5.4 Transcription factor and stage-enriched gene expression 

5.4.1 Transcription factor expression 

As mentioned in section 5.2, we identified 463 TFs within our axolotl transcriptome, 
and proceeded to analyze their expression through regeneration. To our surprise, we 
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found that most TFs exhibit a stage-enriched behavior, and most of them displayed 
low transcript abundance, having only 88 surpass 10 cpm (Figure 11).  

It also came to my attention that replicates from the 15 dpa and 1 dpa stage exhibit 
antagonist behavior in most transcription factors that are specific for that stage. 
However, it is difficult to pinpoint the cause of this phenomenon, be it of technical or 
biological nature. To corroborate this finding, a proposed solution would be to either 
validate some of the genes that are preferentially expressed in one of the replicates 
via qRT-PCR, or by comparing the expression of a similar transcriptome. 

Firstly, I checked the expression of several oncogenes that have been reported to 
induce stemness and whose expression has already been reported in previous works. 
As expected from what was reported in Stewart et al. (2013), oct4 and nanog 
transcripts are absent on the set of TF’s, probably because their expression is low and 
therefore they are being left out of the differential gene expression analyses; another 
transcript that is not highly expressed during regeneration is sox2 whose expression 
is below 5 cpm.  

Other stemness factors that had been reported as being expressed in regeneration 
like c-myc and klf4 were not identified in the TF annotation perhaps because their 
transcripts were incomplete, and thus their protein domain annotation inadequate. 
However, upon closer inspection of the general annotation made in section 4.3, I 
found that the transcript for klf4 is highly expressed between 3 and 9 dpa, which is 
consistent with the finding of Stewart et al. (2013). 

The forkhead box transcription factor superfamily (FOX) has not been studied during 
limb regeneration. This TF superfamily is highly conserved in metazoans, and has 
important roles during development as it is involved in major signalling pathways 
such as the Hedgehog, TGF-β/SMAD and Wnt/β-Catenin pathways (Benayoun, 
Caburet, & Veitia, 2011). Transcripts that have been annotated as members of this 
superfamily are abundant in the limb regeneration transcriptomes, and several of 
these transcripts are differentially expressed during regeneration including foxd1, 
foxf2, foxi1, foxj3, foxn1, foxo1 and foxo4 among the most expressed TFs during the 
early and late blastema stages (15 and 25 dpa) (Figure 11). To the best of my 
knowledge, this family had not been previously identified as relevant to the 
regeneration process. 

It has been reported that foxf2, through its interaction with the TGF-β/SMAD pathway, 
promotes the transition from epithellium to mesenchyma and thus the migration of 
cells, and also acts as an inducer of apoptosis, both in breast cancer (Meyer-Schaller, 
Heck, Tiede, Yilmaz, & Christofori, 2018). Its rapid upregulation directly after 
amputation (0 dpa) might be linked with its apoptosis inducing role, while later 
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upregulation (15 dpa) might be linked with the migration of cells to the blastema 
(Figure 11).  

A subgroup of the FOX superfamily, FOXO transcription factors, have a very dynamic 
range of action, interacting with Insulin/IGF, MAPK, TFG-β/SMAD and Wnt/β-catenin 
pathways (Benayoun et al., 2011). Transcripts for foxo1 and foxo4 have similar 
expression patterns, having their maximum expression levels after amputation and 
early regeneration (0 and 1 dpa respectively, Figure 11), and they might have an 
important role in the regulation of the cell cycle, as the targets of foxo4 are similar to 
p53, and are also regulated by mdm2 (Brenkman, de Keizer, van den Broek, 
Jochemsen, & Burgering, 2008) (see section 5.5.1). 

Members of the SMAD transcription factor family smad1 and smad4 are also present 
among the most expressed TFs, and they both display similar expression patterns. 
SMAD proteins are downstream in the TGF-β/SMAD pathway, as they form different 
protein complexes in order to control the expression of different genes, such as Myc, 
p15 and p21 (Feng, Liang, Liang, Zhai, & Lin, 2002; Massagué, Seoane, & Wotton, 
2005). SMAD genes have begun to be studied during regeneration, where a study 
revealed that although SMAD3 has a more dominant role than SMAD2 (De Kroon et 
al., 2017), SMAD2 is required in order to activate mmp-2 and mmp-9, which are 
responsible of ECM remodelling (Denis et al., 2016). The transcript for smad2 is not 
among the most expressed TFs, however, its expression reached its maximum at 25 
dpa (appendix 10.4), while the expression of mmp-2 and mmp-9 has been reported to 
reach its peak at very early stages of regeneration, meaning that perhaps the latter 
two are being transcriptionally activated by other elements (Seifert et al., 2012; E. V. 
Yang, Gardiner, Carlson, Nugas, & Bryant, 1999). 

Some Hox genes are also crucial for regeneration, as they play an important role in 
the establishment of the anterior-posterior axis in limb development. A member of 
the HOXD cluster, hoxd13, is found between the most expressed TFs, having its peak 
of expression at early stages of regeneration during blastema formation (3 and 9 dpa), 
but also having a moderate expression at later stages (32 and 40 dpa) (Figure 11). 
Interestingly, in my analysis hoxc11 is expressed after amputation (0 dpa) and in late 
stages (40 dpa). It has already been reported that members of the HOXC cluster are 
expressed in the axolotl limb (Nye, Cameron, Chernoff, & Stocum, 2003), however 
there is no described role for hoxc11 in limb regeneration. Nevertheless, it is known 
that in mice, hoxc11 is expressed in hindlimbs, restricted to the posterior part of the 
autopod (Hostikka & Capecchi, 1998). Its expression at the latter stages might be 
required for the establishment and maintainance of the anterior-posterior axis in the 
autopod, in correlation with its expression at early and late stages of regeneration. 
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Lastly, the T-box transcription factors tbx4 and tbx5 are indispensable for both limb 
development and regeneration. Contrary to other vertebrates, like human or mice, 
these proteins are expressed in both hindlimb and forelimb during embryogenesis. 
During limb regeneration, tbx5 is expressed exclusively in forelimbs, while tbx4 is 
expressed in hindlimbs (Khan, Linkhart, & Simon, 2002). While there is no 
characterization of the expression pattern of tbx5, based on the expression found on 
Figure 11, we can assume that its transcriptional expression is required mid/late 
blastema until redifferentiation (25 to 40 dpa). Although it is not among the most 
expressed TFs, tbx4 seems to be present in the set of transcription factors that were 
identified, but its expression is low (< 3 cpm), implying that tbx5 is the T-box 
transcription factor required out of the pair during regeneration.  
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Figure 11 - Transcription Factor expression patterns during limb regeneration. 
A) Transcript levels in log2 of cpm of TFs that had at least 10 cpm in at least one 
sample B) Expression pattern of TFs that had at least 10 cpm in one sample as Z-Scores 
calculated by row. 
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5.4.2 Time point enriched gene expression 

I was able to identify 520 genes that were preferentially expressed in one of the 
stages, and that were significantly differentially expressed in at least 4 of the time 
point comparisons. The first stage (0 dpa) had the most genes specifically enriched 
(320 genes). Out of the 520 enriched genes, 317 had an annotation. 

 

Figure 12 -Enriched genes per time point. Gene expression is represented using a 
Z-score, and enriched genes per stage are separated using horizontal blocks. 

After the amputation (0 dpa), there is a high number of enriched genes being 
expressed. However, most of these genes are associated with muscle ECM structure 
such as Triadin, Myosin and Nebulin. Perhaps the abundance of these genes is due to 
the cellular composition of the stump, as before starting regeneration, muscle is the 
most abundant tissue in this structure (Han et al., 2005). 

Early response (1 dpa) genes include genes such as hemoglobin, which has been 
reported to stimulate the expression of metalloproteases mmp-2 and mmp-9 through 
means that are yet to be elucidated (Tajima et al., 2005). Metalloproteases are, in turn, 
required for ECM remodeling during limb regeneration (E. V. Yang et al., 1999). Also, 
the LINE-1 retrotransposable elements are overexpressed at very early time points 
confirming the findings of Zhu et al. (2012), although the biological role of LINE-1 
induction in regeneration remains unknown. 
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Of special interest to this project are the genes preferentially expressed during the 
mid and late blastema (15 and 25 dpa, respectively). Although our results did not 
delivered many annotated genes enriched in mid blastema, there are genes like hpx, 
which binds to heme groups with the highest affinity among all known proteins and 
induces a pro-inflammatory response (Tolosano & Altruda, 2002); and tgs-6, which is 
induced after injury promoting autophagy (S. Wang et al., 2017), that suggests that 
there are genes related with immune response and tissue repair at this stage. 

The late blastema stage (25 dpa time point), which is the stage with the second most 
abundant set of enriched genes (Figure 9), involves diverse cellular processes 
necessary for the development of the limb, maintenance of stemness, but also 
differentiation. For example, pdzrn3, which is an ubiquitin-protein ligase, has been 
reported in previous studies to be correlated with the differentiation of myoblasts 
into myotubes by downregulating the differentiation inhibitor Id2 both 
transcriptionally and post-translationally (Honda & Inui, 2018). The transcript for this 
gene is upregulated during late blastema, suggesting the start of the differentiation 
of blastema cells into muscle tissues. Another gene involved in differentiation and 
upregulated at late blastema is tenm4, which is normally a regulator of axon guidance 
that has been reported to be expressed during myogenic differentiation (He et al., 
2017), supporting the hypothesis that blastema cells start re-differentiating into 
muscle tissues at this stage. 

As for genes involved in limb development, our results show that hoxd-8 and xhox-3 
transcripts are enriched at 25 dpa. Even though their function has not been described 
during limb regeneration nor in development, xhox-3 is required to establish the 
patterning axis during the gastrula and neurula stages during Xenopus 
embryogenesis (Altaba & Melton, 1989) and it is plausible that xhox-3 may play a role 
in the establishment of the posterior-anterior axis during limb regeneration along 
with ssh in axolotl regeneration. 

Another gene enriched during late blastema is rif1, which encodes a telomere-
associated protein that regulates telomere length and the maintenance of 
H3K9me3 mark, maintaining the capabilities of self-renewal of embryonic stem cells 
(Dan et al., 2014). Cell replication tends to shorten telomeres, however, this is 
countered in stem and progenitor cells by activating telomerases keeping the 
telomeres from shortening, and thus delaying aging (Flores & Blasco, 2010). The 
increase of progenitor cell population in the limb may be responsible of the induction 
of telomerase associated genes, with the purpose of maintaining telomere length. 

Approaching the end of regeneration (32 and 40 dpa), hoxd-13 is enriched during this 
stage, which is normally expressed during zeugopod development (Figure 3B), as well 
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as elements of the ECM, keratin and col1a2 (collagen alpha-2 chain) (Mouw, Ou, & 
Weaver, 2014), possibly due to the formation of the new ECM in the regenerated limb. 

5.5 GO and KEGG pathway enrichment analyses 

To analyze further than a set of known genes the regeneration process using these 
transcriptomes, I opted to use an enrichment analysis on two different functional 
annotations: the gene ontology (GO) and the KEGG pathway. By doing so, I expected 
to find known categories that have previously been described as involved in limb 
regeneration, as well as novel categories that might give us a deeper understanding 
of the limb regeneration process. 

5.5.1 GO term enrichment analysis 

Overall, I found 1,118 enriched GO terms in at least one of the time point comparisons 
described in section 5.3, using both up and downregulated gene sets identified in the 
differential expression analysis. In Figure 13, I show only the 3 most enriched GO 
terms per comparison delivered by up and downregulated genes. 

One of the most dynamic GO terms is “collagen catabolic process” (GO:0030574), 
which is enriched in upregulated genes in early (3 to 15 dpa) and later stages (25 to 
40 dpa) (Figure 13). Among the transcripts annotated with this GO term found several 
encoding proteins that form collagen chains, as well as metalloproteases, which are 
required for remodeling of the ECM (E. V. Yang et al., 1999). 

In the first stages of regeneration (0-3 dpa), terms related to wound healing and 
immune response are found, confirming previous findings by (Stewart et al., 2013). 
Wound healing related terms including “positive regulation of response to 
wounding” (GO:1903036), positive regulation of epithelial cell proliferation involved 
in wound healing (GO:006005), “regulation of response to wounding” (GO:1903034) 
and “wound healing” (GO: 0042060), which are enriched in upregulated genes at 1 
and 3 dpa, and in downregulated genes at 25 dpa (Appendix 0).  

Amongst the genes that are changing through the first stages, and is related with 
wound healing is sdc1, which has been reported to act as a receptor for ligands and 
amplifies the spatial reach of the latter; sdc1 also binds to factors regulating the pro-
inflammatory response (Bartlett, Park, & Pyong, 2007). Another gene that changes its 
expression is the one encoding eppk1, a protein coding gene that relieves injury 
through the organization of keratin (Szabo et al., 2015). Other pro-inflammatory 
response genes, such as il8, interleukin receptors and ptgs2, are also upregulated 
during the early stages of regeneration. 
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Figure 13 - Most enriched GO terms throughout the DGE analysis. Top three GO 
terms in terms of p-value for up and downregulated genes in each comparison are 
shown, showing in a trinary manner whether a category in enriched amongst up or 
downregulated genes, or both. Each vertical block represents the comparisons using 
a specific time as a reference used for the differential gene expression analyses, 
showing the status (up and down regulated) for that specific reference. 

For immune response related terms, “leukocyte chemotaxis involved in 
inflammatory response” (GO:0002232) is found enriched in upregulated genes early 
during regeneration (3-9 dpa), and other terms like “positive regulation of monocyte 
chemotaxis” (GO:0090026) and “neutrophil chemotaxis” (GO:0030593) are enriched 
amongst downregulated genes at later stages (25 dpa) (Appendix 0). This is coherent 
with the process, since it indicates that the inflammatory response is triggered after 
the amputation, preventing wound infection and mediating the generation of new 
blood vessels (Godwin & Rosenthal, 2014; Stewart et al., 2013).  
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Interestingly, macrophage related terms are overrepresented at 15 dpa, having 
“regulation of macrophage migration inhibitory factor signaling pathway” 
(GO:2000446) overrepresented in genes that are upregulated and “negative 
regulation of macrophage derived foam cell differentiation” (GO:0010745) in 
downregulated genes. Macrophages are key for carrying a successful regeneration 
(Godwin, Pinto, & Rosenthal, 2013). Among the genes in these categories is angpt1, 
which has been proven to guide macrophage differentiation towards a pro-
inflammatory response (Seok et al., 2013).  

Also upregulated and present among the immune response GO terms during the first 
stages of regeneration, is the inhibitor of kappa B α (iкbα), which sequesters NF-кB 
blocking its nuclear localization signal and impeding its translocation into the nuclei. 
This inhibition is terminated by the protein IKK, which phosphorylates the inhibitors 
and thus releases NF-кB, promoting a pro-inflammatory response after an injury (Fan 
et al., 2004). Although it is counterintuitive to have a protein that inhibits the 
inflammatory response in an early stage of regeneration, perhaps the analysis of the 
expression dynamics of iкbα at earlier stages after amputation could provide an 
insight of the immune response, since it is known that drastic changes occur during 
the first 24 hours in humans (Rabani et al., 2011; Zhao, Fung-Leung, Bittner, Ngo, & 
Liu, 2014). Also, the interaction between IKK and IкBα occurs at a post-translational 
level (Fan et al., 2004), making impossible to measure if IкBα is inhibiting the immune 
response using RNA-seq during axolotl limb regeneration. 

Another molecular factor that has been shown to be involved in the response upon 
damage or wounding are reactive oxygen species (ROS), which have been 
characterized as signal molecules produced after mechanical injuries in both animals 
(Mittal, Siddiqui, Tran, Reddy, & Malik, 2014) and plants (Baxter, Mittler, & Suzuki, 
2014). The GO term “cellular response to reactive oxygen species” (GO:0034614) is 
overrepresented in upregulated genes at the start of regeneration (1 dpa) and in 
downregulated genes at 40 dpa (Appendix 0). From this category, a few genes that 
stand out due to their role in different developmental processes, like E3 ubiquitin-
protein ligase mdm2, which is known for its role of inactivating tumor protein p53 by 
ubiquitin-mediated degradation (Brooks & Gu, 2006). Mdm2 is indirectly induced by 
ROS, when the latter one induces the activity of p53, which in turn transcriptionally 
activates Mdm2 in a negative feedback loop (Y. Chen, Liu, Shi, & Shao, 2018). By 
activating Mdm2, a series of different cellular processes are modulated, such as the 
activation of cell cycle arrest, allowing cells within the stump to proliferate.  

Recently, Herrera-Rincon et al. (2018) reported that upon application of progesterone 
in amputated limbs of Xenopus laevis, they were able to achieve successful 
regeneration even at an adult stage, this by modifying the transcriptional networks 
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that included signaling pathways as the ones involving Ca2+ and K+. In my 
transcriptomes, I observed that the term “response to progesterone” (GO:0032570) is 
enriched in upregulated genes during most of the stages (Appendix 0), and among the 
genes that are changing associated with progesterone are transcription factor jun-b, 
which have been proven to induce aberrant proliferation in fibroblasts (Bossy-
Wetzel, Bravo, & Hanahan, 1992); also Fos-related antigen 2 (fosl2), whose function is 
to dimerize with JUN transcription factors and, as a complex, are involved in cell 
proliferation and cell cycle is upregulated during most stages (Cook, Aziz, & 
McMahon, 1999). 

Since regeneration can be seen as the reactivation of developmental programs, it is 
important that certain morphogenetic programs are expressed after damage or 
amputation. Among some of the morphogenesis-related enriched GO terms in our 
transcriptome are “embryonic limb morphogenesis” (GO:0030326) in upregulated 
genes at 3 and 9 dpa; “bone morphogenesis” (GO:0060349) in upregulated genes at 32 
dpa; and “aorta smooth muscle tissue morphogenesis” (GO:0060414) in upregulated 
genes from 1 to 15 dpa, as well as downregulated genes at 32 and 40 dpa (Figure 13, 
Appendix 0).  

Among the genes which show differential expression along the process are several 
well-known limb developmental factors such as rspo2, which is required for the 
activation of Wnt proteins and thus involved in the dorsal-ventral axis specification 
(Jin, Turcotte, Crocker, Han, & Yoon, 2011). Another transcript that has been reported 
to be involved in the establishment of the aforementioned axis and upregulated in 
this same category is the one corresponding to β-Catenin (ctnnb1), which activates 
transcription factors in response to Wnt signaling (Jin et al., 2011). A classical gene 
associated with blastema formation is changing in our transcriptome is Paired 
mesoderm homeobox protein 1 (prrx1), which is enriched in connective tissue 
derived cells and has been shown that its expression increases as regeneration 
advances, bus associated with proliferative stages, just as reported in previous works 
(Gerber et al., 2018). These findings confirm that the limb regeneration process is 
fairly similar to that of limb morphogenesis during embryo development (M. R. J. 
Carlson, Bryant, & Gardiner, 1998; Gerber et al., 2018).  

A cellular process that has been overlooked in previous regeneration studies is the 
transition between mesenchymal and epithelial cells. This transitions allow 
mesenchymal cells to migrate, proliferate, and differentiate (Yao, Dai, & Peng, 2011), 
which are processes required for a successful limb regeneration. A term that is 
present in groups of up-regulated genes across most regeneration stages is 
“mesenchyme migration” (GO:0090131), this is coherent with the developmental 
process since mesenchymal cells migrate to the region of the wound after injury (Yao 
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et al., 2011). Nearing the end of regeneration (32 dpa), the term “negative regulation 
of epithelial to mesenchymal transition” (GO:0010719) is enriched among 
upregulated genes, perhaps marking the end of the migration of these cells to the 
blastema and defining the start of the re-differentiation stage. Genes among this 
category are Disabled homolog 2-interacting protein (dab2ip), which inhibits the 
transition of epithelium to mesenchymal fate through  interaction of Wnt signaling 
pathway (Nauseef & Henry, 2011), and Secreted frizzled-related protein 1 (sfrp1), 
which is induced in mesenchymal cells, which in turn halts Wnt in function of the 
transition of current epithelial cells to mesenchyme (Bovolenta, Esteve, Ruiz, 
Cisneros, & Lopez-Rios, 2008).  

One of the most interesting and studied cell types in limb regeneration are 
fibroblasts, as they contribute the majority of the progenitor cells that generate the 
blastema population (Gerber et al., 2018). After 25 dpa, the term “positive regulation 
of fibroblast proliferation” (GO:0048146) was found enriched among upregulated 
genes. Between the genes that were found upregulated and within this category, is 
Fibroblast growth factor 10 (fgf10), which has been shown to play a role in the 
establishment of the AER (Sekine et al., 1999), and in the induction of proliferation of 
certain epithelial cells (Turner & Grose, 2010). Another gene present within this 
category is Discoidin domain-containing receptor 2 (ddr2), which is involved in 
multiple processes including cell proliferation and ECM remodeling (Kawai, Hisaki, 
Sugiura, Naito, & Kano, 2012). 

5.5.2 KEGG pathway enrichment analysis 

I decided to analyze my data using a KEGG term enrichment analysis, based on the 
following criteria: i) the linear structure of the hierarchy of KEGG terms, ii) their 
reduced number in comparison to GO terms, and iii) the content of several categories 
for important signaling pathways involved in animal developmental processes. Our 
analyses with KEGG retrieved 174 enriched terms in at least one of the comparisons 
made in section 5.3 using either up or downregulated gene groups (Figure 14 and 
Appendix 10.3). 

A KEGG term that was expected and found to be enriched in upregulated genes 
during the first stages of regeneration and in downregulated later is the IL-17 
signaling pathway. This cytokine is secreted by T-helper cells and is required for an 
inflammatory response. Interestingly, IL-17 is also expressed during the development 
of limbs, especially during bone development, and it has been suggested that it fulfills 
functions during general organogenesis (Bie, Jin, Zhang, & Dong, 2017). Among the 
genes associated with this category, the TNF r e c e p t o r - a s s o c i a t e d  f a c t o r s  a p p e a r  t o  b e  

a  m a j o r i t y .  T h e s e  p r o t e i n s  h a v e  m u l t i p l e  f u n c t i o n s  i n c l u d i n g  p r o i n f l a m m a t o r y 

r e s p o n s e s  a c t i v a t i o n  a n d  r e s p o n s e  t o  d i f f e r e n t  s t r e s s e s  ( B r a d l e y &  P o b e r ,  2 0 0 1 ) .  
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A l s o ,  t h e s e  f a c t o r s  a p p e a r  t o  b e  i n v o l v e d  i n  e a r l y i n j u r y r e s p o n s e s  a n d  p r o m o t i n g  

o x i d a t i v e  s t r e s s  ( R a y,  H u a n g ,  &  T s u j i ,  2 0 1 2 ) .   

Another term I was interested in was “Cell cycle” (Appendix 10.3). From 15 dpa 
onwards, Cell cycle term appears to be enriched in upregulated genes. Most of the 
genes found within this category are related with the transition of phase G1 to S o f 
the cell cycle, like G1/S-specific cyclin-E1, DNA replication licensing factor mcm2, 
mcm3 and mcm7; as well as Serine/threonine-protein kinase Chk1. This strongly 
suggest that cell cycle is active and thus there is proliferation within these stages, 
where there is a blastema present.  

One of the signaling pathways that changes the most is the PI3K-Akt signaling 
pathway. This pathway has several cellular functions, including, but not limited to, 
angiogenesis, metabolism, growth and proliferation. The activation of AKT lead to the 
interaction of other factors such as FOXO transcription factors and mTOR, who in 
turn regulate strongly cell proliferation (Hemmings & Restuccia, 2012). The PI3K-Akt 
pathway is also able to interact with development-related protein SHH (Riobo, Lu, Ai, 
Haines, & Emerson, 2006). During regeneration, PI3K-Akt signaling pathway KEGG 
term is enriched in upregulated genes at 15 dpa and seems to maintain the levels of 
expression for the remainder of the regeneration stages (Appendix 10.3).  
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Figure 14 - Top KEGG enriched terms. Top three enriched categories in each 
contrast are shown in each spot for each of the comparison made, showing enriched 
categories in upregulated (blue), downregulated (red) or both (purple) gene sets.  
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5.6 Gene co-expression networks 

To identify groups of genes that have a similar transcriptional behavior, I generated 
a gene co-expression network using WGCNA. I categorized the 20,000 most changing 
genes into 63 different modules, ranging from 38 to 990 genes per module. Gene 
modules were classified in a heuristic manner into 5 different categories (Figure 15). 

Module MEsalmon seems to lower its expression at 15 and 25 dpa, while having high 
expression on early stages (0-9 dpa). This module has 325 genes, and most genes are 
enriched with the GO term “negative regulation of interleukin-1 beta secretion” 
(GO:0050713) and trans-differentiation (GO:0060290). Interleukin-1 beta is produced 
by macrophages as part of the inflammatory response, so its negative regulation is 
no longer required as regeneration progresses and macrophages begin to disappear 
from the amputation site (Tank et al., 1976). Regarding trans-differentiation, a gene 
associated with this term is MyoG, and although it might not be likely that it is 
inducing trans-differentiation during regeneration as it has been reported that 
muscle cells don’t form other tissues during regeneration (Kragl et al., 2009; 
Takimoto, Oro, Hiraki, & Shukunami, 2012), it is expressed during regeneration, 
although it is suspected that its role is not essential (Zammit, 2017).  

 

Late blastema associated module MEblue, which has low expression from 0 dpa until 
15 dpa, and then having a peak of transcriptional expression levels at 25 dpa. The 
module contains 856 genes that are associated with the GO terms “extracellular 
matrix disassembly” (GO:0022617), “positive regulation of histone H3-K9 
methylation” (GO:0051574) and “signal transduction involved in mitotic G1 DNA 
damage checkpoint” (GO:0072431). In transcripts associated with the histone H3K9 
methylation I found the previously discussed gene Telomere-associated protein RIF1 
(see section 5.4.2). Among transcripts that are associated with the G1 phase DNA 
damage is E2F7, which is a transcriptional repressor of E2F1 and an indirect inhibitor 
of proliferation (Carvajal, Hamard, Tonnessen, & Manfredi, 2012), and since there is 
no evidence of tissue was damaged at this stage, it is hard to pinpoint a function for 
E2F7. 
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Figure 15 - Gene co-expression network eigengenes. The general behavior of the 
gene module is represented by an eigengene, with a color scale where blue shows a 
trend of genes having higher expression and red lower expression. Pattern clusters 
were identified manually. 

The MEplum2 module, which is primarily expressed in early blastema (15 dpa) and a 
lower expression on late blastema (25 dpa), contains 208 genes. Terms that are 
enriched among this module’s transcripts are associated with “DNA recombination” 
(GO:0006310) and “DNA replication” (GO:0006260). Almost all genes that are 
associated with DNA recombination and replication are transposons (LINE-1, PEG10, 
Tf2-11, etcetera), suggesting that germline specific elements act on this stage, as 
described by Zhu et al. (2012). 

6 Conclusions 
By looking for known regeneration factors, we found that genes such as FGF8, SHH, 
and members from the HoxD cluster, follow the already described behavior in our 
transcriptomes. However, KAZALD1, a gene that had previously been described as a 
blastema enriched gene, does not present the reported behavior in our 
transcriptomic data. 

I identified 12,897 lncRNAs that are present in other published transcriptomes, 
suggesting a potential function in the regeneration process, however no biological 
function can be assigned to them through computational analyses. 

Through our TF annotation and analysis of expression, it was clear that many TF 
factors have a peak in expression right after amputation (0 dpa), and many of them 
seem to be preferentially expressed in one of the time points, suggesting that their 
expression is bound to a specific molecular process. Some of them, like the forkhead 
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(FOX) TFs, which have not been characterized during limb regeneration, seem to be 
abundant among TFs that are being overexpressed right after amputation. 

The search for enriched genes per time point revealed that LINE-1 transposable 
elements are preferentially expressed in an early time point (1 dpa), confirming what 
had already been described in the literature.  

GO terms allowed us to identified genes involved with immune response, more 
specifically genes involved with inflammatory response being upregulated in the first 
time points (3 and 9 dpa), as well as the genes related with the differentiation and 
migration of macrophages being downregulated as early as the early blastema (15 
dpa). Also, this analysis allowed us to identify MDM2, a gene that inactivates p53, 
which is known to be expressed during regeneration. 

KEGG term enrichment analysis also permitted to further confirm the changes in the 
immune system during regeneration, but also allowing us to identify genes related to 
the transition of the cell cycle from phase G1 to S like cyclin E1, being upregulated at 
the early blastema stage.  

Overall, we were able to characterize the transcriptional landscape changes during 
the limb regeneration process in the Mexican axolotl Ambystoma mexicanum. 

7 Perspectives 

7.1 Validate and characterize novel genes found 

While we were able to pinpoint interesting genes that had already been characterized 
in limb regeneration as well as novel elements, we aren’t able to pinpoint their exact 
function through RNA-seq data alone. Consequently, it is required that we further 
study the genes that we have found using other available data sets such as the single 
cell RNA-seq generated by Gerber et al. (2018), as well as other techniques such as 
immunoprecipitation in the case of TFs, immunolocalization and in situ hybridization 
experiments. 

7.2 Study the role of transposable elements during regeneration 

It has already been described that most of the axolotl’s genome is composed of 
transposable elements (Nowoshilow et al., 2018), however their role in regeneration 
as well as their presence in the axolotl genome remains to be studied. In this work, I 
was able to identify transposable element LINE-1 to be enriched in certain time points 
of the regeneration, but in order to understand what its role is in regeneration one of 
the steps necessary would be to study further small RNA-seq data during this process, 
as well as the localization in the blastema of these elements through in-situ 
hybridization. 
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7.3 Assign function to lncRNAs 

Since lncRNAs don’t normally have conserved RNA motifs present in their primary 
structure, it is difficult to assign them a function. However, there are a variety of 
approaches we could follow to further characterize these elements. To start, we could 
use the GO term enrichment analysis and the gene co-expression network done in 
this work to identify the function of its co-expressed genes and following a “guilty by 
association” approach we could assign them a putative function. Nonetheless, a more 
if a stricter characterization is required, we could perform ChAR-seq experiments to 
pinpoint where the lncRNAs are interacting with the genome. 
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10 Appendix  

10.1 Software versions 

Software Version 
BLAT v35 
BUSCO v3.0 
CPC v0.9.r2 
CPC2 v0.1 
edgeR v3.20.7 
Fastq Screen v0.11.3 
HMMER v3.1b2 
Kallisto v0.43.1 
ncbi-blast+ v2.6.0 
R v3.4.3 
SignalP v4.1 
tmhmm v2.0c 
topGO v2.30.0 
Trimmomatic v0.36 
Trinotate v3.0.1 
WGCNA v1.63 
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10.2 GO enriched terms  
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10.3 KEGG enriched terms 
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10.4 TF expression patterns 
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10.5 Stage Enriched Genes 
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