
Gonçalo Goulart da Silva Pinheiro 

 

 

 

 

 

 

Differential 

Setup of PI3K/AKT and JAK/STAT pathways 

in fibrotic vs regenerative healing in mammals 

 

 

 

 

 

 

 

 

 

 

 

 

 

Faculdade de Medicina e Ciências Biomédicas 

2024 



  



 

 iii 

 

Gonçalo Goulart da Silva Pinheiro 

 

 

 

 

 

 

Differential 

Setup of PI3K/AKT and JAK/STAT pathways 

in fibrotic vs regenerative healing in mammals 

 

PhD Program in Biomedical Sciences 

 

This work was developed  

under the supervision of: 

Prof. Dr. Gustavo Tiscórnia 

Profa. Dra. Inês Araújo 

 

 

 

 

 

Faculdade de Medicina e Ciências Biomédicas 

2024



 

 iv 

This page was intentionally left blank 

  



 

 v 

 

 

Differential 

Setup of PI3K/AKT and JAK/STAT pathways in fibrotic 

vs regenerative healing in mammals 

 

 

 

 

 

 

 

 

 

Declaração de autoria de trabalho 
 

 

Declaro ser o autor deste trabalho, que é inédito e original. Autores e trabalhos consultados 
estão devidamente citados no texto e constam da listagem de referências incluída.  

. 
 

 
  



 

 vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Gonçalo Goulart da Silva Pinheiro. A Universidade do Algarve reserva para si o direito, em 

conformidade com o disposto no Código do Direito de Autor e dos Direitos Conexos, de arquivar, 

reproduzir e publicar a obra, independentemente do meio utilizado, bem como de a divulgar através de 

repositórios científicos e de admitir a sua cópia e distribuição para fins meramente educacionais ou de 

investigação e não comerciais, conquanto seja dado o devido crédito ao autor e editor respetivos.  



 

 vii 

 

 

This work was performed at: 

 

Molecular and Regenerative Medicine Lab 

Neurogenesis Group 

Center for Biomedical Research (CBMR)  

Algarve Biomedical Center Research Institute (ABC-RI) 

Center of Marine Sciences (CCMAR) 

Faculdade de Medicina e Ciências Biomédicas da Universidade do Algarve 

Campus de Gambelas, 8005-139 Faro, Portugal 
 

 

 

 

 

                 
 

                                        

 

 

This work was supported by National Portuguese funding through FCT – Fundação para a 

Ciência e a Tecnologia, scholarship SFRH/BD/130828/2017.   



 

 viii 

This page was intentionally left blank 

  



 

 ix 

Acknowledgements 

The completion of this body of work owes itself to several helping hands, none necessarily less 

important than the others. So, in no particular order, I will start by thanking my supervisor, 

professor Gustavo Tiscórnia, PhD, for accepting me into his lab and having allowed me the 

chance to apply for a PhD with the University of Algarve, as well as creating, to the best of his 

abilities, the conditions required to see this work through, and having put up with my enormous 

stubbornness. I also thank my co-supervisor, professor Inês Araújo, PhD, for all her help with 

the burocratic aspects of this degree, and for contributing to the setup of the required conditions 

for me to perform this work. 

Next, I want to extend a special thank you to four people who were of great importance and 

help throughout this journey. First, to Marta Vitorino, PhD, for her help and patience in too 

many ways to detail. She was indispensable in creating the ideal lab environment for me to 

perform this work, and was always available to help me to the best of her abilities.  

Second, I want to thank Rui Machado, PhD, who made a valiant effort to accommodate all my 

requests pertaining to the analysis of the transcriptomic data, which he performed, sometimes 

at the expense of his personal time.  

Third, to Gisela Serrão, MSc, who was invaluable in helping me set up my western blot 

protocol, and was always available to help me troubleshoot it, as well as to be a sympathetic 

issue to my complaints.  

Last, but not least, I want to thank Maurícia Vinhas, MSc, who, even during complicated times, 

made what efforts were possible to free herself to help me operate the FACS machine, which 

was indispensable to the core results of this work. 

I also want to extend my gratefulness to professor Ana Teresa Maia, PhD, who helped us with 

the experimental design of the transcriptomic experiment, professor Bibiana Ferreira, PhD, who 

shared lab equipment and reagents with me, and whom I consulted about my western blotting, 

professor Ashley Seifert, PhD, and Shishir Biswas, who very  cordially allowed me to utilize 

the latter’s re-analysis of their published data to perform my own re-interpretation, to Ana 

Mafalda Rocha, MSc, who sequence our transcriptomic samples, and to Vítor Fernandes, PhD, 

who helped me get started with my proliferative cell isolation experiments, and created the 

conditions I required to perform all the necessary animal experiments. 



 

 x 

Finally, I want to thank all my friends (some which I have already mentioned) and family for 

their continued emotional support and shared good times, with a very special thank you to 

Daniela Baltazar, my (future) wife, who shared much of the stress and emotional burden of this 

long journey with me, and who, more than once, prevented me from quitting. I wouldn’t be 

honest if I said I wouldn’t have been able to do it without her, but she surely made it harder. 

(Pray for me, as I will surely pay for this jest!). 

  



 

 xi 

Resumo 

A regeneração epimórfica em mamíferos é um fenómeno raro e pouco compreendido, mas há 

muito tempo que captura a imaginação humana, com a promessa de uma completa recuperação 

na sequência de um ferimento grave. Por esta razão, os cientistas estão há mais de um século a 

tentar compreender porque alguns animas têm um potencial desta característica tão superior aos 

humanos, para que talvez sejamos capazes de o recriar em nós.  

Os vertebrados inferiores, como salamandras, sapos e peixes teleósteos, são capazes de 

regenerar vários tecidos e órgãos, incluindo o coração, mandíbula, apêndices, etc., recuperando 

completamente a funcionalidade. Compreender como um processo regenerativo é estabelecido 

em resposta a um ferimento, nestes organismos, tem-nos ajudado a compreender algumas 

limitações do nosso próprio sistema, mas uma compreensão completa requer o nosso 

entendimento de como este fenómeno ocorre em espécies mais próximas de nós, com as quais 

partilhamos, por exemplo, uma resposta imunitária adaptativa complexa.   

Recentemente, algumas espécies de cervídeos e murídeos foram associados a uma 

impressionante capacidade de regenerar as suas hastes e tecidos associados, e os seus pavilhões 

auriculares e pele do dorso, respetivamente. Além disso, foi demonstrado que a regeneração 

nestes modelos tem uma forte relação com a resposta imunitária, e é dependente da sinalização 

MAPK/ERK, algo que também já foi demonstrado em processos regenerativos de vertebrados 

inferiores.  

A sinalização MAPK/ERK é conhecida por controlar vários processos celulares, principalmente 

proliferação, portanto não é de espantar que esteja envolvida em eventos regenerativos. A 

sinalização MAPK/ERK também é conhecida por interagir com outras vias de sinalização 

intracelulares, principalmente com a sinalização PI3K/AKT, contribuindo para a integração de 

outros sinais, como disponibilidade nutricional e presença de fatores de stress, ajudando a célula 

a decidir o seu destino.  

Apesar de ser indispensável para a regeneração, e ser capaz de induzir algumas características 

de regeneração num processo fibrótico, a sobre ativação da sinalização MAPK/ERK em 

mamíferos não é suficiente para o transformar completamente num evento regenerativo. Isto é 

indicativo de que provavelmente haverá outras vias de sinalização diferencialmente ativas entre 

os processos, e um melhor entendimento de como a proliferação é regulada nestes processos, 

em particular na regeneração em mamíferos, é necessário. Em particular, como é que células, 
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quando confrontadas com tal stress, tomam a decisão de proliferar, em vez de escolherem outro 

destino, como morte celular programada, e como é que o sistema imunitário influência este 

processo.  

Com esse fim, de melhor entender essa regulação, neste trabalho procedemos ao isolamento de 

populações de células proliferativas que se formam durante o processo de resposta a uma 

perfuração circular do pavilhão auricular de duas espécies de mamífero, uma apresenta uma 

resposta regenerativa, e outra uma fibrótica, e analisámos os seus perfis transcricionais em 

vários pontos da sua resposta inicial a esse ferimento (hemóstase, inflamação e proliferação). 

Ao fazermos isso, observámos que, apesar de alguma, ainda que escassa, semelhança, estas 

duas populações proliferativas representam respostas amplamente distintas. 

Em particular, o perfil transcricional de A. cahirinus mostrou uma forte associação com 

processos envolvidos no metabolismo energético e proliferação, enquanto o perfil transcricional 

das populações proliferativas de M. musculus associou-se mais significativamente com 

processos relacionados com dinâmicas citoplasmáticas, provavelmente associadas a migração, 

e diferenciação de vários tecidos.  

Enquanto a regulação da proliferação de M. musculus se associou principalmente à via de 

sinalização de MAPK/ERK, o perfil transcritómico de A. cahirinus associou-se a mais vias de 

sinalização, nomeadamente à via PI3K/AKT, WNT e NF-KB, além de MAPK/ERK.  

A comparação dos perfis transcricionais também sugeriu um envolvimento distinto de fatores 

de transcrição na regulação da proliferação. Também encontrámos uma associação do perfil 

transcricional de A. cahirinus com uma resposta apoptótica, associação essa que não foi 

observada em M. musculus.  

Apesar de grupos distintos de vias de sinalização estarem associados com a resposta de cada 

uma das espécies estudadas, ambas as respostas são conhecidas por envolver igualmente 

algumas das mesmas vias de sinalização, mas com resultados distintos. Por causa disso, 

decidimos analisar como é que estas vias de sinalização estão montadas, e as dinâmicas da sua 

ativação em ambas as espécies.  

Nós observámos que, aparentemente, a proporção de mediadores e as interações que 

estabelecem, em três vias de sinalização intracelulares, nomeadamente MAPK/ERK, 

PI3K/AKT e JAK/STAT, conhecidas por interagirem entre si na regulação de vários processos 

celulares, em particular na proliferação, não são idênticas entre as espécies.  
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Por exemplo, M. musculus aparenta ter uma preferência por ativar uma das isoformas de 

ERK1/2, enquanto o mesmo não se observa em A. cahirinus. Adicionalmente, as dinâmicas 

temporais de ativação sugerem que cada isoforma tem a sua própria dinâmica, com ERK2 

aparentemente associado a uma resposta precoce, e ERK1 possivelmente envolvido no suporte 

da resposta proliferativa.  

Quanto à via de sinalização PI3K/AKT, nós observámos uma abundância relativa 

consistentemente superior de AKT1 ativado em M. musculus, onde a sua ativação parece 

aumentar em particular nas primeiras 12h depois do ferimento. Além disso, a resposta desta via 

de sinalização aparenta ser bimodal, com um tipo de resposta precoce e outro mais tardio, 

possivelmente associado com uma indução de apoptose em A. cahirinus brevemente após lesão, 

algo que aparenta não acontecer em M. musculus. Esta indução talvez contribua para suster a 

proliferação, algo que tem sido associado com uma constante produção de fatores mitogénicos 

por parte de células pré-apoptóticas, que podem permanecer neste estado por largos períodos.  

A via de sinalização JAK/STAT, por outro lado, exibe uma clara e sustentada proporção de 

JAK2 ativado mais elevada em A. cahirinus. No entanto, esta atividade superior não se traduziu 

em consideráveis diferenças nos níveis de ativação de STAT3, o que sugere que JAK2 poderá 

ter outros papéis no processo de resposta a ferimento nestas duas espécies. Isto poderá constituir 

um método que as células proliferativas, neste contexto, usam para integrar sinais do sistema 

imunitário na regulação da sua proliferação, visto que JAK2 pode transativar recetores que 

atuam acima da sinalização MAPK/ERK e PI3K/AKT, como os recetores ERBB.  

No seu todo, o nosso trabalho sugere a existência de duas estratégias muito distintas de resposta 

a um ferimento, entre processos regenerativos e fibróticos em mamíferos, e sugere que isto não 

só se deve a uma resposta distinta aos mesmos estímulos, mas também que esta resposta distinta 

poderá dever-se a composições alternativas destas vias de sinalização intracelulares, que vão 

elas próprias gerar os resultados distintos destes dois tipos de resposta.  

Mais exploração destas vias de sinalização, e da resposta dos seus participantes, aos estímulos 

presentes durante a resposta a ferimentos irão ajudar-nos a perceber o conjunto ideal de fatores 

a utilizar para transformar processos fibróticos em regenerativos em animais com potencial 

regenerativo inferior.  

Palavras-Chave:  A. cahirinus, Proliferação, JAK/STAT, PI3K/AKT, Transcritómica  
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Abstract 

Epimorphic regeneration in mammals is a rare and poorly understood phenomenon, but for long 

it has captured human imagination, with the promise of complete recovery from serious injury. 

For this reason, scientists have spent over a century attempting to understand why in some 

animal species this characteristic has a much higher potential than in Humans, so that we might 

recreate it in ourselves. 

Lower vertebrates, like salamanders, anurans and teleost fish, are capable of regenerating 

several tissues and organs to full functionality, including heart, jaw, fins, limbs, etc. 

Understanding how regeneration is established in response to wounding, in these organisms, 

has helped us comprehend some limitations in our system, but full comprehension requires the 

understanding of how these phenomena occur in species closer to us, with which we share, for 

example, a complex adaptative immune response to injury.  

Recently, a few species of cervids and murids have been shown to have the remarkable ability 

to regenerate antlers and associated tissues, and ear pinnas and dorsal skin, respectively. 

Furthermore, it was shown that regeneration in these models has a strong relationship with the 

immune response, and is dependent on MAPK/ERK signaling, something that had also been 

shown in the regenerative processes of lower vertebrates. 

MAPK/ERK signaling is known for controlling several cellular processes, chiefly amongst 

them proliferation, so it is no wonder that it also does so during regeneration. MAPK/ERK is 

also known to interact with other intracellular pathways to perform this regulation, chiefly 

amongst them the PI3K/AKT pathway, which contributes to an integration of other cues, like 

nutrient availability and presence of stress factors, helping the cell decide its fate. 

Despite the indispensability to regeneration, MAPK/ERK signaling overactivation in mammals 

is only capable of inducing some characteristics of regeneration in a fibrotic wound healing 

process, but not to fully transform it into a regenerative one.  This indicates that other 

differentially regulated pathways are also likely involved, and a better understanding of how 

proliferation is regulated in the wound healing events of vertebrates, in particular in mammalian 

regeneration, is required. Particularly, how the cells, when faced with such stress, make the 

decision to proliferate, rather than another fate, like programmed cell death, and how the 

immune system exacts its influence over the process. 
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To that end, in this work we isolated proliferative cell populations formed during the wound 

healing response to full-thickness ear pinna punching of two mammalian species, one  that 

mounts a regenerative response, and the other a fibrotic one, and analyzed their transcriptional 

profiles at several timepoints during the initial phases of wound healing (homeostasis, 

inflammation and proliferation). By doing this, we observed that despite some scarce 

similarities, the two proliferative populations mostly represented two wildly distinct responses 

to wounding.   

In particular, the transcriptomic profile of A. cahirinus had a strong association with processes 

involved in energy metabolism and proliferation, while M. musculus proliferative cell 

population transcriptional profiles associated more significantly with processes associated with 

cytoplasmic dynamics, likely related with migration, and differentiation of several tissues. 

While M. musculus proliferative regulation primarily associates with MAPK/ERK signaling, A. 

cahirinus transcriptomic profile associated with more signaling pathways, primarily 

PI3K/AKT, WNT and NF-KB, besides MAPK/ERK. Comparison of transcriptomic profiles 

also suggested differential involvement of transcription factors in the regulation of 

proliferation. We also found an association of the transcriptomic profile of A. cahirinus with an 

apoptotic response, and this was not observed for M. musculus. 

Because, despite distinctive groups of signaling pathways being associated with the response 

of each species, both responses are known to equally involve some of the same pathways, but 

have distinct results, we decided to look at how these pathways are set up, and the dynamics of 

their activation in both species.    

We found that it appears that the proportion of mediators and the interactions they establish, in 

three intracellular pathways, MAPK/ERK, PI3K/AKT and JAK/STAT, known for interacting 

in the regulation of several cellular processes, particularly proliferation, are not the same 

between species. For example, M. musculus appears to have a preference for activating a 

particular isoform of ERK, while the same preference is not found in A. cahirinus. Furthermore, 

the temporal dynamics of activation suggest that each isoform has its own dynamic activation, 

with ERK2 appearing to be an early responder, and ERK1 involved in sustaining proliferation. 

As for the PI3K/AKT pathway, we found a consistently higher abundance of activated AKT1 

in M. musculus, where its activation appears to be particularly increased in the first 12h. 

Furthermore, the response of this pathway also appears to be bimodal, with an early type of 

response and a later one, possibly associated with an early induction of apoptosis in A. cahirinus 
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that does not occur in M. musculus. This induction might contribute to sustain proliferation, 

which has been associated with a constant production of mitogens by proapoptotic cells, which 

can remain in this state for a long time. 

In the JAK/STAT pathway, on the other hand, we saw a clear and sustained higher proportion 

of activated JAK2 in A. cahirinus. However, this higher activation did not translate to greatly 

differing activation levels of STAT3, which suggests to us that JAK2 might have other roles in 

the wound healing process of these two species. This might constitute a method for proliferative 

cells, in this context, to integrate immune signals in the regulation of their proliferation, seeing 

as JAK2 is known to transactivate receptors that operate upstream of the MAPK/ERK and 

PI3K/AKT pathways, like the ERBB receptors. 

Overall, our work points to two very distinct strategies of response to wound healing between 

regenerative and fibrotic events in mammals, and suggest that this is due not just to a differential 

response to the same stimuli, but that this differential response actually comes from inherent 

differences to the setups of several intracellular pathways, which will themselves have different 

activities between these two types of response. 

Further exploration of these pathways and the response of their effectors to the stimuli present 

in response to wounding will help us understand the set of ideal factors to be able to transform 

fibrotic processes into regenerative ones in organisms with lower regenerative potentials. 

Keywords:  A. cahirinus, Proliferation, JAK/STAT, PI3K/AKT, Transcriptomics 

  



 

 xviii 

This page was intentionally left blank 



 

 xix 

Index 

Acknowledgements ........................................................................................................................... ix 

Resumo .............................................................................................................................................. xi 

Abstract ............................................................................................................................................ xv 

Index of Tables and Figures ............................................................................................................. xxi 

1. Introduction ................................................................................................ 1 

1.1. Wound Healing: Close or Recreate? ....................................................................................... 7 

1.1.1. Hemostasis ........................................................................................................................ 9 

1.1.1.1. Hemostasis in Regeneration................................................................................................. 12 

1.1.2. Inflammation .................................................................................................................. 15 

1.1.2.1. Neutrophils .......................................................................................................................... 16 

1.1.2.2. Macrophages ........................................................................................................................ 21 

1.1.2.3. Adaptative Immunity ........................................................................................................... 25 

1.1.2.3.1. JAK/STAT Pathway ......................................................................................................... 30 

1.1.2.3.2. NF-κB Pathway ............................................................................................................... 37 

1.1.2.4. Inflammation in Regeneration ............................................................................................. 45 

1.1.3. Proliferation ................................................................................................................... 55 

1.1.3.1. Regulation of Proliferation .................................................................................................. 61 

1.1.3.1.1. The ERK/MAPK Pathway ............................................................................................... 64 

1.1.3.1.2. The PI3K/AKT pathway .................................................................................................. 74 

1.1.3.1.3. The WNT Pathway .......................................................................................................... 81 

1.1.3.1.4. The Cell Cycle ..................................................................................................................... 89 

1.1.3.1.4.1. The G1 phase ................................................................................................................ 92 

1.1.3.1.4.2. The S and G2 phases ..................................................................................................... 95 

1.1.3.1.4.3. The M-phase ................................................................................................................. 97 

1.1.3.1.4.4. Deciding Between Cell Cycle Re-Entry or Quiescence................................................. 99 

1.1.3.2. Proliferation in Regeneration ............................................................................................. 101 

1.1.4. Remodeling ................................................................................................................... 113 

1.1.4.1. Regeneration is Remodeling .............................................................................................. 115 

1.2. Acomys cahirinus: The ideal mammalian regenerative model ............................................ 119 

2. Materials and Methods .......................................................................... 121 

2.1. Animal Handling.......................................................................................................... 123 

2.2. Analysis of Proliferative Cell Expression .................................................................. 125 

2.2.1. Proliferating Cell Labelling and Tissue Collection ........................................................... 125 

2.2.2. Tissue Digestion and Single Cell Suspension Preparation ................................................ 126 

2.3. Proliferating Cell Sorting ....................................................................................................... 127 

2.3.1. RNA Extraction and Quantification ................................................................................... 131 



 

 xx 

2.3.2. Sample Preparation, Library Formation and Sequencing ................................................. 133 

2.4. Transcriptomic Data Analysis .................................................................................... 135 

2.4.1. Gene Ontology: Biological Processes and Pathways ........................................................ 138 

2.5. Analysis of Signaling Pathway Activity ..................................................................... 141 

2.5.1. Protein Extraction and Quantification .............................................................................. 141 

2.5.2. SDS-Page Electrophoresis and Protein Transfer .............................................................. 142 

2.6. Immunolabelling .................................................................................................................... 143 

2.6.1. Imaging and Analysis ........................................................................................................ 144 

3. Results ..................................................................................................... 145 

3.1. A. cahirinus vs M. musculus Bulk Transcriptomic Analysis .................................... 149 

3.1.1. PI3K/AKT Signaling .......................................................................................................... 151 

3.1.2. MAPK/ERK Signaling ....................................................................................................... 155 

3.1.3. ERBB Signaling ................................................................................................................. 159 

3.1.4. JAK/STAT Signaling .......................................................................................................... 161 

3.1.5. NF-κβ Signaling ................................................................................................................. 164 

3.1.6. WNT Signaling ................................................................................................................... 167 

3.2. Proliferative Cell Expression Profile ......................................................................... 171 

3.2.1. Differential Expression ...................................................................................................... 173 

3.2.2. Biological Processes .......................................................................................................... 182 

3.2.3. Pathways ............................................................................................................................ 189 

3.3. Signaling Pathway Activity ......................................................................................... 203 

4. Discussion ................................................................................................ 213 

5. References ............................................................................................... 223 

6. Annexes ................................................................................................... 287 

Annex I ....................................................................................................................................... 288 

PI3K/AKT .......................................................................................................................................... 288 

MAPK/ERK........................................................................................................................................ 295 

ERBB ................................................................................................................................................. 301 

JAK/STAT .......................................................................................................................................... 303 

NF-κB ................................................................................................................................................ 306 

WNT ................................................................................................................................................... 308 

 

  



 

 xxi 

Index of Tables and Figures  

Table 1.1 - Contents of α-granules of platelets. .................................................................................................... 10 
Table 1.2 - Cytokines, growth factos and other chemoattractants released by neutrophils. ................................. 17 
Table 1.3 - MAPK/ERK Pathway: Conventional and Atypical Path Mediators. .................................................. 64 
Table 2.4 - Summary of the relevant information of sample quality. .................................................................. 132 
Table 2.5 - Immunolabeling specifications for Western Blot detection of target proteins. ................................. 143 
Table 3.6 - A. cahirinus Top 20 Most Significant Pathways. .............................................................................. 191 
Table 3.7 – M. musculus Top 20 Most Significant Pathways. ............................................................................. 192 

 

Figure 1.1 - Distribution of the regenerative potential across several models of vertebrates. ............................... 5 
Figure 1.2 – Leukocyte recruitment cascade. ....................................................................................................... 16 
Figure 1.3 – Main neutrophil interactions with other immune cells. .................................................................... 19 
Figure 1.4 - Macrophages and their subsets. ........................................................................................................ 23 
Figure 1.5 - Evolution of the CD8+ T cell response to acute infection. ................................................................ 27 
Figure 1.6 – ‘Canonical’ Interleukin signaling through the JAK/STAT pathway. ................................................ 33 
Figure 1.7 – The NF-κB signaling pathway. ......................................................................................................... 39 
Figure 1.8 – The ERBB signaling pathway. .......................................................................................................... 63 
Figure 1.9 - The ERK1/2 path of the MAPK/ERK pathway. ................................................................................. 65 
Figure 1.10 - The PI3K/AKT canonical signaling pathway. ................................................................................. 77 
Figure 1.11 - The WNT network. .......................................................................................................................... 85 
Figure 1.12 - Cell cycle phase regulation by specific Cyclin-CDK complexes. .................................................... 91 
Figure 1.13 - Overview of the phases of wound healing. .................................................................................... 114 
Figure 2.14 - Collection of wound healing samples at different timepoints. ...................................................... 125 
Figure 2.15 – Establishment of the P2 (Non-labelled) gate for FACS. ............................................................... 128 
Figure 2.16 – Establishment of the P3 (Labeling Control) gate for FACS. ........................................................ 129 
Figure 2.17 – Establishment of the P6 (Experimental Control) gate for FACS. ................................................. 130 
Figure 2.18 - PCA and MDS analysis of A. cahirinus and M. musculus samples after alignment. .................... 136 
Figure 2.19 - Visual representation of the analysis process of pathfindeR. ....................................................... 139 
Figure 3.20 – Differential expression, in the PI3K/AKT pathway, between A. cahirinus and M. musculus. ...... 154 
Figure 3.21 - Differential expression, in the MAPK/ERK pathway, between A. cahirinus and M. musculus. .... 158 
Figure 3.22 - Differential expression, in the ERBB pathway, between A. cahirinus and M. musculus. ............. 160 
Figure 3.23 – Differential expression, in the JAK/STAT pathway, between A. cahirinus and M. musculus. ...... 163 
Figure 3.24 - Differential expression, in the NFKB pathway, between A. cahirinus and M. musculus. ............. 166 
Figure 3.25 - Differential expression, in the WNT pathway, between A. cahirinus and M. musculus. ............... 169 
Figure 3.26 - PCA and MDS analysis of A. cahirinus and M. musculus samples selected for analysis. ............ 174 
Figure 3.27 – Distribution of DEGs throughout the analyzed timeframe, in each species. ................................ 176 
Figure 3.28 - Representation of DEGs common to both species and/or that change signal. .............................. 177 
Figure 3.29 - Top 10 significative DEGs at each timepoint, for both species. ................................................... 181 
Figure 3.30 – Gene Ontology analysis of Biological Processes associated to positive DEGs. .......................... 183 
Figure 3.31 - Biological Processes (positive DEGs) shared by two or more timepoints. ................................... 185 
Figure 3.32 - Gene Ontology analysis of Biological Processes associated to negative DEGs. .......................... 188 
Figure 3.33 - RTK signaling-related pathways in A. cahirinus and M. musculus. ............................................. 194 
Figure 3.34 - RTK signaling-related DEGs in A. cahirinus and M. musculus. ................................................... 197 
Figure 3.35 - Apoptosis-related pathways and DEGs in A. cahirinus. ............................................................... 199 
Figure 3.36 - Evaluation of MAPK/ERK signaling pathway activity through detection of post-translational 

modifications. ...................................................................................................................................................... 204 
Figure 3.37 - Evaluation of PI3K/AKT signaling pathway activity through detection of post-translational 

modifications. ...................................................................................................................................................... 209 



 

 xxii 

Figure 3.38 - Evaluation of JAK/STAT signaling pathway activity through detection of post-translational 

modifications. ...................................................................................................................................................... 211 



 

 

 

 

 

1. Introduction 

  



 

 2 

This page was intentionally left blank 



 

 3 

Homeostasis in complex organisms like vertebrates is maintained, in part, by the capacity of 

the organism to replace aged or damaged cells, maintaining tissue and organ structure, 

functionality, integrity and health. This aspect of homeostasis (replacement of damage cells or 

tissues) can happen regularly, as a form of continuous or scheduled maintenance, or specifically 

in response to damage. 

Regular renewal of tissues is called physiological regeneration1. This type of regeneration 

occurs in the absence of injury to the tissues and involves the slow and gradual substitution of 

a subset or all cells within that tissue, usually by cells of the same lineage, generated by resident 

tissue-specific stem/progenitor cells. Examples of these processes are found throughout all life 

forms, and in vertebrates they take the form of renewal of epidermis, digestive track lining 

replacement, replenishment of circulating cells, regrowth of endometrium during the oestrus 

cycle, and even some more curious examples like the seasonal regrowth of the antlers of 

cervids2–4, among others.  

Recreation of tissues lost due to injury or damage is called reparative regeneration1. Reparative 

regeneration can be subdivided into two distinct processes: morphallaxis and epimorphosis1. 

The primary distinction between these two processes is the requirement (epimorphosis), or not 

(morphallaxis), of cell proliferation.  Morphallaxis is characterized by a reorganization and 

repatterning of neighboring cells of the damaged area, with the intent to occupy the space 

created by the missing tissue, substituting lost cells, and restoring shape and integrity to the 

tissue. A good example of morphallaxis is the regeneration of the body of Hydra spp upon 

injury.  

Epimorphosis is characterized by proliferation of neighboring cell populations that will 

repopulate the damaged or missing tissue. This process usually involves progenitor cells of 

heterogeneous lineages, which will give rise to the types of cells present in the missing tissue. 

The production and organization of the correct types of cells can occur through the creation of 

an “informative center”, a particular cluster of cells that confer positional and growth cues to a 

“proliferative region”, a somewhat defined area of proliferative progenitor cells, or it can occur 

without one or the other, in a more “disorganized” fashion5–8. While classically the processes 

of morphallaxis and epimorphosis were viewed as independent strategies of repairing missing 

tissue, the current view is that, especially in more complex systems, one does not occur without 

the other9. 
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When a regeneration event occurs in the ‘organized’ manner described, the organized tissue is 

referred to as the blastema7,10. In a blastema, the informative center is usually composed of a 

transient informative epithelial tissue and its underlying mesenchymal tissue, where 

stem/progenitor/dedifferentiated cells organize to proliferate, differentiate and regenerate the 

missing tissues. An example of this can be found in the regeneration of limb and tail of A. 

mexicanum, which are also characterized by, among other things, the deposition of pro-

regenerative extracellular matrix and the existence of pro-regenerative nerve-derived signals5. 

On the other hand, examples of regenerative processes that do not require the formation of a 

blastema are the regeneration of the eye lens in newt11, the regeneration of the ventricular apex 

of the zebrafish heart12 and the regeneration of spiny mouse dorsal skin5, among others. These 

are also examples of regenerative processes that involve both epimorphosis and morphallaxis. 

As previously mentioned, all vertebrates perform regenerative processes, and these processes 

are vital for the maintenance of homeostasis. However, the vertebrate taxon has a great degree 

of variability of regenerative potential within it. For instances, the Amphibian class includes a 

larger number of taxa with very high regenerative potential, while the Mammalia class mostly 

contains species of much lower regenerative potential1,10,13–15 (Figure 1.1). 

One reason that might explain why the Mammalia class evolved towards a smaller regenerative 

potential is the cost/effectiveness ratio of a regenerative event16. As body size and life 

expectancy increase, nutritional requirements also increase, and the nutritional requirements for 

recreating larger organs make regeneration more energetically costly, and therefore less 

evolutionarily advantageous for larger animals. Either a large animal can function without the 

missing organ or tissue (and continues to forage for the necessary nutrients for survival) or it 

cannot, and redirecting energy destined for the pursuit of sustenance to the regrowth of missing 

tissue results in its demise. Possibly for this reason, animals who developed the capacity to 

quickly recover the integrity of their organism with minimal loss of energy (by scarring) 

acquired an evolutionary advantage over others, who responded to injuries with energetically 

costly regenerative events. 

Furthermore, in almost all events of vertebrate regeneration, replacement of missing tissue or 

cells involves cell proliferation. Cell proliferation is a complex and sensitive process which 

requires several rearrangements of the genomic and cytoplasmic material of the cell. While this 

process is highly regulated, each replicative iteration exposes the cell to the risk of genomic 

alterations. One possible consequence of those alterations is oncogenic transformation, an event 
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with high risk to the organism. Perhaps because of this more complex organisms, with longer 

lifespans that could be subject to more instances of regeneration and that require the production 

of a larger number of cells to substitute the missing tissues, might have evolved limitations to 

repeated reentries into the cell cycle during the adult phases of their life cycles, thus leading to 

a decrease in regenerative potential. 

Understanding how differences in proliferative potentials among vertebrate species are 

established might help us clarify the evolution of regeneration and, from a translational point 

of view, allow us to develop strategies to create a greater regenerative potential in Humans. 

Figure 1.1 - Distribution of the regenerative potential across several models of vertebrates. This figure represents the 

phylogenetic relations of several regenerative vertebrate models, as well as their respective (known) regenerative 

potentials. Adapted from Khyeam, Lee and Huang, 202015 and created with BioRender.com. 
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1.1. Wound Healing: Close or Recreate? 

As pointed out before, the vertebrates vary greatly in their regenerative potential. Organisms 

like Danio rerio, Oryzias latipes, Ambystoma mexicanum, Notophthalmus viridescens and 

Cynops phyrrogaster, belonging to the Osteichthyes and Amphibian classes, are capable of 

regenerating a relatively larger range of tissues than other vertebrates, resulting in a near 

flawless reconstruction of adult organs like limbs, tails, fins, retinas, heart, brain, spinal cord, 

kidney, liver, among others7,15,17–19.   

In sharp contrast, in mammals, the majority of injuries result in an exacerbated inflammatory 

process that inhibits the proliferation of most cell types, leading to the formation of the fibrotic 

scar: a replacement tissue devoid of its original function and organization, composed of fewer 

cell types and with a simplified, more restrictive, extracellular matrix. 

Why do we see these divergent responses in vertebrate groups? They share similar designs and 

developmental processes, and are injured by similar kinds of events, and yet, their wound 

healing response is quite different20. To understand why this occurs, we need to identify the key 

players in wound healing, and which might differ.  

Wound healing is usually described as a set of four distinct, albeit overlapping, phases. These 

phases are Hemostasis, Inflammation, Proliferation and Remodeling. Each phase encompasses 

a complex system of cellular communications and interpretation of external cues, and 

alterations to the system can significantly impact the end result. In the next sections, we will 

briefly summarize each of these phases, and highlight what differences between reparative and 

regenerative events are known for each phase. 
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1.1.1. Hemostasis 

The wounding of an organism is regularly associated with a disruption of its external barrier. 

Given extensive vascular networks, wounds suffered by a vertebrate organism almost allways 

result in blood vessel damage and extrusion of blood. For this reason, evolution has selected 

for immediate and powerful reactions to quench blood loss. This is achieved, in vertebrates, by 

the quick formation of a thrombus, composed primarily of platelets (or cells with similar roles, 

like thrombocytes), red blood cells and extracellular matrix.  

Platelets are anucleated circulating cells derived from polyploid megakaryocytes residing in the 

bone marrow. When circulating platelets attach, they become activated and start to aggregate, 

degranulate and coagulate. In healthy organisms this only occurs when there is blood vessel 

damage, and exposure of the subendothelial extracellular matrix (ECM).   

The ECM present in the subendothelial space of blood vessels is rich in collagen I and III, von 

Willibrand factor, fibronectin and laminin. Its exposure reduces the inhibitory effect endothelial 

cells have on platelet coagulation20–23, allowing platelets to adhere to the ECM through 

glycoprotein receptors like integrin α2β1 and GPVI, which strongly bind to collagen and von 

Willebrand factor 20–24.   

Integrin αIIIbβ3 allows activated platelets to bind fibrinogen, which exists in circulation but is 

also released by activated platelets25. Through binding of fibrinogen, fibronectin and vWF, 

platelets form stable and resistant bridges between each other, forming a platelet plug. These 

attachments also create an “outside-in” set of signals that consolidates aggregation, making it 

irreversible20–23,26,27. This activation and aggregation of platelets constitutes what is called the 

Primary Hemostasis. 

Platelet activation also results in their degranulation. Platelets contain three types of granules:  

α-granules, the dense granules and lysosomes. Their exocytosis releases several factors, like 

calcium, fibrinogen, von Willebrand factor, thromboxane A2, PF4, tissue factor (TF), and 

Factor V to the extracellular space, which also contributes to further activation of neighboring 

platelets21–23,28–30. Basic information regarding some of these factors can be found in Table 1.1.   

Secondary hemostasis involves triggering of the coagulation cascade32. Mediated by Tissue 

Factor (TF, also called thromboplastin or CD142) coagulation results in the platelet plug being 

stabilized by an expanding fibrin mesh, which strengthens the barrier created and allows 

platelets to modify the size of the wound.  
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TF is primarily located extravascularly, being constitutively expressed in several cell types, like 

fibroblasts, pericytes, smooth muscle cells, epithelial cells, astrocytes, and cardiomyocytes33. 

In the presence of phosphatidylserine, membranous TF binds to small amounts of factor VIIa, 

released by activated platelets and in circulation, and forms the extrinsic tenase complex, which 

is activated by the extracellular presence of calcium, released by activated platelets22.  

Despite initially existing in low levels, extrinsic tenase is responsible for the initiation phase of 

coagulation, through activation of factor X and IX. Activated factor X (Xa) can further enhance 

factor VIIa availability by activating it, thus amplifying its own activation. This creates a 

positive feedback loop that quickly and greatly enhances the levels of FXa and FVa22. Together, 

these two factors constitute the “prothrombinase” complex, which is responsible for the 

cleavage of prothrombin into thrombin29. 

Thrombin is responsible for cleaving circulating fibrinogen into fibrin. This allows activated 

platelets to adhere to fibrin and create a large fibrin mesh. Thrombin further contributes to the 

formation of the fibrin mesh through factor XIII activation. FXIII is responsible for cross-

Table 1.1 - Contents of α-granules of platelets. Summarized in this table are the most relevant components of platelet α-

granules secreted during platelet degranulation, and their functions in the hemostatic process. 
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linking fibrin molecules, thus stabilizing the fibrin mesh. Another way thrombin contributes to 

the formation of the fibrin mesh is through inhibiting its degradation. Thrombin activates 

Thrombin Activatable Fibrinolysis Inhibitor (TAFI), protecting the clot from fibrinolysis. This 

fibrin mesh, together with the previously assembled provisional ECM, will be of great 

importance to the subsequent steps of wound healing, as we will see further on20,21,29,30,44,45. 
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1.1.1.1. Hemostasis in Regeneration 

While platelets are essential for hemostasis to occur competently, they do not seem 

indispensable for wound healing, as observed in experiments in mice with thrombocytopenia. 

These mice show an increase in macrophage and T cell invasion of the wound, but no changes 

in growth factor levels, rate of wound re-epithelialization, collagen synthesis or levels of 

angiogenesis when compared with healthy mice36. 

Despite not being indispensable for wound healing, platelets and platelet-derived products have 

been tested has enhancers of the reparative/regenerative capacity of several systems21,37,38. This 

has, in part, been associated with the angiogenic potential of platelets, since their α-granules 

are rich in growth factors (Table 1.1), and several of them potentiate angiogenesis. Furthermore, 

other factors contained in α-granules, like SDF-1α and PDGF, are involved in the recruitment 

and proliferation of some cell types21,28,37–39. Therefore, platelets might play a yet unidentified 

role in shaping the initial steps of wound healing, and the decision between reparative or 

regenerative wound healing. 

Wound healing during the fetal phases of in utero development is considerably different from 

the process that occurs in adult individuals40. Fetal wound healing is usually scarless, faster, 

and almost always regenerative. For this reason, it has been the focus of many studies in the 

hope of replicating the fetal wound healing capacity in adults40,41.  

Despite the focus on studying fetal wound healing, very little attention has yet been given to 

the role platelets have in it. It is known that fetal platelets degranulate and aggregate less in 

response to injury, and also produce less PDGF, TGFβ1 and 242,43. The transition from these 

characteristics of fetal platelets to the adult platelets occurs at the same time as the transition 

from scarless to scarring wound healing, and these factors have been associated with a more 

acute inflammatory response and pro-fibrotic healing44,45, suggesting that these changes in 

platelet function might influence the outcome of the wound healing process41. 

It has also been shown that in neonates, fibrin network is composed by the ‘fetal’ version of 

fibrin, which produces a more porous, less three-dimensionally complex structure, composed 

of aligned fibers instead of highly crosslinked46,47. This fibrin network has also been 

demonstrated to have an increased rate of degradation, favoring fibrinolysis. Changes in platelet 

function and secretion might influence the onset of the subsequent phase, inflammation. 
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In lower vertebrate regenerative models, like Ambystoma, platelets are absent. In their stead, 

amphibians contain thrombocytes, a cell type that seems to participate in wound healing in the 

same fashion as platelets in mammals48. While the roles of thrombocytes have not been 

extensively dissected in wound healing and regenerative response, a clearer picture of 

differences between these cells and mammalian platelets, and of the role of these cells in 

amphibian regeneration, might yield important insights into therapeutic strategies. 
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1.1.2. Inflammation 

The immune response of vertebrates, when triggered by a lesion to tissues, begins with an 

immediate response of sensory neurons and tissue-resident immune cells. Antidromical transfer 

of action potentials among sensory neurons promotes the release of substance P and CGRP 

(Calcitonin Gene-Related Peptide), which will contribute to vasodilation, blood flow increase, 

vascular permeability, leukocyte recruitment and mast cell degranulation49,50. The release of 

histamine and serotonin will further increase the surrounding microvasculature permeability 

and the extrusion of other inflammatory cell chemoattractants from neighboring cells51,52.  

Mast cells are tissue-resident immune cells derived from the myeloid lineage and are known 

for their involvement in immune tolerance and allergies. When damaged, these cells quickly 

release inflammatory cytokines, vasodilatory and permeating agents, as well as other proteases 

that contribute to a strong recruitment of circulating immune cells to the wound.  

At the same time, invasion of the wound by platelets, and their degranulation, contributes to the 

enrichment of the environment with more inflammatory modulators. Besides contributing to 

the formation of the thrombus, platelet granules are rich in growth factors (PDGF, TGFβ1, 

VEGFA, FGF2, etc.) and cytokines (RANTES, Il8, Il6sR, PF4, etc.)53–60, as detailed in Table 

1.1. Exocytosis of platelet granules releases these paracrine factors, and more, to the 

extracellular environment, leading to an accumulation of chemoattractants that will recruit cells 

like granulocytes, fibroblasts, B cells, T cells, among others62,63.  

The formation of the provisional matrix associated with the thrombus also contributes 

significantly to the recruitment of immune cells. Both components of the extracellular matrix, 

like collagens and glysoaminoglycans, and the fibrin network itself, can bind the growth factors 

and cytokines released by platelets, endothelial cells and tissue-resident immune cells, 

establishing a chemotactic gradient that contributes to further cell recruitment and migration21. 

Due to the fast response of platelets, mast cells, resident macrophages and the release of several 

damage markers from damaged cells in the tissue, the wounded region of the tissue quickly 

becomes enriched in Damage-associated molecular patterns (DAMPs), Pathogen-associated 

molecular patterns (PAMPs), hydrogen peroxide and chemokines, which start to recruit 

neutrophils and monocytes to the wound area20,63,64.  
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1.1.2.1. Neutrophils 

Neutrophils are granulocytes from the myeloid lineage, like mast cells, that are produced in the 

bone marrow and recruited to tissues exhibiting signals of infection or damage20,63,64. They are 

the most abundant leukocyte in adults and are a greatly important player in wound debridement 

and infection clearing, due to releasing toxic granules, producing an oxidative burst, and by its 

phagocytic capacity and the production of neutrophil extracellular traps (NETs). The role in 

tissue debridement that neutrophils perform is of great importance, as their removal tends to 

exacerbate the pathology of the tissue65. 

Neutrophils are the principal effector cells in the initiation of the inflammatory phase, recruited 

to the location of injury or infection by the factors released from platelet and mast cell 

degranulation, and N-formyl peptides released by bacteria and damaged cells64,66,67. Stimulation 

of pattern recognition receptors (PRR), like Toll-like receptors, C-type lectins, cytosolic NOD-

like receptors and RIG-like receptors, informs neutrophils of the occurrence of an injury or 

infection. Once neutrophils in circulation arrive at the wounded region, they bind to the 

endothelium through adhesion receptors, like selectin/selectin ligands and integrins, and follow 

the leukocyte recruitment cascade, which is depicted in Figure 1.2: tethering, rolling, adhering, 

crawling and transmigrating to the inflamed tissue.  

Complete activation of neutrophils is a two-step process that is initiated with their priming by 

pro-inflammatory cytokines, like TNFα and Il-1β, or by activation of the cell surface receptors 

just mentioned. After this priming, exposure to PAMPs, growth factors or other 

chemoattractants completes the neutrophil activation68. 

On the day after injury, neutrophils can make up to 50% of the cells in the wound site69,70. This 

is considerably helped by the capacity that activated neutrophils have to expand their presence 

Figure 1.2 – Leukocyte recruitment cascade. Depicted are the five principal stages of the leukocyte recruitment cascade, as 

observable in neutrophils, as well as some of the principal types of receptors and ligands involved in the process. Adapted 

from Kolaczkowska and Kubes 201363 and created with BioRender.com. 
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on the tissue in time and number, by producing and releasing more neutrophil-recruiting 

chemoattractants64. They do so, for instance, by producing and releasing Il-17, which stimulates 

mesenchymal and myeloid cells to release several pro-inflammatory factors that recruit and 

activate neutrophils. Neutrophils also produce LTB4 and several cytokines, which also 

contribute to the recruitment of more neutrophils71,72. A summary of the chemokines, cytokines, 

growth factors, and other inflammatory mediators and chemoattractants released by neutrophils 

can be found in Error! Reference source not found.. 

Mounting evidence suggests the existence of a few subtypes of neutrophils. In an experiment 

of inflammation response in tissue, a pro-inflammatory subtype, responsive to the pro-

inflammatory chemokine CXCL2, that is characterized by the receptor phenotype CD11b+Gr-

1+CXCR4Low, and a pro-angiogenic subtype, responsive to VEGFA and characterized by high 

expression levels of MMP9 and CXCR4, were identified63,73.  

Other types of studies, in the area of auto-immune diseases and of cancer, for instances, have 

also suggested the existence of more than one subtype of neutrophil74–76. Particularly, the two 

subtypes suggested in cancer, N1 and N2, share some similarities with the two previously 

described. The N1 subtype has a direct antitumor effect, promoted by ROS production, and can 

activate CD8+ T cells and dendritic cells (DCs), while N2 neutrophils have a more pro-

angiogenic behavior, and facilitate cancer development through extracellular matrix 

remodeling, promotion of angiogenesis and immunomodulation77. 

Besides increasing their own recruitment, neutrophils also facilitate the recruitment of several 

other cell types. Proteins released from neutrophil granules, like azurocidin, LL37 and cathepsin 

G, promote and shape monocyte recruitment through activation of their formyl-peptide 

receptors, which allows monocytes to adhere to the endothelium and extravasate78,79. 

Neutrophils also condition endothelial cells to attract monocytes by shedding IL-6 and its 

soluble receptor (sIL-6R), which leads to a gp130-mediated endothelial activation, resulting in 

the expression of adhesion molecules, like VCAM1, and monocyte chemoattractants, like 

Table 1.2 - Cytokines, growth factos and other chemoattractants released by neutrophils.  This table lists the known cytokines, 

chemokines, growth factos and other chemoattractants produced and released by Human neutrophils. Some diferences might exist in 

relation to other mammals. Adapted from Mantovani et al., 201172 
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CCL290. Neutrophils are also capable of attracting monocytes through the release of ‘find me’ 

signals after becoming apoptotic. Monocytes will phagocyte these apoptotic neutrophils, 

contributing to the resolution of inflammation and promoting tissue repair81. 

It has also been shown that neutrophils, at least in humans, are a major source of cytokines 

crucial for the survival, maturation and differentiation of B cells, like BAFF19 and APRIL, as 

well as other B cell stimulating molecules, like TNFSF13B and CD40L, that promote IgM and 

IgG secretion82. 

The interaction of neutrophils with cells of the adaptative immune system is not limited to B-

cells. In fact, interactions with T cells have been more thoroughly described and appear to be 

an important method of immune modulation during the inflammatory phase. The same 

neutrophils that were shown to be crucial to B-cell survival and maturation were also 

demonstrated to express T cell-supressive factors, like arginase 1 and iNOS. 

It has also been shown that activated neutrophils can attract Th1 and Th17 cells by releasing 

CCL2, CXCL9, CXCL10 and CCL20, depending on the combination of released factors83. 

Neutrophils can also act as antigen-presenting cells (APCs), operating as alternative sources of 

primed CD4+ and CD8+ T cells, like Th1 and Th17 cells94. They also produce IFNγ, which 

promotes adaptative immunity through effects on MHC expression and T helper cell 

development85–88. A summary of the interactions of neutrophils with other cells of the immune 

system can be found in Figure 1.3. 

Neutrophils also contribute to the recruitment of other inflammatory cells by reshaping the 

extracellular matrix (ECM). Release of granules containing proteases, like cathepsin G, elastase 

and protease 3, help shape the extracellular environment by breaking down the elastin, 

fibronectin, vimentin, laminin and Collagen IV matrices89.  Besides degrading the ECM, 

enzymes like MMP9, which are produced by neutrophils, also degrade the intracellular matrix 

(ICM), including actin, tubulin, annexin 1 and HMGB1, promoting the removal of DAMP-

containing ICM from damage cells90.  

Prolonged presence of neutrophils in the wound results in an accumulation of proteases and 

high protease activity. This ultimately leads to cleavage of growth factors and their receptors, 

excessive ECM degradation, impairment of vascular processes and blood flow, and increased 

tissue damage91.  Therefore, timely resolution of inflammation is extremely important for the 

future health of the tissue. 
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Resolution of inflammation is a complex process that can be divided into two phases: Anti-

inflammatory and pro-resolving92. The anti-inflammatory phase involves the release of anti-

inflammatory mediators, like Il-10, and the inhibition of the NF-κB signaling pathway. The 

release of cytokine and chemokine receptor antagonists, like Il-1RA or soluble forms of the 

receptors, also helps to limit neutrophil recruitment. 

During the late phases of inflammatory response, during the pro-resolving phase, neutrophils 

stop producing LTB4 and begin to produce LXA4, which inhibits neutrophil recruitment 

through the receptor LXA4R. Neutrophils also produce resolvins and protectin D1, which 

inhibit their transmigration and tissue infiltration by blocking LTB4 receptors93–97.  

They also influence the resolution of inflammation by blocking and scavenging pro-

inflammatory chemokines and cytokines, like Il-198–100. Lipid mediators such as LXA4, 

resolvin E1 and protectin D1 increase the expression of CCR5 in apoptotic neutrophils, which 

then act like decoys and scavengers for CCL3 and CCL5.  The receptor Il-1R2 is also expressed 

at high levels in neutrophils, which is increased by anti-inflammatory signals like 

glucocorticoid hormones, and acts as a decoy receptor for Il-1, preventing Il-1R1 activation. 

Neutrophils that have been stimulated by anti-inflammatory cytokines like Il-10 are also a major 

source of Il-1Ra, a soluble form of Il-1 that binds and blocks Il-1R1, without activating it101. 

Figure 1.3 – Main neutrophil interactions with other immune cells. This image depicts the results of neutrophil interactions 

wih other cells of the immune system. This image was adapted from Mantovani et al., 201164 and created with 

BioRender.com. 
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Besides inhibition of recruitment and alteration of neutrophil profiles, inflammation resolution 

requires their removal from the inflamed area102. Clearance of neutrophils occurs by apoptosis 

or necrosis, and engulfment by macrophages. Lack of engulfment by macrophages results in 

neutrophil lysis, and release of pro-inflammatory and cytotoxic molecules to the tissue, 

resulting in further damage.  
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1.1.2.2. Macrophages 

Two to three days after injury, the chemokines and other pro-inflammatory factors released by 

mast cell and platelet degranulation, neutrophils, and in response to increased hypoxia-induced 

factors, like TGFβ, PDGF and CXCL12, as well as leftover pieces of the collagen, fibronectin 

and elastin extracellular matrix, will attract monocytes to the wound site67. Once inside the 

wound site, monocytes release cytokines and chemokines that will contribute to the recruitment 

of more neutrophils67,70, whose degranulation will promote further recruitment of inflammatory 

monocytes. These will mature into macrophages, phagocyting pathogens, neutrophils and tissue 

debris103,104. This crosstalk between neutrophils and monocytes/macrophages is a key 

component of the wound repair, as they will cooperate all throughout the inflammatory phase 

of the wound healing event105. 

Macrophages can be subdivided into two subpopulations that have distinct characteristics and 

functions: The classically activated, or inflammatory, M1 macrophage and the alternatively 

activated, or anti-inflammatory, M2106. The phenotypes of these two subpopulations are plastic, 

being influenced by the environmental stimuli and responses of other macrophages, which have 

the capacity to condition and/or define their phenotypes, a process called ‘macrophage 

polarization’107–109. 

The M1 phenotype is usually induced by cytokines like IFNγ and TNF-α, or through recognition 

of bacterial signals like LPS, and is characterized by a high production of pro-inflammatory 

cytokines, like TNF-α, Il-1 (α and β), Il-6, Il-12, Il-18, Il-23, Il-27 and COX-2, and the Th1 

cell-attracting chemokines CXCL9, CXCL10 and CXCL11110–113. These macrophages are 

responsible for initiating the inflammatory response and participate in the removal of pathogens 

from the tissue, through production of nitric oxide, reactive nitrogen species (RNS) and 

activation of the NADPH oxidase system, which leads to the generation of ROS, and promote 

cytotoxic adaptative immunity by upregulating MHC class II molecules and the co-stimulatory 

molecules CD40, CD80, CD86. The activity of M1 macrophages can, therefore, impair wound 

healing and tissue regeneration, and this is balanced by the activity of M2 macrophages, which 

decreases the damaging effects of M1 activity107,114.  

The anti-inflammatory M2 phenotype is induced by Il-3, Il-4, Il-10, Il-22 and Il-33. Il-3 and Il-

4 are recognized by Il-4Rα and Il-10 is recognized by Il-10R, which leads to STAT6 or STAT3 

activation, respectively, promoting M2 polarization112,115,116. M2 macrophages have an anti-

inflammatory cytokine profile, characterized by low production of Il-12 and high production of 
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Il-10 and TGFβ. They also express high levels of endocytic receptors, including the scavenger 

receptors CD163, Stabilin-1, CD206, CD301, Dectin-1 and CD209, and recruit Th2, regulatory 

T cells (Tregs), eosinophils and basophils through secretion of CCL17, CCL18, CCL22 and 

CCL24113,117. Unlike M1 macrophages, M2 macrophages do not produce Nitric Oxide (NO). 

They instead express high levels of Arginin-1, that plays a role in polyamine production, which 

are necessary for collagen synthesis, cell proliferation and tissue remodeling118,119. 

M2 macrophages can be further subdivided into four subsets120–123: M2a are polarized by Il-3 

and Il-4 and present high levels of CD206, the Il-1 decoy receptor II (Il-RII) and the Il-1 

receptor antagonist (Il-1RA). M2b are activated by immune complexes (ICs), Toll-like receptor 

agonists and Il-1R ligands, and produce both pro- and anti-inflammatory cytokines, like Il-10 

and Il-1β, Il-6 and TNF-α. M2c are induced by glucocorticoids and Il-10, and exhibit strong 

anti-inflammatory activities against apoptotic cells, through the release of Il-10 and TGFβ. The 

final subset of M2 macrophages, M2d, are polarized by Toll-like receptor agonists through the 

adenosine receptor, which is followed by suppression of pro-inflammatory cytokine release and 

induction of the release of anti-inflammatory cytokines and VEGF, which confers these 

macrophages pro-angiogenic characteristics. The different subsets of macrophages, their 

polarizers and products are summarized in Figure 1.4. 

The M2 subpopulations are essential players in the resolution of inflammation through 

phagocytosis of debris, damaged and dead cells, and apoptotic neutrophils124–126. This activity 

reduces the production of inflammatory cytokines, like TNF-α and Il-1β, 6 and 8, in M1 

macrophages through a mechanism involving autocrine or paracrine stimulation with TGFβ, 

which also leads to a decrease in monocyte and macrophage recruitment. The phagocytosis of 

apoptotic cells also promotes the production of the anti-inflammatory cytokine Il-10, while 

inhibiting the pro-inflammatory cytokines Il-12, 23 and 27.  

Indeed, the efferocytosis of neutrophils triggers an anti-inflammatory phenotype in 

macrophages, which transition from the M1 phenotype to the M2102,125,125,128. A delay in 

neutrophil efferocytosis, due to low influx of macrophages or other, leads to inefficient removal 

of DAMPs, extending the inflammatory phase and delaying the onset of the proliferative phase. 

This can result in the presence of macrophages and apoptotic cells even during the remodeling 

phase, with serious consequences to the pathology of the healing tissue129,130.  
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Under homeostatic conditions, normal blood flow insures a correct oxygenation of the tissues. 

Upon injury, due to vasoconstriction and hemostasis, proper oxygenation of the tissue is 

compromised, creating a hypoxic environment. Macrophages adapt to this hypoxia by shifting 

their energetic metabolism towards glycolysis. Also, activation of Hypoxia-Inducible Factor 

(HIF) 1 and 2 leads to significant functional changes, like the production of CXCR4, CXCL12, 

angiogenic factor and VEGF118,119. 

M1 macrophages metabolism tends to shift towards the anaerobic glycolytic pathway, since 

these macrophages are usually associated with acute infections and are required to quickly 

mount a robust anti-microbial response in a hypoxic microenvironment. As such, IFN-γ and 

LPS stimulation induce a strong glucose uptake, while suppressing fatty acid metabolism131–

133. 

M2 macrophages, in turn, do not tend to adapt to a hypoxic environment, since their functions 

associated with wound healing require a more sustained supply of energy, which is best 

provided by the oxidative metabolism of glucose and/or fatty acids. These macrophages tend 

Figure 1.4 - Macrophages and their subsets. Depicted in this figure are the different types of macrophages, and in 

particular the M2 subclasses, as well as the mediators they produce, and which induce their differentiation. This image was 

adapted from Pérez and Rius-Pérez, 20221395 and created with BioRender.com. 
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to have higher mitochondrial activity and oxidative phosphorylation. For this reason, they also 

tend to appear in the wounded tissue later. 

Initially, macrophages found in the wound site are primarily M1 macrophages, since they have 

the capacity to operate in hypoxic conditions and are essential for the removal of microbial 

invaders134. They are also responsible for ECM reshaping, which results in the creation of 

DAMPs that exacerbate the pro-inflammatory state of the wound135. These DAMPs are 

recognized by Toll-like receptors on the membranes of other macrophages, activating classical 

inflammatory pathways136. 

Macrophage numbers usually peak around day 3 post injury, and this high number is maintained 

approximately until day 5, when their levels start to decrease, until they reach baseline levels 

by day 10137. Like neutrophils, macrophages also contribute to the increase in their number 

through recruitment of more monocytes to the wound site. This is achieved through the 

stimulation of a heightened production of Monocyte chemoattractant protein 1 (MCP1), which 

is mainly secreted by activated fibroblasts, endothelial cells, vascular smooth muscle cells, T 

cells and other monocytes138,139. MCP1 activates chemotaxis responses in monocytes, through 

the CCR2, which migrate towards the site of injury. MCP1, together with Il-8 or CXCL8, also 

induces a firm adhesion response in monocytes to vascular endothelium, helping them 

transmigrate from the blood vessels. 

Mature macrophages produce several important growth factors and cytokines, like TNFα, IL-

1, FGF, PDGF, etc., that will attract and stimulate fibroblasts, myofibroblasts and endothelial 

cells to invade, and proliferate in, the wound area. M2 macrophages that express the surface 

marker Tie2, in particular, also contribute to new vessel formation by branching endothelial 

vessels and connecting them to the systemic vasculature, in a process called ‘vascular mimicry’, 

as well as produce and release VEGF that stimulates blood vessel sprouting140–144. 
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1.1.2.3. Adaptative Immunity 

Another important partner of macrophages in wound healing and immune responses are the 

dendritic cells (DCs), which in the skin exist as Langerhans cells. These cells share several 

characteristics with macrophages, including their phagocytic activity, surface markers and 

response to the same growth factors, but their primary distinction is a weaker antigen-presenting 

capacity of the first. When DCs identify an antigen, they will present it to T cells in the wounded 

tissue, but also migrate to the draining lymph nodes, where they will continue to activate T cell 

responses145. 

In the murine species, two subtypes of resident DCs have been found, the CD11b+ and the 

CD103+146–149. The CD103+ subtype is also Langerin positive, and they are responsible for 

cross-presenting antigens to induce CD8+ T cell responses. They are also responsible for 

identifying dead cells, by detecting F-actin and other DAMPs through the CLEC9A receptor, 

and viral infections through the TLR3, which identifies dsRNA (typical of viral infections). The 

CD11b+ subtype preferentially present antigens to CD4+ T cells, but they can also present to 

Treg cells to dampen the immune response150,151. 

Langerhan cells are derived from early myeloid progenitors (EMPs) that migrate into the 

epidermis during embryonic develop and persist in the tissue into adulthood, if stimulated by 

signals from neighboring keratinocytes152,153. They are recognizable by their characteristic 

surface receptor CD207, or Langerin. When these cells recognize an antigen, they downregulate 

E-Cadherin, which maintains their contact with keratinocytes, and migrate from the epidermis 

to draining lymph nodes, to initiate the T cell-mediated adaptative immune response154,155. 

Macrophages and DCs are the primary activators and recruiters of adaptative immune cells. 

Early after wounding, tissue-resident macrophages and DCs respond to DAMPs and PAMPs 

by internalizing and digesting them. Fragments of these digested molecules are then used as 

antigens to activate the adaptative immune response, in the form of B and T cells. T cells are a 

particularly important type of cells in response to wounding and infection, with several subtypes 

playing different, but somewhat overlapping, parts. The role of T cells in wound healing has 

not been very extensively studied, but it is known that alterations in T cell functions have been 

associated with exacerbated skin fibrosis due to Th2 CD4+ T cells production of Il-4, Il-5 and 

Il-13156. Because of this lack of bibliographic support on the roles of T cells during wound 

healing, we will detail their relevance in the context of infection and tumor response, and 

highlight where aspects of the response might be similar to wound healing. 
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T cells have been broadly grouped in CD4+ and CD8+ αβ T cells, γδ T cells and natural killer T 

(NKT) cells. αβ T cells are activated by antigen recognition through T cell receptors (TCRs), 

co-stimulation from MHC receptors in antigen-presenting cells (APC) and cytokines, that 

induce clonal expansion and differentiation. Activated αβ T cells are responsible for killing 

infected cells, producing cytokines, and regulating immune responses. 

CD8+ T cells, in particular, are critical in the fighting against intracellular pathogens and in the 

elimination of malignant cells in cancer157. Upon activation, CD8+ T cells undergo a robust 

expansion, giving rise to effector and memory T cells. Effector cells, also known as CD8+ 

Cytotoxic T lymphocytes (CTLs), directly induce target cell death by Fas/FasL signaling and 

release of the cytolytic mediator perforin, which creates pores in target cells, through which 

granule serine proteases (granzymes) can enter to induce apoptosis.  Memory CD8+ T cells are 

important to induce a rapid and strong reaction to antigen re-encounter.  

Initial activation of CD8+ T cells involves TCR signaling and co-stimulatory signals, coupled 

with cytokine signaling through Il-2, Il-12, Il-21, Il-27, type 1 IFN and IFNγ158,159. Il-2 and Il-

12 induce effector T cell differentiation through induction of Blimp-1, T-bet and Id2 expression. 

IFNα and β initiate activation of CD8+ T cell by stimulating clonal expansion and production 

of IFNγ, through STAT4 activity, which synergize to induce T-bet (encoded by Tbx21) 

expression, while Il-21 and 27 promote Blimp-1 expression, leading to a differentiation in 

effector T cells160–163. Differentiation into effector T cells is completed by cytokine signaling, 

through Il-7, Il-10, Il-15 and Il-21. Memory CD8+ T cell differentiation is achieved through 

WNT signaling, with the TCF1 and FOXO1 transcription factor activity being indispensable. 

Metabolically, naïve Cd8+ T cells depend on glycolysis and mitochondrial oxidative 

phosphorylation for their cellular processes. Proliferative TEs have to ensure higher metabolic 

rates by upregulating the glycolytic and glutaminolytic pathways. This is induced by TCR 

signaling and co-stimulation, which activates the mTOR end of the PI3K/AKT pathway, 

leading to and upregulation of Myc, glucose transporter type 1 (GLUT1) and the glutamine 

transporter SLC32A1/2164. 

TM cells, on the other hand, skew their metabolic regulation towards fatty acid oxidation for 

energy production, and they do so in response to Il-15, which leads to an upregulation of the 

long-chain fatty acid transporter CPT1A. When re-stimulated with a given antigen, TM cells 

quickly switch their energy production to glycolysis165–169. 
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The response of CD8+ T cells to infection, following  priming by DCs, can be divided into four 

stages, as depicted in Figure 1.5, with the first occurring immediately upon recognition of the 

pathogen and lasting 7 days, comprising the expansion phase where CD8+ T cells 

proliferate170,171. At day 8, stage two, called peak of expansion, TEs and TM percursors reach 

their maximum number and stop proliferating. At stage three, the contraction phase, which lasts 

from day 9 after infection to day 15, the majority of T cells undergo apoptosis, but a few survive 

to stage four, the memory phase, and differentiate into memory T cells.  

CD4+ T cells are perhaps the most important adaptative immune cell type in wound healing, 

seeing as deregulation of their activity often leads to pathological outcomes, both in wound 

healing and tumor response. For instances, CD4+ T cell help is indispensable for the generation 

of memory CD8+ T cells and their response to re-stimulation, which it does by secreting Il-2 

and Il-21, as well as CD40L signaling172,173,174–177. 

CD4+ T cells are activated by MHC class II receptors on APCs, costimulatory stimulation and 

cytokine signaling, and differentiate into a few subsets, such as Th1, Th2, Treg, follicular helper 

T (Tfh), Th17, Th9, Th22 and CD4+ CTLs178,179.  

Th1 cells are the primary subset responsible for the response against intracellular bacteria and 

viruses, through the production of the pro-inflammatory cytokine IFNγ. They are characterized 

by their expression of the cytokines IFNγ, TNFα and β, and Il-2, the chemokine receptors 

CXCR3 and CCR5, and the transcription factors STAT4 and T-BET178,180–182. 

Figure 1.5 - Evolution of the CD8+ T cell response to acute infection. This figure represents the dynamics of differentiation 

of CD8+ T cells in response to acute infection, particularly by viruses, as well as their characteristic surface receptor and 

transcription factor expression, and their released factors that have been identified as relevant in the response to the acute 

infection and to cellular communication. TE – Effector T Cell; TMP – Memory Precursor T cell; TEM – Effector memory T 

cell; TCM – Central memory T cell; TRM – Resident memory T cell. This image was adapted from Sun et al., 20231241 and 

created with BioRender.com. 
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IFNγ and Il-12 are essential for Th1 differentiation. Through STAT1 signaling, and in parallel 

with TCR stimulation, IFNγ induces the expression of T-BET, which suppresses Th2/Th17 

differentiation, and further increases the expression of IFNγ and promotes the expression of Il-

12Rβ2, conferring the capacity to respond to Il-12. Il-12 signaling, through STAT4 activity, 

supports T-bet expression183,184. 

Th1 cells are important activators of pro-inflammatory macrophages, due to their secretion of 

Il-2, IFNγ and TNFα and β, besides their exhibition of CD40L211. Th1 cells also have a relevant 

anti-tumor activity, with higher numbers of Th1 cells correlating with better clinical outcomes 

for several tumor types185–191. Production of IFNγ and Il-12 by Th1 cells enhances survival, 

proliferation and cytolytic function of CD8+ CTLs and NK cells, and IFNγ can further enhance 

MHC expression and lead to tumor-derived antigen presentation191–193. 

Th2 cells are responsible for acting against helminth infections and, more relevant to our area 

of interest, they facilitate tissue repair during wound healing but also contribute to chronic 

inflammation situations like asthma and allergies194,195. This subset of CD4+ T cells are 

characterized by GATA3 expression and the production of Il-4, Il-5 and Il-13. Th2 cells also 

express Il-2 and Il-10, as well as the chemokine receptors CCR3 and CCR4, and the 

transcription factor STAT6. 

Th2 cells are activated by Il-4 secreted by DCs and innate lymphoid cell group 2 (ILC2), which 

binds to Il-4R and leads to the expression of GATA3, through STAT6 activity196–198. Activated 

CD4+ T cells produce Il-4, which further promotes Th2 differentiation. Il-4Ra and Il-4 

expression are also maintained through Il-2 induced STAT5 activity. 

In the context of tumors, Th2 cells have been shown to suppress tumor growth through 

activation of eosinophils and M2 macrophage recruitment199–201. Memory Th2 also produce Il-

4, which enhances NK cytotoxic activities, resulting in a strong anti-tumor activity. Th2 cells 

can also induce terminal differentiation of cancer cells through secretion of Il-3, Il-5, Il-13 and 

GM-CSF202,203. However, Il-4 produced by Th2 can also lead to monocyte and macrophage 

signaling that promotes cancer metastasis, and attenuate Th1 anti-tumor responses204,205. This 

differential regulation of tumor development might be related with distinct Th2 states, with 

cells that express higher levels of Il-10 and TGFβ contributing to tumor progression, while cells 

with higher expression of Il-3, Il-5, Il-13 and GM-CSF having a more pro-inflammatory, anti-

tumoral influence206. 
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Probably the most important adaptative immune cells in wound healing, Tregs are the subset of 

CD4+ T cells responsible for maintaining immune tolerance through suppression of pro-

inflammatory immune response. Tregs are characterized by high expression of Il-2Rα (also 

known as CD25), Il-10, Il-35, TGFβ and the transcription factor FOXP3208,209. 

Treg differentiation is induced by TCR/CD28 stimulation, which induces FoxP3 expression 

through the activation of NFκB, AP-1 and NFAT. TGFβ also contributes to FoxP3 expression, 

by activating SMAD 2 and SMAD 3, and by inducing FoxO1 and FoxO3 as well, in the absence 

of PI3K/AKT signaling210–217. FoxP3 expression is also increased by STAT5-mediated Il-2 

signaling311. 

Tregs can be subdivided into two subset that have different developmental origins: Thymic 

Tregs (tTregs or nTregs), also known as natural Tregs, and induced Tregs (iTregs) that 

differentiate from conventional CD4+ T cells in the periphery, after antigen presentation and in 

the presence of TGFβ and Il-2219,220. 

Tregs contribute to immunosuppression by several mechanisms, including directly killing TEs, 

APCs and NK cells through the release of perforin and granzyme B, as well as inducing 

apoptosis by Fas/FasL signaling221,222. Tregs also secrete inhibitory cytokines, like Il-10, Il-33, 

Il-35, Il-37 and TGFβ, and express, in high levels, coinhibitory surface molecules like CTLA4, 

PD-1, LAG3, TIM3 and TIGIT223–232.  

Another way Treg cells contribute to immunosuppression is through suppression of CD8+ T 

cell effector and proliferative programs through CTLA4 signaling, keeping them quiescent233. 

Tregs also contribute to their own recruitment, through the expression of several chemokine 

ligands and receptors234,235. 
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1.1.2.3.1. JAK/STAT Pathway 

Our understanding of how inflammatory processes are established is incomplete without our 

understanding of how paracrine or autocrine signals are perceived intracellularly by the cell, 

and how they influence cellular processes. External signals, released by other cells or foreign 

entities, are detected by cell surface receptors that translate the external cues into modifications 

to cytoplasmic proteins that propagate these alterations down a cascade of interactions, 

culminating in an effect on gene expression. These intracellular pathways control all aspects of 

cell dynamics, and response to inflammation and damage is no exception. 

One of the primary intracellular pathways that are activated in response to inflammatory cues 

is the JAK/STAT signaling pathway. Besides being involved in immune responses, JAK 

activation is also involved in regulation of cell proliferation, differentiation and migration, as 

well as cell death (in particular, apoptosis), in the context of hematopoiesis, immune 

development, mammary gland development, adipogenesis and sexually dimorphic growth. 

The JAK/STAT pathway responds to several external signals, including cytokines, like 

Interleukins (2 through 7), interferons and GM-CSF, and growth factors, like growth hormone 

(GH), epidermal growth factor (EGF) and platelet-derived growth factor (PDGF)236–237. 

Overall, the JAK/STAT pathway can respond to about 60 different factors, and these signals 

are recognized by several tyrosine kinase-associated receptors (RTKs), which recruit the 

tyrosine kinases JAKs. 

In mammals there are four known JAKs, JAK1, 2 and 3, and TYK2239. These constitute a family 

of non-transmembrane tyrosine kinases that can phosphorylate both RTKs, as well as other 

RTK-associated proteins with specific Src-homology 2 (SH2) domains. JAK1, JAK2 and 

TYK2 are considered to be expressed ubiquitously, while JAK3 is primarily associated with 

hematopoietic cells240,241. 

JAK activation occurs once the ligand binds to the receptor, promoting their multimerization, 

which brings recruited JAKs close to each other. This approximation of JAK proteins allows 

them to auto or trans-phosphorylate each other, becoming active242. The activated JAKs will 

then phosphorylate the intracellular tails of the receptor, creating docking sites for latent, 

cytoplasmic STATs, as well as phosphorylate the STATs themselves and the tyrosine residues 

in several other downstream target proteins, activating them243. 
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The STAT family is composed of seven members, STAT1, STAT2, STAT3, STAT4, STAT5A, 

STAT5B, and STAT6244,245. Each STAT is composed of a N-terminal conserved domain, which 

is important for STAT phosphorylation and dimer-dimer interactions, a DNA-binding domain, 

a SH3-like domain, a SH2 domain, which contributes to protein-protein interactions, and a C-

terminal transcription domain, also known as transactivation domain (AD), which contains 

highly conserved tyrosine (Y) and serine (S) phosphorylation residues, required for STAT 

activation246. 

Classically, the JAK/STAT pathway is described as activated JAKs phosphorylating the 

conserved tyrosine residues in a STAT monomer, allowing it to bind the SH2 domain of another 

phosphorylated STAT monomer, producing a conformational change that allows the STAT 

dimer’s translocation to the nucleus. ‘Canonical’ phosphorylations occur in Y701 in STAT1, 

Y690 in STAT2, Y705 in STAT3, Y693 in STAT4, Y694 in STAT5 and Y641 in STAT6247.  

Activated STATs form complexes with each other, usually dimers (than can be homo or 

heterodimers), through binding of SH2 domains. The dimers are then translocated to the 

nucleus, through a mechanism that is dependent on importin α5 and the Ran nuclear import 

pathway, where they will exert direct influence on the transcriptional activity of several target 

genes, including negative regulators of the JAK/STAT pathway248–250. A representation of the 

JAK/STAT pathway can be found in Figure 1.6 . 

Besides forming dimers, STATS are also able, through their N-terminal domain interactions, to 

form tetramers251–253. These complexes are important for gene expression regulation, because 

they allow the combinatorial regulation of high-affinity and low-affinity binding sites, 

contributing to the complete transcriptional response by STAT1 to type II IFN signaling, by 

STAT3 to Il-6 signaling, and by STAT5 in NK cell homeostasis, Treg cell function and CTL 

proliferation251,252,254,255. 

While the response to multiple cytokine and growth factor signaling is more commonly 

performed through STAT homodimers, response to IFNs I and III is driven by STAT1 and 2 

heterodimers that, together with IRF9, form the interferon-stimulated gene factor 3 (ISGF3) 

complex256,257. The constitutive NLS of IRF9 facilitates nuclear localization of the complex. 

Although STAT activation is often preferentially induced by a dominant cytokine or growth 

factor, like STAT1 by IFNγ, which induces the expression of a similar group of genes, 

regardless of the circumstance (called the ‘IFN signature’), many cytokines have been reported 
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to activate almost all STATs in particular circumstances or tissues, and all STATs have been 

identified as being activated by the most studied cytokines233,258,259. 

An example of this is the response to Il-12 signaling in T cells. When activated by Il-12, STAT4 

activity drives IFNγ production and Th1 differentiation. IFNα and β can also activate STAT4 

(besides ISGF3), through IFNαβR, but this does not lead to sufficient IFNγ production, nor Th1 

differentiation. However, in the absence of STAT1, IFNα and β signaling is sufficient to 

increase IFNγ production, but STAT4 activation through IFNαβR cannot sustain IFNγ 

production like Il-12 signaling can260–262.  

In macrophages, JAK1 and STAT3 are activated by Il-6 or Il-10 signaling. Although Il-6R and 

Il-10R signal through, apparently, identical mediators, the results of both signals are clearly 

distinct. Il-10 signaling negatively regulates the inflammatory response of activated 

macrophages and dendritic cells, while Il-6 signaling tends to lead to a more intense 

inflammatory response263–267. Furthermore, Il-4 and Il-13 signaling, through STAT6, are 

distinct between T cells and macrophages, or other non-lymphocyte cells. In macrophages, the 

Arg1 gene is greatly induce, which is not observed in T cells, indicating that the regulatory 

network of genes downstream of this activation is not the same in both types of cells268–275. 

Despite the preference of IFNγ signaling for STAT1, studies show that it might also activate 

STAT3, at least in the absence of STAT1, leading to the expression of Cebpb, Socs3 and 

Gadd45. This is likely due to absence of occupancy of the receptor by the dominant STAT, 

allowing the binding and activation of another STAT276,277. Another example of this is the 

capacity of STAT5-activating cytokines to use STAT6 in STAT5’s absence278. 

Besides activating STAT4, Il-12 can also activate STAT3, while Il-4 is capable of activating 

not just STAT6, but also STAT5. In some cases, although less common, cytokines can activate 

with comparable efficiency more than one STAT, like the case of Il-27 and its activation of 

both STAT1 and STAT3279–281.
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 These observations suggest that cytokines can activate several STATs in different proportions, 

and it is the stoichiometry of these differential activations that promote differential outcomes 

in the signaling of factors that, apparently, activate the same mediators in the pathway. 

This hypothesis is further supported by observations like both Il-6 and Il-27 being capable of 

activating STAT3 and inducing a STAT3-driven transcriptional signature in Th cells. However, 

these signals lead to expression regulation of unique sets of target genes, which are determined, 

at least in part, by differential activity of STAT1282. A similar observation was also done for Il-

21 signaling283. 

This happens because STATs are a limiting resource, and even slight changes in cellular 

concentrations of these factors have significant effects. For example, varying levels of STAT1 

and STAT4 determine the response to cytokines in CD8+ T cells and NK cells, and changes in 

Figure 1.6 – ‘Canonical’ Interleukin signaling through the JAK/STAT pathway. Depicted in this picture are the main 

factors involved in Il-induced JAK/STAT signaling, as well as its interactions with other intracellular pathways, namely the 

MAPK/ERK and PI3K/AKT pathways. Image created with BioRender.com 
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the availability of STAT5 or STAT4 affect T cell differentiation, with higher levels of STAT5 

promoting Treg differentiation, while STAT 4 promotes Th2 differentiation284–287. 

Besides varying abundance of STATs, these observations can also be explained by the existence 

of synergetic and antagonistic actions of STAs. These interactions can occur by direct, physical 

contact, serine phosphorylations of the AD, cooperative DNA binding and synthesis of specific 

inhibitors247. 

For example, STAT1 and STAT3 are clear cases of both synergistic and antagonistic 

interactions. Il-2 and Il-12 signaling, as an example of synergy, leads to a greater IFNγ 

expression due to serine phosphorylation of both STAT1 and STAT3288. However, antagonism 

can occur in the responses to IFNs and STAT3-activating cytokines289,290. 

Besides STAT3, STAT1 can also establish antagonistic relationships with STAT4. For 

example, Il-12 and Il-18 antagonize IFNα signaling through inhibition of transcription of 

STAT1 and of type I IFN-signaling downstream targets291. Also, while both STAT1 and 4 are 

activated in NK and CD8 + T cells in response to type I IFN-signaling, STAT1 antagonizes 

STAT4 trough impairment of IFNγ production262. 

Most of these antagonistic relationships are the result of three families of JAK/STAT pathway 

inhibitors: SOCS, PIAS and PTPs. SOCS are a family of STAT inhibitory proteins composed 

of 8 members, cytokine-inducible SH2-containing protein (CIS), SOCS1, SOCS2, SOCS3, 

SOCS4, SOCS5, SOCS6, and SOCS7292. 

CIS and SOCS1, 2 and 3, participate in a negative feedback loop of cytokine signaling through 

JAK/STAT pathway, while SOCS4, 5, 6 and 7 primarily regulate growth factor receptor 

signaling293–296. SOCS3, for instances, is preferentially induced by Il-6 signaling, while SOCS1 

mostly participates in the regulation of IFN signaling, but also of Il-2, Il-4 and Il-12 family of 

cytokine signaling247. Despite some specificity towards the STAT that induces their expression, 

SOCS are also capable of regulating multiple STATs, just as a STAT is capable of inducing 

multiple SOCS297. 

SOCS negative regulatory roles are performed in three ways: SOCS binds a phosphating agent 

at the receptor, impeding the recruitment of the signal transducer to the receptor; SOCS binds 

JAKs directly, preventing other interactions with, for instances, STATs; or SOCS specifically 

inhibits the activity of the RTKs. SOCS can also induce ubiquitination via elongin BC and the 

E3 ligase Cullin5247,298. 
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To give concrete examples, SOCS1 and 3 kinase inhibitory regions (KIR) are capable of 

inhibiting the kinase activity of JAK1, 2 and TYK2 by blocking access to both ATP and 

substrate. SOCS SH2 domains, which allow them to associate with RTKs, also impede JAK 

kinase activity, by accelerating proteasome-mediated degradation of the whole signal 

transduction complex. And SOCS3 kinase inhibitory region is capable of blocking JAK2’s 

substrate-binding region, thus preventing its activity299–303. 

Besides inhibition of JAK activity, the JAK/STAT pathway is also regulated by inhibitors of 

STAT activity. PIAS (Protein Inhibitor of Activated STAT) are a group of proteins from the c-

IAP family that regulate apoptosis, cell survival and tissue renewal in homeostatic 

conditions304–306. This group is composed of five proteins, PIAS1, PIAS3, PIAS4 (PIASγ), 

PIASxα and PIASxβ which, unlike SOCS proteins, are thought to be constitutively 

expressed307,308. 

PIAS, like SOCS on JAKs, inhibit STAT activity through three different mechanisms: First, 

PIAS association with STATs block their ability to interact with the DNA. Second, PIAS recruit 

inhibitory transcriptional cofactors to STAT-regulated genes. Third, PIAS mediates STAT 

SUMOylation, leading to their degradation309–311. 

PIAS have been shown to have some specificity for STATs. For instances, PIAS1 and 4 interact 

primarily with STAT1, while PIAS3 interacts with STAT3 and 5, and PIASx (α and β) with 

STAT4311,312. Besides their regulation of STATs, PIAS have also been associated with the 

regulation of other pathways, like the NF-κB247. 

The third group of JAK/STAT pathway inhibitors are the PTPs. PTPs are a large family of 

proteins, with 107 identified members, which are classified in four distinct classes, depending 

on their catalytic domains. Class I, which is the largest, containing 99 proteins, is composed of 

the classical phosphorylated tyrosine-specific PTPs and dual-specificity phosphatases (DSPs). 

Classical PTPs can be further subdivided into receptor PTPs (PTPR) and non-receptor PTPs 

(PTPN)313–315. The best characterized PTP, SHP1, and CD45 belong to this class. SHP1, which 

contains two SH2 domains, can bind to either phosphorylated JAKs or receptors, and facilitate 

their dephosphorylation. 

Class II includes only low molecular weight phosphatases (LMWPTP), while Class III includes 

three Cdc25 phosphatases (A, B and C) and Class IV contains four tyrosine and serine/tyrosine 

phosphatases, called Eya1, Eya2, Eya3 and Eya4313. 

Despite the ‘Classical’ depiction of this pathway, under normal physiological conditions cells 

receive signals from multiple signaling pathways. As we have detailed, immune cell activation 



 

 36 

tends to involve TLR signaling, co-stimulation and cytokine signaling. The activation of their 

respective receptors promotes synergetic intracellular pathway activity, like through 

JAK/STAT and NF-κB, as is the case in NK cells, where Il-18 signaling, through the NF-κB 

pathway, and Il-12 signaling, through STAT4 activation, lead to the maximal IFNγ 

expression316. 

Our understanding of this crosstalk between intracellular pathways is still limited, but the best 

characterized ones involve the MAPK/ERK pathway and the PI3K/AKT pathway, as 

represented in Figure 1.6. Phosphorylation of RTKs by JAKs creates docking sites for SH2-

containing adapter proteins from other signaling pathways, like SHP2 and SHC, which recruit 

GRB2 and activate the RAS cascade. Another example of this is the phosphorylation of the 

insulin receptor substrate (IRS) and p85, which activate the PI3K/AKT pathway246,317,318. 

Proteomic analysis of Il-2-stimulated CD8+ T cells identified 90% of the phospho-proteome as 

being JAK-dependent modifications, with the remaining 10% being mediated by the SRC 

family kinase activity, which includes PI3K and AKT319. 

RTK signaling can also promote JAK/STAT activity through ‘non-canonical’ pathways. For 

example, RTKs like EGFR and PDGFR are capable of activating STATs in a JAK-independent 

manner, probably through the SRC kinase. MAPK can also specifically phosphorylate a serine 

residue near the C-terminus of most STATs, enhancing their transcriptional activity. Besides 

MAPK/ERK and PI3K/AKT, multiple interactions with the TGFβ signaling pathway have also 

been reported320. 
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1.1.2.3.2. NF-κB Pathway  

Another intracellular pathway of great importance in the immune response to wound healing in 

vertebrates is the ‘Nuclear factor of κ-light chain of enhancer-activated B cells’ (NF-κB) 

pathway. 

In fact, this highly conserved pathway is perhaps the most important in immune response and 

immune cell development, not just in vertebrates but also in more ‘basal’ organisms. But 

besides its importance to immunity, the NF-κB has also been associated with the regulation of 

cell proliferation, apoptosis and, through a combinatorial effect of the previous three, metastasis 

of cancer cells321–327. 

In the context of immune response, the NF-κB pathway is ‘classically’ seen as responsible for 

inducing the production of pro-inflammatory mediators, and activation and differentiation of 

immune cells328. Today we know that NF-κB’s role in immune response can be both pro- and 

anti-inflammatory, depending on the context329–331. NF-κB’s role in the apoptotic response to 

stimuli was also ‘classically’ seen as pro-cellular death, but more evidence showed that that 

response is more nuanced, further sustaining the dual role in inflammation regulation of NF-

κB332–336. 

In mammals, the NF-κB superfamily consists of five distinct transcription factors: NF-κB1 (also 

known as p50), NF-κB2 (p52), RelA (p65), RelB and REL (c-Rel)337. These proteins are 

characterized by containing a Rel homology domain (RHD) and a conserved N-terminal 

domain, responsible for DNA binding, dimerization and nuclear localization. This superfamily 

is further subdivided into two groups based on the similarity of amino acid sequences of the 

RHD:  The NF-κB family, containing NF-κB1 and NF-κB2, and the Rel family, containing Rel, 

RelA and RelB. 

NF-κB1 and NF-κB2 are the result of post-translational processing of the precursor proteins 

p105 and p100, respectively, and contain ankyrin (ANK) repeat domains in their C-terminal 

regions, which contribute to the formation of dimers with other NF-κB family members. The 

Rel family of proteins, in turn, have no protein precursors, and have a conserved transactivation 

domain in their C-terminal region338. While p105 processing is viewed as predominantly 

constitutive, the processing of p100 is tightly regulated, and dependent on CD40, LTβR and B-

cell-activating-factor receptor (BAFFR) signaling339,340. 

Almost all NF-κB transcription factors can form functional homo and heterodimers between 

them, with the exception of RelB, which is only capable of forming heterodimers341. The most 

common NF-κB dimer is the heterodimer composed of NF-κB1 and RelA. The inductive or 
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repressive function of each dimer is not dependent on the combination of transcription factors, 

but rather the region of DNA they bind and the type of interaction they establish with other 

transcription factors. However, homodimers of NF-κB1 have shown a propensity to exert a 

repressive effect on NF-κB target gene expression and inhibit inflammation339,342–348. 

The NF-κB pathway is represented in the literature as being divided into two sets of mediators, 

the ‘canonical’ and the ‘non-canonical’, with some shared, but mostly different, 

responsibilities349–351. The ‘canonical’ pathway is involved in cell survival and proliferation, 

epithelial-to-mesenchymal transformations (EMT), angiogenesis, inflammation, mainly 

through the production of pro-inflammatory cytokines, chemokines and other inflammatory 

mediators production, like GM-CSF signal transduction, myeloid progenitor cell 

differentiation, like the decision between M1 and M2 macrophage phenotypes, and cancer 

metastasis352–359.  

The ‘non-canonical’ pathway has been associated with primary and secondary lymphoid 

organogenesis, B cell development and function, and DC function and cell-mediated 

immunity360–363. Because of their different roles in the immune system and immune response, 

we will describe them separately. 

In the canonical pathway, five families of pattern recognizing receptors (PRRs) operate 

upstream of the pathway, including TLRs, NOD-like receptors (NLRs), RIG-I-like receptors 

(RLRs), C-type lectin receptors (CLRs) and cytosolic DNA sensors136,350,367–370. These 

receptors respond to signals like TNF, Il-1 and other TLRs, as well as microbial products and 

other pro-inflammatory cytokines. 

The first step in the intracellular signaling cascade of the NF-κB pathway is the activation of 

the TGFβ-activated kinase 1 (TAK1, or MAP3K7) which will activate the IκB kinases (IKKs) 

complex328,339,341,371,372. The previously mentioned receptors all share a conserved Toll/Il-1R 

domain called TIR, which allows their dimerization with other TIR-containing receptors. This 

dimerization recruits intracellular adapter proteins that contain TIR-domains, like MYD88, 

MAL/TIRAP, TRIF/TICAM1 and TRAM/TICAM2373,374.  

These adapters recruit and activate members of the IRAK family, like IRAK1, whose 

association with MYD88 induces IRAK1 hyperphosphorylation, leading to its dissociation 

from MYD88 and association with the downstream adaptor TRAF6, resulting in activation of 

TAK1375. TAK1 activation by TRAF6 depends on a non-classical polyubiquitinylation of 

TRAF6 through TRAF6-regulated IKK activator 1 (TRIKA1), which is a dimeric ubiquitin-

conjugating enzyme complex that synthetizes polyubiquitin chains on IKKγ and TRAF6. Other 
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IKKs activators activated by TRAF6 include mitogen-activated protein kinase kinase kinase 

(MAP3Ks), MEKK1 and MEKK3325,376–380. 

The IKKs complex is a large kinase complex that includes two homologous catalytically active 

subunits, IKKα (or IKK1) and IKKβ (IKK2), and an auxiliary subunit called IKKγ (more 

commonly referred to as NF-κB essential modulator, or NEMO)371,381–384. In the canonical 

pathway, only the IKKβ catalytical subunit is present, with IKKα being relevant for the non-

canonical pathway. 

IKKs phosphorylates IκBs in two serine residues in IκBs N-terminal region, leading to their 

ubiquitination by the ubiquitin ligase, and degradation by the 26S proteasome. This releases 

NF-κB from IκBs inhibition, allowing its translocation to the nucleus, where it will perform its 

transcription factor role. The most common dimers involved in this activation process are the 

NF-κB1/RELA and the NF-κB1/c-REL heterodimers. A visual representation of the NF-κB 

pathway (both the canonical and non-canonical paths) can be found in Figure 1.7. 

Figure 1.7 – The NF-κB signaling pathway.  Schematic representation of both the ‘canonical’ and ‘non-canonical’ paths of 

the NF-κB pathway, with some of their regulators. Imaged adapted from Zhang et al., 2021323 and created with 

BioRender.com 
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Inhibitors of nuclear factor κ B (IκBs) are a family of proteins responsible for the inhibition of 

NF-κB (as the name indicates), which are characterized by the presence of ANK repeats, that 

interact with the RHD domains of NF-κB proteins, preventing their entry in the nucleus. This 

family of proteins has eight members, which are IκBα, IκBβ, IκBɛ, IκBζ,IκBNS and Bcl-3, and 

p100 and p105, which are also able to inhibit NF-κB’s activity by binding through their ANK 

repeats, which are still present prior to processing340,341,350,385–388. 

One of the most relevant targets of the canonical pathway is the Nfkbia gene (which encodes 

IκBα). IκBα’s quick production, after having been previously degraded by the proteasome, 

allows it to quickly bind the NF-κB dimer still present in the nucleus. This dissociates the NF-

κB dimer from the DNA and leads to its export from the nucleus to the cytoplasm, where it will 

remain latent385,389–391.  

This method of regulation of the pathway is likely responsible for the robust and transient 

activation of NF-κB, which is characteristic of the canonical pathway. In resting cells, NF-κB 

proteins are predominantly cytoplasmatic, due to their association with IκBs. IκBɛ works in a 

similar way to IκBα, but its delayed expression provides NF-κB activity a slower negative 

feedback regulation389–393.  

IκBβ binding to NF-κB has an opposite effect to that of its sisters. Upon binding to RELA or 

c-REL, hypophosphorylated IκBβ impairs the inhibitory effect of IκBα, allowing the inductive 

function of the NF-κB on gene expression383,394. 

The canonical pathway can also be activated by signaling through the TNFR superfamily, 

through a slightly different set of mediators395,396. Some members of this group contain a death 

domain (DD) in their cytoplasmic regions, which can recruit the TNF-receptor-associated death 

domain (TRADD) protein, which associates with TRAF2 and RIP. TRAF2 is then able to 

recruit the IKKs complex, where RIP activates its catalytic subunits via MEKK3397. Receptors 

of the TNF superfamily that do not have DDs are still able to activate the NF-κB pathway 

through their TRAF-interacting motifs, by directly recruiting TRAF proteins395. 

Another version of the NF-κB pathway, viewed as ‘non-canonical’, is activated by specific TNF 

family cytokines, specifically Lymphotoxin B (TNFSF3), CD40L, BAFF, RANKL and 

TNFSF13B, through the activation of receptors like receptor activator of NF-κB (RANK), 

TNFR2, fibroblast growth factor-inducible factor 14 (FN14), CD27, CD30 and OX40 (also 

known as CD134)358,387,398–405. Despite their association with the non-canonical pathway, these 

receptors also participate in the canonical NF-κB pathway, and can mediate the functional 

cooperation between both paths. 
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An important characteristic of these receptors are the cytoplasmic motifs that recruit TNFR-

associated factor 2 (TRAF2), TRAF3 or both. However, some non-TNFR receptors have also 

been shown to participate in the activation of the non-canonical NF-κB pathway, namely 

macrophage colony-stimulating factor receptor (MCSFR), which mediates the differentiation 

and proliferation of macrophages406. 

Upon stimulation, these receptors lead to the degradation of TRAF3, which is a NF-κB inducing 

kinase (NIK, also known as MAP3K14) inhibitor, role it performs by binding to NIK’s N-

terminal region and causing its degradation through a ubiquitination-dependent method, that 

also requires the participation of TRAF2 and the ubiquitin E3 ligase cellular inhibitor of 

apoptosis (which exist in two forms, cIAP1 and cIAP2, that are commonly referred to as only 

cIAP)407–409. However, in some receptors, like LTβR, the recruitment of TRAF3 to the receptor 

seems to be sufficient to separate it from NIK, allowing non-canonical pathway activation410,411. 

In resting conditions, newly synthesized NIK is rapidly bound by TRAF3 and degraded, which 

keeps NIK levels very low412–415. NIK regulation also involves its phosphorylation by TBK1 

on S862, which is located in NIK’s degradation domain, contributing to its instability. IKKα 

also contributes to the regulation of NIK through negative feedback, since IKKα phosphorylates 

a residue in the C-terminus of NIK, which leads to its degradation. Due to this regulation, 

activation of the non-canonical pathway is usually slow and persistent351,415. 

TRAF3 degradation allows the accumulation of NIK, which will activate IKKα to 

phosphorylate p100 at specific C‑terminal serine residues (S866 and 870), leading to its 

processing416,417. This NF-κB alternative pathway is characterized by this processing, which 

results in the activation of its primary targets, RELB and NF-κB2, that form heterodimers and 

translocate to the nucleus to regulate gene expression387,416–418.  

Unprocessed p100 functions as an IκB protein, since it can bind other NF-κB transcription 

factors, particularly RELB and RELA, retaining them in the cytoplasm419–422. When 

phosphorylated by IKKα, p100 will be ubiquitinated by the β-transducin repeats containing 

proteins (β-TrCP) E3 ligase, resulting in its processing to generate NF-κB2. 

In the nucleus, RELB/NF-κB2 heterodimers are responsible for activating genes relevant for 

the differentiation and function of several immune cell types. Optimal gene regulation by these 

heterodimers also depends on other transcription factors, namely activator protein 1 (AP1), 

STATs and interferon regulatory factors (IRFs)423–425. 

The non-canonical path can also regulate the canonical path. For example, RELB was identified 

as regulating IκBα stability, limiting canonical pathway activation426. RELB might also 
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interfere with canonical NF-κB gene regulation through interaction with RELA427,428. IKKα can 

also interfere in the canonical pathway by regulating the stability and promoter recruitment of 

RELA and c-REL through phosphorylation of their C-terminals, which leads to their 

proteasomal degradation429. 

Canonical and non-canonical pathway regulation and interactions have been shown to be of 

great importance for a number of cellular processes related with immunity. For example, DCs 

sense infection and tissue damage through the canonical pathway, but they also activate the 

non-canonical pathway by the stimulation of receptors like CD40, LTβR and RANK430,431. In 

particular, DC induction of CD8+ T cell responses, via antigen presenting pathway and cross-

priming, is dependent on RELB activity, and high levels of RELB expression and nuclear 

presence are associated with DC maturation432–434. 

T cell maturation and function is also regulated by both paths of the NF-κB pathway. For 

instances, naïve T cell activation through TCR and co-stimulatory signals depends on the 

canonical path322. After activation, some TNFRs induced are capable of mediating the 

activation of the non-canonical path, which participates in the directing of T cell fate towards 

NK cells and γδT cells435–438. 

Interference with the NF-κB pathway has been shown to also influence the function and 

maturation of several CD4+ T cell subpopulations. For example, Th1 differentiation is 

influenced by both paths of the NF-κB pathway since IFNγ production relies on RELA, and T-

bet is regulated by RELB439,440. 

Importantly, besides their own intrinsic regulation, both paths of the NF-κB pathway interact 

and are regulated by other intracellular signaling cascades, in particular the PI3K/AKT pathway 

and the JAK/STAT pathway. For example, the stimulation of TCRs result in the formation of a 

very large multi-proteomic receptor complex, which leads to AKT activation. Furthermore, 

PDK1 was shown to have an important role in assembling this receptor complex, mediating 

recruitment of proteins important for the NF-κB pathway441,442. 

Another very unusual mechanism through which the PI3K/AKT pathway interacts with the NF-

κB pathway involves the non-canonical path and its role in complement membrane attack 

complexes (MACS), which are structures that form in response to complement activation in 

host defenses against pathogens or immune reactions443. This constitutes a particular method of 

fast non-canonical pathway activation, which does not require TRAF3 degradation, but rather 

involves MAC-induced phosphorylation of AKT, and the formation of a signalosome complex 

that includes AKT and NIK, where activated AKT stabilizes NIK. 
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Besides the PI3K/AKT pathway, interactions with the JAK/STAT pathway have been shown 

to, for instances, regulate the nuclear presence of NF-κB transcription factors. The ubiquitin 

ligase complex of Elongin B, Elongin C, Cullin and SOCS1 promotes ubiquitination and 

degradation of nuclear RELA. PIAS1 has also been shown to move to promoter regions of NF-

κB target genes after being phosphorylated by IKKα, inhibiting the DNA-binding of STAT1 

and RELA-containing dimers444–449. 

In the opposite direction, IKKβ has been shown to inhibit the activation of STAT1 in 

macrophages, and NF-κB signaling synergy with Il-4 signaling promotes Th2 cell 

differentiation, through activation of STAT6450–452. 
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1.1.2.4. Inflammation in Regeneration 

The immune response to injury is probably one of the best studied aspects of regeneration, since 

in the last decades several publications identified the importance of modulation of the 

inflammatory response to the outcome of the wound healing process7,20,35,36,40,67,81,454–459. The 

role of inflammation and immune response during wound healing and, more particularly, 

regeneration has been studied in several contexts, from fetal scarless wounding to mouse digit 

tip regeneration, and several common trends have emerged. 

In fetal scarless wound healing the role of the immune system has been proposed to be minimal, 

seeing as it is still very insipient in its development41. In fact, the fetal wound healing process 

occurs with virtually no inflammatory response. It has been proposed that this is partially 

because of decreased fetal platelet aggregation and degranulation, as well as reduced production 

of TGFβ1 and 242,45,460.  

Furthermore, fetal wound healing is characterized by lower numbers of mast cells, neutrophils 

and macrophages, with reduced phagocytic capacities, as well as reduced production of pro-

inflammatory cytokines, like Il-6 and 8, that are also produced for a reduced amount of 

time54,461–465. Additionally, fetal DCs have a suppressed response to allogeneic antigens, inhibit 

Treg induction and T cell-derived TNFα production466. 

The notion that absence of inflammation is responsible for the regenerative capacity of fetal 

tissues finds support in the observation that a reduction in inflammation of postnatal wounds 

reduces scarring460,467,468. However, it has been proposed that, rather than an absolute absence 

of inflammatory response, fetal scarless wound healing is the result of different proportions and 

dynamics between pro and anti-inflammatory mediators46,461. 

For example, the ratio of TGFβ3 to TGFβ1 is higher in scarless fetal wound healing than in 

scarring and adult skin, and increased TGFβ3 in adult wounds reduces scar formation41,468–470. 

The temporal dynamics of these two isoforms also differ between scarless and scarring wounds, 

with TGFβ3 being present sooner than TGFβ1 in scarless wounds, while the opposite is true 

for scarring wounds459,471–473. 

It was also shown that fetal skin expresses higher levels of Il-10, and that this increased 

expression is necessary for scarless wound healing, through downregulation of Il-6 and 8 and, 

possibly, through a STAT3-mediated regulation of hyaluronan metabolism474–476. Differences 

pertaining to the modulation of the ECM have also been observed, like the ratio of MMPs to 

TIMPs being higher in scarless fetal wound healing than in adult scarring wound healing477. 
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The greatest volume of evidence in favor of the idea that it is an appropriate balance between 

pro and anti-inflammatory mediators, rather than an absence of pro-inflammatory mediators, 

that yields a regenerative outcome to wound healing comes from studies of immune responses 

during the regenerative events of lower vertebrates7,8,478,479. 

Lower vertebrate’s macrophages and neutrophils share common markers with their mammalian 

equivalents, as is the case of F4/80, and α-Naphthyl acetate esterase (NAE) and 

Myeloperoxidase activity, as well as a myriad of genes relevant for the development of several 

different lymphocyte populations, like CD2 and CD79a480–488. This contributes to similarities 

between macrophage and neutrophil functions across vertebrates, as well as large 

commonalities between the responses of these cells in distinct tissues, like limb, heart and eye 

lens489–491. 

Indeed, tail fin regeneration in Danio requires macrophages to promote an anti-inflammatory 

environment that is permissive to regeneration, but nevertheless involves the production of pro 

and anti-inflammatory signals, ECM remodeling, and clearance of debris and senescent cells, 

much like their mammalian counterparts, and macrophage depletion has been shown to impair 

limb regeneration490.  This capacity of tail fin regeneration to occur despite pro-inflammatory 

signals and activity of macrophages has been associated with an early clearance of these pro-

inflammatory mediators, and a conservation of anti-inflammatory mediators, likely the result 

of M2 macrophage activity492,493.  

The hypothesis that regenerative outcomes in lower vertebrates are the result of M2-mediated 

inflammatory processes, instead of M1-mediated, gained further support from studies 

performed in lizards, where the regenerating response of the tail was associated with the 

presence of M2-like macrophages, while the scarring response of the limb was associated with 

the presence of M1-like macrophages494,495.  

In another example of the requirement of inflammatory processes for regeneration to occur, in 

C. pyrroghaster’s lens regeneration the recruitment of myeloid cells is not just essential, but 

also sufficient to promote ectopic lens regeneration, when transplanted into an uninjured eye496. 

Myeloid cell indispensability to regeneration, in particular through macrophage activity, was 

further demonstrated by clodronate-loaded liposome (Clo-Lipo) treatment of Ambystoma 

regenerating limbs and hearts, and Podarcis muralis tail489,497,498.  

Clo-Lipo treatments targets ATP production in phagocytic cells, leading to their apoptosis, and 

this primarily targets macrophages, with little effect on neutrophils. This treatment severely 

impaired regeneration of limb and heart in Ambystoma, as well as blastema formation and tail 
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regrowth in Podarcis. The signals that regulate macrophage recruitment are not fully 

understood yet479, however evidence suggests that in the regenerating limb blastema 

progenitors that express PRRX1 contribute to myeloid cell recruitment through production of 

Il-8499,500. 

Newts, salamanders and larval anurans regenerative events are associated with weak immune 

responses501. However, this is not due to absence of immune cells, as in the regenerating limb 

of Ambystoma, macrophages, neutrophils, T and B cells are recruited to the regenerating 

stump497,499,502,503. Immigration of leukocytes to the injury site in Ambystoma is comparable 

with mammalian wounds, and analysis of inflammation-related genes in larval Xenopus and 

Ambystoma show that there are similarities between the major cytokines, chemokines and 

growth factors present in the regenerative events of their limbs and mammalian acute 

wounds497,504.  

Therefore, the weaker immune response has been explained by the presence of a lower diversity 

of MHC receptors and a simple immunoglobulin repertoire, composed of weak IgM immunity, 

resulting in decrease T cell activation, cytokine secretion and, therefore, inflammation7. This 

weaker immune response in lower vertebrates has also been linked with slower and less robust 

adaptative humoral responses505.  

Nevertheless, evidence of a possible requirement of T cells in Ambystoma limb regeneration 

comes from the observation that regeneration is impaired in a dose-dependent manner by the 

immunosuppressant Cyclosporin A, which is rescuable by Il-2 treatment506. In Xenopus, the 

requirement of T cells has also been proposed, due to the observation that tail regeneration 

during the regenerative window of tadpoles involves a significant lymphocyte infiltration, 

which correlates with high expression of TNFα in the thymus. Non-regenerative phases of 

tadpole development also exhibit thymus activation, but the size is irreversibly decreased in 

relation to non-amputated siblings507. 

More recently it has also been shown that Tregs infiltrate the regenerating heart, spinal chord 

and retina of D. rerio and stimulate the proliferation of precursor cells, like cardiomyocytes, 

neural progenitor cells and Müller glia cells508. This function of Tregs appears to be a non-

immunological role, and depends on the transcription factor FOXP3a, which induces the 

expression of pro-regenerative factors like Nrg1, NT3 and Igfs. 

Skin-resident cells, like DCs, Langerhans cells and dendritic epidermal T cell-like cells 

(DETCs) have also been shown to exist in anurans, similarly to mammals509. While the 
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functional role of these cells has not been broadly explored in amphibians, it has been proposed 

that LCs contribute to scar formation503,510. 

Another important aspect of the immune response is the complement system, which promotes 

opsonization, chemotaxis and cell lysis. Analysis of D. rerio genome showed a high 

conservation of components of this system in comparison with mammals, but this system has 

not been fully analyzed in other lower vertebrates, like samalanders, despite expression of their 

constituents being observed during limb, heart and lens regeneration511–515. During limb 

regeneration in Ambystoma and Notophtalmus, C3 and C5 are up regulated, which also happens 

in Notophtalmus lens regeneration. As for heart regeneration, the C5aR1 has been observed 

overexpressed after 48 hours of cardial apical resection in Danio and Ambystoma, and inhibition 

of this receptor reduced cardiomyocyte proliferation, suggesting a requirement of the 

complement system for regeneration512. 

Overall, lower vertebrate wound healing is characterized by reduced hemostasis, shorter 

inflammatory stages, reduced infiltration, possibly due to lower circulating monocyte and 

neutrophil levels, as well as by a significant delay in ECM production and assembly2. 

Furthermore, studies of initial wound healing dynamics in Ambystoma have identified the 

presence of both pro and anti-inflammatory cytokines, namely Il-1β, Il-4, Il-5, Il-6, Il-10, Il-13, 

Il-17, Il-23, IFNγ and TNFα, occurring concurrently497, while in mammals pro-inflammatory 

and anti-inflammatory cytokine production seem to overlap less, with the first being the 

prevalent group during the hemostasis and inflammation phases of wound healing, while the 

second group is prevalent during re-epithelialization and tissue remodeling516. 

While mammals have a relatively limited regenerative potential, some organisms and tissues 

present good opportunities to study the regulation of the immune system in regenerative events 

and its interaction with the regenerating tissue, albeit with some limitations517,518. 

For example, in 2021 Rabiller et al., showed that hematopoietic macrophage efferocytosis 

directs regeneration of the adipocyte tissue in the subcutaneous fat pad of M. musculus516. In 

contrast to medullar macrophages, that contribute to an inflammatory response and promote 

scar formation, these authors showed that most resident macrophages display an anti-

inflammatory profile and are responsible for a regenerative response.  

Related with these observations, in 2020 Wu and colleagues showed the importance of 

macrophage phenotypic switch for the decision between regenerative and fibrotic repair in 

mammalian pancreas518. The authors showed that, through Il-4Rα-mediated JAK/STAT6 
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signaling and PI3K/AKT signaling, acinar-to-ductal metaplasia after acute pancreatitis was 

possible. 

The relevance of macrophage activity in wound healing of mammals was also shown in the 

context of heart and skeletal muscle wounding in mice. Early infiltration of M1 macrophages 

was associated with clearance of necrotic tissue, and disrupted M1 macrophage polarization 

perturbed heart healing and skeletal muscle regeneration519–521.  

Furthermore, M1 and M2 macrophages were proposed to have clear and distinct roles, with M1 

recruiting and stimulating satellite cell proliferation, through production of Il-1β, Il-6, TNFα 

and G-CSF, and M2 mediating differentiation and growth through IGF1 and TGFβ519,522,523. 

Macrophage activity in mice and humans has also been shown to regulate hepatic and kidney 

regeneration in response to WNT signaling524,525.  

Besides the role of macrophages, both eosinophils and Tregs have also been shown as necessary 

for activation of satellite cells during skeletal muscle regeneration, and this has been linked 

with Il-4 production by eosinhophils, which activate fibro/adipocyte progenitors (FAPs), 

necessary for debris clearance, and with amphiregulin secretion by Tregs, which enhances 

satellite cell activation and differentiation526,527.  

Neutrophils have also been associated with regulation of immune responses in regenerative 

contexts in mice, by converting pro-inflammatory macrophages into anti-inflammatory through 

neutrophil efferocytosis and ROS release124,528. However, neonatal mice lacking both 

macrophage and functioning neutrophils are able to repair skin wounds without delay or scar 

formation. Dying cells and debris are instead removed by ‘stand-in phagocytic fibroblasts’529. 

The complement system has also been shown to play a role in murine regeneration, particularly 

in skeletal muscle, through C3a-mediated CCL5 recruitment of monocytes and macrophages 

towards regenerating tissue, as well as in cardiac repair, with C5aR1 enhancing cardiomyocyte 

proliferation512,530. 

Despite relevant contributions of other immune cell types, the outcome of a wound healing 

event seems to be primarily influenced by the dynamics of macrophages, even in more complex 

regenerative contexts. For example, in the epimorphic regeneration of the murine digit tip, Clo-

Lipo treatment was shown to prevent regeneration by reducing bone histolysis, re-

epithelialization and blastema formation531. 

This was further confirmed in another mammalian epimorphic regeneration model, A. cahirinus 

ear pinna full thickness wounding, where Clo-Lipo treatment led to inhibition of blastema 
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formation and, consequently, regeneration531,532. In this set of experiments, Simkin et al. 

showed that both A. cahirinus and M. musculus contained relatively equal profiles of circulating 

leukocytes, with lympochytes being the most abundant and eosinophils being the smallest 

population.  

However, they also showed that M. musculus has a greater level of phagocytic cells invading 

the wounded tissue 3 days after injury, point at which the numbers of phagocytic cells 

(measured by CD11b detection) were the highest in both species. Furthermore, they observed 

that while Mus immune response was characterized by an initial higher abundance of 

neutrophils, that decrease and are substituted by macrophages by day 7 post injury, in Acomys 

the recruitment of neutrophils to the injured tissue was slower and at lower levels than in Mus.  

As for macrophages, it was observed that in both species they persisted in the wound for up to 

two weeks after injury. However, while M1 macrophage numbers increased in the distal region 

of the wound of Mus, the same did not occur in Acomys, where they stayed proximal to the 

wound. As for M2 macrophages, while in Acomys they appeared regionalized to a region 

directly beneath the epidermis and centrally in the blastema, distally from the wound, in Mus 

these cells were found distributed throughout the connective tissue distal to the injury. This led 

the authors to propose that the Acomys ear pinna blastema is relatively free of M1 macrophages. 

This work was followed by another where the authors focused their inquiry on neutrophils533. 

In this work, which very interestingly compared wild and laboratory-adapted species of 

regenerative and reparative murids, Cyr et al. observed that lab-bred A. cahirinus had fewer 

circulating neutrophils than both wild and lab-bred M. musculus, and these lower percentages 

were accompanied by significantly higher percentages of lymphocytes and lower percentages 

of monocytes. This led the authors to propose that reduced levels of phagocytic cells in the 

immune responses of regenerative murid species might be compensated by increased levels of 

lymphocytes. 

The authors also demonstrated that A. cahirinus neutrophils had higher phagocytic activity than 

their counterparts in M. musculus, and that the killing ability of the serum and whole blood of 

A. cahirinus was also higher. In fact, they propose that bacteria killing in Mus is primarily 

achieved by neutrophils, or a neutrophil/serum combination, while in Acomys this killing ability 

appeared to be driven exclusively by factors present in the serum. 

Work from the same lab further expanded our knowledge of the immune regulation of 

regenerative wounds in Acomys, by focusing on the role of T cells534. First, the authors showed 

that both regenerative and fibrotic wound healing processes share an initial set of pro-
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inflammatory factors, namely Il-6, TNFα, CCL3, CSF2 and CXCL1, but with lower levels in 

the regenerating tissues, particularly of Il-6, CCL2 and CXCL1. Interestingly, despite initial 

lower levels of Il-6 in A. cahirinus, these did not return to basal or lower after the inflammatory 

phase, unlike Mus. 

Some local increases of certain factors were associated with regeneration, specifically Il-12 and 

Il-17, as well as a stronger influx of activated and regulatory T cells, expressing Cd8, Ctla4, 

Il2ra, Foxp3 and Tnfrsf4, in the dermis, during the inflammatory phase of wound healing. 

Conversely, local increase of CCL2 was found to be specific to fibrotic repair, as was the higher 

activation of STAT3 in response to the higher levels of Il-6 during the inflammatory phase and 

the accumulation of inactivated Th cells. Curiously, STAT3 activation increased afterwards, 

upon formal blastema formation and widespread throughout it, while it declined in the fibrotic 

repair of Mus and was only visible in distal epidermis. 

In another study of A. cahirinus immune responses in regenerative tissues, this time focusing 

on skin of the dorsum535, Brant et al. observed that normal skin of Acomys shows a higher 

number of mast cells, which are more prominent in the papillary dermis around hair follicles in 

both species, but become dispersed throughout the granulation tissue of Acomys upon injury, 

while they were nearly absent in Mus wounds. 

Furthermore, the authors observed that Acomys wounds never contained F4/80+ macrophages, 

while these were found in uninjured skin and in damaged connective tissue below the 

panniculus carnosus muscle. They also saw higher upregulation of iNos, associated with 

classical activation of macrophages (M1 polarization), and Dectin1 and Arg1, associated with 

alternative activation (M2), in Mus, while in Acomys the expression of these genes was not 

detected, which led them to propose that there are no mature macrophages in the wounds of 

Acomys. 

They also measured cytokine levels in the dorsal wounds of Mus and Acomys, and found that 

18 of the detectable cytokines in Mus were not detectable in Acomys. These included GM-CSF, 

G-CSF, CXCL10, CXCL11 and MIP1b, secreted primarily by macrophages, and CCL1, MCP5 

and M-CSF, which are macrophage chemoattractants/inducers, and whose absence might help 

explain the lack of F4/80+ macrophages in Acomys wounds. Of the detected cytokines in 

Acomys, C5/C5a, Il-16, MCP1, MIP1a, MIP2 and TNFα were found at lower levels than in 

Mus, while RANTES was the only cytokine found at higher levels in Acomys than in Mus. 

In another work, the same lab focused on the regenerative properties of skeletal muscle in A. 

cahirinus, particularly the tibialis anterior (TA) muscle536. In this regenerative model, the 
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authors showed that NF-κB and TGFβ1 expression had the same temporal dynamics between 

A. cahirinus and M. musculus, but levels of it were higher in Mus, suggesting lower 

inflammation and fibrosis in A. cahirinus skeletal muscle regeneration.  

Furthermore, NF-κB expression co-localized with F4/80 expression in Mus, and acid 

phosphatase activity (an indicator of muscle fibrosis) was clearly present in Mus but virtually 

absent in Acomys. This was correlated with the levels of CXCL12, a chemokine with an anti-

inflammatory role, which showed an overexpression in A. cahirinus injured TA, while it was 

downregulated in Mus. 

As in dorsal skin wounding, no F4/80+ macrophages were detected in Acomys regenerating TA. 

Through CD86 labeling, the authors confirmed that this means an absence of M1 macrophages 

from healing tissues in A. cahirinus, but not in M. musculus, where they abound. Additionally, 

the authors detected similar levels of M2 macrophages in both species. 

Overall, observations performed in Acomys suggest that its wound healing is characterized by 

a weaker inflammatory response, with fewer phagocytic myeloid cells invading the tissue, 

especially in earlier timepoints, and that these cells, particularly macrophages, might present a 

more immature phenotype, with a skew towards anti-inflammatory subtypes, thus generating a 

less inflammatory environment.  

In another example of the rare epimorphic regenerative response of mammals (although 

debatable)4,10, Sinha et al. compared the wound healing responses between the regenerative 

velvet of the antlers and the reparative dorsal skin of the reindeer Rangifer tarandus. The 

authors confirmed a remarkable capacity for regeneration of full-thickness injuries to the velvet, 

whereas identical injury to the back skin healed through scarring, due in part to distinct patterns 

of stromal immune signaling. 

Velvet fibroblasts in the reindeer’s antlers exhibited a transcriptomic profile indicative of an 

immunosuppressive secretome, while fibroblasts of the dorsal skin maintained a heightened 

inflammatory state. Velvet wounds had reduced myeloid recruitment and arrested neutrophil 

and macrophage maturation, as well as an accelerated clearance of infiltrated leukocytes, which 

was at least partially due to the particular activities of site-specific fibroblasts. 

scRNA-seq identified similar immune cell populations in peripheral blood from systemic or 

antler-specific locations, likely also with comparable maturity. However, velvet was shown to 

harbor more resident immune cells than back skin, which nevertheless had an enrichment of 

CSF1R+ macrophages. Furthermore, recruited cell populations to the wound site varied in 

magnitude, distribution and maturity state, between antler velvet and back skin. 
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At 3 days post injury, there was a higher amount of immune cells in the back skin than in the 

velvet wounds. This distinction was not evident at 7 days, while by 14 days after injury the 

levels differed again, with the immune infiltrate persisting in back skin but being predominantly 

resolved in the antler velvet.  

More interesting than the levels of immune infiltrates was their significant heterogeneity and 

maturation state, with back skin being enriched with S100A8/A9+CSF3R+ neutrophils at day 3, 

S100A8/A9+CSF1R+ macrophages throughout the surveyed time and CD3E+ T cells at day 14 

post injury. Additionally, macrophages with a phenotype similar to the ’initial/early’ phenotype 

were found enriched in antler velvet regeneration at day 3, while Thbs1+ macrophages, 

associated with oxidative stress and antimicrobial activity, were dominant in back wounds. 

The authors posited that fibroblast-derived signals might regulate the immune response in each 

tissue. To confirm this, they co-cultured primary dermal fibroblasts from back skin and velvet 

with circulating immune cells of the same reindeer. scRNA-seq of these immune cells made 

evident considerable differences in expression, with velvet-conditioned macrophages 

exhibiting a more immature phenotype, while back skin neutrophils appeared to be the most 

terminally differentiated. 

Overall, their work suggested that pro-regenerative fibroblasts have a secretome enriched in 

keratinocyte-stimulating and immune-repellant factors, like BMP3, BMP4, NDP, INHbA, 

FGF10 and LAMC3, and SLIT 2 and 3, respectively. On the other hand, pro-inflammatory 

fibroblasts express a role of factors involved in innate and adaptive leukocyte recruitment, like 

CSF1, CCL2, CXCL12 and PTGS2, as well as members of the complement and coagulation 

cascades, namely C3, C4a and CFH, and PLAU, PLAT and PROS1, respectively, that 

contribute to the activation of immune and vascular responses. 

Through a comprehensive overview of the bibliography, we realize that vertebrate regenerative 

models share several similarities in their immune response. As immune signaling has been 

shown to regulate proliferation in several cell types and contexts, it stands to reason that 

regulation of proliferation is achieved through similar mechanisms in vertebrates. 
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1.1.3. Proliferation 

Also known as the growth phase20, the proliferative phase of the wound healing can be divided 

into four distinct, yet related, processes, namely re-epithelialization, fibroplasia, angiogenesis 

and peripheral nerve repair.  

Re-epithelialization starts shortly after wounding, within the first 24 hours, with basal 

keratinocytes differentiating, loosening their adhesions to each other and to the basal lamina, 

and migrating between the fibrin clot and the rich collagen matrix of the dermis, forming a 

leading edge, also known as the migrating epithelial tongue, while keratinocytes that migrate 

behind them (suprabasal keratinocytes) proliferate to provide more cells to fill the wound537. 

As they proliferate, suprabasal keratinocytes closest to the leading-edge change shape and 

migrate over the basal keratinocytes, becoming the leading cells. 

This behavior is stimulated in keratinocytes by cell-cell and cell-ECM interactions, growth 

factors and cytokines, released by several types of cells538–540. Paracrine interactions between 

keratinocytes, fibroblasts, neutrophils, monocyte/macrophages and endothelial cells activates 

MAPK/ERK signaling, which results in an increase in cytokines, growth factors and other 

biomolecules production, which will promote epithelial-mesenchymal interactions between 

keratinocytes and fibroblasts. These interactions stimulate fibroblasts to further release growth 

factors and support keratinocyte proliferation541–544. 

The role of growth factors responsible for this keratinocyte behavior include Epidermal growth 

factor (EGF), Heparin-binding Epidermal growth factor (HB-EGF), TGFα, Fibroblast growth 

factor 2 (FGF2) and Keratinocyte growth factor (KGF)545,546. These factors lead to the 

upregulation of K6, K16 and K17, which are important for keratinocyte migration, which is 

further stimulated by production of Il-1, Il-6 and TNFα in the wounded tissue, which stimulates 

fibroblasts to further produce keratinocyte-stimulating factors539,543,547,548. 

Keratinocyte migration through the fibrin plug is possible due to the production of MMPs by 

basal keratinocytes at the leading edge549,550. During their migration, keratinocytes actively 

interact with fibroblasts, endothelial cells and immune cells in the wound, with CCL2 produced 

by keratinocytes contributing to the activation of macrophages, neutrophils and T cells138,551.  

Fibroplasia is the term employed to reference the processes fibroblasts develop during wound 

healing, and includes keratinocyte stimulation, immune system recruitment and modulation, 

ECM production and reshaping, and wound contraction552. Fibroblasts are an heterogeneous, 
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incompletely defined group of cells, that are characterized by great plasticity and differential 

roles and behaviors, depending on their tissue of origin and their tissue of action543,553,554.  

Fibroblasts respond, through the MAPK/ERK and PI3K/AKT pathways, to several extracellular 

signals that include the previously mentioned Il-1 and TNFα, but also to TGFβ, Platelet-derived 

growth factor (PDGF), EGF and FGF2555,556. These factors are released, as mentioned, by 

keratinocytes, but also platelets, macrophages, endothelial cells and fibroblasts themselves, 

operating in an autocrine way. This results, among other things, in an alteration of the ECM 

surface receptors in fibroblasts, which initially express higher levels of integrins α3β1 and α5β1, 

but gradually transition to a higher abundance of integrin α2β1557. 

In interaction with ECM components like FN, fibrinogen and thrombin, these factors stimulate 

fibroblasts to proliferate and produce specific integrin receptors and ECM factors, like 

collagens, fibronectin, and others, but also modulators of ECM assembly, namely 

metalloproteinases (MMPs) and their inhibitors, like TIMPs541,557,558. Furthermore, 

keratinocyte signaling is capable of inducing an anti-fibrotic effect in fibroblasts, inducing an 

upregulation of urokinase-type plasminogen activator (uPA), MMP1 and MMP3 and a 

downregulation of pro-fibrotic factors like connective tissue growth factor (CTGF), ColI, 

ColIII, FN, plasminogen activator inhibitor 1 and TIMPs 2 and 3559. 

The first fibroblasts to invade the wound area are reticular fibroblasts, expressing proto-

myofibroblast markers like β and γ actin. These fibroblasts begin to migrate into the wound at 

day 3, where they will deposit new ECM and reshape the fibrin clot and damaged ECM, creating 

a new connective tissue, called granulation tissue. This new ECM is an essential scaffold and 

an instructive map for the migration of inflammatory cells, endothelial cells, other fibroblasts 

and more560–562. 

Besides reticular fibroblasts, several studies suggest that fibrocytes also contribute to the 

fibroblast population during wound healing. Immature fibrocytes secrete MMP2, 7, 8 and 9, 

which promote their migration to the granulation tissue, as well as endothelial cells563,564. 

Fibrocytes seem to have a reduced capacity to synthesize collagen when compared with dermal 

fibroblasts. However, fibrocytes have been shown to be able to upregulate collagen production 

in dermal fibroblasts, as well as chemotaxis, proliferation and differentiation into 

myofibroblasts (MFs), likely through CTGF and TGFβ1 production and secretion. 

Myofibroblasts are differentiated fibroblasts and fibrocytes that exhibit characteristic 

expression of cytoskeletal proteins, particularly α-smooth muscle actin (αSMA), but also H1-

calponin and γSMA, as well as EDA-Fibronectin, and have an increased stress fiber and focal 
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adhesion assembly562,565–567. Fibrocytes and fibroblasts likely differentiate into αSMA-

expressing myofibroblasts through TGFβ1 and PDGF stimulation568–570.  

TGFβ and PDGF signaling induces the expression of αSMA and muscle myosin, which form 

intracellular stress fibers that attach to the fibronexus, a cell-ECM structure that links actin 

filaments to extracellular collagen and fibronectin, through integrins at focal adhesion sites. 

The contraction of these stress fibers condenses the ECM, creating empty spaces that can 

accommodate more collagen deposition, resulting in the contraction of the wound. In fibrotic 

wound healing, this accumulation of collagen leads to an almost avascular and acellular tissue, 

where 80 to 90% of the ECM is composed of type I collagen562,571–574. TNFα has been shown 

to be able to suppress this process through reducing the stability of TGFβ mRNA575. 

Proto-myofibroblasts in the granulation tissue also increase collagen deposition, altering the 

tensile strength of the tissue576. Because fibroblasts can sense the rigidity of the tissue, and the 

direction of the mechanical load, and translate it to gene expression, this increased deposition 

of collagen further supports their differentiation into myofibroblasts. An example of the effects 

of this mechano-transduction is the activation of Slug-mediated TGFβ signaling by vimentin, 

an intermediate filament of the cytoskeleton, which triggers epithelial-to-mesenchymal 

transition (EMT), proliferation, differentiation and collagen deposition of fibroblasts, which in 

turn leads to keratinocyte differentiation, also contributing to re-epithelialization577–583.  

Besides accommodating more collagen and further contributing to a change in the tensile 

strength of the tissue, this condensation of the ECM also releases TGFβ from its extracellular 

latent complex by increasing its proximity and availability to cells584,585. This availability of 

TGFβ, helped by its production by activated fibroblasts, is also important to, in later stages of 

repair, revert the activation of keratinocytes, by inducing basal cell-specific markers such as K5 

and K14, thus reducing their proliferation539.  

Myofibroblasts are eventually cleared from the wound tissue via apoptosis, when tissue 

integrity is sufficient586. Impaired clearance of myofibroblasts from the repaired tissue leads to 

pathological tissues, like fibrotic scar tissue or keloid formation20,455,587.  

As the tissue is reconstituted, another important process has to occur, in order to supply the 

growing tissue with the necessary nutrients, i.e. neovascularization560. Angiogenesis, the 

creation of new vessels, is thought to be a process developed in two phases: In the first, new 

blood vessels are created through proliferation of endothelial cells and pericytes, which will 

then be pruned and remodeled in the second phase. Blood vessel destruction, hemostasis, vessel 
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contraction and the accelerated cellular metabolism working to repair the injury leads to 

hypoxic conditions shortly after damage occurs144,588–595.  

In these conditions, vascular endothelial cells, fibroblasts, keratinocytes and macrophages are 

stimulated to produce hypoxia inducible factor 1 (HIF1), which in turn stimulates VEGF, FGF, 

PDGF, TGFβ, angiogenin, angiotropin and agiopoietin 1 (Ang1) production and secretion, 

triggering neovascularization. VEGF has been shown to bind specifically to fibrin, facilitating 

its localization and mitogenic activity, which is mediated by upregulation of several integrin 

receptors in endothelial cells (ECs), namely integrins αvβ3, α1β1 and α2β1, and increases the 

expression of BCL2596–598. 

Angiogenesis requires the activation of local microvascular ECs, present in the inner surface of 

blood vessels, which in a hypoxic environment respond to growth factors like VEGF and PDGF, 

becoming activated599. Pro-angiogenic hypoxic effects are mediated through HIF1, which 

further upregulates VEGF, and VEGF-mediated expression of endothelial nitric oxide synthase 

(eNOS) and heme oxygenase 1 (HO1)600,601. This establishes an essential VEGF gradient, 

correlated with a parallel hypoxic gradient, which stimulates activated ECs to migrate towards 

central hypoxic regions602. 

Activated ECs help to break down the ECM in the granulation tissue, which allows them to 

proliferate and migrate, and form new cell-cell junctions, thus contributing to the branching out 

and formation of new capillaries.  

Capillary sprouting, which occurs in response to VEGF and PDGF, as mentioned, but also FGF, 

TGFβ and angiopoietins, is carried out by three different subsets of ECs: Highly migratory tip 

cells, whose function is to guide the sprout towards a VEGF gradient, highly proliferative stalk 

cells, that elongate the sprout, and quiescent phalanx cells, that will form the lining of the blood 

vessel592,603–608. 

ECM factors, like collagens, laminins, vitronectin, and especially fibronectin, also promote 

endothelial cell proliferation, survival and migration609,610. Tip cells migrate by extending their 

filopodia in search of the greatest concentration of VEGF, as well as evading negative cues, 

like thrombospondin 1 and 2, and decorin, while stalk cells trail them, maintaining the integrity 

of existing capillaries611–617.  

Eventually, immature EC structures anastomose with preexisting blood vessels, likely due to 

EC expression of surface receptors like P-selectin, E-selectin, ICAM1 and VCAM1, creating 

insipient endothelial tubules. These structures now have a lumen and generate a basal 
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membrane, and ECs release PDGF, that recruits PDGFRβ-expressing pericytes, which cover 

the new vessels, stabilizing them618–623.  

After new blood vessel formation, the second phase, pruning, starts with the contraction of 

selected blood vessels. ECs of the inner walls of blood vessels bind to each other on opposite 

sides in increasing numbers, until the lumen is occluded and blood flow ceases. Then, the ECs 

of the retracting branch disintegrate and die by apoptosis, leaving a remodeled vascular network 

behind802. Ultimately, fibroblast production and modeling of ECM gives these new blood 

vessels their required support, establishing them as fully functional572,625.  

Finally, peripheral nerve repair occurs in response to peripheral nerve transection, which causes 

retraction of the stumps. Poor vascularization of the space between stumps leads to a hypoxic 

environment, which triggers the release of VEGF by macrophages, promoting angiogenesis 

along the original basement membrane of the nerve, while the distal stump degenerates by 

Wallerian degeneration455,626.  

Schwann cells (SCs) detach from degenerating axons, that release their myelin, and 

dedifferentiate into a progenitor-like state627–629. Dedifferentiated SCs interact with fibroblasts 

at the injury site through EphrinB-EphB2 contacts, which promotes and orients SC migration 

and appears to contribute to myofibroblast differentiation. At the same time, dedifferentiated 

SCs produce monocyte chemoattractant protein 1 (MCP1), Il-1 (α and β) and pancreatitis-

associated protein III (PAPIII), which recruits more macrophages to the damaged nerve region, 

to help clean myelin and axon debris630–632.  

These macrophages also promote vascularization of the space between the two stumps, by 

release of VEGF and HIF, thus preparing the site for axonal regrowth. At the same time, 

dedifferentiated SCs migrate along the new vasculature, forming Büngner bands and guiding 

regrowing axons. Upon reinnervation, SCs re-differentiate and remyelinate axons, contributing 

to the termination of the inflammatory response. 

Underlying all the processes occurring during this phase is the proliferation of several cell types, 

including keratinocytes, ECs and fibroblasts, among others. Therefore, understanding how 

proliferation is regulated in these cells is paramount to understand how the proliferative phase 

is setup and regulated. 
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1.1.3.1. Regulation of Proliferation 

Proliferation in vertebrates is regulated by several intracellular pathways that are activated by 

external factors, like hormones, growth factors, cytokines, extracellular matrix components, etc. 

Growth factors, in particular, are a common strategy for cells to communicate with each other 

the need to proliferate.  

In the context of wound healing, as we have seen, several cell types are required to proliferate 

for the wound to close and missing tissue to be reconstituted or, at least, replaced with a semi-

functional one. Amongst these cell types, probably the highest portion belong to the highly 

heterogeneous group of fibroblasts, followed by keratinocytes and other epithelial cell types. In 

all these cells proliferation regulation has been associated, at least partially, by signaling 

involving RTKs. 

The most widely studied family of RTKs is the ErbB family of receptors, and their downstream 

signaling, particularly in the context of cancer. In 1984 the oncogene v-ErbB was found to 

contain transformations of Egfr motifs633, suggesting a role of EGFR in cell transformation. 

From then on, Egfr overexpression was found to be positively correlated with the progression 

of carcinomas, sarcomas, non-small cell lung cancer and malignant gliomas, and the levels of 

Egfr were shown to predict tumor grade, patient prognosis, and relapse rate634–636.  

This relevance in cancer has led to the great body of work produced about this pathway, 

resulting in a profound understanding of its regulation and complexity812. Besides being a 

highly significant player in cancer development, the EGFR signaling pathway is also of extreme 

importance during embryonic development636,637. This is clearly observable in mice mutant for 

any of the ERBB receptors, which exhibit severe malformations of several tissues, explaining 

why studies involving the regulation of proliferation in several contexts tend to focus on EGFR 

signaling. 

The EGFR signaling pathway is composed of four receptor tyrosine kinases – EGFR (also 

known as ERBB1), ERBB2, ERBB3 and ERBB4634,638. These are known to form homodimers 

and heterodimers639, and there is ample evidence that different dimers lead to different outputs 

of the pathway640–643. Eleven ligands are known to activate this pathway – Epidermal Growth 

Factor (EGF), transforming growth factor-α (TGFα), amphiregulin (AREG), epiregulin 

(EREG), betacellulin (BTC), heparin-binding Egf-like growth factor (HB-EGF), epigen (EPI) 

and Neuregulin 1-4 (NRG1-4).  
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These ligands show specificity for the receptors, with EGF, TGFα and AREG binding only to 

EGFR; BTC, HB-EGF, EPI and EREG bind to either EGFR and/or ERBB4; and the NRGs can 

bind ERBB3 and ERBB4, although NRG 3 and 4 can only bind to ERBB4634,638. There are no 

known ligands of ERBB2, and this is likely due to ERBB2’s extracellular region being shorter 

than the rest of its siblings, with the ligand-binding domains missing.  

Ligand binding to the ERBB receptor is the initial step of pathway activation, resulting in a 

conformational change of the receptor that exposes its extracellular dimerization domain, 

allowing contact with another ligand-bound ERBB receptor644. Dimerization of the 

extracellular region of the receptor leads to further conformational changes to the dimer pair, 

that result in dimerization of intracellular domains as well645. Because ligand binding causes 

these conformational changes, not only is the receptor autophosphorylated but, depending on 

the dimer, one receptor can also trans-autophosphorylate its pair646. In the case of ERBB2, 

which cannot bind ligands, this dimerization occurs because the native shape of the ERBB2 

receptor resembles that of the active form of other ERBB receptors, leading to the suspicion 

that signaling through ERBB2 could be constitutive644,647.  

Besides autoactivation, ERBB receptors can also suffer transactivation, which constitutes an 

activation of the ERBB internal signaling pathway even in the absence of appropriate ligands 

for the ERBB receptors. This can happen, for instances, when JAK2 is activated by cytokine 

signaling, and activated JAK2 phosphorylates tyrosine residues in the intracellular domains of 

EGFR and ERBB2, resulting in receptor activation648,649. Another way this can happen is 

through the activity of downstream effectors of the pathway, likely constituting a way for the 

pathway to regulate its own level of activity650,651.  

The activating phosphorylations of the ERBB receptors occur primarily in tyrosine residues in 

their cytoplasmic tails, mainly Y703, Y920, Y992, Y1045, Y1068, Y1086, Y1148, and Y117, 

and lead to the recruitment of several proteins that contain SH2 and PTB domains, as well as 

proteins containing the domains SH3, 14-3-3, bromo and PH, to the intracellular tails of ERBB 

receptors634,638.   

Known to bind active ERBB receptors are the proteins SHC, GRB7, GRB2, CRK, NCK, PLCγ, 

SRC, PI3K, SHP1, SHP2 and CBL. The activation of these signal mediators results in the 

modulated activation of intracellular pathways, like ERK/MAPK, PI3K/AKT, and JAK/STAT. 

 



 

 63 

  

Figure 1.8 – The ERBB signaling pathway. This figure summarizes the the activation of the the PI3K/AKT and MAPK/ERK 

pathways by the ERBB family of receptors. Image adapted from Wee and Wang, 2017634 and created with BioRender.com. 
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1.1.3.1.1. The ERK/MAPK Pathway 

The MAPK pathway is a group of intracellular signaling paths that share the trait of being 

composed by MAP kinases. This pathway is involved in the regulation of cell motility, survival, 

apoptosis, response to stress, metabolism, differentiation and proliferation830–832.  

The MAPK pathway can be divided into two types of paths, with distinct subsets of mediators: 

Conventional and Atypical. The conventional paths are the ERK1/2 path, the JNK path, the p38 

path and the ERK5 path655,656. The atypical paths are the ERK3/4 path, the ERK7 path and the 

NLK path657.  These pathways are activated through different upstream signals, namely calcium 

activation, RTK-mediated Ras activation, Protein Kinase C (PKC) activation and G protein-

coupled receptor (GPCR)658. A summary of the involvement of the different paths in cellular 

processes can be found in Table 1.3, and we will detail some of them beneath. 

In the conventional paths, three to five layers of protein kinases, known as MAP4K (MAPK 

Kinase, Kinase, Kinase), MAP3K, MAPKK and MAPK, as well as MAPK-activated protein 

kinases (MAPKAPK), establish hierarchical interactions with each other in order to propagate 

signalling. 

Table 1.3 - MAPK/ERK Pathway: Conventional and Atypical Path Mediators. This table summarizes the MAPK, MAPKK 

and MAPKKK factors associated with each of the known paths of the MAPK/ERK pathway, for both ‘Canonical’ and 

‘Atypical’ paths. Depicted in this figure is also a list of the biological processes to which each path has been associated to. 

Question marks represent unknown elements of each path. Table adapted from Lavoie, Gagnon and Therrien, 2020652 
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The most comprehensively studied path in the MAPK/ERK pathway is the ERK1/2 path 

(commonly referred to by just ERK), due to its involvement in proliferation regulation in 

development, tissue homeostasis and cancer. The first step of activation of this pathway by 

RTKs is the recruitment of GRB2 and SHC to the cell membrane, which are capable of then 

recruiting guanine nucleotide exchange factors. A visual depiction of this pathway can be found 

in Figure 1.9. 

Phosphorylated residues in the RTK, like Y1068 and Y1086 of the ERBB receptor, recruit 

GRB2, while phosphorylation of Y1148 and Y1173 recruits SHC659,660. SHC binding to the 

receptor leads to additional phosphorylations, like Y317 in SHC, which creates other binding 

sites for GRB2. Furthermore, SHC can also be phosphorylated by SRC at Y239/240, further 

increasing GRB2’s affinity for it634,661.  

Figure 1.9 - The ERK1/2 path of the MAPK/ERK pathway. The figure depicts the ERK1/2 canonical path of the MAPK/ERK pathway 

and some of its intervenients, as well as some transcription factors it regulates and some of the genes whose expression they induce. 

Image created with BioRender.com. 
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Activated GRB2 has the important role of recruiting SOS to the receptor, by binding to its 

proline-rich carboxy-terminal tail662. GRB2 can also recruit SOS to the receptor by binding 

phospholipase D, which produces phosphatidic acid, another important recruiter of SOS663,664.  

SOS is a guanine nucleotide exchange factor that can activate RAS, by inducing it to exchange 

GDP for GTP665. RAS is inactive in the GDP-bound conformation but becomes active in the 

GTP-bound conformation666. Increased recruitment of SOS to the receptor will increase the 

amount of available RAS-GTP in the membrane667,668. 

Not only is SOS capable of recruiting RAS to the receptor, but RAS can also recruit more SOS, 

greatly potentiating RAS activation669. Besides the SOS-mediated guanine exchange, RAS 

activation also requires SHP2 dephosphorylation of an SRC-mediated phosphorylation at 

RAS’s Y32 residue, which impedes RAF binding to RAS670,671.  

RAS is a major signaling hub, responsible for the activation of important downstream effectors 

like RAF and PI3K672,673. Activated RAS interacts with RAF1, whose phosphorylation at S338 

and Y341 permits the binding of MEK1/2674–678. RAF dimers, or RAF/MEK heterodimers, are 

recruited to the plasma membrane when sufficient RAS activation has occurred, where RAS 

dimers activate them679. A transient MEK-RAF-RAF-MEK tetramer is formed, which 

facilitates RAF activation via cis-autophosphorylation of the RAF activation loop680,681.  

RAS activation of RAF is not complete, however. RAS seems to mediate the phosphorylation 

at S338, which occurs through RAF autophosphorylation, while another activating 

phosphorylation at Y341 is promoted by SRC676,682. Additionally, regulation of RAF is also 

achieved by phosphorylations at S471, T491 and S494, that stimulate RAF activity, and by 

phosphorylation at S259 and S621, which are inhibitory because they allow RAF to be 

sequestered by 14-3-3 family proteins. Phosphorylation at S259 is particularly interesting 

because it is catalyzed by AKT, and constitutes a way by which the PI3K/AKT pathway might 

regulate ERK/MAPK activity683.  

Also interesting are the phosphorylations of S23, 49, 289, 296, 301 and 642, which are proposed 

to be catalyzed by ERK in a negative feedback, constituting a form of pathway 

autoregulation684. Besides being phosphorylated by AKT, RAS itself can activate PI3K, making 

itself a hub of signal integration between the ERK/MAPK and the PI3K/AKT pathways672. 

RAF refers to three closely related proteins of the same family, RAF1, ARAF and BRAF, which 

have some differences in activity, tissue distribution and regulation685. For example, ARAF has 

the weakest kinase activity of the three, while BRAF has the strongest. RAF’s consensus 

molecular structure contains three conserved regions of significant importance for RAF 
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activity. Conserved region 1 (CR1) binds RAS, CR2 has many regulatory serine and threonine 

residues, and CR3, in the C-terminal region, is the functional catalytic region, which confers 

activated RAF its serine/threonine protein kinase activity686,687. RAF activation, as mentioned, 

requires its localization to the membrane through RAS interaction, dimerization and several 

post-translational modifications, but also dissociation from the RAF kinase inhibitor (RKIP) 

and binding to the RAS kinase inhibitor688–690. 

RAF has as primary substrates MEK1/2, which are threonine/tyrosine dual specificity 

kinases691,692. Upon activation, RAF’s CR3 domain can interact with MEK1 and MEK2 

(generally referred to as MEK1/2 due to their similarity). MEK1/2 binding to RAF allows RAF 

to activate them by phosphorylating residues S217 and S221 in their activation segments693.  

MEK1/2 are a rare dual-specificity kinase, capable of phosphorylating tyrosine and threonine 

residues694. MEK1/2 can form heterodimers or homodimers, and the composition of these 

dimers slightly alters their signaling niches695,696. Activated MEK1/2 can directly interact with 

ERK1/2, phosphorylating them in TEY motifs in their activation loops, first at T202 and then 

Y204, activating them697. Besides activating them, MEK1/2 binding of ERK1/2 also anchors 

them in the cytoplasm, because MEK’s NES localizes them to the cytoplasm698. 

MEK1/2 heterodimers are regulated, in part, by a negative feedback of ERK1/2 activity, which 

phosphorylates MEK1 on Y292699. This results in the dephosphorylation of the serine residues 

in MEK1’s activation loop, inhibiting it. An analogous regulatory loop is not present in MEK2, 

which could constitute a method for the pathway itself to adjust its signaling niche, by changing 

the stoichiometry between activated homodimers and heterodimers. 

ERK 1 and 2 are a pair of proline-directed serine/threonine kinases that seem to be activated as 

a dimer in most contexts. ERK1/2 can phosphorylate, and therefore regulate, over six hundred 

substrates, including transcription factors, cytoskeletal elements, apoptotic regulators, kinases 

and phosphatases, RNA processing machinery, among others, making it the primary regulator 

of proliferation in the cell700,701.  ERK can form both homo and heterodimers, just like MEK, 

and these can be phosphorylated or unphosphorylated, but the dimerization equilibrium favors 

dual phosphorylated dimers702. Unlike MEK, ERK does not need to be a dimer to be 

phosphorylated, despite subsequent dimerization703. 

ERK substrates are both cytoplasmic and nuclear, and are further expanded by the indirect 

activity of ERK through the RSK and MSK kinases704. Cytoplasmic function of ERK is possible 

due to its retention in the cytoplasm, both through MEK1/2 binding, as mentioned, but also 

through PEA15, MKP3 and β-Arrestin686,705,706. Curiously, a vast number of ERK1/2 



 

 68 

cytoplasmic targets are players in its own pathway, like SOS, RAF and MEK, constituting 

targets of ERK/MAPK negative feedback autoregulation. 

An important ERK1/2 cytoplasmic substrate, not belonging to the upstream pathway, is RSK, 

which exists in three isoforms (RSK1, 2 and 3). RSK is phosphorylated by ERK1/2 on its T573 

and Y359/S363 residues, which results in a partial activation of RSK707–709. This 

phosphorylation induces a conformational change that allows RSK to autophosphorylate its 

S380 residue, creating a docking site for PDK1710. PDK1 phosphorylates RSK on S221, fully 

activating it, leading to its translocation to the nucleus711. 

In the nucleus, RSK activates transcription factors like cFOS, NUR77 and SRF, which are 

particularly important for cell proliferation, and will also help regulate NF-κB activity712–717. 

SRF, in association with three ternary complex factors (TCFs - ELK 1, 3 and 4), contributes to 

the induction of expression of the immediate early genes (IEG) cFos, cJun, cMyc and Atf2, 

which are the primary regulators of cell cycle progression. RSK is, therefore, responsible not 

only for IEG expression, but also for their activation.  

Besides regulating the expression and activity of the IEGs, RSK might algo contribute to 

proliferation regulation by phosphorylating the cell cycle inhibitor p27 on Y198, resulting in 

its nuclear exclusion718,719. Another way RSK regulates proliferation is by phosphorylating 

MAD1, a cMyc expression suppressor, contributing to its accelerated degradation and an 

increase of cMyc expression720. Together, all these roles make RSK a very important cog on 

the machinery of proliferation regulation. 

Besides leading to the nuclear translocation and activation of RSK, ERK1/2 activation also 

contributes to their own nuclear translocation. While cytoplasmic ERK1/2 is primarily found 

in dimeric form, nuclear ERK tends to be monomeric721,722. The most recent model to explain 

nuclear translocation of ERK involves phosphorylation on the SPS motif of ERK’s NTS, 

facilitating Importin-7 binding. Importin-7 then escorts ERK through the nuclear pore, and 

upon nuclear entry the RAN GTPase dissociates ERK from Importin-7723,724. While ERK 

phosphorylation is necessary and sufficient for initial rapid translocation to the nucleus, 

sustained nuclear signaling requires transcriptional induction of nuclear anchoring 

proteins698,725. 

Nuclear ERK1/2 phosphorylates several transcription factors, like the IEGs FOS, JUN, ELK1, 

MYC and ATF2, stabilizing them and inhibiting their degradation726. FOS, for instances, is 

phosphorylated by ERK1/2 at S374 and by RSK at S362, and JUN is phosphorylated by 

ERK1/2 at S63 and S73727,728. This stabilization allows FOS and JUN to form AP-1 complexes 
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and augment their availability in the nucleus. AP-1 is responsible for the induction of important 

cell cycle regulators like Ccnd1, the gene of Cyclin D1. ERK1/2 also phosphorylate MYC, 

inhibiting its degradation729,730. Sustained ERK activity also facilitates inhibition of anti-

proliferative expression regulators TOB and FOXO4a, further contributing for cell cycle 

progression731,732. 

Has we have mentioned, ERK1/2 directly regulate hundreds of factors, several of which 

constitute ways for ERK to regulate its own activity (Figure 1.9). Besides the negative 

regulation of MEK1 that we previously identified, ERK can also phosphorylate both RAF1 and 

BRAF, interfering in their ability to be recruited to RAF684,733. ERK can also mediate inhibitory 

phosphorylations of SOS, either directly or through the activation of RSK2734,735. 

ERK has been shown to phosphorylate RTKs, as well as an important scaffold protein, KSR. 

KSR binds RAF, MEK1/2 and ERK1/2, enhancing MAPK/ERK signaling, as well as 

controlling specificity, subcellular localization and duration of interactions736,737. For instances, 

KSR forms inactive complexes with MEK, but helps enhance its translocation to the membrane, 

upon RAF activation, and stability of RAF-MEK binding738. Therefore, an inhibitory KSR 

phosphorylation by ERK that decreases its ability to bind to RAF and MEK results in a negative 

feedback loop on ERK activation. In turn, an example of ERK positively regulating its pathway 

activity is the phosphorylation of RKIP, relieving RAF and MEK from its inhibitory 

effect690,739. 

Besides direct interactions with several different mediators, the MAPK/ERK pathway also 

influences its own regulation through genomic processes, in particular through the induction of 

the expression of dual-specificity phosphatases (Dusps) and the tumor suppressor sprout 

(Spry)740.  

DUSP proteins can bind both phosphorylated and unphosphorylated ERK1/2 and inactivate it 

or keep it inactive. DUSPs 6, 7 and 9 are cytoplasmic variants that have specificity for each 

ERK, while variants 1, 2, 4 and 5 are nuclear and can bind both ERK proteins, as well as JNK 

and p38741,742. DUSP2, 4, 5 and 6 also have an important function in keeping ERK1/2 in specific 

locations in the cell, with variants 2, 4 and 5 sequestering ERK in the nucleus, while DUSP6 

keeps them in the cytoplasm705,743,744. Not only does ERK regulate Dusp expression, but it also 

regulates their activity. For example, ERK can phosphorylate DUSP1 and 4, increasing their 

stability and enhancing their phosphatase activity745,746.  

Moving on to SPRY proteins, four isoforms have been identified in mammals, with SPRY2 

exhibiting the most significant inhibition of MAPK signaling, at the level of RAF activation747. 
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SPRY1 and SPRY2 have been suggested to regulate ERK pathway activity at the level of RAS 

and the RTKs748. As for SPRY4, it was shown that it can inhibit RAF activation by RAS-

independent paths, but not RAS-mediated activation749. SPRY regulation of MAPK/ERK 

pathway constitutes a rapid negative feedback loop, with their activity, similarly to DUSPs, also 

being regulated by post-translational modifications mediated by ERK activity742,750,751. 

As we have discussed, the ERK1/2 typical ERK/MAPK pathway activation culminates in the 

expression of genes necessary for proliferation induction, but not only. For example, 

MAPK/ERK signaling also regulates apoptosis752. While MAPK/ERK regulation can both 

promote, and inhibit, apoptosis, hyperactivity of ERK signaling as mostly been associated with 

the inhibition of apoptosis753. 

ERK regulation of apoptosis seems to occur primarily through the intrinsic pathway (or 

mitochondrial pathway) by, for instances, phosphorylating BIM, a pro-apoptotic protein, thus 

inhibiting its activity, and MCL1, an anti-apoptotic protein, stabilizing it754,755 (Figure 1.9) 

The intrinsic pathway is controlled by the B cell lymphoma 2 (BCL2) family of proteins, which 

is composed of the anti-apoptotic factors BCL2, BCL-xL, MCL1, BCL-W and A1, that bind 

the BH3 domains of pro-apoptotic factors BAX and BAK, sequestering them756. 

Upon cellular insults, like DNA damage, osmotic stress, or absence of growth factors, BH3-

only proteins (BOP), like BIM, BAD, BMF, BID and PUMA, associated with BH3 domains of 

BCL2 family members, resulting in the release of BAK and BAX757. BAK and BAX can then 

oligomerize, forming pores in the outer mitochondrial membrane. This leads to the uncoupling 

of the electron transport chain, and release of apoptogenic factors like cytochrome C. Released 

cytochrome C in the cytoplasm stimulates the apoptosome complex, which creates a succession 

of caspase activations, starting with the cleavage of caspase 9, then 3 and 7, committing the cell 

to apoptosis.  

BIM is the most potent pro-apoptotic BOP, likely because it can associate with all the anti-

apoptotic proteins, while other BOPs seem more selective758. Upon serum stimulation, BIMEL, 

one of the splicing variants of BIM, is phosphorylated by ERK on at least four residues759. 

These ERK-mediated phosphorylations regulate BIM by two means: They increase BIMEL 

turnover by signaling it to proteasomal degradation, and they provoke a dissociation of BIMEL 

from anti-apoptotic factors like BCL-xL and MCL1759,760. 

ERK activity also inhibits the pro-apoptotic functions of other BOPs. For example, ERK 

phosphorylates BIK, stimulating its degradation, and BMF, blocking its activity761,762. ERK 

also regulates BOPs activation through indirect mechanisms, like activating RSK. RSK in turn 
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inhibits BAD by phosphorylating two of its serine residues, creating a binding site for 14-3-3 

family proteins that will translocate BAD from the mitochondrial membrane to the cytoplasm, 

while also blocking its interaction with anti-apoptotic factors BCL-xL and BCL2763,764. ERK 

can also regulate apoptosis further downstream of its activation cascade, by phosphorylating 

caspase 9 and preventing its cleavage765. Finally, ERK activity can also promote anti-apoptotic 

factors like MCL1, whose phosphorylation by ERK increases its stability, slowing down its 

turnover and promoting cell survival755. 

Another way the ERK pathway regulates apoptosis is by expression regulation, through the 

repression of Bcl2l11 (BIM) gene. ERK exerts this influence by phosphorylating the 

transcription activator FOXO3a, which promotes its nuclear exclusion and proteasomal 

degradation932. ERK also regulates the expression of Bcl2, Bcl2l1 (enconding BCL-xL) and 

Mcl1 in various cellular contexts763,766.  

ERK is not only capable of regulating several substrates and processes on its own, but also in 

cooperation with other pathways, and the regulation of apoptosis is a good example of this. For 

example, both MAPK/ERK and PI3K/AKT signaling stimulate cap-dependent translation of 

the apoptosis inhibitor BIRC5 (also known as Survivin)767.  

Proliferation is a process that requires a high level of energy production. For this reason, and 

since the MAPK/ERK is an important regulator of proliferation, it is no wonder that it is also 

involved in the metabolic regulation of energy production. Fast proliferating cells, particularly 

cancer cells, in which this phenomenon has been extensively demonstrated, favor glycolysis as 

a source of energy, in detriment of oxidative phosphorylation (OxPhos), a phenomenon called 

Warburg effect768. 

While relevant ERK targets in glycolysis regulation have not been formally identified, suspects 

of this role include MYC and the transcription factor hypoxia-inducible factor 1α (HIF1α), 

which are both directly phosphorylated by ERK, resulting in their nuclear accumulation and 

transcriptional activity769–773 

Independently or collectively, MYC and HIFα modulate the expression of several genes 

involved in aerobic respiration and glucose metabolism. They also prevent pyruvate from 

entering the tricarboxylic acid (TCA) cycle, by cooperatively enhancing the expression of 

pyruvate dehydrogenase kinase 1 (PDHK1) that blocks the conversion of pyruvate to acetyl-

CoA, through suppression of the activity of pyruvate dehydrogenase771,774–778. 

The switch to aerobic glycolysis by rapidly proliferating cells in mammals requires the 

expression of the embryonic pyruvate kinase M2 (PKM2)779. Activated ERK2 phosphorylates 
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PKM2 and promotes its conversion to a transcription co-activator, resulting in MYC 

expression780. ERK also regulates another important glycolysis enzyme, the 6-phosphofructo-

2-kinase/fructose 2,6-biphosphatase 2 (PFKFB2), through RSK, which phosphorylates 

PFKFB2, stimulating its activity and increasing glycolytic flux781. 

One final cellular process whose regulation involves MAPK/ERK activity is migration. 

Activation of ERK signaling is capable of initiating a migratory response to mechano-

transduction cues or cell stimulation by soluble factors782. 

Cell migration is a three-step process that involves protrusion of the cell leading edge 

(lamellipodium), attachment of the lamellipodium to the substrate (through focal adhesions) 

and contraction of the trailing edge, at the same time as rear-end focal adhesions are 

dissolved783. This process is primarily regulated by the cyclic activation of RHO family 

GTPases (RHO, RAC1 and CDC42), that regulate the formation of actin and actomyosin 

filaments, as well as focal adhesion dynamics784.  

ERK regulation of migration occurs through phosphorylation of important components of, for 

instances, lamellipodia formation, with ERK activity influencing the rate and polarity of actin 

polymerization. To do this, ERK phosphorylates WASF2 and ABI1, two components of the 

WAVE2 regulatory complex (WRC) that is a key effector of RAC1 for migration 

regulation785,786. These phosphorylations increase the interaction of WRC with actin and the 

actin nucleator complex ARP2-ARP3, which stimulates polarized actin filamentation at the 

leading edge and, therefore, forward motion787,788. ERK, through RSK, also leads to filamin A 

phosphorylation, which increases stability in the cell cortex by both crosslinking actin 

filaments, and binding to integrins789. 

Focal adhesions are composed of transmembrane integrins that are attached to the extracellular 

matrix, talin, vinculin and zyxin connected to the actin cytoskeleton, as well as a series of 

signaling and scaffolding proteins like focal adhesion kinase 1 (FAK1) and paxillin. ERK 

activity on focal adhesions mostly promotes their turnover790,791. 

ERK is recruited to nascent focal adhesions by SRC-phosphorylated paxillin792–796. This allows 

ERK to phosphorylate paxillin and FAK, which seem to serve two distinct purposes. Paxillin 

phosphorylation by ERK increases FAK recruitment and local stimulation of RAC1 activity, 

which promotes actin filament extension and focal adhesion turnover at the leading edge. On 

the other hand, ERK phosphorylation of FAK at S910 promotes FAK dephosphorylation and 

inhibition by the phosphatase PTP-PEST797. This dual role of ERK has been suggested to 

maintain dynamic adhesions that allow rapid cell migration. 
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ERK activity also has a widespread effect on actin cytoskeleton dynamics and regulation, 

through the phosphorylation of several RHO family guanine nucleotide exchange factors and 

GTPase-activating proteins, but also through the transcriptional regulation of cytoskeletal 

factors798. For example, ERK appears to both positively and negatively control the function of 

nuclear MRTF, which is recruited to promoters containing SRF, and activates a transcriptional 

program that is mostly involved in actin cytoskeleton homeostasis, involving hundreds of genes 

that control the structure and dynamics of the actin cytoskeleton, like actin itself, vinculin, zyxin 

and integrin799,800.  

As we’ve just detailed, the MAPK/ERK pathway is indispensable to the correct regulation of 

several cellular functions, particularly proliferation, operating as an integrator of several cell-

state cues, but also information from other pathways. 
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1.1.3.1.2. The PI3K/AKT pathway 

Another pathway with various responsibilities in cellular dynamics is the PI3K/AKT pathway, 

which is involved in metabolic regulation, cell growth, cell survival, differentiation, and 

proliferation801,802. The role of this pathway in proliferation is particularly evident in 

tumorigenic events, with several cancer types being associated with hyperactivity of PI3K/AKT 

due to mutations to one or more of its constituents803,804. 

The canonical path of the PI3K/AKT pathway is activated by stimulation of RTKs or GPCRs, 

which recruit one or more isoforms of the class I PI3K family to the plasma membrane805. Class 

I can be subdivided in subclass IA (PI3Kα, β, and δ), which are activated by receptor tyrosine 

kinases, and subclass IB (PI3Kγ), which is activated by G protein-coupled receptors, depending 

on the type of catalytic isoform they contain804,806. Subunits α and β are ubiquitously expressed, 

while δ and γ are primarily expressed in lymphocytes807–810. Class I PI3K are obligatory dimers 

composed by a regulatory subunit, p85, which binds to the receptor, and a catalytic subunit, 

p110, which mediates the generation of PIP3
811, which is the most important role of class I 

PI3Ks. These phosphorylate PI4,5P2, thereby producing PIP3, which can also be generated by 

class II PI3Ks activity on PI4P805.  

The recruitment of class I PI3K, upon activation, to RTKs, like the ERBB receptors, varies 

depending on the receptor. For example, ERBB3 and ERBB4 bind PI3K directly, while ERBB1 

and ERBB2 do not812–814. This occurs because p85 is capable of recognizing a motif of the 

ERBB proteins that is only present in ERBB3 and ERBB4814. Interactions with ERBB1 and 2 

have to be mediated by GAB1, which binds to ERBB receptors through GRB2815–818. Binding 

of GAB1 by GRB2 induces the phosphorylation of GAB1 on Y446, 472 and 589, which become 

binding sites for PI3K’s p85 subunit818. Since PI3K’s activity leads to further GAB1 

recruitment, this constitutes a feedback loop of signal amplification. Besides GAB1, RAS and 

CBL are also capable of mediating the recruitment of PI3K to the receptor812,819,820. 

Regardless of the isoform of PI3K recruited and the method of recruitment, their output is 

identical: Re-localization of inactive AKT to membrane sites of PIP3 accumulation. PIP3 is an 

important secondary messenger, and the principal mediator of PI3K activity, by recruiting PH 

(pleckstrin homology) domain-containing proteins, like AKT, RHO, RAC, RAS, RAF and 

GAB1/2, to the membrane803,821,822. PI3K-mediated recruitment of these proteins can be 

counteracted by the phosphatase and tensin homolog (PTEN), a PIP3 phosphatase that reduces 

its availability in the membrane823. 
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The most important PH domain-containing protein in the PI3K/AKT pathway is its namesake, 

AKT. AKT is the general term applied to a set of three serine/threonine kinase isoforms (AKT1, 

2 and 3 also called PKBα, β and γ) that can act upon a large number of substrates involved in 

several different cellular dynamics, as mentioned before803. AKT isoform recruitment seems to 

always be dependent on PI3K, but different cell types show differential RTK-mediated 

activation of each isoform, apparently in a RAS-dependent manner824,825. Furthermore, 

expression of each isoform seems to be distinct, with AKT1 being ubiquitous, AKT2 being 

enriched in insulin-responsive tissues and AKT3 seeming dedicated to the brain. Perhaps 

because of this the majority of their targets are shared, but exceptions exist. 

AKT1’s activation after translocation to the plasma membrane occurs through phosphorylation 

by PDK1, at the T308 residue, and by mTORC2, at the S473 residue826–829. Equivalent 

phosphorylations of AKT2 and AKT3 by these mediators also occur, in the T309 and S474, 

and T305 and S472, respectively. PDK1 is also important for the activating phosphorylations 

of other AGC family protein kinases, like all isoforms of PKC, S6K, SGK and RSK830. 

The T308 phosphorylation, in the activation or T-loop of the catalytic protein kinase core, is 

necessary and sufficient for AKT activation, but full activation is only achieved by 

phosphorylation at S473 as well, in the C-terminal hydrophobic motif, which also stabilizes the 

previous phosphorylation802,827. mTORC2 activation of AKT is particularly important for its 

regulation of some of its downstream targets, like the FOXO transcription factors831, which are 

a family of tumor suppressor transcription factors832,33.  

While the T308 and S473 phosphorylations are viewed as being obligatory and rate limiting for 

maximal AKT activity, many other post-translational modifications are used to fine tune its 

activity, localization and, possibly, substrate specificity. For example, phosphorylation of T450 

is constitutively induced by mTORC2 and is necessary for proper folding of AKT, occurring 

co-translationally834,835. AKT can also be phosphorylated in its regulatory domain, in S477 and 

T479 in a cell cycle-dependent manner, by the CyclinA-CDK2 complex, and  in S473 by 

mTORC2, increasing AKT activity836. AKT’s activity can also be increased by CK2’s 

phosphorylation at S129, while GSK3α phosphorylation of T312 has been shown to be 

repressive837,838. 

Besides phosphorylation, several other types of post-translational modifications are used to 

regulate AKT activity. Acetylation of K14 has been proposed to be necessary for AKT binding 

to PIP3 for membrane translocation839. Besides acetylation, K14 can also be ubiquitinated and 

methylated. In another example, ubiquitylation of AKT’s K48 residue is catalyzed by multiple 
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E3 ubiquitin-ligeases, targetting AKT for degradation840. However, not all ubiquitinations lead 

to degradation, as is the case of Lys residues in AKT’s PH domain, where they are promoted 

by TRAF6, SKP2 and NEDD4-1, increasing membrane localization, a process that is 

counteracted by the deubiquitinating enzyme CYLD841–844. Another type of post-translational 

regulation of AKT is through SUMOylation of several Lys residues, like K276, by the SUMO 

E3 ligase PIAS, which have been linked with AKT activation845. 

Negative regulation of AKT activity is performed primarily by two protein phosphatase 

families, the protein phosphatase 2A (PP2A) and the PH domain leucine-rich repeat protein 

phosphatases (PHLPP). PP2As dephosphorylate AKT at the T308 residue, thus inactivating it, 

while PHLPPs dephosphorylate the S473 residue846–848. 

AKT isoforms have well over 100 substrates, and their parallel regulation of multiple substrates 

appears to lead to considerably different downstream effects depending on the context. AKT 

counts as its substrates lipid and protein kinases, transcription factors, regulators of small G 

proteins and vesicle trafficking mediators, metabolic enzymes, E3 ubiquitin ligases, cell cycle 

regulators, among others.  

AKT regulates these substrates primarily through Ser and Thr residue phosphorylation, mostly 

leading to inhibitory effects. However, it is well established that a large majority of these 

substrates are not exclusively regulated by AKT, establishing context-dependent redundancies 

in the regulation of the PI3K/AKT signaling pathway. Nevertheless, a summary of AKT 

regulatory interactions can be found in Figure 1.10. 

One of the most prominent substrates of AKT is the Ser and Thr protein kinase glycogen 

synthase kinase 3 (GSK3). GSK3 has two isoforms, GSK3α and GSK3β, which share 85% 

sequence homology and are, therefore, functionally redundant in some contexts849. Growth 

factor signaling, through AKT, leads to an inhibitory phosphorylation on the N-terminal region 

of GSK3, at S21 in GSK3α and S9 in GSK3β. This phosphorylation creates an intramolecular 

pseudo-substrate that blocks the phosphate-binding pocket of GSK3, impeding substrate 

accessibility.  

GSK3 is generally viewed as being active in the absence of exogenous signals, being strongly 

inhibited upon growth factor stimulation. GSK3 regulates a large, functionally diverse set of 

direct downstream targets, most of which are inhibited or degraded as a consequence of GSK3’s 

activity. Through the formation of complexes with other effectors, GSK3 also participates in 

other pathways, most notably the WNT pathway. 
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The phosphorylation of some of the GSK3 targets involved in cell survival and proliferation, 

like MCL1 and MYC, which are phosphorylated upon JNK and ERK activation respectively, 

creates a ‘phospho-degron’ that is recognized by E3 ubiquitin ligases, and degraded850–853. 

AKT’s phosphorylation of GSK3 therefore prevents their degradation. 

Besides cell survival and proliferation, GSK3 also regulates cellular metabolism, either directly 

through inhibition of metabolic enzymes (like glycogen synthase), or indirectly through the 

inhibitory regulation of transcription factors, like MYC, SREBP1c, HIF1α and NRF2849,854,855. 

Another very important group of AKT substrates is the Forkhead Box O (FOXO) transcription 

factor family. This group of proteins is composed of FoxO1, 3, 4 and 6, and controls a diverse 

set of genes that are involved in adaptation to fasting and low insulin, and IGF1 signaling, 

Figure 1.10 - The PI3K/AKT canonical signaling pathway. Represented in this figure are the most established factors in the 

PI3K/AKT pathway, as well as the relationships they establish with each other and mediators of the MAPK/ERK pathway. 

Image created with BioRender.com. 
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among other processes856,857. PI3K/AKT pathway activity leads to a considerable translocation 

of FOXO proteins from the nucleus, minimizing their genetic regulation858,859. 

AKT’s regulation of FOXO proteins occurs through direct phosphorylation of three conserved 

residues, especially in the amino-terminal region (T24 on FoxO1) and in the NLS (S256 in 

FOXO1), creating recognition motifs for the 14-3-3 family of proteins, which will facilitate the 

nuclear export and cytoplasmic sequestration of FOXO. This decreases the transcriptional 

induction of genes involved in apoptosis induction, like BIM and PUMA, cell cycle arrest, like 

p21 and p27, catabolism and growth inhibition, namely Sestrin3, MAP1LC3B and BNIP3, and 

tissue-specific metabolic changes, like PEPCK and G6PC856,857. 

PI3K/AKT evolutionarily conserved role of promoting cell, tissue and organismal growth is 

primarily mediated through the activation of the protein kinase complex mTORC1, responsible 

for stimulation of the biosynthetic processes that promote cell growth759. 

mTORC1 and mTORC2 are two complexes composed, in part, by a serine/threonine kinase 

called mTOR. These complexes have distinct subunits and substrates, but both are involved in 

anabolic metabolism, cell growth and proliferation, and in integrating mitogenic and nutritional 

signaling, specially mTORC1759,860. mTORC2, analogously to PDK1, also phosphorylates 

AGC kinases, with some being constitutively phosphorylated (PKCs) and others only in 

response to PI3K signaling (AKTs and SGKs). 

Activation of mTORC2 is a poorly understood process, but a study suggested that it could 

involve a PH domain in the SIN1 component of mTORC2, which could bind PIP3 and relief 

autoinhibitory effects of the complex over mTOR’s kinase activity861. In this hypothesis, PIP3 

is suggested to have the dual role of relocalizing mTORC2 to the membranes, as well as 

relieving its autoinhibitory condition, allowing for AKT phosphorylation. Contradicting this 

hypothesis, another study suggested that PI3K activity is dispensable for mTORC2 activity on 

membranes862. 

As for mTORC1, when proliferation is induced mTORC1 is indirectly activated by AKT, 

ERK1/2 and RSK activity863. AKT activation of mTORC1 occurs through release of inhibitory 

activity over RHEB, which can then activate mTORC1864. RHEB is regulated by TSC1, TSC2 

and TBC1D7s activity, which form a complex called the TSC complex, that suppresses RHEB 

through conversion of RHEB-GTP in RHEB-GDP759.  

TSC2 (also known as Tuberin) is phosphorylated by AKT in 5 residues, S929, 981, 1130, 1132 

and T1462, and by ERK1/2 on S664, which leads to its inhibition760,762,860,865. Besides 

phosphorylating TSC2, AKT has also been suggested to directly phosphorylate mTOR on 
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S2448, but other studies demonstrated that this phosphorylation is mediated by S6K, 

downstream of mTORC1 and occurs in both mTORC1 and 2. This phosphorylation is 

important, but not indispensable, for mTORC complex activity866. 

mTORC1 activity promotes several anabolic processes, like protein, lipid and nucleotide 

synthesis, while at the same time inhibiting the catabolic process of autophagy. It also plays an 

important role in feedback inhibition of AKT signaling through several mechanisms. This role 

has been primarily associated with mTORC1-dependent degradation of the insulin receptor 

substrates, IRS1 and 2. These proteins serve as scaffolding to adaptors, linking IGF1 

stimulation to PI3K/AKT pathway activation. 

mTORC1 promotes IRS degradation through multiple Ser phosphorylations of these proteins, 

both directly through mTORC1, but also indirectly through S6K proteins and other as of yet 

unidentified downstream kinases, leading to a considerable decrease in PI3K activation867–869. 

Another PI3K/AKT signaling inhibitor adaptor protein that is a direct target of mTORC1 is the 

growth factor receptor bound protein 10 (GRB10). mTORC1’s phosphorylation of GRB10 

stabilizes it, enhancing its inhibition of IGF1 and IRS signaling, blocking PI3K/AKT 

activation870,871. 

Besides mTORC1 solo activity, crosstalk between both mTORC complexes also regulates full 

AKT activation. For example, mTORC1-activated S6K1 induces phosphorylation of mTORC2 

at RICTOR’s T1135, and of the aforementioned SIN1 at T86 and T398, which reduces 

mTORC2-mediated phosphorylation of AKT’s S473 residue872,873. S6K1 is a direct substrate 

of mTORC1 that contributes to metabolic reprogramming, by increasing biosynthesis of 

protein, lipids and nucleotides and increasing glycolysis through its role as an activator of 

translation860.  

The relationship between the PI3K/AKT and MAPK/ERK is, as we have alluded to, a 

particularly close one, with several inhibitors of either pathway activating the other one in 

several effectors, like TSC, FOXO and GSK proteins873,875. An example of this type of 

interaction is the phosphorylation of RAF and BRAF on S259 and S364, respectively, inhibiting 

RAF activation. This promotes 14-3-3 binding, particularly when RAF is also phosphorylated 

in other sites by PKA and AMPK, inhibiting its activity and ERK activation784,876,877. Inversely, 

ERK can suppress RTK activation of the PI3K/AKT pathway by phosphorylating the GAB 

adaptors (GAB1 and 2). 

A particularly important process regulated by the interaction of both these pathways is the cap-

dependent translation. Regulation of this process occurs, in part, by mTORC1 activation, 
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through ERK and RSK-mediated multiple phosphorylation, of TSC2 and RAPTOR760,761,878. 

Activated mTORC1 mediates inhibition of the 4E-BPs, which are translation inhibitors, 

controlling cell proliferation and survival. Their phosphorylation at T37 and T46 by mTOR 

inhibits them, allowing EIF4E assembly with EIF4G and EIF4A to form an active, cap-binding 

translation initiation complex860.  

EIF4E activation is the result of ERK activation of MNK1/2, which then phosphorylate EIF4E 

at S209, promoting its ability to initiate cap-dependent translation879,880. The activation of this 

translation initiation complex results in an increased synthesis of, in particular, cell cycle-

associated genes, like Cyclin D1, HIF1 and growth factors like VEGF881–883.  

The understanding of the PI3K/AKT pathway regulation has contributed to a change in 

perception of how cellular processes are regulated. While classically pathways have been 

presented as linear interactions between factors organized in hierarchical fashion, we now know 

that, depending on the context, interactions within the different pathways and with other 

pathways can change. This allows for redundancy, multiple signal integration and co-option of 

pathways.  

For example, in the PI3K/AKT pathway, inhibitory phosphorylations of GSK3 (S21 in GSK3α 

and S9 in GSK3β) can be performed by either RSK or S6K, which are at distinct hierarchical 

levels, downstream of either ERK or mTORC1 signaling849. In another example, sequestration 

of FOXO3a in the cytoplasm can be promoted by SGK-mediated phosphorylation downstream 

of PI3K activity884. And, in a final example, mTORC1 activation by growth factors can occur 

independently of AKT activity, namely through ERK-RSK signaling, likely involving RSK-

mediated phosphorylation of at least two AKT sites on TSC2, S939 and T1462, together with 

other regulatory sites760,761. 

This type of pathway regulation is of great importance to decide the appropriate cellular 

response to a continuously changing internal and external environment, especially for pathways 

that regulate several vital cellular processes. A practical example of this is a scenario of growth 

factor stimulation of a starved cell, resulting in enhanced survival signaling through AKT, but 

without the promotion of cell growth, due to attenuation of mTORC1 signaling. 

Together, the MAPK/ERK and PI3K/AKT pathways synergize to regulate vertebrate cell 

proliferation in a multitude of contexts and in response to several internal and external cues, 

making them the primary regulators of proliferation in vertebrates. However, in certain contexts 

other pathways can regulate proliferation, either independently or in cooperation with these. 
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1.1.3.1.3. The WNT Pathway 

The WNT pathway is a highly conserved signaling network, present in several phyla of animals, 

from invertebrates to vertebrates, albeit with varying numbers of known participants and some 

variability of interactions between effectors and outcomes885–888. 

In vertebrates, WNT signaling has been associated with cellular differentiation, migration, 

polarity and proliferation in events as varied as survival and propagation of stem cells (in a 

considerable group of tissues, i.e. intestine, stomach, skin and mammary gland), primary body 

axis formation, organogenesis and even in innate and adaptative immune responses889–911. 

The WNT pathway is ‘classically’ represented has having three distinct paths, a ‘Canonical’ 

pathway, where WNT signaling leads to stabilization and translocation of β-Catenin to the 

nucleus, where it activates a WNT-related transcriptional program, and two ‘Non-Canonical’ 

pathways independent of β-Catenin: the ‘Planar Cell Polarity’ (PCP) pathway, involved in cell 

polarization and migration, for instances in embryonic migration of dorsal mesodermal cells 

during convergent extension (CE) and neural tube closure; and the WNT/Ca2+ pathway, often 

associated with modulation of signaling for dorsal axis formation, and PCP signaling in 

gastrulation cell movements, as well as canonical pathway regulation894–902. 

While the ‘classical’ view of the WNT pathway represents each path as independent, and 

responsible for different cellular processes and events, the most current view likes to refer to it 

as a network, seeing as there is ample evidence that each ‘path’ can interact with the others in 

several contexts, thus modulating WNT response with more specificity. 

Several instances of WNT pathway activation (through non-canonical paths) without receptor 

recognition of ligand have previously been presented. However, WNT network activation is 

generally associated with ligand recognition. These are the WNT proteins, a group of secreted 

glycoproteins that in mammals has 19 members currently identified.  

WNT production in the secreting cell requires the action of two transmembrane proteins, 

Porcupine (PORCN) and Wntless (WLS). PORCN is a highly conserved acyltransferase, that 

alters WNT in the endoplasmic reticulum by adding a palmitoleic acid moiety to WNT proteins, 

at S209, which is essential for receptor recognition. WLS (also known as GPR177) is 

responsible for the trafficking of WNT proteins from the endoplasmic reticulum, where they 

are also glycosylated, through the Golgi network, up to the cell surface, where it contributes to 

WNT release along with Evenness interrupted (EVI) proteins and the retromer complex903–913. 
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While this alteration of the WNT proteins is essential for receptor-mediated signaling, it renders 

them hydrophobic, making it impossible to distribute them significant distances in an aqueous 

environment. For this reason, it has been proposed that WNT signaling involves cell-cell 

contact through delicate cytoplasmic extensions, called cytonemes, that possibly carry WNT in 

vesicles. It has also been proposed that heparan sulfate proteoglycans on the cell surface, like 

Dally and Glypican 3, facilitate WNT movement along it once it is externalized914–925. 

The first step of WNT pathway regulation occurs here, in the extracellular space, with several 

WNT antagonists interfering with WNT detection and receptor activation. A few examples of 

this are the Dickkopf (DKK), WNT-inhibitor (WIF), soluble Frizzled-related proteins (SFRP), 

Cerebrus, FRZb20, and the context-dependent WNT inhibitor WISE proteins, which either 

sequester WNT (impeding it to reach the receptor), block WNT receptors, or remove the 

palmitoleic acid moiety from WNT proteins, making them unrecognizable926–934. 

WNT proteins are detected by the receiving cells through the extracellular N-terminal, cysteine-

rich, domain (CRD) of a single family of transmembrane receptors, the Frizzled (FZD) family, 

which is composed of 10 members, in vertebrates, that have been classified as GPCRs, due to 

their homology (despite the lack of certain features)935–938.  While FZD specificity towards 

WNT is fairly reduced, FZD receptors have been clustered in four groups on the criteria of 

sequence identity and WNT preference. Of these clusters, the FDZ5/FDZ8 shows the highest 

degree of ligand promiscuity939–941. 

To activate downstream targets, FZD receptors require a co-receptor, namely from the low-

density lipoprotein receptor related protein (LRP) family, either LRP5 or LRP6, with which 

they form ternary complexes, or from the receptor protein tyrosine kinases family, either ROR2 

or RYK. WNT stimulation of the coreceptors FZD, through the N- and C-terminal regions, and 

LRP, through the linker between both N- and C-terminal domains, produces several molecular 

changes, like phosphorylation of LRP, recruitment of Dishevelled (DVL), and its subsequent 

oligomerization937,942–963.  

While WNT proteins and their agonists engage both co-receptors simultaneously, antagonists, 

like DKK, SOST and Sclerostin, bind exclusively to FZD or LRP, blocking signaling. However, 

agonists like Norrin and R-Spondin2 were also shown to interact exclusively with LRPs, but to 

induce WNT signaling, independent of a WNT ligand. 

DVL is perhaps the most important hub of WNT signaling. It is from here that, classically, the 

WNT pathway divides into the Canonical, PCP and WNT/Ca2+ paths. However, how DVL 

regulates signaling through each path is still unclear. DVL is phosphorylated by several kinases, 
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including Casein kinase 2, Metastasis associated kinase, Protein C kinase and Par1, and these 

phosphorylations likely regulate subcellular localization of DVL, which together with co-

repectors and binding partners help to regulate the relative activity of each of the WNT 

signaling paths946,964–968.  

For example, LRP coreceptors have been associated exclusively with the canonical pathway, 

while NRH1, PTK7 and ROR2 selectively transduce non-canonical pathway signals969. 

Furthermore, correct subcellular localization of DVL is important for the proper activity of non-

canonical pathways. It was also shown that DVL can translocate to the nucleus, although its 

functions there are still not evident970–973. 

DVL contains three distinct domains, the DIX, PDZ and DEP domains, with the first two being 

important for WNT canonical path signaling. Upon DVL activation, the DIX is responsible for 

binding AXIN, inhibiting β-Catenin destruction complex formation, but it has no known 

function in the non-canonical PCP paths. The PDZ domain, which also participates in the non-

canonical paths, is responsible for the binding of mediators like Dishevelled-associated 

activator of morphogenesis 1 (DAAM1), Strabismus and Prickle. The DEP domain has been 

associated with DVL recruitment to FZD receptors946,974–979.  

In the steady state, in the absence of WNT ligands, cytoplasmic β-catenin, usually associated 

with adherens junctions where it interacts with E-cadherin, is continuously targeted and 

degraded by a destruction complex, which includes AXIN, Adenomatosis polyposis coli (APC), 

Protein phosphatase 2A (PP2A), GSK3 and Casein kinase 1α (CK1α), as depicted in Figure 

1.11980. Phosphorylation of β-Catenin at S45, by CK1α, and at S33, S37 and T41 by GSK3β 

targets it for ubiquitination, performed by beta transducing repeat-containing protein (β-TrCP) 

and SKP1-Cullin-F-box (SCF) E3 ubiquitin ligases, subsequently leading to its destruction by 

the proteasomal machinery981–983. 

Upon receptor stimulation, the FZD/LRP complex triggers the translocation of AXIN to the 

membrane, which binds a phosphorylated conserved sequence in the cytoplasmic tail of LRP, 

likely through mediation of CK1γ and GSK3β. This seems to also lead to a dephosphorylation 

of AXIN and decreased cytoplasmic levels984–988. Sequestering of AXIN at the receptors has 

also been proposed to inhibit the repressive activity AXIN performs over the WNT pathway, 

and lead to the activation of DVL, through a process yet poorly understood978,989,990. In this 

balance of AXIN and DVL activity participates NKD1/2, a conserved antagonizer of WNT 

signaling that binds and destabilizes DVL in short-term WNT activation, but that can also 

promote WNT signaling by destabilizing AXIN during prolonged WNT stimulation991,992. 
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WNT receptor stimulation also results in LRP6 phosphorylation of the intracellular Pro and 

Ser-rich motifs, which allows LRP6 to recruit, through DVL activation, GSK3β and directly 

inhibit it993–997. Inhibition of GSK3β prevents β-Catenin phosphorylation and subsequent 

ubiquitination, thus impeding its degradation and leading to its cytoplasmic accumulation998.  

Besides its action on β-Catenin, and as we have discussed previously, GSK3 has a large number 

of substrates, whose activity is directly inhibited by GSK3 activity, especially in the PI3K/AKT 

pathway. Because of this, the WNT pathway has been associated with proliferation regulation, 

with cells in G2 and M phases exhibiting elevated levels of WNT signaling, in a phenomenon 

called WNT-dependent stabilization of proteins, or WNT/STOP. This has been related with the 

stabilization of a series of GSK3β targets, including MYC, which are not degraded and can 

therefore promote cell cycle progression999–1001. 

GSK3 inhibition and stabilization of β-Catenin allows it to translocate to the nucleus, through 

a process poorly understood. β-Catenin has no nuclear localization sequence (NLS) and its entry 

in the nucleus does not seem to require Importins or Ran-mediated nuclear import1002. To 

resolve this issue, it has been proposed that β-Catenin might ‘piggyback’ with other factors that 

are translocated to the nucleus, like AXIN1003,1004. Alternatively, several transport proteins, 

including the intraflagellar transport protein IFT140, the guanine nucleotide exchange factor 

RAPGEF5 and the nuclear importin IPO11, have been suggested to participate in the nuclear 

translocation of β-Catenin1005–1007. 

As for nuclear export of β-Catenin, since it also does not possess a nuclear export sequence 

(NES), two alternative mechanisms have been identified, the first through the RAN-binding 

protein 3 (RanBP3), in cooperation with APC, which has a NES, and the second by direct 

interaction with proteins of the nuclear pore complex1008. 

In the nucleus, β-Catenin operates as a transcriptional co-activator to a large number of binding 

partners, with the best characterized being the LEF/TCF family of transcription factors1009–1012, 

with which β-Catenin interacts through its Armadillo repeat domain. β-Catenin replaces 

Groucho family transcription repressors, and, in cooperation, these factors regulate the 

expression of genes like Siamois, Twin, cMyc and Ccnd11013–1016. Besides transcription factors, 

β-Catenin’s interaction with other binding partners, like BCL9, BCL9L, SOX17, MYOD, 

Legless and Pygopus is also very important to potentiate specific WNT-signaling 

transcriptional programs, since these binding partners help to retain β-Catenin in the 

nucleus1017–1028. 
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β-Catenin is also able to regulate chromatin structure by interacting with histone 

acetyltransferases CBP (CREB-binding protein) and p300, and the nucleosome remodeler 

Brahma-related gene 1 (BRG1)1029–1031. 

 In the β-Catenin-independent PCP path of the WNT pathway, WNT signaling is thought to be 

mediated through FZD, particularly FZD3 and 6, without the requirement of the coreceptors 

LRP5/61032–1035. A few WNT ligands have been specifically associated with these non-

canonical paths of WNT signaling, like WNT4, WNT5a and WNT11, but some have also been 

shown to be able to activate the canonical path1036. An interesting observation, made in relation 

to ligand availability for the PCP path, is that what is most relevant is the establishment of an 

appropriate gradient of stimulants, rather than their outright presence of absence1037–1039. 

Coreceptors in the PCP path have not yet been fully defined, but candidates include NRH1, 

RYK, PTK779, ROR1 and ROR21040–1043. In particular, ROR2 has been shown to transmit 

WNT5a signaling, which inhibits the WNT canonical path1044–1046, but has also been reported 

to enhance canonical path depending on the FZD coreceptor. The same domain with which 

Figure 1.11 - The WNT network. Depicted are the most consensual members of the three WNT pathway. In this image are 

also represented some extracellular inhibitors as well as downstream transcription factors. Image created with 

BioRender.com 
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WNT proteins interact with FZD was also found in RORs, and can be used by the extracellular 

antagonists SFRP to bind to them1047. 

RYK receptors are conserved across vertebrate and invertebrate species. In mammals, RYK is 

essential for axon guidance and neurite outgrowth in response to WNT stimulation, through 

binding of both FZD and DVL, and activation of the canonical pathway1041,1048,1049. RYK has 

been shown to also be involved in non-canonical paths through interactions with WNT5b, 

WNT11 and FZD7, while also having a RYK domain that allows for WIF inhibition1041,1050–

1054. It is interesting to note that RYK can undergo cleavage, with its C-terminal fragment 

translocating to the nucleus, which has been shown to be essential for regulation of neuronal 

progenitor differentiation upon WNT3 stimulation. 

Signaling through FZD receptors and these coreceptors leads to DVL recruitment and 

activation. Through the PDZ and DEP domains, DVL activates two parallel pathways that lead 

to the activation of the small GTPases RHO and RAC. Of note, GTPase activation has been 

associated with FZD1 and 7, and DVL1 and 21055–1058. 

RHO activation occurs through DAAM1 activity, likely through a RHO guanine exchange 

factor called WGEF, and can be negatively regulated by PKA. Activation of RHO leads to 

activation of RHO-associated kinase (ROCK), JNK and myosin, leading to actin cytoskeleton 

rearrangement1059,1060. RAC activation is independent of DAAM1 and stimulates JNK activity, 

whose downstream factors in the PCP pathway are still poorly resolved1058,1061,1062. 

Coordination of RHO and RAC activities, which are thought to be opposite, is still not clear, 

particularly since both activate JNK1056,30,34–39. 

In the other β-Catenin-independent path, the WNT/Ca2+ path, which shares several components 

with the PCP path, WNT (WNT5a and WNT11) and FZD (FZD2) signaling stimulates 

intracellular Ca2+ release from the ER40–43. Signaling through this path is fast, and dependent 

on G-proteins and the activation of the phosphatidyl inositol cycle. 

Intracellular accumulation of the released calcium activates several Ca2+ sensitive proteins, 

like Protein kinase C (PKC) and Calcium/calmodulin-dependent kinase II (CamKII). CamKII 

has been shown to activate NFAT, TGFβ activated kinase 1 (TAK1) and Nemo-like kinase 

(NLK), which phosphorylates TCFs, thereby inhibiting the canonical path44–49. Since NFAT is 

associated with the genetic regulation of cytokine production, cell cycle, differentiation and 

apoptosis, this suggests that all these processes can also be controlled by this WNT path1130. 

All three paths of the WNT pathway have been shown to establish several interactions, and 

WNT ligands and receptors have also been shown to have great promiscuity, which led to the 
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proposal that WNT does not establish ‘pathways’ per se, but rather a ‘network’. In fact, WNT 

ligands can activate both canonical and non-canonical paths, as is the example of WNT11 and 

WNT3a, or activate both non-canonical paths, as is the case of WNT5a (which has, 

nevertheless, also been associated with the canonical pathway in vitro)8,17,43,50–52. 

For example, WNT5a has been shown to be able to activate the SRC kinase family member 

YES, which together with FYN, that has also been shown to modulate calcium signaling, have 

been shown to regulate CE movements53–55. Furthermore, WNT5a-YES signaling results in 

CKIα binding of NFAT, preventing its nuclear localization and accumulation, and activation of 

the WNT/Ca2+ transcription program, in a clear example of interactions between proteins 

associated with all three paths of WNT signaling55–57. 

Similarly, while some FZD receptors may have a preference in path activation, most seem to 

lead to activation of all, or more than one, path17,51,58–62. For example, FZD2 and FZD7 have 

been shown to act upstream of both the canonical and non-canonical paths62–68. Another clear 

indication that the WNT signaling operates as a network is the role DVL plays as a hub for all 

three paths, associating to distinct coreceptor complexes and recruiting or interacting with over 

30 effectors of the signaling.  

Furthermore, several coreceptors and effectors of the pathway have been shown to participate 

in more than one path69–72. While the role DVL plays in directing signaling to each path is 

unclear, the role of other mediators has been clarified a bit. For example, the extracellular 

inhibitor DKK tends to skew WNT signaling towards PCP signaling and JNK activation73–76. 

Such a rich network of interactions between mediators that, nevertheless, tend to skew the 

activity of the pathway to specific outcomes, has been suggested to arise from cooption of 

existing signaling by newly created WNT ligands77–79.  

This theory finds support in the observation that homologs of FZD, GSK3 and β-Catenin are 

found in life forms as basal as the soil amoeba Dictyostelium, while WNTs have not been 

identified in its genome. Furthermore, a genomic study that compared the genomes of animals, 

from sponges to mice, with their closest unicellular living relatives, detected seven conserved 

gene families associated to WNT pathway, including FZD, LRP, DVL, β-Catenin and TCFs, 

but WNTs themselves were not always present80. 

Supporting this hypothesis of cooption is also the observation that the WNT pathway is capable 

of regulating downstream targets of other pathways, like the AP-1 transcription complex, which 

induces a proliferative transcription program downstream of the MAPK/ERK pathway. WNT5a 
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stimulation through ROR2 leads to JNK activation, which interacts with AP-1 and leads to 

induction of its transcriptional program34,81–84. 

With such complex and context-dependent integrations of signaling from different pathways, 

understanding how the cell cycle machinery is influenced by each one of these pathways is 

essential for our comprehension of how they synergize in its regulation. 

  



 

 89 

1.1.3.1.4. The Cell Cycle 

As we have detailed, proliferation is regulated by several pathways in similar or different 

contexts. This regulation can occur synergistically or in opposition, with the evidenced 

interactions between the pathways contributing to a greater robustness of activation and 

redundancy of activating signals.  

This guarantees that induction of proliferation, whose deregulation can lead to complicated 

pathological scenarios, occurs almost exclusively in the appropriate circumstances. Ultimately, 

the influence of these pathways on proliferation amounts to differential activity and/or 

expression of cell cycle mediators, which makes comprehension of the cell cycle dynamics 

paramount to understanding the mechanisms of its regulation. 

The cell cycle is a highly complex process, involving DNA replication, nuclear envelope 

breakdown, chromosome segregation, organelle redistribution and cytokinesis, which results in 

the production of two daughter cells from a parental one. Deregulation of any of the many steps 

involved in the cell cycle can lead to pathological events, like cell death or tumorigenesis.  

As a result, homeostasis is achieved, in most vertebrate adult somatic tissues, by keeping cells 

in a proliferation-quiescent state, also known as G0, to reduce the risk of DNA damage and cell 

death. For most vertebrate somatic cells, this state is never reversed, but in some tissues 

reservoir cells (stem/progenitor cells) regularly re-enter the cell cycle (which occurs primarily 

in the form of physiological regeneration, as a result of natural tissue turnover, but can also 

occur in the event of damage). To regulate cell cycle re-entry and stasis, cells employ a complex 

system of molecular strategies to direct cell cycle progression.  

One of the methods cells use to accurately time cell cycle re-entry is the transcriptional 

repression of essential cell cycle genes, by the maintenance of the hypophosphorylated state of 

proteins like RB, p107 and p130, repressors of E2F transcription factors. E2F’s are a family of 

cell cycle regulating transcription factors that is composed by inductors (E2F1, 2 and 3) and 

suppressors (E2F4 and 5) of key cell cycle gene expression1268.  

RB, p107 and p130 proteins are known as ‘pocket proteins’, due to the pocket like structure of 

their E2F binding domains, and in quiescent cells they are found associated with E2F4 and 

E2F5 on gene promoters, allowing them to recruit histone deacetylases (HDACs) and chromatin 

remodeling complexes (hBrm and Brg1) to genes such as cell cycle inducing E2F transcription 

factors (E2F1,2 and 3), among others, thus avoiding cell cycle entry1268–1271. Furthermore, what 
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little inducing E2F factors are available are also transformed into repressors by association with 

RB, further ensuring cell cycle arrest1272–1279.  

Another way the cell uses to regulate cell cycle progression are post-translational modifications 

to its effectors (Figure 1.12). CDKs (Cyclin-Dependent Kinases) are essential kinases for cell 

cycle progression, which are thought to be constitutively expressed. Although their Cyclin 

counterparts only have low expression levels outside of the cell cycle, post-translational 

regulation of these pairings is involved in controlling re-entry in the cell cycle1280.  

During G0, Cyclin-CDK activity is repressed by phosphorylation of CDKs at inhibitory 

residues, preventing their activation. These inhibitory phosphorylations occur near the N-

terminal, on Y15 of CDK2 and CDK11281–1283, and on Y17 of CDK4 and 61283. CDK2 and 

CDK1 can be further inhibited by a second inhibitory phosphorylation on T141282–1288, which 

possibly helps regulate the sequential activation of CDKs during the different phases of the cell 

cycle. These inhibitory phosphorylations are catalyzed by WEE1 and MYT1, bifunctional 

kinases that can phosphorylate both tyrosine and threonine residues. WEE1 is regulated by 

NIM1, CHEK1, 14-3-3 and CDK1, resulting in greater activity during interphase, and an 

inhibition and degradation towards mitosis1289–1293. MYT1 is regulated by RSK, Cyclin B-

CDK1 complexes and MEK11294–1296. 

A third way of inhibiting cell cycle entry/progression involves interfering with the correct 

Cyclin-CDK complex assembly. This interference is perpetrated by CKIs (CDK inhibitors), 

which can belong to two families, the INK4 family of proteins (p15INK4B, p16INK4A, p18INK4C 

and p19ARF) and the CIP/KIP family (p21CIP1, p27KIP1 and p57KIP2).  

INK4 proteins work primarily by blocking the PSTAIRE helix domain on CDKs, thus 

preventing Cyclin docking and formation of complexes, as well as destabilizing pre-existing 

complexes1297–1300. CIP/KIP family members (p21CIP1, p27KIP1 and p57KIP2), on the other hand, 

have to associate with pre-assembled Cyclin-CDK complexes, generating ternary 

conformations that block the entry of CAK (CDK Activating Kinase) and ATP in the catalytic 

site of the CDK, thus preventing its activation and complex activiy1279,1299,1301–1304.  

Curiously, phosphorylation of p27 on T27 reduces its inhibitory effect, by decreasing the 

stability of p27’s physical interaction with the Cyclin-CDK complex, turning it into a partially 

inhibitory assembling factor. This is thought to help with the pre-assembly of some Cyclin – 

CDK complexes, which are maintained inactive by p27 association, but can be more quickly 

activated through p27 exclusion1305,1306.  
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Figure 1.12 - Cell cycle phase regulation by specific Cyclin-CDK complexes. Represented are the four phases of the cell 

cycle, as well as the Cyclin-CDK complexes that regulate the progression through each phase, and some of the interactions 

of factors involved in Cyclin-CDK complex regulation and evolution. Image adapted from Yang, 20121397 and created with 

BioRender.com. 



 

 92 

1.1.3.1.4.1. The G1 phase 

When a need for replenishment of a cellular population occurs, a set of internal and external 

cues are created that inform the cell of the need to proliferate. As pointed out before, these 

activate intracellular pathways, such as PI3K/AKT and MAPK/ERK, that induce and activate 

major regulators of the cell cycle 1307–1310 like the transcription factors FOS and JUN (that 

compose AP-1), MYC and NF-κB. These transcription factors regulate the expression of 

numerous genes involved in the control of the cell cycle, such as Cyclin’s D and E, CDKs 4 

and 6, and CKIs p21 and p27, to name a few1311–1323. MYC is a particularly powerful potentiator 

of cell cycle re-entry that is involved in the induction of Cyclin D1 and D2, CDK4 and CDC25a, 

whose expression marks cell re-entry into the G1 phase of the cell cycle (Figure 1.12). 

Cyclin D1 and D2 (hereafter called “Cyclin D”) protein levels are dependent on transcriptional 

upregulation by AP-1 and MYC, and on GSK3β signaling activity. GSK3β activity leads to 

Cyclin D phosphorylation on T286, promoting its nuclear export and cytoplasmatic 

degradation1324, while concomitantly phosphorylating and inhibiting AP-1 and MYC, reducing 

Cyclin D expression1325. Upon mitogenic stimulation and PI3K/AKT pathway activation, AKT 

will phosphorylate GSK3β at its S9 residue, inactivating it1326. This frees AP-1 and MYC from 

their inhibition, resulting in an induction of Cyclin D, which contributes to cell cycle re-entry. 

Besides affecting Cyclin D stability and expression, GSK3β has a similar effect over Cyclin E, 

which also contributes to an arrest of the cell cycle, as we will see further ahead1327. 

In addition to increasing levels of Cyclin D, MYC also reduces expression of CKIs by 

stimulating their export from the nucleus to the cytoplasm, where they are 

degraded1313,1314,1316,1320,1323,1328–1330. Furthermore, MYC induces CDC25a, a phosphatase that 

removes inhibitory phosphorylations from CDKs 4, 6 and 2, enabling Cyclin-CDK complexes 

to be activated by CAK1318. CKI repression and Cyclin induction leads to an increase in Cyclin-

CDK complex abundance.  

The association of Cyclin to CDK induces a conformational change on the CDK, exposing its 

T-loop to phosphorylation by CAK. CAK is a complex formed by Cyclin H and CDK7, and 

often associated with MAT1 which helps in the assembly of this complex1331. CAK is 

responsible for phosphorylating CDK4/6 on their T172 site, CDK2 on its T160 site and CDK1 

on its T161 site, all residues found within their T-Loop’s. These phosphorylations induce 

further changes to the CDK conformation, allowing full access of ATP to the catalytic domain, 

which results in full CDK activation.  
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CDK2 can also be activated by CAK without being bound to a Cyclin, but the lack of Cyclin 

association makes this activation only transient1332. CDK1, on the other hand, not only requires 

previous Cyclin binding, but also requires CAK activation to be almost simultaneous to Cyclin 

binding, as CAK activation is the only way of stabilizing Cyclin – CDK 1 complexes.  

Another difference between CDKs and their response to CAK is the longevity of their 

activation. While CDK1 and 2 only require one interaction with CAK to become stably active 

when complexed with Cyclins, CDK4 and 6 need repeated re-activation. This is likely because 

there are phosphatases with the opposite function to CAK acting on CDK 4 and 6. It is proposed 

that mitogenic signaling also leads to an increase in CDK7 T-loop phosphorylation, increasing 

its activity and, therefore, phosphorylation of CDK4 and CDK6, overcoming their 

dephosphorylation1332. These differential dynamics of CDK activation might help explain 

different periods and durations of CDK activation throughout the cell cycle. 

Fully active Cyclin D – CDK 4/6 complexes primarily target pocket proteins, possessing 

particularly high affinity to RB 1279,1333,1334. Pocket proteins have multiple phosphorylation sites, 

and their level of activity is dependent on the overall level of phosphorylation, but Cyclin D-

CDK 4/6 complexes only target a subset of these sites. This partial phosphorylation does not 

fully release E2F transcription factors from the influence of pocket proteins, but reduces their 

effects on some gene promoters, facilitating partial activation of genes like Cyclin E1335,1336. 

This partial inactivation of pocket proteins, coupled with the inductive effect of MYC and 

inactivation of GSK3β, leads to an increase in Cyclin E (E1 and E2) expression and protein 

availability.  

Besides phosphorylating pocket proteins, Cyclin D - CDK4/6 complexes are crucial for cell 

cycle progression due to their higher affinity to p27, compared to Cyclin E – CDK2 complexes. 

The increase of Cyclin D-CDK4/6 in G1 helps remove part of the inhibition on Cyclin E – 

CDK2 complexes by sequestering p27, contributing to the progression of the cell cycle. 

Towards the end of the G1 phase, upregulation of Cyclin E expression greatly increases the 

amount of Cyclin E – CDK2 complexes available1335,1336. At this time CKIs have been 

downregulated at the transcriptional level, and post-translational processes such as CKI nuclear 

export and degradation, and cytoplasmic sequestration of p27 by Cyclin D – CDK4/6 

complexes, further depress CKI activity.  

Concurrently, CDC25a dephosphorylates CDK2 on Y15, thus activating Cyclin-CDK2 

complexes, which complete hyperphosphorylation of pocket proteins1337,1338. This 
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hyperphosphorylation releases E2F transcription factors from inhibition of pocket proteins, 

resulting in transcriptional activation of S-phase genes1279,1335,1336,1339–1341.  

This marks the overcoming of the G1 restriction checkpoint, and from here on the progression 

of the cell cycle no longer is dependent on mitogenic factors, as all the elements required to 

maintain the correct progression of the cycle have already been produced1342.  
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1.1.3.1.4.2. The S and G2 phases 

While Cyclin E – CDK2 complexes are essential to overcome the restriction checkpoint and 

enter S phase, they are not responsible for the progress through S phase, which is driven by 

Cyclin A – CDK complexes1343,1344.  Cyclin A (A1 and A2, the latter widely expressed in adult 

somatic cells) begins to be expressed in late G1 when the E2F transcription factors responsible 

for its induction start to be released from inhibition, but Cyclin A – CDK2 complexes are 

maintained inactive and in low numbers until the S phase, primarily due to APCCdh1-mediated 

Cyclin A degradation. S phase progression requires an increase of CDK2 availability, removal 

of CKI inhibition of assembled complexes, and APC inactivation. The first two steps are 

simultaneously achieved by Cyclin E – CDK2 activity.  

The activity of Cyclin E – CDK2 complexes phosphorylates both p27 and Cyclin E, targeting 

them for degradation by SCFSkp2 and SCFCdc4, respectively1345. This removes the inhibitory 

effect of p27 on Cyclin A – CDK2 complexes and raises the amount of free CDK2, resulting in 

an increase of active Cyclin A – CDK2 complexes1328,1346–1350. Because Cyclin A – CDK2 

complexes also phosphorylate p27, they regulate their own activity by assuring they are not re-

inhibited, even when the availability of Cyclin E – CDK2 complexes decreases.  

As for the APC-mediated degradation of Cyclin A, at late G1 the activation of E2F transcription 

factors leads to EMI1 production and activation, which will bind and inhibit the APC cofactor 

CDH1, as well as CDC20, another APC cofactor. Inhibition of CDH1 and CDC20 reduces the 

level of Cyclin A recognition by the APC, allowing it to evade degradation, therefore becoming 

available to form Cyclin A – CDK2 complexes. Furthermore, Cyclin A - CDK2 complexes can 

also phosphorylate CDH1, targeting it for degradation, further increasing Cyclin A’s evasion 

of degradation1351. 

Cyclin A – CDK complexes are responsible for the activation of several factors required for 

DNA replication initiation, like the ORC (Origin Recognition Complex) and the MCM (Mini 

Chromosome Maintenance), that regulate firing of the replication origins and beginning of 

DNA synthesis1352,1353. Cyclin A – CDK complexes also phosphorylate CDC6, which will then 

promote ORC disassembly, ensuring that replication origins only fire once per cell cycle. 

The combined degradation of Cyclin E, and Cyclin A’s avoidance of it, lead to Cyclin A 

existing in excess of CDK2 by mid-S phase (Figure 1.12). At this point, Cyclin A starts to also 

complex with CDK1, with which it has less affinity. Cyclin A - CDK1 association and activity 

is also only increased at this point because CDK2 can be activated by CAK, without being 
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bound to a Cyclin, while CDK1 seems to require simultaneous Cyclin binding and CAK 

activation, to be able to both stably bind a Cyclin and be activated1354. 

How the functions of Cyclin A - CDK complexes are distributed between Cyclin A – CDK2 

complexes and Cyclin A – CDK1 complexes is still poorly understood. It is hypothesized that 

Cyclin A – CDK complexes also participate in early nuclear events of mitosis, like chromosome 

condensation, because these complexes are nuclear and activated in early prophase, before 

Cyclin B – CDK activity. Furthermore, there are indications that Cyclin A – CDK complexes 

are important for the expression of Cyclin B, CDK1 and CDC proteins, and activation of Cyclin 

B – CDK1 complexes, although not indispensable1355,1356. 
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1.1.3.1.4.3. The M-phase 

While Cyclin A – CDK complexes do play a role in M-phase, Cyclin B – CDK1 complexes, 

also known as MPF (M phase-promoting factor), are the main drivers of progression through 

this phase.  

Cyclin B (B1, B2 and B3) begins to be expressed during late S phase, and early G2 phase, 

shortly after Cyclin A expression induction, but Cyclin B - CDK1 complexes only become 

active during M-phase, more specifically during prophase1357,1358. The activation of these 

complexes requires CDC25c activity, because in its absence Cyclin B association with CDK1 

facilitates its phosphorylation, on residues T14 and Y15, by WEE1, MIK1 and MYT1, which 

inhibit CDK1. CDC25c translocation to the nucleus in early prophase allows it to counteract 

WEE1 activity. This results in CDK1 activation, which will fully activate PLK1. PLK1 

phosphorylates CDC25c and Cyclin B on their NES (Nuclear Export Sequence), retaining them 

in the nucleus, as well as phosphorylates and further inhibits WEE11359–1362.  

With the retention of Cyclin B in the nucleus and the removal of CDK1’s inhibition by WEE1, 

active Cyclin B – CDK1 complexes increase in the nucleus towards late prophase. This leads 

to the induction of important cell cycle genes, and promotes nuclear envelope breakdown, 

resulting in activated Cyclin B – CDK1 complexes being again distributed throughout the cell. 

These will phosphorylate several targets involved in numerous events, like centrosome 

separation, chromosome condensation, Golgi reorganization, among others1363–1367. At the same 

time, Cyclin A is quickly degraded, and disappears, because CDK1 will phosphorylate APC in 

core subunits, enhancing CDC20 binding and increasing Cyclin A recognition by the APC1368–

1370.  

As mentioned, the timing of Cyclin B – CDK1 complex activation is regulated by CDC25c, 

whose activity is in turn regulated by CHK1/2-mediated phosphorylation of its S216 residue, 

which creates a 14-3-3 binding site that masks CDC25c’s NLS and prevents its entry in the 

nucleus. This phosphorylation likely also inhibits CDC25c’s phosphatase activity. Only when 

these phosphorylations are removed can CDC25c enter the nucleus and antagonize WEE1, thus 

regulating the timing of Cyclin B-CDK1 complex activation1359,1371. 

The APCCdc20 complex has two main roles in the Metaphase-to-Anaphase transition. First, it 

must degrade Cyclin A and Cyclin B, interrupting Cyclin – CDK activity and reducing the 

expression of certain cell cycle genes. Second, it must degrade Securin, releasing Separase, 

which will destroy the cohesion between sister chromatids, allowing their correct 
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segregation1372,1373. For this reason, the spindle checkpoint system will target CDC20 activity 

if it detects misaligned chromosomes, preventing chromatid separation1374.  

The timing of APCCdc20 activity is determined by PLK1, through its phosphorylation of EMI1. 

As mentioned before, EMI1 inhibits APC activity through binding of CDH1 and CDC20 

starting at late G1. However, in late prophase the activity of CDK1 leads to PLK1 activation, 

which phosphorylates EMI1 and labels it for degradation, activating the APC machinery1375. 

APCCdc20 activity also promotes its own inactivation, since the disappearance of Cyclin – CDK 

complexes from the cell results in APC no longer being able to bind CDC20, since CDC20’s 

binding sites are created by CDK1 phosphorylation of APC1372,1373. 

The absence of Cyclin – CDK activity will not only result in the removal of CDC20 from the 

APC, but also in a release of CDH1 from inhibition, allowing it to re-integrate the APC. 

Therefore, in late M-phase the APC will substitute CDC20 with CDH1, allowing the APC to 

continue targeting Cyclins and maintain their protein levels low, and also ubiquitinate other 

regulatory proteins that CDC20 does not target, like PLK1 and Aurora A, thus contributing to 

the end of mitosis. 
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1.1.3.1.4.4. Deciding Between Cell Cycle Re-Entry or Quiescence 

Due to APC activity, after cytokinesis the cell will find itself without any of the S or M-phase 

Cyclins. At this point, two things can happen. If the correct mitogenic signals are still present 

during the mitogen-independent phases of the cell cycle, the cell will have been producing 

Cyclin D and, probably, E throughout the whole of the previous cycle. Because Cyclins D and 

E are not targeted by either APCCdc20 or APCCdh1 they will have evaded degradation and 

accumulated, thus inducing a reentry in G1, since the necessary machinery is available. With 

the presence of mitogenic signals the cell is capable of progressing through the G1/S 

checkpoint, and the progression through the cell cycle becomes irreversible1280,1376. 

However, if adequate levels of mitogenic signaling are not present, G1 and S-phase Cyclins 

will not be at the required levels when the cell completes cytokinesis and the two new daughter 

cells are formed, resulting in low Cyclin – CDK activity. APC/CCdh1 activity further insures low 

levels of Cyclin – CDK activity by degrading both Cyclins and SKP2, which releases allows 

the increase of CKI levels. This scenario then allows for the buildup of all the previously 

described cell cycle “breaks”, prolonging G1 until adequate mitogenic signaling levels appear 

or, eventually, leading to an exit from the cell cycle towards a quiescent, G0, state. 
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1.1.3.2. Proliferation in Regeneration 

Our analysis of the bibliography made it clear that, during wound healing, proliferation is 

regulated by a myriad of external and internal signals that coalesce into the activation or 

suppression of a few conserved intracellular pathways, which would be expected to produce 

the same results if the activating signals were the same, or equivalent. 

As is fairly obvious, fibrotic and regenerative wound healing are two very distinct events, with 

greatly differing results. It stands to reason, therefore, that different activity of the signaling 

pathways that control wound healing, particularly cellular proliferation, occurs, likely due to 

differences in the type and magnitude of stimulating factors. Understanding these differences 

would help us understand how a reparative wound healing event might be transformed into a 

regenerative one49,54,638. 

Scarless fetal wounds show a faster deposition of collagen III (Col III), FN and TN, and a higher 

ratio of Col III to Col I, as well as a faster deposition and higher content of hyaluronic acid 

(HA)90–95, which persisted for longer in scarless fetal wounds49. Higher levels of Decorin, a 

proteoglycan that modulates collagen extracellular matrix production and organization, was 

found upregulated in adult, scarring wounds, while in fetal wounds levels of Fibromodulin, 

another modulator of collagen matrix, are higher96,97. Fibromodulin was shown to have an anti-

scarring effect, likely due to its capacity to inactivate TGFβ. Furthermore, scarless fetal wounds 

have also been associated with lower levels of pro-inflammatory cytokines, like IL-1 and 

TNFα98. 

In fetal wounds a differential ratio between MMPs and TIMPs has also been observed, with 

scarless fetal wounds favoring MMPs, leading to a more significant remodeling of the ECM99. 

This, combined with an increased and faster upregulation of ECM proteins, like tenascin and 

fibronectin, creates a more permissive environment for cell migration100,101. This is helped by 

the fact that migrating cells, like fibroblasts, also show differences in terms of the ECM proteins 

they produce. 

Fetal fibroblasts, which are En1-, have been shown to, in vitro, produce more Col III and IV 

than their adult counterparts102,103, which was also accompanied by an increase in prolyl 

hydrolase activity, the rate-limiting enzyme in collagen synthesis104. Another way in which fetal 

fibroblasts in scarless wounds differ from scarring wounds is in their propensity to differentiate 

into myofibroblasts, which are nearly absent from scarless wounds105. Inhibition of β-catenin 

signaling was shown to reduce myofibroblast differentiation and Col I production in vitro, as 

well as lead to less fibrotic structures in skin repair106,107.  
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However, care should be taken when labeling WNT signaling as either pro-fibrotic or pro-

regenerative, since different isoforms lead to opposite results. In fact, WNT3a increases 

proliferation of adult mice fibroblasts, as well as Col I deposition, while also increasing TGFβ1 

expression and decreasing TGFβ3 expression in fetal and postnatal fibroblasts108. Contrarily, 

WNT6 was shown to reduce EMT in response to TGFβ stimulation, suggesting a less pro-

fibrotic effect109. 

In scarless fetal wound healing, lower levels of VEGF, PDGF, TGFβ, BMP2 and Il-8 were also 

observed, leading to less vascularity than in scarring fetal wounds1377. The pro-fibrotic role of 

these factors was confirmed by their addition to scarless wounds, converting them into scarring 

wounds, while in adult wounds reduction of VEGF levels decreased vascularity and scar 

formation110–113. Scarless fetal wounds have also been shown to have a faster upregulation of 

genes involved in cell growth and proliferation, but by 24 hours after injury, the transcriptome 

of scarring wounds is more enlarged than in the scarless wound114. 

Scarless wounding can also be studied in adults, since certain parts of the oral cavity mucosa 

can repair itself without the formation of a scar. Fibroblasts of the oral cavity are derived from 

the neural crest, a different origin from dorsal skin fibroblast lineages, making them intrinsically 

different102. Oral cavity fibroblasts are Wnt1+, and transplantation experiments showed that 

their regenerative inclination is somewhat context-independent, with oral cavity fibroblasts 

being able to ameliorate back-skin wound scarring. Oral cavity wounds are also characterized 

by lower numbers of neutrophils and macrophages, with increased fibronectin and its splice 

variant ED – A115,116. 

In lower vertebrates, the ECM of the granulation tissue has also been shown to be richer in TN, 

FN and HA117–120. Furthermore, several MMPs found overexpressed during mammalian fetal 

wound healing are also overexpressed in lower vertebrate limb regeneration, like MMP3, 

MMP9, MMP10 and MMP13121–126.  

It has been proposed7 that the primary difference between regenerative and non-regenerative 

wound closures is the timing of re-epithelialization. In Ambystoma, complete coverage of the 

limb stump occurs within the first day, while in mammals this can take up to three days, and 

this seems to be the result of an extension of the initial lag phase, as keratinocytes prepare to 

migrate127. 

After re-epithelialization, the epidermis of lower vertebrates undergoes a round of proliferation 

that thickens the epidermal layer, which begins to transform into a secretory epithelium128,129. 

This epithelium lacks a basement membrane in amphibians, while in lizards the basement 
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membrane is discontinuous130, allowing it to be in direct contact with the underlying 

mesenchyme, where the progenitor-rich blastema will form.  

A positive feedback loop between the epidermal-derived FGF8 and the mesenchymal-produced 

FGF10 is established in salamander limb regeneration, recapitulating the phenomenon observed 

during development131–134. Besides FGF ligands, WNT and IGF signaling have also been 

associated with this reciprocal instruction between wound epithelium and underlying 

mesenchyme in lower vertebrates135,136. 

Besides the reciprocity of instructive cues, between mesenchyme and epithelium, regeneration 

in vertebrates has also been regularly associated with nerve-derived signals, such as FGF2, 

KGF, BMPs and the newt Anterior Gradient protein (nAG)126,137–142. KGF is a particularly 

interesting factor, seeing as in the scarring wounds of mammals it is secreted by fibroblasts143, 

rather than nerves, while in lower vertebrates it also has the capacity to induce upregulation of 

SP9 on the wound epithelium, a marker of embryonic epidermis138. 

More interesting than KGF, nAG has been proposed as the main candidate for nerve-derived 

signals. nAG is produced initially by Schwann cells and later by glands in the wound epidermis, 

in newt limbs139, and Leydig cells in salamanders144, and is detected by the PROD1 cell surface 

receptor present in blastemal cells. EGFR-ERK1/2 signaling has been shown to be strongly 

induced in PROD1-overexpressing newt blastema cells, which led to a great upregulation of 

MMP9145. Denervation of A. mexicanum limbs accounts for approximately 100 differentially 

expressed genes during limb regeneration, half related to cell proliferation146.  

Dependence of nerve derived signals has also been shown in lizards and fishes147,148, where it 

was also shown that the effect of nerve signaling is threshold-dependent. In lizards, in 

particular, this dependence on nerve signals has been associated with the ependymal tube149. 

Furthermore, in D. rerio regenerating pectoral fin, nerve presence was shown to be essential 

for epidermal thickening and AEC formation148. 

The secretory epithelium, conventionally called Apical Epidermal Cap (AEC) in amphibians 

and Apical Epidermal Peg (AEP)130 in lizards7,15,655, is essential for the maintenance of the 

mesenchymal progenitor pool of the blastema, as well as their proliferation150. This has been 

associated with the informative role the AEC has towards the mesenchyme, through the 

production of WNT5, FGF2, FGF4 and the aforementioned FGF8132,133,135,150–152, some of 

which have been found to be essential for regeneration135,153,154. Curiously, some of these 

factors are the same that are upregulated to preserve hair follicle stem cells during mammalian 

wound healing155–157.  
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The importance of equivalent signals (FGFs and WNTs) was also demonstrated in the 

regeneration of D. rerio158–160, where they cooperate with retinoic acid (RA) to sustain blastema 

proliferation and survival, while being antagonized by WNT5b stimulation of the PCP non-

canonical WNT path. FGFs and WNT signaling were shown to be of particular importance in 

the regeneration of Retinal pigmented epithelium cells (RPE) of newt and Xenopus, and Müller 

glia cells in teleost fish and Xenopus, as well. 

RPE regeneration in adult newt was shown to require an activation of ERK signaling within the 

first 30 minutes after injury. This causes β-catenin to translocate to the nucleus at around 3 days 

after injury. Extracellular factors, like FGF2, reinforce ERK signaling activation which, 

together with WNT signaling, promotes transdifferentiation and cell cycle re-entry of RPEs161–

165.  Fast ERK activation has been associated with an immediate activation of Ca2+ signaling in 

response to wounding166, which seems to be a common trend among lower vertebrates167–169, 

and possibly indispensable170. 

A similar phenomenon was shown in D. rerio Müller glia cell regeneration, where growth 

factors like HB-EGF, FGF2, IGF1 and Insulin activate ERK signaling. Together with WNT and 

JAK/STAT signaling, both through cytoplasmic and nuclear activity, transdifferentiation and 

proliferation is induced171,172. The importance of sustained ERK activation was also 

demonstrated in salamander and fish myotube dedifferentiation and proliferation, although the 

ERK-activating signals may differ173,174. 

Furthermore, in cardiac regeneration of D. rerio, elevated ERK signaling activation is seen in 

the epicardium, endothelium and injury border zone. Through H2O2 release, DUSP6 is 

destabilized and inhibited, which releases ERK to promote angiogenesis and cardiomyocyte 

proliferation175,176. 

Also interesting, the comparison of wound healing between the regenerating tail and scarring 

limb of lizards showed that several WNT ligands, namely WNT2b, WNT5a, WNT5b and 

WNT6, are upregulated in the tail blastema, but absent in the scarring limb, where WNT 

pathway inhibitors, like DKK2, were detected177.   

Another interesting commonality between the regenerating limbs of amphibians and scarring 

mammalian wounds is the expression of TGFβ. But while TGFβ’s presence has been associated 

with scarring in mammalian wounds, it appears to be essential for regeneration in amphibian 

limb regeneration178,179.  

This has been proposed to be due to differential temporal dynamics, with the expression of 

TGFβ being more transient in amphibian wounds. In Xenopus, this TGFβ signaling was shown 
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to occur downstream of ERK activation, and leads to ROS production180. The TGFβ 

superfamily has further been associated, through BMP signaling, to participate in the 

dedifferentiation of muscle cells in the salamander limb blastema181, and in fish cardiomyocyte 

dedifferentiation and proliferation182. 

Quickly after epidermal thickening, the underlying mesenchyme undergoes degeneration and 

histolysis, as a result of the activity of MMPs, likely also contributing to impede the basal 

membrane’s re-assembly183,184. This results in the liberation of progenitor cells, primarily from 

bone and muscle, that contribute to the mesenchymal pool of the blastema185–187. 

In amphibian limb regeneration, the mesenchymal fibroblast population is partially dermis-

derived, and re-expresses genes present during limb development of vertebrates, like 

Prrx1126,188. The expression of Prrx1 in dermal fibroblasts of the salamander limb seems to be 

induced through stimulation of the FGFR1 receptor by FGF ligands secreted by the dorsal root 

ganglia (DRG)126,132,133,189. 

Perhaps due to the re-expression of these more embryonic factors, lower vertebrate fibroblasts 

do not display a myofibroblast phenotype, and produce less collagen than adult mammalian 

fibroblasts126,178. Further indication of the amphibian fibroblast’s more embryonic phenotype is 

the observation that these cells can not only regenerate the dermis, but also contribute to skeletal 

elements, suggesting a higher differentiation potential, akin to mesenchymal stem cells190,191. 

Another particularity of regenerating wounds of salamanders, not yet observed in mammalian 

wounds, is the inductive capacity of Myristoylated alanine-rich C-kinase substrate (MARCKS)-

like protein (MLP), an intracellular substrate of PKC, on tail and limb regeneration, through 

induction of cell cycle re-entry of many cell types192,193. 

In adult mammals, comprehension of which signals control proliferation in regenerative events 

is not very complete, owing to the fact that mammalian regenerative models do not abound. 

However, it is known that mammalian digit tip regeneration seems to depend on Msx1194,195 

expression, which likely is regulated by BMP signaling15. It is also known, although without a 

very clear understanding of the mechanism, that digit tip regeneration also depends on 

innervation, with Schwann cell-derived precursors, from intact peripheral nerves, secreting 

factors like Oncostatin M and PDGFA, which have been shown to rescue regeneration after 

denervation196. 

On another model of mammalian regeneration, cardiac regeneration through cardiomyocyte 

dedifferentiation in postnatal mice was associated with ERK/YAP signaling197,198. This has 

been associated with ERBB2’s capacity to activate ERK signaling, which not only contributes 
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to CM dedifferentiation and proliferation, but also to subsequent redifferentiation197,199. 

Activated ERK then induces YAP activation, which leads to myoskeleton and nuclear envelope 

component alteration, sarcomere disassembly, EMT and proliferation. In adult mice, this 

activation of ERK and YAP has been shown to be inducible by Agrin, through the binding of 

the DAG1 receptor, and lead to cardiomyocyte dedifferentiation, proliferation and 

maturation198. 

The nerve dependence of regenerative processes does not seem to be as common in mammals 

as in lower vertebrates. In fact, it seems antler regeneration is nerve independent. Denervation 

of antlerogenic regions did not affect pedicles or first antlers formation and growth, and was 

also not essential for subsequent antler regeneration after regrowth. Nevertheless, denervation 

did affect antler size and shape, which suggests that nerves still play a part in this process200–

202. 

Proteomic analysis showed that ERK activation is seen in pedicle periosteum and antlerogenic 

periosteum cells of deer antlers203. ERK signaling appears to be activated through pilose antler 

peptide (PAP)-induced Insulin Signaling, which then stimulates MAPK/ERK and PI3K/AKT 

pathway signaling to promote osteoblast proliferation, differentiation and mineralization. 

Continuing to expand our understanding of mammalian regeneration, the previously mentioned 

Sinha et al., 2022 work identified two sets of conserved regulatory networks in reindeer 

fibroblasts response to wounding, one specifically associated with the velvet fibroblasts in 

scarless healing, and another associated with back skin fibroblasts in scarring wound healing. 

Velvet fibroblasts regulatory network appeared to be associated with the re-engagement of 

developmental programs, as well as restrictive leukocyte communications, while dorsal skin 

fibroblasts appeared to sustain myofibroblast differentiation programming and potentiate 

leukocyte dialogue. The authors also proposed that the transition from a scarless regulatory 

network to a scarring network was associated with the activation of the mechanotransduction-

related signaling, namely through YAP-TEAD signaling, as CSF1 expression suggested. 

A comparison of expression profiles of the identified cell types in velvet and back skin 

suggested that Schawann cells and fibroblasts have a higher degree of distinction. In fibroblasts, 

for example, several genes associated with regenerative competence were identified, like 

Crabp1, Mdk, Runx1, Prss35 and Ptn, while in back skin fibroblasts the unique expression of 

‘pro-inflammatory’ genes, like Ptgds, Scara5, Cxcl1, Cxcl3 and Ccl2, was detected. The 

expression of these genes was proposed, by the authors, to be associated with NF-κB signaling 
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in back skin, while velvet fibroblasts activated networks associated with cell plasticity, hair 

follicle induction and reduction of inflammation. 

To determine whether these expression behaviors were characteristic of regenerative and 

fibrotic wounds in mammals, the authors compared the expression profiles of reindeer velvet 

and back skin fibroblasts with those collected from A. cahirinus and M. musculus, as well as 

with human fetal and adult skin-derived fibroblasts. The authors observed considerable overlap 

of expression in fibrosis-primed fibroblasts, mainly through the expression of cytokines and 

chemokines, driven by NF-κB. Furthermore, distinctions between regenerative and fibrotic 

programs were also preserved among species.  

Interestingly, transcriptomic analysis indicated some convergence of profiles of velvet and back 

skin fibroblasts of reindeer at 7 days post wounding, while the other time points analyzed 

showed distinct transcriptional programs, which the authors suggested as being the timepoint 

at which fibroblast “terminal fates were imprinted”. At 7 days, both regenerative and fibrotic 

fibroblasts showed a significant epigenetic remodeling of regeneration-associates regions of the 

genome, which suggested an attempt of fibrotic fibroblasts to initiate a pro-regenerative 

response. However, expression of immunostimulatory genes, like Il-1α, Il-6 and Ccl5, ate day 

14 post wounding, likely contributed to redirect back skin fibroblasts to a fibrotic fate. 

Analysis of the regulatory networks underlying fate commitment showed an association of back 

skin fibroblasts with upregulation of complement and coagulation cascades, through expression 

of C1R, C3 and Plau, as well as with immunomodulatory cytokines, like Ccl2 and Cxcl12, and 

activation and sustainment of TGFβ-driven myofibroblast differentiation, as suggested by the 

expression of TGFβR3, CD44 and Cryab. 

Velvet fibroblasts, in turn, associated with the expression of development-related genes, like 

Crabp1, Mdk and Lgals1, and extracellular matrix factors, like Col11a1, Col12a1 and Col27a1, 

as well as negative regulators of TGFβ signaling, like Lmo7 and Pmepa1. At baseline, velvet 

fibroblasts secrete pro-regenerative signals, like MDK, PTN, BMP3 and RSPO3, while back 

skin fibroblasts produce more immunostimulatory factors, like GAS6, CSF1, CXCL12 and 

PLAU, and this is further accentuated at day 3 post injury, with the additional expression of Il-

1α, Il-1β and Il6 in back skin fibroblasts. 

In another mammalian regenerative model, Acomys spp., Seifert et al observed that re-

epithelialization of dorsal skin wounds occurred faster than in its scarring counterpart, M. 

musculus710. These authors also observed that collagen fibers were less densely packed in the 

regenerative Acomys, with a more porous structure, and there was a lower abundance of Col I, 
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and higher of Col III, in the granulation tissue, when compared to the fibrotic wounds of Mus. 

After re-epithelialization, Acomys distal epidermis was found to be thicker, with disorganized 

basal keratinocytes and lack of a mature basement membrane, akin to the AEC of lower 

vertebrates, which was not observed in Mus, where a wound epidermis was only transiently 

observable. 

Proliferation was found widespread throughout the regenerating ear pinna tissue of Acomys and 

Mus, except in the distal epidermis of Acomys, but not of Mus, surprisingly. However, while 

proliferation was sustained in Acomys, late-stage healing Mus ears had almost no proliferating 

cells. 

Histological comparison of healing tissue at day 12 post wounding indicated high levels of FN, 

some TN and very low levels of Col I in Acomys granulation tissue, where Col III was more 

abundant. In Mus, initially the wound displayed high levels of FN and low levels of TN, similar 

to Acomys, but with higher levels of Col I, which was accumulated faster and exhibited a higher 

proportion to Col III. Furthermore, a higher abundance of myofibroblasts was found in Mus 

granulation tissue, while they were almost absent in Acomys. 

Focusing instead on the healing of the dorsal skin, Brant et al., observed that in uninjured 

epidermis of Acomys and Mus there are similarly low levels of proliferation, that were 

significantly increased by day 4 after wounding, and were kept high for up to 12 days after 

wounding, adjacent to the cut’s edge713. However, like in the ear pinna, around day 14 after 

wounding the proliferation in Mus wound epidermis fell significantly, while in Acomys it was 

maintained. 

In the mesoderm, as in the epidermis, proliferation initially occurred at similar levels between 

Acomys and Mus, up to day 4 post wounding, where it diverged. From then on, proliferation 

levels increased similarly between species until 14 days after wounding, where they peaked. 

But from here on proliferation in Mus mesoderm decreased to basal levels, while it remained 

higher in Acomys. 

As fibroblasts from the connective tissue, below the panniculus carnosus invaded the tissue, 

they remodeled the extracellular matrix of the wounded tissue. While in Mus the newly 

deposited collagenous ECM gave rise to a dense granulation tissue, that exhibited randomly 

orientated cells, in Acomys it appeared that there was no collagen deposition, and the 

granulation tissue was looser and cells appeared oriented along horizontal strands of ECM. 

Analysis of collagen gene expression identified 18 isoforms significantly altered during wound 

healing, between Mus and Acomys. Specifically, Mus exhibited upregulation of Col 5, 6, 8, 14, 
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24 and, most noticeably, Col 12a1, which had a 22-fold increase in relation to Acomys, at 14 

days post wounding. 

In 2016, Gawriluk et al. expanded our understanding of the regenerative processes that occur 

in the ear pinna of Acomys13. The authors compared several models of mammalian fibrotic and 

regenerative healing and confirmed that in the regenerative processes of mammals the 

granulation tissue is usually characterized by a collagen deposition similar to the unwounded 

pattern. However, unlike in dorsal skin, re-epithelialization of the ear pinna wound seemed to 

occur more slowly in Acomys than in Mus. 

Comparison of the expression patterns of wounded tissue within the first 20 days of wound 

healing, between the regenerating A. cahirinus ear pinna and the reparative M. musculus, 

showed a clear indication of fibrotic gene expression in M. musculus, while A. cahirinus 

revealed a unique transcriptional program associated with regeneration. For example, Mus 

overexpressed Fbn1, Col1a1, Col3a1 and Lum, which are usually associated with a scarring 

result. Contrarily, in Acomys the authors detected the increased and sustained expression of 

Lgi2, Lgi3, Cthrc1, Lama1, Nell1, Tnc and Fn1, usually associated with peripheral nerve 

stimulation and cell proliferation. 

These authors also reinforced the observation that there is a clear distinction between the 

epidermal morphology of A. cahirinus and M. musculus, with the neo-epidermis of M. musculus 

exhibiting a fully stratified squamous epithelium by day 5 post wounding, while keratinocytes 

in Acomys still lacked apical-basal polarity and maintained contact with the underlying 

mesenchyme, and these differences were further confirmed by pathway analysis of the RNA-

seq data. 

Furthermore, the authors observed that in the early stages of wound healing there are similar 

levels of proliferation and cell cycle completion. However, as both processes progress, the 

percentage of cells that complete the cell cycle in Mus decreases, with several never progressing 

to, or through, S phase. This was demonstrated to occur by an increase of p21 and p27 nuclear 

levels in M. musculus, while in A. cahirinus these levels were kept low throughout the assessed 

period of the regenerative process, with p21 and p27 being excluded from the nucleus.  

Recently, Tomasso et al. showed that ERK1/2 pathway activity is induced in Acomys and Mus 

shortly after wounding, within the first 10 minutes, but is more broadly activated in the tissues 

of Acomys, where it is also sustained for longer1378. This activity is observed both in epithelial 

(where it sustains the wound epithelium phenotype) and in mesenchymal tissues, but as the 

events progress, and the granulation tissue is formed, this activity persists only in the proximal 
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epithelium and underlying mesenchyme of the regenerative process, particularly associated to 

nerves and proliferating cells, with the fibrotic process almost completely abolishing ERK1/2 

activity. Similar patterns of ERK activation in regenerative and fibrotic tissues were observed 

in dorsal skin healing and myocardial infarction recuperation in Acomys and Mus. 

Tomasso et al. also showed that inhibition of ERK signaling in the ear pinna of Acomys, 

especially during the initial phases of wound healing, significantly delayed the process and 

impaired regeneration. Late inhibition of ERK signaling, after re-epithelialization, does not 

greatly affect the process of wound healing, yet still prevents adequate regeneration, due to the 

loss of AP-1-mediated gene expression, considerably influencing the expression of genes 

associated with blastema formation and expansion, like those involved in cell proliferation, 

immature wound epidermis formation, pro-regenerative ECM deposition, immunomodulation 

and nerve growth.  

E2F target genes were found to be the top downregulated gene set in a transcriptomic analysis 

of the healing tissue. Furthermore, RNA-seq data analysis indicated a strong association of 

differentially expressed genes with AP-1, NFAT and SRF binding sites, and EGR+ and FOS+ 

cells in the blastema were found to be pERK+.  ERK signaling has, therefore, a clear impact on 

proliferation regulation, which was confirmed through the observation that the regions of tissue 

surrounding the wounded area exhibited fewer EdU+ and pHH3+ positive cells in ERK-inhibited 

tissues. 

Late ERK inhibition also resulted in the downregulation of genes associated with canonical 

WNT signaling, like MMP9, and genes associated with a regenerative extracellular 

environment, like Fgf12, Timp3, Wisp1 and Tnc, while genes associated with a fibrotic result, 

like Cd209d, Tgfbr2, Tgrbr3 and Ccl8, were upregulated and Col I deposition was increased. 

Inhibition of ERK activity after re-epithelialization also led to the sustainment of the 

inflammatory response in Acomys, particularly associated with TNFα signaling, through the 

NF-κB pathway, and Il-6, through the JAK/STAT pathway, as evidenced by the upregulation 

of Cebpd, Stat3, Socs3, Nfkbia, Irf7 and Ifitm1, and an increased number of infiltrating 

leukocytes. 

The authors wondered whether nerve-derived signaling could be responsible for ERK 

activation. To test this, they inhibited upstream activators of ERK signaling, the FGFR and 

ERBB2 receptors, which are known to be stimulated by, among others, FGF2 and NRG1. 

Inhibition of these receptors strongly impaired both regeneration and ERK activation, as well 

as cell proliferation and EGR and FOS expression.  
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Subsequently, exposing M. musculus healing ear pinna tissue to FGF2 and NRG1 led to the 

induction of several hallmarks of regeneration in the otherwise fibrotic process of M. musculus 

ear pinna wound healing, like increased levels of proliferating cells, hair follicle neogenesis, 

increased tissue regrowth, as well as a partial recreation of the transcriptional profile of Acomys 

blastema, particularly through the modification of fibroblast expression of some genes. The 

authors also found increased production of Keratin 17, Fibronectin and MMP9, and reduced 

levels of αSMA+ cells, coupled with increased levels of PDGFRα+ cells, suggesting an 

alteration of the fibrotic program to a more regenerative one. 

Despite these astonishing and conclusive results about the involvement of ERK signaling in 

regenerative processes in vertebrates, they suggest that ERK sustained activation might not be 

sufficient for full regeneration of all tissues. Perhaps this can be explained by the lack of 

appropriate immunostimulatory signals, or of an incorrect integration of other internal or 

external cues. Better understanding of the signaling controlling vertebrate regeneration is, 

therefore, still required. 
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1.1.4. Remodeling 

The last phase of the wound healing process is the remodeling of the tissue. In this phase, 

granulation tissue is gradually diminished and the innate immune cells that invaded the tissue 

in the early phases leave the wound or undergo apoptosis. At the same time, proteoglycan and 

glycosaminoglycan levels, that provided structural and regulatory roles to the tissue, are 

decreased. 

Macrophages and myofibroblasts continue to perform the tasks they started performing during 

the proliferation phase, namely releasing collagen metalloproteinases and metalloproteinase 

inhibitors, whose combinatorial effects degrade Col III, but not as much Col I, resulting in a 

substitution of one for the other, and an increase in ECM organization and density, which forms 

a scar scarce in cells (Figure 1.13)204–206. This behavior can last for months. 

However, this is not the end point of wound healing, and after a while, macrophages reacquire 

a phagocytic phenotype and a ‘fibrolytic’ profile20. These macrophages are called M2c, or 

Mreg-like macrophages, and they release proteases and phagocyte excessive cells and matrix, 

no longer required for wound closure, which results in a remodeling of the tissue, that can 

continue for a few more months, or even years207,208.  

Their interaction with fibroblasts is very important for the best remodeling of the granulation 

tissue possible. For instances, elevated expression of CD47 in murine fibroblasts prevents 

macrophage phagocytosis, ultimately leading to excessive matrix deposition and scar 

formation209. At this time, myofibroblasts are also stimulated to perform apoptosis. Failure to 

induce this behavior, and myofibroblast permanence on the repaired tissue, will lead to fibrotic 

situations, like hypertrophic scars210. 

Fibrotic results, which are common in the wound healing events of most non-regenerative 

vertebrates, can be the consequence of several deregulations of the different phases of wound 

healing and their participants. For example, fibrotic scarring can be the result of permanence of 

inflammatory macrophages, which can be explained by altered signaling between macrophages, 

fibroblasts, epithelial and endothelial cells, resulting in a permanent inflammatory response by 

the tissue. This can also lead to altered FGF, hepatocyte growth factor (HGF), EGF and TGFβ 

signaling, resulting in persistent phenomena of EMT211.  

Fibrosis can also be the result, as just mentioned, of an irregular maintenance of activated 

myofibroblasts in the wound after re-epithelialization, which leads to an excessive deposition 

of collagen type I in the wound. Alterations of the ECM composition, due to myofibroblast 
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permanence or other, also result in altered availability of growth factors, mechanotransduction 

and cellular migration through the ECM, all of which can equally have an impact on the 

outcome of the wound healing event212–214. 

  

Figure 1.13 - Overview of the phases of wound healing. Schematic representation of transversal cuts of a healing tissue, with all phases 

and major participants represented, as well as their average durations. Image adapted from Knoedler et al., 2023635 and created with 

BioRender.com. 
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1.1.4.1. Regeneration is Remodeling 

While regenerative events are not usually described as occurring through the same phases of 

wound healing655, there are sufficient communalities between the events that the same 

progression of phases can be used to describe both.  

Perhaps the least similar, and harder to compare, is the ‘Remodeling’ phase. In fibrotic events, 

this phase is characterized by just a handful of processes, primarily ECM remodeling and blood 

vessel pruning, while in regeneration the scenario is very different. Instead of simply modifying 

the wound tissue to stabilize it, in regenerative events this is the phase where missing tissues 

are recreated, and this depends on considerable proliferation. For this reason, several processes 

occurring during regeneration could be considered a part of the proliferative, or ‘growth’, phase 

of wound healing.  

However, we interpret the ‘remodeling’ phase of regenerative events as the group of processes 

that occur after blastema establishment, that encompasses blastema growth, differentiation and 

reshaping, to recreate the lost structures.  

In that sense, fetal wounds are characterized by ‘fetal (myo)fibroblasts’215–218 that express less 

αSMA and secrete more Col III, whose organization is similar to uninjured ECM54. In lower 

vertebrates, progenitor cell origins were shown to be tissue-specific, with, for example, muscle 

cells not contributing to cartilage or epidermis regeneration, and dermis cells contributing to 

cartilage and connective tissue219,220, but not muscle regeneration8. However, some exceptions 

have been found, like the contribution that dermis cells have to patterned bone regeneration 

during salamander limb regeneration190,191. 

Furthermore, while regeneration in vertebrates is usually associated with the expansion of stem 

cells, several studies have identified the capacity for some cell types to dedifferentiate and 

participate in regeneration, namely skeletal and cardiac muscle cells, and osteoblasts221–227. 

Two tissues have been shown to bare quite an effect on the patterning of the regenerating 

salamander limb. Wound epidermis has been associated with patterning through the secretion 

of retinoic acid (RA), which contributes to proximal identity during limb bud development228–

230. Also contributing for the patterning of the proximal-distal axis is the nerve-derived factor 

nAG. nAG stimulates the PROD1 receptor, which is expressed in a gradient along the limb’s 

proximal-distal axis, with a higher gradient in the proximal region231. 

Tissue patterning and morphogenesis has also been associated with BMP signaling, as 

exemplified by the role BMP2 and 6 have in regulating proximal cartilage proliferation and 
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hypertrophy during the lizard A. carolinesis’s tail regeneration, and BMP’s role in 

dedifferentiation of muscle cells of the salamander limb181,232. 

BMP signaling was also associated with cell condensation and apoptosis, seeing as 

overexpression of Noggin, a BMP inhibitor, inhibits both processes233. This was suggested to 

occur through activation of DKK proteins, to counter WNT pathway signaling, also promoting 

osteoblast differentiation234. Furthermore, the Msx homeobox genes, which are immediate early 

BMP response transcription factors, have been suggested to play a role in development and 

regeneration235–241. 

Finally, Hedgehog signaling has been proposed as the key player of the last phase of 

regeneration, with Shh being expressed in the regions surrounding the ependymal tube in the 

regenerating lizard tail, where it establishes proximal organization centers and induces 

chondrogenesis232. Shh signaling was also shown to be sufficient to sustain limb regeneration 

when stimulated in anterior innervated limb tissue, while posterior cells did not respond to Shh 

stimulation, in a process reminiscent of the developmental process of limb bud242. 

BMP and Shh signaling have also been shown to cooperate in the patterning of regenerated 

fins243–245, as ectopic expression of either Shh or Bmp2 led to ectopic bone deposition and 

mispatterning of fin rays. Exposure to cyclopamin, a Shh inhibitor, reduces proliferation and 

differentiation of bone-secreting cells. 

Shh has also been shown to be important for mammalian remodeling of wounds, since its 

activation in the dermis is both necessary, and sufficient, for ‘wound-induced hair 

neogenesis’246, but only in some models247. Shh converts WNT-activated fibroblasts into 

dermal papilla, redirecting the fibrotic program to a regenerative one. However, this is not 

sufficient for a fully regenerative process, as the new hairs are restricted to wound centers, not 

pigmented, imbedded in fibrotic scar tissue with extensive collagen deposition, and the 

melanocyte niche is not re-established155,248. 

Studies of Acomys regenerating ear pinna have also associated WNT signaling with hair follicle 

regeneration in mammals. Nuclear LEF1 was found accumulated in regenerating epidermal 

placodes, condensing dermal fibroblasts beneath the hair germ, and in dermal papilla and matrix 

cells710. Furthermore, ERK inhibition resulted in a disappearance of LEF1+ cells from the 

epidermis and dermis of the blastema, suggesting an interplay between MAPK/ERK and WNT 

signaling also observed in lower vertebrates1378. 

BMP signaling was also associated with differentiation of newly formed tissue in Acomys ear 

pinna, seeing has it was found activated in cells giving rise to new auricular cartilage710. 
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pSMAD 1, 5 and 8, which are a good readout of canonical BMP signaling, were also detected 

at low levels during follicle induction, but at later stages, during dermal papilla and matrix cell 

differentiation, they were detected at higher levels in these cells. 
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1.2. Acomys cahirinus: The ideal mammalian regenerative 

model 
 

As we have mentioned, mammalian models of epimorphic regeneration do not abound, and 

some examples, like the regenerative capacity of deer antlers, have been interpreted as not 

belonging to this group of processes. This lack of models, in particular of easily tractable ones, 

has led to much of the research in mammalian regenerative abilities focusing on fairly simplistic 

models, like the digit tip of murids, on models whose actual capabilities have been suggested 

not to fit the description of “epimorphic regeneration”, like the MRL strain of M. musculus or 

scarless fetal wounds, or to the usage of models that are hard to keep in most labs, like rabbits. 

However, in 2012 a particularly interesting model was found. Two species of the genus Acomys, 

a fairly speciated genus that inhabits most of the African continent, as well as the Middle East 

and southeast parts of Europe, were described as being capable of regenerating both the dorsal 

skin as well as their ear pinas. While species of this genus had already been introduced to labs 

previously, work on them had focused on other fields, and observations of their regenerative 

potential were anecdotical. 

Since the description of their regenerative capabilities, a lot of attention was given to this genus, 

in particular to one species, Acomys cahirinus. With their size being only slightly larger than 

the typical Mus musculus, most labs are equipped to house these animals, with only a few 

adjustments to feeding. Furthermore, due to their evolutionary proximity to Mus, many 

molecular tools used for this model can be adapted for Acomys. 

While still not as tractable as Mus, mainly due to the lack of genetic tools, the Acomys genus 

already counts within it a few species with sequenced and annotated genomes, with A. cahirinus 

being one of them. This has already contributed to the understanding, for example, of the 

transcriptomic profile of cells involved in the regeneration of epidermal tissues and spinal cord. 

Since the description of its regenerative potential of epidermal tissues, the Acomys model has 

been associated with the capacity, or at least the potential, to regenerate several other tissues, 

like skeletal muscle, spinal cord, kidneys, and even possibly heart and brain. This enormous 

potential has been correlated with a particular immune response, which  

 

With this in mind, we set out to understand whether other pathways involved in the regulation 

of proliferation, like the PI3K/AKT and WNT pathways, also played a part in regulating the 
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regenerative response of Acomys ear pinna, and whether pathways involved in immune 

signaling, like JAK/STAT and NFκB, might also contribute to the regulation of wound healing 

in this regenerative model.   
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2.1. Animal Handling 

In our study we used two species: Acomys cahirinus and Mus musculus, which are bred in 

separate rooms at the University of Algarve’s bioterium. During experimentation, both species 

are kept at 24°C, and on a 10:14 L:D light cycle. M. musculus husbandry is performed in 

accordance with EU guidelines, and A. cahirinus husbandry is in accordance with was 

previously described in Pinheiro et al., 20181379.  

To perform this set of experiments we used young adult animals of both sexes, with A. cahirinus 

individuals ranging from 3 to 12 months of age and M. musculus ranging from 2 to 6 months 

of age. In all experimental groups we used an average distribution of sexes of 50%. 

To induce wound healing event, A. cahirinus and M. musculus were anesthetized using 3,5% 

of Isofluorane in 1L/min of O2, and their ear pinnas were punched with either Ø4mm biopsy 

punches, for A. cahirinus, or Ø2mm biopsy punches, for M. musculus, to create full thickness 

wounds whose volume was proportional to the ear size. 
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2.2. Analysis of Proliferative Cell Expression 

2.2.1. Proliferating Cell Labelling and Tissue Collection 

Isolation of proliferating cells from healing tissue was performed with groups of six individuals 

of each species, wounded as previously described and left to heal for 3, 5, 7 and 14 days. To 

establish a baseline (uninjured tissue, or day 0), the circle of tissue removed with the initial 

biopsy punched was also used to isolate proliferating cells. Of these six individuals, two of each 

species were used as non-labeled controls (no exposure to EdU), while the other four 

(experimental group) were subsequently injected with a solution of EdU near the time of 

collection. 

At 12, 4 and 2 hours prior to tissue collection, the experimental groups of A. cahirinus and M. 

musculus were anesthetized and injected with 75 mg/Kg of EdU (in 1x Phosphate-Buffered 

Saline (PBS) – 137mM NaCl, VWR Chemicals 27810.364; 2,7mM KCl, MERCK 1.04936; 

10mM Na2HPO4, MERCK 1.06580; 1,8mM KH2PO4, MERCK 1.04873 in ddH2O, pH 7,4). 

To collect the healing tissue, both control and experimental groups of A. cahirinus and M. 

musculus were again anesthetized, and their ear pinnas were re-punched over the previous 

whole with either a Ø5mm biopsy punch, for A. cahirinus, or a Ø3mm biopsy punch, for M. 

musculus. A schematic representation of the process can be seen in Figure 2.14. 

The resulting ring of tissue from the punch was collected, and then rinsed, once with chilled 

70% DEPC-treated EtOH, once with 1x PBS, and placed in cold 1x HBSS (Hank’s Balanced 

Salt Solution - 140mM NaCl, VWR Chemicals 27810.364; 5mM KCl, MERCK 1.04936; 

1mM CaCl2, Sigma-Aldrich C3881; 0,4mM MgSO4–7H2O, MERCK M2773, 0,5mM 

MgCl2–6H2O, Fluka 63069; 0,3mM Na2HPO4–2H2O, MERCK 1.06580; 0,4mM KH2PO4, 

MERCK 1.04873; 6mM D-Glucose, MERCK 1.08342; 4mM NaHCO3, MERCK S6014, in 

Figure 2.14 - Collection of wound healing samples at different timepoints. 

 Schematic representation of the preparation of animals and collection of samples for the isolation of proliferating cells from the healing ear 

pinna tissue of A. cahirinus and M. musculus. 
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ddH2O), supplemented with 1x RNAProtect RNAse Inhibitor (Sigma-Aldrich R7397), and kept 

on ice until the next step.  

2.2.2. Tissue Digestion and Single Cell Suspension Preparation 

To produce a single cell suspension for FACS, tissue samples were first placed in a petri dish 

and washed with 1x HBSS to remove RNAProtect RNAse Inhibitor. Tissue samples were then 

submerged in 2mL of a solution of 0,1% Trypsin (Gibco 25-200-056) and 100U/mL of 

Collagenase IV (Gibco 17104019), in 1x HBSS, and minced using two #24 scalpel blades, until 

the tissue was almost a paste. 

The tissue and digestion solution were then transferred to a 15mL centrifuge tube and incubated 

on a water bath at 37ºC, with 200rpm agitation, for 30min. After the incubation, the majority 

of the large pieces of tissue had deposited, so the supernatant was pipetted out and filtered 

through a 70µm nylon mesh cell strainer [VWR, 734-2761] into a new 15mL centrifuge tube, 

and placed at 4°C. To the previous tube, with the remaining undigested tissue, 2mL of the 

digestion solution were added, and re-incubated a further 30 min. 

After the second incubation the re-digested tissue, and the supernatant, were filtered through 

the previously used filter for the same sample, now placed inside a petri dish. The leftover 

pieces of undigested tissue trapped in the filter were further broken down by using a 20mL 

syringe plunger as a pestle, to macerate the tissue. Cold Complete DMEM (DMEM, Gibco 

21969-035; 10% Fetal Bovine Serum, FBS – Gibco A5670701, Glutamax, Gibco 35050-038; 

Pen/ Strep, Gibco 15-140-122) was used to stop digestion and wash the filter, and the filtered 

solution was transferred to the respective 15mL centrifuge tube, already containing the 

previously filtered digestion supernatant. At this point, to create a control for the labeling 

reaction, the control cell suspension was divided into two separate samples. 
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2.3. Proliferating Cell Sorting 

Once single-cell suspensions were obtained from each group of samples, the inactivated 

digestion mix was removed through centrifugation, and the cells were washed with 1x PBS. 

EdU+ cells were then labelled using a Click-It Reaction (969μL of 1x PBS, 200μL of 1X Click-

iT reaction buffer, 7μL of CuSO4, 3μL of Copper protectant and 1μL of Alexa Fluor picolyl 

azide), which attaches a fluorescent moiety to the EdU integrated in the DNA, through a copper-

catalyzed chemical reaction. For this step we used the Thermo Fischer Scientific ‘Click-iT™ 

Plus EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye’, reference C10637. 

The experimental group cell suspension, and one of the control group cell suspensions (labeling 

control), were exposed to 200μL of the reaction mixture for 30 min, at room temperature and 

in darkness, with regular agitation. The other control group cell suspension (non-labeled 

control) was kept in the same conditions, but in 200μL of 1x PBS. After the reaction period, β-

Mercaptoethanol was added to all tubes, to stop the Click-It reaction and maintain similar 

conditions between samples.  

The reaction solution was removed through centrifugation, and all the pelleted samples were 

resuspended in CSB (Cell Sorting Buffer – 1mM EDTA, MERCK E5134, 25mM HEPES, 

MERCK H4034, 1% FBS, FBS – Gibco A5670701, in 1x PBS) to increase the cell survival in 

the single cell suspensions during the sorting process. To obtain purified cell populations of 

EdU- and EdU+ cells, without contamination from other fractions, the control population not 

exposed to Click-It was first used to establish a baseline sign for unlabeled cells (P2), and to 

discriminate doublets and cell debris (Figure 2.15).  

After that, the control cell suspension exposed to Click-It reaction was used to determine the 

levels of non-specific signaling, since they were also exposed to the fluorescent marker, but not 

to EdU. With this control we were able to rule out any signal that was not due to specific EdU 

labelling, but due to non-specific signal like, for instances, coating of the cell membranes with 

fluorescent moieties (P3, Figure 2.16). 

After establishing these baselines, we were then able to divide the experimental population into 

cells without EdU labelling (EdU-) and cells clearly labelled with EdU (EdU+, P6, Figure 2.17). 

Non-specifically labelled cells in the experimental population were also identified and excluded 

from the sorted populations (P3). Both negative and positive populations were then collected 

into two 1,5mL tubes, containing 1mL of Nzyol (NZYTech MB18501), and kept at -80°C until 

further use.



 

 

Figure 2.15 – Establishment of the P2 (Non-labelled) gate for FACS. The figure depicts how non-labeled control samples were used to establish the gate for clearly EdU negative cells (P2). A – A. 

cahirinus sample. B – M. musculus sample. a), b) and c) represent the gates used to exclude doublets, aggregates, debris and abnormally shaped cells. d) represents the gate used to confirm that 

the gate population represents isolated cells. e) represents the percentages of cells passing through each gate. f) represents the gating for different levels of fluorescent signal intensity that identify 

the amount of EdU integration. 
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Figure 2.16 – Establishment of the P3 (Labeling Control) gate for FACS. The figure depicts how non-labeled control samples were used to establish the gate for clearly EdU negative cells (P2). A 

– A. cahirinus sample. B – M. musculus sample. a), b) and c) represent the gates used to exclude doublets, aggregates, debris and abnormally shaped cells. d) represents the gate used to confirm 

that the gate population represents isolated cells. e) represents the percentages of cells passing through each gate. f) represents the gating for different levels of fluorescent signal intensity that 

identify the amount of EdU integration. 
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Figure 2.17 – Establishment of the P6 (Experimental Control) gate for FACS. The figure depicts how non-labeled control samples were used to establish the gate for clearly EdU negative cells 

(P2). A – A. cahirinus sample. B – M. musculus sample. a), b) and c) represent the gates used to exclude doublets, aggregates, debris and abnormally shaped cells. d) represents the gate used to 

confirm that the gate population represents isolated cells. e) represents the percentages of cells passing through each gate. f) represents the gating for different levels of fluorescent signal intensity 

that identify the amount of EdU integration. 
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2.3.1. RNA Extraction and Quantification 

To normalize conditions of RNA extraction between samples, all cell suspension samples were 

kept frozen for at least 48h, at -80°C, prior to extraction. Isolation of the RNA proceeded in 

groups of four samples, to minimize handling errors. The samples were thawed on ice and 

200µL of chilled chloroform were added, and mixed by vigorous hand shaking for 15s, to 

dissolve apolar substances. This shaking also contributes to the lysing of the cells and the 

release of their contents.  

Phase separation of the Nzyol solution was achieved by centrifuging the samples at 15000g, for 

15min, at 4ºC. The aqueous phase, containing the solubilized RNA, was transferred to a new 

1,5mL tube, where 200µL of chilled chloroform were already placed. The solution was 

centrifuged again, with this process being repeated twice more to fully wash off non-soluble 

substances. 

Fresh tubes, containing 0,9 volumes (in relation to the aqueous phase extracted) of chilled 

Isopropanol (Sigma-Aldrich 33539), 0,1 volumes of 3M NaAc (pH5,2 – Sigma-Aldrich S2889) 

and 15µg/mL of Linearized Acrylamide (Invitrogen AM9520) were prepared, and the aqueous 

phases obtained at the end of the washes were transferred to these tubes. The solutions were 

mixed by inversion, and the RNA was left to precipitate at -20ºC, overnight. 

The following day, samples were centrifuged at 15000g for 10min, at 4ºC, to remove the 

supernatant. 1mL of chilled 75% EtOH was then added to each sample, and they were again 

centrifuged, this time at 7500g, for 5 min at 4ºC, to wash the RNA pellet. This EtOH wash was 

performed four more times. 

After the last EtOH wash, as much of the supernatant as possible was removed, without 

perturbing the RNA pellet, and the tubes were left to dry, at room temperature, for 5min. To 

complete the removal of EtOH from the pellet, the tubes were placed in a dry bath, at 65ºC, for 

2min. 10µL of Molecular Grade water (Nzytech MB11101) were then quickly placed in each 

tube, which were kept 5 more minutes in the dry bath, to resolubilize the RNA. The samples 

were then briefly vortexed, spined shortly, and placed on ice as quickly as possible. 2µL of each 

sample were removed into fresh 0,5mL tubes, and saved for later quantification, and the 

samples were stored at -80°C, until further use. 

Evaluation of quality and concentration of RNA samples was performed using a 4200 

TapeStation System (Agilent Technologies – G2991AA), using the Agilent High Sensitivity 
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RNA ScreenTape Assay (High Sensitivity RNA ScreenTape – 5067-5579, High Sensitivity 

RNA ScreenTape Sample Buffer – 5067-5580, High Sensitivity RNA ScreenTape Ladder – 

5067-5581). This system was used according to the manufacturer’s instructions, following the 

detailed protocol that can be found in:  

https://www.agilent.com/cs/library/usermanuals/public/ScreenTape_HSRNA_QG.pdf 

A summary of information pertaining to the sample quality and analysis of the samples that 

were chosen to e sequenced can be found in Table 2.4. 

Sample Edu Labelling # Cells Collected RIN FastQC Test PCA/MDS Test # Total Reads % of Aligned Reads % of Uniquely Aligned Reads

Mus D0 R1 Negative 25000 2,3 Passed Passed 21074421 84,55 65,4

Mus D0 R2 Negative 25000 2,9 Passed Passed 22081763 88,05 67,9

Mus D0 R3 Negative 25000 3,1 Passed Passed 18845994 88,66 67,88

Mus D0 R4 Negative 37000 2,3 Passed Passed 22352641 89,22 70,01

Mus D0 R1 Positive 1280 2,3 Passed Passed 18769482 63,25 46,64

Mus D0 R2 Positive 1211 2,3 Passed Passed 21307594 64,52 47,75

Mus D0 R3 Positive 6230 1,7 Passed Passed 22952159 68,8 52,19

Mus D0 R4 Positive 1874 1 Failed Failed NA NA NA

Mus D0 R5 Positive 4641 2,4 Passed Passed 21102879 82,77 68,07

Mus D3 R1 Positive 20220 2,5 Passed Passed 23945074 87,81 66,41

Mus D3 R2 Positive 13000 2,6 Passed Failed 18406423 75,27 53,68

Mus D3 R3 Positive 8044 2,2 Passed Passed 21545399 90,13 73,05

Mus D3 R4 Positive 11561 2,3 Passed Passed 24625810 81,38 63,02

Mus D5 R1 Positive 43749 2,3 Passed Passed 21369047 85,28 65,88

Mus D5 R2 Positive 8132 2,4 Passed Passed 20656764 87,65 70,96

Mus D5 R3 Positive 24175 2,2 Passed Passed 21971965 82,65 62,87

Mus D5 R4 Positive 37575 2,1 Passed Passed 20243325 86,16 67,87

Mus D7 R1 Positive 17297 2,2 Passed Passed 22824253 89,88 69,63

Mus D7 R2 Positive 39335 2,1 Passed Passed 24731490 80,65 60,16

Mus D7 R3 Positive 18277 2,2 Passed Passed 20691228 89,75 68,18

Mus D7 R4 Positive 23500 2,1 Passed Passed 20340837 88,66 65,82

Mus D14 R1 Positive 6962 2,4 Passed Passed 22762311 83,39 55,29

Mus D14 R2 Positive 1982 2,6 Passed Passed 16567329 64,21 44,2

Mus D14 R3 Positive 11642 2,2 Passed Passed 20584106 90,7 74,02

Acomys D0 R1 Negative 69156 2,2 Passed Passed 17111374 94,01 73,68

Acomys D0 R2 Negative 50000 1,1 Passed Passed 14992471 95,62 78,99

Acomys D0 R3 Negative 50000 5,6 Passed Passed 14959192 97,57 76,39

Acomys D0 R4 Negative 25000 6,8 Passed Passed 18541446 97,43 76,27

Acomys D0 R1 Positive 459 1 Passed Passed 30566031 48,65 30,21

Acomys D0 R2 Positive 429 1 Passed Passed 11771464 72,53 50,66

Acomys D0 R3 Positive 2515 2,3 Passed Passed 15235203 88,44 38,59

Acomys D0 R4 Positive 2533 1 Passed Failed 597246 34,81 31,04

Acomys D3 R1 Positive 10970 1 Failed Failed 11460835 8,64 6,36

Acomys D3 R2 Positive 3236 2,3 Passed Passed 19736562 94,91 53,78

Acomys D3 R3 Positive 7608 1 Failed Failed 13498021 13,37 9,42

Acomys D3 R4 Positive 20678 2,5 Passed Passed 20838182 95,71 59,99

Acomys D5 R1 Positive 23431 1 Passed Passed 18097493 89,88 70,32

Acomys D5 R2 Positive 17350 1 Passed Passed 16152826 95,97 72,63

Acomys D5 R3 Positive 5073 2,4 Passed Passed 18555299 95,24 74,27

Acomys D5 R4 Positive 13621 2,3 Passed Passed 10790730 96,75 69,57

Acomys D7 R1 Positive 883 1 Passed Failed 16123677 11,65 8,18

Acomys D7 R2 Positive 12556 1 Passed Passed 18719933 96,06 63,03

Acomys D7 R3 Positive 15310 2,4 Passed Passed 20554948 96,54 58,21

Acomys D7 R4 Positive 38500 2,3 Passed Passed 20040399 97,42 67,26

Acomys D14 R1 Positive 15304 2,2 Passed Passed 20038983 97,8 63,04

Acomys D14 R2 Positive 12966 1 Passed Passed 18268657 92,29 63,39

Acomys D14 R3 Positive 23150 2,4 Passed Passed 14810298 98,14 67,06

Acomys D14 R4 Positive 7430 2,4 Passed Passed 10220377 97,33 73,75

Table 2.4 - Summary of the relevant information of sample quality. 

This table details, for each sample, the Edu Status, number of cells collected, RNA quality, sample quality analysis after sequencing and 

sequencing results. “Edu Labelling” pertains to the status of the sample, whether the collected pool of cells was detectably positive for EdU 

labelling (P6 population during FACS) or was distinctly EdU unlabeled (P2 population during FACS); RIN – RNA Integrity Number – A 

scale of 10 points, commonly used to represent RNA integrity, with 0 being fully degraded and 10 being intact. The FastQC test and the PCA 

and MDS tests evaluate sample quality through several parameters, like number of duplicated reads and replicate clustering. Total number 

of reads, percentage of read aligned, and percentage of uniquely aligned reads are other metrics that allow us to evaluate sample quality 

after sequencing. Information in red lettering represent criteria of sample exclusion from downstream analysis. 
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2.3.2. Sample Preparation, Library Formation and Sequencing 

Sequencing services were outsourced to the Genomics Scientific Platform at Ipatimup, 

University of Porto. To perform the sequencing of our RNA samples, the colleagues at Ipatimup 

first reran the samples through the Agilent 2100 Bioanalyzer, using an Agilent RNA 6000 Pico 

Kit (Agilent 5067-1513), to confirm their quality and concentration. After analysis, a pool of 

24 samples of each species (48 in total, distributed as evenly as possible between all the 

timepoints, with at least three replicates per timepoint, per species), of acceptable quality, were 

selected to be used for library construction.  

To construct the libraries, the samples were processed using the SMARTer Stranded Total 

RNA-Seq Kit v2 – Pico Input Mammalian (TaKaRa 634411), which removes rRNA, and then 

amplified through 16 PCR cycles. After library construction, each library was evaluated for 

their quality, using a 2200 TapeStation System (Agilent Technologies – G2964AA), with the 

HS D1000 Screen Tapes (Agilent 5067- 5584), and the Qubit® 3.0 fluorometer (Thermo 

Fischer Scientific - Q33216), with the Qubit® 1x dsDNA HS Assay kit (Thermo Fisher 

Q33230). Libraries were composed of sequences that ranged from 353 to 461bp, and library 

concentration had a maximum of 133nM. 

Once library quality was confirmed, samples were diluted to 4nM in nuclease-free water, and 

samples of the same species were pooled together in equal volumes. Final pools were prepared 

according to the “illumina NextSeq 500 and NextSeq 550 Sequecing Systems – Denature and 

Dilute Libraries Guide” (Document #15048776v16 – Protocol A; 1.5 pM + 1% PhiX), and then 

sequenced using an illumina NextSeq550 machine (illumina - SY-415-1002), with a High 

Output Kit v2.5 (illumina 20024906) and run for 75 cycles. 
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2.4. Transcriptomic Data Analysis 

To ascertain the quality of the sequencing data generated, all 48 individual fastq files were run 

(separated by species) through the FastQC tool, and analyzed in tandem with MultiQC249, which 

allowed us to determine the quality of samples by analyzing several aspects of read quality, like 

per sequence G/C content, per sequence quality, per base sequence quality, sequence 

duplication levels and overrepresented sequences.  

Initial quality control analysis indicated it was necessary to remove the first 8 bases of the 5’ 

end of each read which corresponded to the adapter used to identify samples after sequencing 

(Index). We removed (trimmed) them by using the Cutadapt tool250. One base at the 3’ end of 

each sequence was also removed, as it corresponds to a random base introduced at the end of 

transcription.  

After trimming reads had a uniform length of 67nt, and we again evaluated their quality through 

the FastQC tool, to confirm if their quality improved, or was maintained at acceptable levels. 

This analysis indicated that three samples (A. cahirinus day 3, replicate 1 and 3, and M. 

musculus day 0⁺, replicate 4) possibly did not have enough quality to be considered, as detailed 

in Table 2.4, but we still kept them to confirm this in subsequent analysis. 

Once sample quality was determined, raw reads were aligned to their corresponding reference 

genome, and transcript abundance was calculated. Read alignment and transcript abundance 

calculation were performed using STAR aligner v2.7.5c251, and the A. cahirinus reads were 

aligned to the Ensembl Rapid Reslease Genome Assembly GCA_004027535.1, while the M. 

musculus reads were aligned to Ensembl Assembly GCA_000001635.9. We allowed for 33% 

mismatch of read sequence alignment and a maximum of multiple alignment to sequences of 

20 different loci. Sequences that didn’t have a minimal total count of 10 reads across all 

timepoints were discarded. 

An important aspect to consider when analyzing transcriptomic data is whether the replicates 

used are similar enough to return significance in further analysis.  Principal Component 

Analysis (PCA) and Multidimension Scaling (MDS) are two methods that allow us to evaluate 

sample similarities. These methods compare major trends among samples and help us determine 

the similarity between timepoint replicates. Clustering of replicates suggests that these have 

similar behaviors/ expression trends, while replicates that do not cluster near their respective 

experimental condition are know as outliers. These outliers might indicate that a sample has 
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poor RNA quality or that technical issues occurred during library preparation or during 

sequencing. If these outliers are not removed, posterior statistical analysis of the data might be 

affected. 

As shown in Figure 2.18 (and Table 2.4), this analysis detected four samples in Acomys (Day 0⁺, 

replicate 4, day 3, replicate 1 and 3, and day 7, replicate 1) and two in Mus (Day 0⁺, replicate 

4, and day 3, replicate 2) that constitute outliers, when compared to other replicates of the same 

timepoints, and were therefore removed from further analysis. 

The distinct behavior of these outliers is particularly clear in A. cahirinus, where the highlighted 

samples are outliers not only to other replicates of their own timepoints, but to the other samples 

as well. As Table 2.4 suggests, this is likely the result of sample quality, since the percentage 

of reads from these samples that aligned to the genome is particularly low.  

The samples that passed quality control and pre-filtering were used to analyze the differential 

expression. Contrasts between timepoints day 3, 5, 7 and 14 and timepoint day 0 EdU Positive 

were performed. To perform this analysis, we used the DESeq2 R-package252, v1.30.1, and 

Figure 2.18 - PCA and MDS analysis of A. cahirinus and M. musculus samples after alignment. Principal Component Analysis and 

Multidimensional Scaling analysis of samples of A. cahirinus and M. musculus after alignment to the corresponding genomes. The red 

circles identify the outlier samples that were removed from further analysis. 
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filtered the results for genes that yielded an adjust p-value lower than 0,05 and a log2 fold 

change higher than 1 or lower than -1. We used the BH (Benjamini & Hochberg) p-value 

adjusted method, which controls for false discovery rate (FDR). 
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2.4.1. Gene Ontology: Biological Processes and Pathways 

After producing the lists of differentially expressed genes, we decided to evaluate how these 

changes in expression correlate with processes occurring in the healing tissues, and how these 

might be different between both species. 

To obtain a list of biological processes (BP) related with the detected differentially expressed 

genes (DEGs), we built an in-house R script, that uses hyperGTest from GOstats253, to perform 

gene ontology enrichment analysis (GOEA). We separated our data for each species in positive 

and negative differentially expressed genes prior to this analysis and set as a lower threshold of 

the analysis a minimum of 10 genes per category, to filter processes that, due to low amount of 

variation, might not be biologically relevant. We also restricted our analysis to processes with 

a false discovery rate (FDR) of less than 0,01 (i.e., we only considered processes that had a 

likelihood of 99,9% of being associated to a determined set of differentially expressed genes).  

Since this filtering still yielded an enormous number of results, we decided to further restrict 

them by focusing exclusively on the top 20 processes associated with positive, or negative, 

differentially expressed genes at each timepoint, for each species. 

To identify the signaling pathways that could be responsible for the processes previously 

obtained, we again used an in-house built R script designed to utilize the pathfindR package254. 

We chose this tool because it uses a two-step process of identifying active pathways. In the first 

step, the tool utilizes the user input (the file containing information on the differentially 

expressed genes) to design “subnetworks” of known gene interactions, which it establishes by 

searching a user pre-chosen database. We chose for this the IntAct database. After establishing 

the “subnetworks”, pathfindR performs an enrichment analysis against another database, in our 

case Reactome since we were interested in retrieving signaling pathways. A visual 

representation of the process can be found in Figure 2.19. 

Importantly, pathfindR performs several iterations of this process, pre-determined by the user 

(100, in our case), and counts the number of times a particular pathway is enriched by the 

“subnetworks” generated with the user’s data. This metric, “occurrence”, is an interesting 

additional evaluation of how likely it is that genes in the user’s data set are establishing 

interactions found in a given pathway, thus helping to determine whether that pathway might, 

or might not, be of biological significance, beyond statistical significance. We decided to only 

consider pathways with over 20 occurrences. All other parameters were kept as suggested by 
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the developers of the package. A more detailed description of the tool, and its functions, can be 

found here:  

https://cran.r-project.org/web/packages/pathfindR/vignettes/intro_vignette.html 

  

Figure 2.19 - Visual representation of the analysis process of pathfindeR. 
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2.5. Analysis of Signaling Pathway Activity 

2.5.1. Protein Extraction and Quantification 

To extract protein from the healing tissues of the ear pinnas of M. musculus and A. cahirinus, 

tissue collection was perfomed at 0, 6, 12 and 24 hours, and 3, 5, 7 and 14 days after injury. To 

collect the healing tissue, two specimen of A. cahirinus or M. musculus were re-punched over 

the previously created circular wounds, on both ears, with either a Ø8mm biopsy punch, for A. 

cahirinus, or Ø4mm biopsy punch, for M. musculus.  

Immediately after collection, tissue samples were placed inside Bullet Blender-compatible 

1,5mL tubes, previously prepared with two 3,2mm stainless steel beads (Next Advance, 

SSB32), approximately 100µL of 0.9 - 2.0mm stainless steel beads (Next Advance, SSB14B) 

and 200µL of chilled Cell Extraction Buffer (10mM Tris pH7,4, Fischer Bioreagents BP152; 

100mM NacL, VWR 27810.364; 1mM EDTA, Sigma ED2P; 1mM EGTA, PanReac A0878; 

20 mM Sodium Pyrophosphate, Santa Cruz Biotechnology sc-203404; 2mM Sodium 

Orthovanadate, Sigma 450243; 1% Triton X, MERCK 1.08603; 10% Glycerol, Nzytech 

MB16101; 0,1% SDS, BioRad #161-0302; 0,5% Deoxycholate, Sigma D6750), and kept on ice 

until mechanical digestion. 

To extract protein, the tissues were broken down mechanically, by running the samples on a 

Bullet Blender (Next Advance, Bullet Blender Storm 24) for 3 minutes, on setting #12. After 

thorough homogenization (two repetitions of the mechanical digestion), the samples were 

centrifuged at 24000g, for 20min, at 4ºC, and the supernatant containing the soluble protein 

was quantified and aliquoted. Aliquots were then stored at -80ºC, if not readily used. If samples 

were not immediately used after extraction, prior to usage they were thawed on ice and re-

quantified. 

To guarantee uniform loading of samples, quantification of protein concentration was 

performed using the BSA standard curve method, using a standardized BSA solution (Thermo 

Scientific, 23209) and Bradford Reagent (BioRad #500-0205).  

To prepare samples to be used, we diluted them in 4x Laemmli (200mM Tris-HCL pH 6,5, 

Sigma T3253; 400mM DTT, Nzytech MB03101; 8% SDS, BioRad #161-0302; 6mM 

Bromophenol Blue, Fisher Bioreagents BP115; 32% Glycerol, Nzytech MB16101), to a final 

concentration of 2 or 4µg/µL (depending on initial concentration), and denaturated them at 95ºC 

for 5min, on a dry bath. 
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2.5.2. SDS-Page Electrophoresis and Protein Transfer 

To detect specific proteins, we performed Western Blot analysis. Depending on the size of the 

target, proteins samples were run either in an 8% or 10% Acrylamide Gel (for detection of 

proteins over 90kDa samples were ran on a 8% gel, between 90kDa and 30kDa 10% gels were 

used). Gels were run at 100V during the loading phase of the gel, and at 120V during the 

resolving phase, for around 1h30 in total. Electrophoresis was performed in Tris-Glycine 

Running Buffer (250 mM Tris pH8,3, Fischer Bioreagents BP152; 1,92M Glycine, Nzytech 

MB01401; 1% SDS, BioRad #161-0302). A quantity of 40 μg of each sample was loaded, 

taking care to load equal volumes as much as possible. Four gels were run each time, in two 

pairs of equal loading configurations, to minimize variability between species samples and 

samples used for total or activated protein levels.  

After the electrophoretic run, each gel was equilibrated for 15min in Towbin’s Transfer Buffer 

(25 mM Tris pH8,3, Fischer Bioreagents BP152; 192mM Glycine, Nzytech MB01401; 0,01% 

SDS, BioRad #161-0302) or 10 min in homemade 1-Step Transfer Buffer (300 mM Tris pH8,3, 

Fischer Bioreagents BP152; 300mM Glycine, Nzytech MB01401; 20% EtOH, Sigma-Aldrich 

51976, 0,01% SDS, BioRad #161-0302) at room temperature, with side-to-side agitation. 

Proteins were transferred to 40µm-pore PVDF membranes, activated for 60s in 100% methanol 

and equilibrated for 15min in either Transfer Buffer. Wet Transfer was performed at 4ºC, 

overnight (exactly 16h), at 30V constant current, with mild agitation, to guarantee smooth and 

complete transfer of protein, for thorough analysis and best visualization possible. Semi-Dry 

Transfer was performed using the Power Blotter System (Thermo Fischer PB0012) at 1.3A for 

10min, for fast generation of technical replicates. Correct transfer was confirmed on the next 

day by staining the gel with BlueSafe (NZYtech MB15201) and the membrane with No-Stain 

Protein Labeling Reagent (Thermo Scientific A44449), which also permits Total Protein 

Normalization (TPN) quantification through labeling of all protein in the membrane with a 

fluorescent dye. 
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2.6. Immunolabelling 

To immunolabel specific proteins for detection, membranes were first blocked for 1h, at room 

temperature, with 5% NFDM (Non-Fat Dry Milk, Nestlé Molico) in 1x TBST (200 mM Tris 

pH7,6, Fischer Bioreagents BP152; 1,5M NaCl, VWR 470302). 

Membranes were then incubated with protein-specific unlabeled primary antibodies, against the 

desired proteins, in 5% NFDM in 1x TBST, overnight, at 4ºC. After primary antibody labelling, 

membranes were incubated with HRP (Horseradish Peroxidase)-labeled secondary antibodies, 

for 1h at room temperature. The relevant information about primary and secondary antibodies 

is summarized in Error! Reference source not found.. 

Table 2.5 - Immunolabeling specifications for Western Blot detection of target proteins. 

Target Protein Blocking Dilution Reference 

Total ERK1/2 5% NFDM 1:500 Cell Signaling #9102 

pERK1/2 (T202/Y204) 5% NFDM 1:500 Cell Signaling #9101 

Total Akt1 5% NFDM 1:500 Cell Signaling #4691 

pAkt1 (S473) 5% NFDM 1:500 Cell Signaling #4060 

pc-RAF (S259) 5% NFDM 1:500 Cell Signaling #9421 

pPTEN (S380) 5% NFDM 1:500 Cell Signaling #9551 

Jak2 5% BSA 1:300 Abcam #108596 

pJak2 5% BSA 1:300 Abcam #32101 

Stat3 5% NFDM 1:500 Cell Sginaling #9139 

pStat3 (Y705) 5% BSA 1:500 Cell Signaling #9145 

Anti-Mouse Secondary 
5% NFDM 

1:2000 
Santa Cruz Biotechnology sc-

516102 

Anti-Rabbit Secondary 
5% NFDM 

1:2000 
Santa Cruz Biotechnology sc-

2357 
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2.6.1. Imaging and Analysis 

After immunolabelling, detection of signal is achieved by incubating the membranes with a 

chemiluminescent HRP-substrate. We used the SuperSignal™ West Atto Ultimate Sensitivity 

Chemiluminescent Substrate (Thermo Scientific A38555), which has enough sensitivity to 

produce detectable signal even from very low levels of HRP activity.  

Membranes were incubated in this substrate between 30s and 3min, depending on expected 

signal intensity, and then visualized in an iBright Imaging System (Thermo Scientific iBright 

FL1500). Camera exposure to signal ranged from 10s to 10min, depending on signal intensity, 

which was ascertained by the autoexposure function of the equipment. To analyze the data and 

perform relative quantification of each protein band we used the software associated with the 

imaging system (iBright Analysis Software). The relative quantification of each band was 

calculated by diving the intensity of the given band by the intensity of the “control” band, which 

we established as the 0 hours timepoint for intraspecies comparisons, and A. cahirinus 0 hours 

or 3 days timepoints for interspecies comparisons of early, or late, timepoints, respectively. 

We also calculated the relative activation of some of the detected proteins, by dividing the value 

of the relative quantification obtained for its activated form, at a given timepoint, by the value 

of relative quantification obtained in the blot for the total detection of the specific protein. 
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3. Results 
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Our overview of the bibliography highlighted several commonalities between regenerative 

events in vertebrates, perhaps none so obviously important as the requirement of ERK 

signaling, and the involvement of nerve-derived factors in its activation. It also demonstrated 

several similarities between regenerative and reparative wound healing events, as exemplified 

by the early activation of ERK signaling in reparative wounds (which also occurs in the 

presence of damage nerve cells, although a correlation has not been established). 

Seeing has several commonalities exist between vertebrate regenerative models that are not 

essentially exclusive to regenerative wounds, we wondered what could explain differential 

sustainment of proliferative responses in one type of response, but not in the other. 

One such difference, shown in mammalian models in 2016 by Gawriluk et al., involves 

differential regulation of known tumor suppressors and cell cycle regulators, p21 and p27. 

These were shown to suffer a sustained nuclear exclusion in A. cahirinus, but not in M. 

musculus, which allows sustained cell cycle progression. In turn, in the reparative process of 

M. musculus the nucleus is progressively enriched with these factors, and cell cycle progression 

is inhibited.  

To understand how two relatively close species could have such a distinct regulation of 

proliferation during their wound healing responses, when several instances indicate signaling 

commonalities, particularly in the initial responses to wound healing, we started by evaluating 

the composition of candidate pathways for regulation of proliferation, highlighting their 

differences between species.  

To do this we resorted to the bibliography, and cross-referenced pathways known to be involved 

in the regulation of proliferation (like MAPK/ERK, WNT, JAK/STAT, etc.) with the 

transcriptomic data published in Gawriluk’s 2016 article.  

Second, we performed a transcriptomic profiling of A. cahirinus and M. musculus ear pinna 

proliferative cell populations during wound healing, to determine what are the differences in 

the expression profiles of these cells, and whether these differences could indicate a particularly 

distinctive expression profile associated with proliferative cells in either wound response 

processes. 

Finally, after identifying potential cell cycle regulating pathways that could be responsible for 

the differential regulation of proliferation, we selected a few mediators of the candidate 
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pathways and compared the relative levels of their activity between wound responses, along 

several timepoints of the first two weeks of their response to injury. 
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3.1. A. cahirinus vs M. musculus Bulk Transcriptomic 

Analysis 

As we have previously mentioned, nuclear exclusion of p21 and p27 is achieved through either 

a decrease in the expression levels of these two genes, by their sequestering by Cyclin-CDK 

complexes in the cytoplasm, or a combination of both. Generally, regulation of both of these 

processes is performed by the PI3K/AKT and MAPK/ERK pathways, whose activity is the 

primary regulator of cell cycle induction and maintenance in most scenarios, and which has 

even been shown to be essential for proliferation in the Acomys ear pinna regeneration, as is the 

case of the MAPK/ERK pathway. 

Our analysis of Gawriluk’s data is quite unorthodox. Because these are highly conserved, 

essential pathways, setup during embryonic development and responsible for the regulation of 

several, intertwined, processes during development and in adult tissue homeostasis, our 

expectation was that the majority of genes expressing members of these pathways would not 

suffer great and significant fold changes of their expression levels. Nevertheless, this does not 

mean that differences in their expression levels are not relevant, especially when we compare 

them between the species. 

Generally, transcriptomic analysis focuses on genes that are most differentially expressed 

between two conditions, attributing great importance to the fold change and its significance, 

and very little thought to the expression levels of the gene in question. This often leads to genes, 

whose expression is relatively low, but suffers a significant change (usually more than a 

duplication or halving of their relative abundance), being included in the analysis of the 

transcriptomic data, while genes with great transcript abundance, but whose change in 

expression do not reach such sizeable fold changes, being discarded. The biological relevance 

of this is, in our opinion, debatable. 

With this in mind, rather than exclusively focus on the fold changes of genes, we performed 

our analysis with the added consideration of their relative abundance levels, which in 

Gawriluk’s data are represented by the metric of ‘Base Mean’, a measurement of transcript 

abundance normalized for library depth.  

As such, our analysis focused on differential expression within the species, and differences in 

transcript abundance between species, and followed specific criteria of gene inclusion: On the 

basis of fold change, only genes with log2 fold changes of 1 or higher, or -1 or lower, were 
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considered as formally ‘differentially expressed’ (DEG). On the basis of ‘Base Mean’ values, 

genes were only found to have ‘considerably’ distinct relative transcript abundances (RTA) if 

their normalized transcript count was: at least double the opposing species, for genes with 200 

to 1000 transcripts per million; had a 50% or greater difference, for genes above 1000 

transcripts per million. Genes where both species had fewer than 200 transcripts per million 

detected were considered as equally expressed, regardless of their disparity in transcripts count. 

The values of base mean and fold change for all the genes analyzed can be found in Annex I. 

Because, as previously mentioned, the proliferative phase of wound healing is established 

within the first few days of the process, and this dataset consists of the timepoints day 5, 10, 15 

and 20, we decided to use only the information associated with earliest timepoint (D5) to 

perform our analysis, which would more closely represent the composition of each 

proliferation-regulating pathway in the early response to wounding. 

Since the goal of this analysis was to get a perspective on overall differences in pathway 

composition of several pathways, between both species considered, we created a set of figures 

we called “pathway-heatmaps”, designed to represent changes in composition and 

stoichiometry in each pathway, and whose interpretation will be dissected below. Regardless, 

the ‘take-home message’ of this analysis is that, overall, the pathways are distinctly setup 

between the species, with different composition and/or stoichiometry, which likely results in 

different outcomes even in the presence of the same stimulants. 
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3.1.1. PI3K/AKT Signaling 

We started our evaluation of candidate pathways with the PI3K/AKT pathway, a pathway 

known to regulate not just proliferation, but several other processes of cell fate, like apoptosis, 

differentiation, migration, etc., which are also known to differ between regenerative and 

reparative events, making this a good candidate pathway. 

We observed that at various levels of this pathway there are several genes with different RTA 

and/or differential expression. In Acomys, ligands like Col9a2, Col9a3, Lama2, Lamb1, Lamb2, 

Lamc3, Thbs1 and Vwf have a higher RTA in relation to Mus, while Mus has higher RTA for 

the ligands Chad, Col1a1, Col1a2, Col6a1, Efna5, Fgf2, Igf1, Igf2, Tgfa, Tnn. Acomys exhibited 

higher RTA for the receptors Csf1r, Csf3r, Fgfr1, Itga5, Itga7, Itgb4, Pdgfra and Pdgfrb, while 

Mus had higher RTA for the receptors F2r, Fgfr3, Igf1r, Itga6, and Il6ra. 

Mediators and second messengers of this pathway are the largest group of genes with 

considerable different RTAs between both species. Genes like Akt1, Hsp90aa1, Jak1, Jak2, 

Map2k1, Mdm2, Ppp2cb, Ptk2, Sos2, Raf1 and Ywhaq have higher RTAs in Acomys, while 

Bcl2, Ccnd1, Ccnd2, Cdk6, Cdkn1a, Gng2, Gng12, Gsk3b, Kras, Magi1, Mapk1, Mcl1, Mtcp1, 

Nras, Pdpk1, Ppp2ra, Pten, Syk, Rac1, Ywhab, Ywhag and Ywhaz have higher RTAs in Mus.  

Finally, differences in transcript abundance of transcription factors downstream of this pathway 

were also observed between both species. In Acomys, the transcription factors Rps6 and Trp53 

have considerably higher base means than in Mus, while in Mus the base means of Creb1, 

Creb3l2, Eif4b, Foxo3, Nfkb1 and Rxra are higher than their counterparts in Acomys. 

As for DEGs, in general the genes identified in this transcriptomic data as being associated with 

the PI3K/AKT pathway do not exhibit greatly differing fold changes. Moreover, despite some 

genes having a difference in fold change level of up to 2, these are never higher or lower than 

2,5 and -2,5 log2 fold change, and their base means are approximately the same, despite the 

differential expression.  

However, it is worth highlighting genes like Akt1, Atf4, Csf3r, Hsp90aa1, Itga5, Il6, Jak2, 

Map2k1, Pik3cd, Thbs1, Tlr4 and Trp53, since these are both overexpressed and have higher 

RTAs in Acomys, wile Bcl2, Chad, Col4a6, Fgf1, Fgf2, Fgfr2, Igf2 and Prkaa2 have a lower 

RTA than Mus, and are downregulated in Acomys.  

In Mus, genes like Igf1, Col1a1, Col1a2, Col6a1, F2r, Gnb2, Ifnar1, Lamc2, Tnc and Tnn are 

both overexpressed and have a higher RTA than in Acomys, but Col6a6, Col9a2, Gys1 and 
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Lamc3 have a lower RTA and are downregulated. A summary of these observations, as well as 

other differences in base mean levels and differentially expressed genes in this pathway, are 

represented in Figure 3.20. 

Our analysis of this pathway generated some interesting observations. First, while FGF2 has 

been shown to be essential for blastema formation and regeneration in Acomys, and capable of 

inducing regenerative characteristics to the reparative wound healing of Mus, it appears to have 

a higher RTA in Mus (73 TPM in Acomys, 443 in Mus), despite being downregulated (-1,5 log2 

fold change), which would suggest that, by itself, FGF2 might not be sufficient to induce 

regeneration. Alternatively, and since Fgfr1 has a higher RTA in Acomys than in Mus (3153 

TPM vs 1298 TPM), and the opposite is true for Fgfr3 (994 TPM vs 2296 TPM), perhaps it is 

the receptor most stimulated by FGF ligands that determines the outcome of the wound healing 

process. 

Second, IGF signaling has been linked with the instructive communication between epidermis 

and underlying mesenchyme in order to form an informative wound epithelium, which is an 

essential part of the vertebrate blastema, but is only transiently established in reparative 

wounds. We observed higher RTA of Igf1 (427 TPM vs 1370) and 2 (175 TPM vs 481 TPM), 

and Igf1r (967 TPM vs 1667 TPM), with Igf1 even being overexpressed at day 5 post wounding, 

which could suggest that Mus, initially, also tries to establish the required crosstalk to sustain 

wound epithelium, but for some reason fails. 

Third, and following this trend of Mus apparently expressing everything required for 

regeneration, we found higher RTAs of Ccnd1 (483 TPM vs 991 TPM), Ccnd2 (818 TPM vs 

3024 TPM) and Cdk6 (200 TPM vs 1351 TPM).  However, we did also observe higher RTA of 

Cdkn1a (364 TPM vs 820 TPM), perhaps meaning that cell cycle regulation occurs trough the 

expression of inhibitors, and not of the actual effectors of the cell cycle. 

Supporting differential regulation of processes through inhibitor expression, we found a higher 

RTA of Pten (999 TPM vs 3296 TPM) and Gsk3b (832 TPM vs 2407 TPM) in Mus, two 

inhibitors of the PI3K/AKT pathway. Regardless, several mediators of this pathway were also 

found to have distinct RTAs between both species, with Akt1 (2103 TPM vs 1217 TPM), 

Map2k1 (1133 TPM vs 535 TPM), Ptk2 (1251 TPM vs 768 TPM), Raf1 (2031 TPM vs 984 

TPM) and Sos2 (1238 TPM vs 708) possibly being more expressed in Acomys, while Kras (188 

TPM vs 648 TPM), Mapk1 (958 TPM vs 1666 TPM), Nras (481 TPM vs 1333 TPM), Rac1 

(606 TPM vs 1918 TPM) and Syk (280 TPM vs 708 TPM) have higher RTAs in Mus, 
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suggesting that the whole pathway, downstream of receptors, might be differentially setup 

between regenerative and fibrotic events. 

On a final note, we found higher RTAs of Csf1r (2935 TPM vs 1375 TPM) and Csf3r (637 

TPM vs 192 TPM) in Acomys, which are both upregulated (2 fold change and 5 fold change, 

respectively). These receptors have been associated, in vertebrates, to macrophages and 

neutrophils involved in fibrotic processes, respectively. However, we also found higher RTAs 

of Jak1 (3928 TPM vs 2793 TPM) and Jak2 (4224 TPM vs 997 TPM), two mediators of 

interleukin signaling.  Perhaps the differential abundance of these factors is sufficient to induce 

distinct immune responses in response to stimulation of the same receptors.



 

 

Figure 3.20 – Differential expression, in the PI3K/AKT pathway, between A. cahirinus and M. musculus. Visual representation of differentially expressed genes and genes with considerably different base means in the 

PI3K/AKT KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 2016 paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented 

with a red outline. A black outline represents genes that are not differentially expressed according to the dataset. A green background represents genes that have a higher base mean level in that particular species, and a 

red background represents a lower base mean, in relation to the opposing species’ base mean levels. A white background represents genes that have similar base mean levels. This image was adapted from the KEGG 

Pathway Database: PI3K-Akt signaling pathway - Mus musculus. 
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3.1.2. MAPK/ERK Signaling 

The MAPK/ERK pathways has conclusively been associated with the regenerative capacity of 

vertebrates, including in mammals, where it has been shown to induce regenerative 

characteristics in fibrotic wound healing events. However, ERK activation is not sufficient for 

full regeneration, even when possibly co-activated with other pathways (NRG1 can stimulate 

some ERBB receptors, which active other pathways besides the MAPK/ERK, like PI3K/AKT 

and JAK/STAT). 

Because, as far as we know, ERK isoforms respond to the same upstream signals, activated 

levels of ERK isoforms reflect their relative abundance, but ERK isoforms are known to have 

some different roles in certain contexts (although this has been contested)1380, we wondered 

whether different composition of the pathways could help explain why this signaling is 

sustained in regenerative wound healing events, and not in fibrotic. 

Since the PI3K/AKT and MAPK/ERK pathways share, and interact through, several elements, 

some of the differences already observed in the previous comparison were also detected here. 

That was the case for the genes Akt1, Csf1r, Efna5, Fgf1, Fgf2, Fgfr1, Fgfr3, Gng12, Igf1, Igf2, 

Igf1r, Kras, Map2k1, Nfkb1, Nras, Rac1, Raf1, Sos2, Tgfa and Trp53.  

Besides these, the ligand Il1b has a higher RTA in Acomys than in Mus (2686 TPM in Acomys 

vs 273 TPM in Mus), and the receptor Tgfbr1 has a higher RTA in Mus than in Acomys (376 

TPM vs 798). As in the PI3K/AKT pathway, the mediators of the MAPK/ERK signaling 

pathway are the most enriched group of genes with RTA disparities between species.  

In Acomys, the genes Dusp6, Flnc, Hspa8, Mapk8ip1, Pla2g4d, Rps6ka4 and Stmn1 exhibit a 

considerably higher RTA than their counterparts in Mus. On the other hand, in Mus the genes 

Araf, Cdc42, Crk, Dusp3, Mapk1, Map3k2, Mknk2, Rps6ka3, Taok1 and Traf6 have a higher 

RTA. As for transcription factors, Fos has a higher RTA in Acomys than in Mus, while Jund, 

Elk4 and Max have considerably higher RTAs in Mus than in Acomys. 

Besides genes shared with the PI3K/AKT pathway, that were already previously highlighted, 

in this pathway we also identified Il1b, Dusp6, Dusp7, Flna, Flnb, Myd88, Pla2g4e, Pla2g4f, 

Rps6ka1 and Rps6ka4 as genes that both have a higher RTA in Acomys and are overexpressed, 

while Rasgrp1 and Hspb1 both have a lower RTA, compared to Mus, and are downregulated.  

In Mus, the genes Tgfbr1, Map3k9, Mknk2 and Mapkapk2 are overexpressed and have a higher 

RTA than their counterparts in Acomys, with Cacna1s and Mapk8ip1 being downregulated and 
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having a lower RTA than in Acomys. A summary of these observations, as well as other 

differences in RTAs and differentially expressed genes are represented in Figure 3.21.  

Through our analysis, we found a higher RTA of the overexpressed gene Dusp6 in Acomys 

(1088 TPM vs 321 TPM), while Mus has a higher RTA of Dusp3 (139 TPM vs 593 TPM). 

Since Dusp6 has been associated with retainment of ERK in the cytoplasm, this could constitute 

a way for Acomys to redirect some of the ERK activity to cytoplasmic targets. 

Curiously, we noted a higher RTA of Mapk1 (coding for ERK2; 958 TPM vs 1666 TPM), of 

the IEG inducer Elk4 (532 TPM vs 1926 TPM), of the IEG JunD (297 TPM vs 773 TPM), and 

of the IEG helper Max (231 TPM vs 622 TPM), which potentiates cMyc’s transcriptional 

induction. In turn, we found a higher RTA of the IEG Fos in Acomys (1668 TPM vs 479 TPM). 

Differential activation of IEGs might be due to different proportion of RSK proteins, as 

Rps6ka4 has a higher RTA in Acomys (1251 TPM vs 616 TPM), while in Mus we see a higher 

RTA of Rps6ka3 (799 TPM vs 1670 TPM). Nevertheless, these observations seem to indicate 

a higher proportion of MAPK/ERK signaling response elements in Mus, which contrasts with 

what would be expected. 

Perhaps this can be due to an attempt of Mus to compensate for the incorrect activation of the 

MAPK/ERK pathway, either through alternative ligands or activation of different intracellular 

mediators, nevertheless leading to differences in the levels of IEGs and components of the AP-

1 transcription factor complex. For example, Fos is known to also regulate NF-κB activity. 

Perhaps distinct proportions of AP-1 compositions enhance, or decrease, the capacity of the 

tissue to integrate information from other pathways, thus leading to a regenerative or fibrotic 

result. 

Interleukin 1 is a stimulant of the pro-inflammatory canonical NF-κB pathway, associated with 

fibrotic results to the wound healing process. It was, therefore, interesting to find it 

overexpressed, and with a higher RTA, in Acomys at day 5 post wounding, while Mus had both 

a higher RTA of, and overexpressed, Tgfbr1. Downstream of Il-1 and Tgfbr1 signaling, on the 

canonical NF-κB pathway, are Myd88 (610 TPM vs 355 TPM) and Traf6 (518 TPM vs 1064 

TPM), responsible for IKK activation, which were found to have differential RTAs between 

Acomys and Mus, with Myd88 being overexpressed and having a higher RTA in Acomys, and 

Traf6 having a higher RTA in Mus. Furthermore, we also observed a higher RTA of Nfkb1 in 

Mus (52 TPM vs 1281 TPM), which together suggest alternative strategies of canonical NF-κB 

signaling and integration in the MAPK/ERK pathway. Overall, our analysis points to different 
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arrangements of the MAPK/ERK pathway, which could lead to differential cross-

communications with other pathways and result in differential gene expression. 

 



 

 

 

Figure 3.21 - Differential expression, in the MAPK/ERK pathway, between A. cahirinus and M. musculus.  

Visual representation of differentially expressed genes and genes with considerably different base means in the MAPK/ERK KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 

2016 paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented with a red outline. A black outline represents genes that are not differentially expressed according to 

the dataset. A green background represents genes that have a higher base mean level in that particular species, and a red background represents a lower base mean, in relation to the opposing species’ base mean levels. 

A white background represents genes that have similar base mean levels. This image was adapted from the KEGG Pathway Database: MAPK signaling pathway - Mus musculus (house mouse). 
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3.1.3. ERBB Signaling 

As we have referenced, he PI3K/AKT and MAPK/ERK pathways can be activated by some of 

the same receptors, but one particular group that has been shown to signal through both and is 

strongly associated with proliferation is the ERBB family of receptors.  

To evaluate the possibility that these pathways could be interacting downstream of ERBB 

receptor signaling, and/or that differential composition of these pathways could be leading to 

different responses downstream of receptor stimulation, we next analyzed the ERBB signaling 

pathway. A representation of our analysis can be found in Figure 3.22. 

The majority of genes associated with this pathway, since it has considerable similarities with 

the previous pathways analyzed, have already been touched upon. These are Akt1, Araf, Crk, 

Gsk3b, Kras, Mapk1, Map2k1, Nras, Ptk2, Raf1, Sos2 and Tgfa. Besides these, the genes Cbl, 

Cblb and Pak3 were also detected has having considerably higher RTAs in Mus than in 

Acomys. 

While this is a fairly simplistic pathway analysis, with limited representation of the downstream 

effectors and their interactions, it still suggests a differential abundance of receptors and the 

core downstream effectors. This could explain why, despite both species activating the same 

intracellular signaling pathways, possibly even through mostly common upstream signaling, 

one is capable of sustaining these activations in most cell types, while the other is not. 

 



 

Figure 3.22 - Differential expression, in the ERBB pathway, between A. cahirinus and M. musculus.  

Visual representation of differentially expressed genes and genes with considerably different base means in the ERBB KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 2016 

paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented with a red outline. A black outline represents genes that are not differentially expressed according to the 

dataset. A green background represents genes that have a higher base mean level in that particular species, and a red background represents a lower base mean, in relation to the opposing species’ base mean levels. A 

white background represents genes that have similar base mean levels. This image was adapted from the KEGG Pathway Database: ErbB signaling pathway - Mus musculus (house mouse). 
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3.1.4. JAK/STAT Signaling 

The regulation of proliferation does not occur exclusively through the pathways already 

analyzed, as we have detailed. Furthermore, the immune system plays an important role in the 

regulation of wound healing processes, and immune signals, like cytokines and chemokines, 

probably regulate proliferation beyond just immune cell types.  We therefore decided to also 

survey pathways involved in the regulation of proliferation associated with the immune system, 

like the JAK/STAT pathway and the NFκβ pathway, which also interact and share mediators 

with the PI3K/AKT and MAPK/ERK pathways. 

Starting with the JAK/STAT pathway, several of the genes with more relevant differences have 

already been commented on previously, namely Akt1, Bcl2, Ccnd1, Ccnd2, Cdkn1a, Csf3r, 

Ifnar1, Il6ra, Jak1, Jak2, Mcl1, Pdgfra, Pdgfrb, Raf1 and Sos2. Additionally, we identified the 

receptors Csf2ra and Il22ra1 has having higher RTAs in Acomys, while the receptor Il15ra, the 

mediators Cish, Socs4 and Socs7, and the transcription factor Irf9 have higher RTAs in Mus.  

Furthermore, because this KEGG pathway list includes some of the known downstream targets 

of this pathway, we were also able to observe that Aox3 and Aox4 have higher base means in 

Acomys, while Pim1 has a higher transcript abundance in Mus, as depicted in Figure 3.23.  

The genes Akt1, Csf3r, Jak2 and Pik3cd, Csf2ra, Ifngr1 and Ptpn6 were also identified as being 

both overexpressed and having a higher RTA in Acomys, while the previously mentioned Bcl2, 

but also Aox1, Lifr and Il15ra, are both downregulated and have a lower RTA than their 

counterparts in Mus. In turn, accompanying the already mentioned Ifnar1, we should also 

highlight the genes Irf9 and Stat1, which are both overexpressed and have a higher RTA in 

Mus. 

In general, our analysis of this transcriptomic data did not detect many differences in ligand 

availability, and ligand variability, likely due to it having been generated without the usage of 

an annotated genome, which might have impaired transcript identification. However, as we 

have detailed, there are known differences in ligand availability between both species. 

Nevertheless, some clear distinctions are observable in receptor availability and their respective 

transcript abundances. For example, Csf2ra (453 TPM in Acomys vs 165 TPM in Mus) and 

Csf3r (637 TPM vs 192 TPM) RTAs are higher in Acomys, where they are also overexpressed, 

and Il22ra1 was also detected has having higher RTAs (1173 TPM vs 559 TPM). This could 

indicate an attempt of Acomys to mount a controlled pro-inflammatory response, with Il-22 
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regulating Th activity255. Mus, in turn, has higher RTAs of Il15ra (36 TPM vs 434 TPM), which 

has been associated with increased NK cytotoxicity, possibly contributing to the increased 

inflammatory response256. 

Likely, the most significant differences in pathway composition are the ones detected for the 

JAK family of proteins. In particular, Jak2 was found upregulated and with a higher RTA in 

Acomys (4224 TPM vs 997 TPM), which could indicate a preference for pathway mediators. 

Contributing to differential results of JAK/STAT pathway activation between species are the 

higher RTAs of Ptpn6 in Acomys (638 TPM vs 408 TPM) and of Socs4 (168 TPM vs 651 TPM), 

Socs 7 (160 TPM vs 466 TPM) and Stat1 (563 TPM vs 808 TPM) in Mus, which could indicate 

differential regulation of the pathway through different mediators, as well as alternative 

downstream effectors. 



 

 

Figure 3.23 – Differential expression, in the JAK/STAT pathway, between A. cahirinus and M. musculus.  

Visual representation of differentially expressed genes and genes with considerably different base means in the JAK/STAT KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 2016 

paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented with a red outline. A black outline represents genes that are not differentially expressed according to the 

dataset. A green background represents genes that have a higher base mean level in that particular species, and a red background represents a lower base mean, in relation to the opposing species’ base mean levels. A 

white background represents genes that have similar base mean levels. This image was adapted from the KEGG Pathway Database: JAK-STAT signaling pathway - Mus musculus (house mouse). 
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3.1.5. NF-κβ Signaling 

Another pathway involved in immune response and proliferation regulation, which also shares 

elements with the previous pathways, is the NF-κβ pathway. As we have seen for the 

MAPK/ERK pathway, genes involved in this pathway have differential abundance between 

both species, so we wanted to evaluate whether this was a trend within the pathway, or just 

applicable to a few genes.  

The previously detailed genes Bcl2, Il1b and Nfkb1 are also associated with this pathway. 

Besides these, the receptors Ltbr and Tlr4, the mediators Atm and Lyn, and the downstream 

target Tnfaip3 were identified as having higher base means in Acomys, while the ligand Cxcl12, 

the mediators Csnk2a2, Edaradd, Malt1 and Traf6, and the downstream target Xiap have higher 

transcript abundance in Mus.  

As for genes whose differential expression and RTAs follow the same trend, Birc3, Btk, Il1b, 

Lyn, Myd88, Nfkb2, Tlr4 and Tnfaip3 are both overexpressed in Acomys and have higher base 

mean values in this species than in Mus, while, as previously reported, Bcl2 is downregulated 

and has a lower base mean value. Overexpressed and with a higher base mean in Mus are the 

genes Cxcl12, Syk, Trim25 and Vcam1. A visual summary of these observations can be found 

in Figure 3.24. 

Of interest, Lyn, which is overexpressed and has higher RTA in Acomys (879 TPM in Acomys 

vs 406 TPM in Mus), is known to have important functions in hematopoietic cells257,258. 

Together with Btk, another gene overexpressed and with higher RTA in Acomys (187 TPM vs 

61 TPM), it might contribute to a modulation of B cell activation and responses to injury. 

Acomys also overexpresses and has higher RTA of Tlr4 (552 TPM vs 252 TPM), a receptor that 

signals through Myd88 and is associated with M1-polarization, and can activate PI3K/AKT 

signaling, leading to FOXO inhibition and, consequently, its own transcriptional repression.  

Also interesting, and possibly contradicting what was reported for TA regeneration in 

Acomys714, we identified an overexpression and higher RTA of Cxcl12 in Mus (262 TPM vs 

1408 TPM), which was associated with macrophage recruitment by pro-fibrotic fibroblasts in 

mammals4. 

Finally, higher RTA of the overexpressed Nfkb2 in Acomys (541 TPM vs 387 TPM), and of 

Edaradd (184 TPM vs 401 TPM), Malt1 (449 TPM vs 872 TPM) and Syk (280 TPM vs 518 

TPM) in Mus, could suggest distinct cascades of NF-κB signal activation, supporting our 
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hypothesis that distinct configurations of conserved pathways could underline the differences 

in response seen in regenerative and fibrotic wound healing processes. 

Overall, the analysis of this pathway did not identify many distinctly expressed genes between 

these two species in response to wounding. Nevertheless, some differences were observed, and 

these possibly suggest distinct capacities of signaling integration in other pathways, as well as 

distinct responses in a few immune cell types, which could be explanation for the known 

differences. 

 



 

 

Figure 3.24 - Differential expression, in the NFKB pathway, between A. cahirinus and M. musculus.  

Visual representation of differentially expressed genes and genes with considerably different base means in the NFKB KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 2016 

paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented with a red outline. A black outline represents genes that are not differentially expressed according to the 

dataset. A green background represents genes that have a higher base mean level in that particular species, and a red background represents a lower base mean, in relation to the opposing species’ base mean levels. A 

white background represents genes that have similar base mean levels. This image was adapted from the KEGG Pathway Database: NF-kappa B signaling pathway - Mus musculus (house mouse). 
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3.1.6. WNT Signaling 

While the previously described pathways are considered in the bibliography as being the 

primary regulators of proliferation in most contexts, the WNT pathway also regulates 

proliferation in some contexts, as well as cell migration, death and differentiation. In several 

contexts this pathways inhibits proliferation by promoting migration, apoptosis or 

differentiation, but proliferation is promoted in some embryonic contexts and in stem cell niche 

maintenance and replenishment. 

The genes Ccnd1, Ccnd2, Csnk2a2, Gsk3b, Rac1 and Trp53 are shared with other, previously 

described, pathways, but besides these, the receptor Apcdd1 and the mediator Ctnnb1 have 

higher RTAs in Acomys, while the ligands Wnt4 and Wnt7b, the receptor Vangle2, the 

mediators Csnk1a1, Ctnnbip1, Mcc, Tbl1x and Tbl1xr1, and the transcription factors Nfatc2 

and Smad3 have higher RTAs in Mus.  

Additionally, the gene Fosl1 was identified as being both overexpressed and having higher 

RTAs in Acomys, while the Nfatc2 and Nfatc4 are downregulated and have a lower RTA than 

in Mus. In fact, in Mus Nfatc4, as well as Wnt4, is both overexpressed and have a higher RTA. 

In the opposite sense, Apcdd1 is downregulated and has lower RTAs than in Acomys. These 

observations are summarized in Figure 3.25.  

Identification of Fosl1 gene overexpressed and with higher RTA in Acomys (169 TPM in 

Acomys vs 14 TPM in Mus) supports our previous suggestion that AP-1 complex composition 

might differ between both species. Related with differential control of gene expression, the 

higher RTA of Ctnnb1 (encoding β-Catenin) might also contribute to a higher inductive 

capacity of WNT canonical pathway in Acomys, while Apcdd1, a known WNT ligand 

antagonist259, might help select sources of WNT pathway activation.  

Higher RTA of Ctnnbip1 (402 TPM vs 1237 TPM), a Wnt inhibitor260, Wnt7b (134 TPM vs 

459 TPM) and of Wnt4 (286 TPM vs 853 TPM), which is also overexpressed, further contribute 

to the suspicion that differential activation of the WNT pathway might occur between species. 

Furthermore, we observed a higher RTA of Smad3 in Mus (165 TPM vs 572 TPM), which 

could contribute to TGFβ signaling integration into the regulation of proliferation261. 

It is also noteworthy that several receptors and ligands of this pathway are overexpressed in 

Mus, while in Acomys most ligands have no differential expression, with a few downregulated, 

and several of the known receptors of this pathway are downregulated. 
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Altogether, our analysis of Gawriluk’s transcriptomic data suggests that, in all likelihood, 

several conserved pathways involved in proliferation regulation in various contexts are 

distinctively composed in A. cahirinus and M. musculus. This difference in composition and 

mediator stoichiometry likely leads to distinct results of the wound healing processes, even in 

the presence of similar stimulants, further enhancing these differences in the presence of distinct 

ligands. 

 



 

 

Figure 3.25 - Differential expression, in the WNT pathway, between A. cahirinus and M. musculus.  

Visual representation of differentially expressed genes and genes with considerably different base means in the WNT KEGG pathway, according to timepoint day 5 of the transcriptomic data of Gawriluk et al., 2016 

paper. Overexpressed genes are represented with a green outline, while downregulated genes are represented with a red outline. A black outline represents genes that are not differentially expressed according to the 

dataset. A green background represents genes that have a higher base mean level in that particular species, and a red background represents a lower base mean, in relation to the opposing species’ base mean levels. A 

white background represents genes that have similar base mean levels. This image was adapted from the KEGG Pathway Database: Wnt signaling pathway - Mus musculus (house mouse). 
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3.2. Proliferative Cell Expression Profile 

While our analysis of Gawriluk’s 2016 data suggested that several pathways, in particular the 

PI3K/AKT and MAPK/ERK pathways, are composed of different mediators, and might 

therefore contribute differently to the wound healing processes of A. cahirinus and M. musculus, 

it is limited in establishing a relationship between these pathways and actual proliferation 

regulation, since the data pertains to the response of the whole tissue, and not just of the 

proliferating cells. Furthermore, changes in expression of some genes associated with 

proliferation might be minimized or obscured due to the inclusion of non-proliferative cells in 

the sampling. 

To ascertain whether concrete differences in pathway response and composition exist in 

proliferative cells, between A. cahirinus and M. musculus, we decided to generate our own 

transcriptomic data, focusing on the proliferative populations of the healing ear pinna tissues of 

these two species.  

Because our primary interest is uncovering the signals that induce and regulate proliferation, 

and the bibliography suggests these are likely established very soon after injury, we designed a 

time course experiment with samples collected at timepoints day 0 (uninjured tissue), day 3, 

day 5, day 7 and day 14 post injury.  

We collected both proliferative and non-proliferative populations at day 0h, to establish 

benchmarks of non-proliferative cell and proliferative cell populations from uninjured tissue, 

and proliferative populations at days 3, 5, 7 and 14, to identify expression changes that are 

specific of the proliferative processes occurring during wound healing in both species. 
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3.2.1. Differential Expression 

To analyze the data we obtained from our samples, we started by performing a PCA and MDS 

analysis, which allows us to reduce the various dimensions of large datasets into only two, that 

best represent the variability of behaviors of our samples. This does not only allow us to 

determine the quality of our replicates, but might also give us a clue to the degree of changes 

proliferative cells present in each species, throughout the wound healing processes. 

Since we designed our time course hoping to detect the onset of the differential regulation of 

proliferation, our expectation was that the populations that sustain proliferation (A. cahirinus 

proliferative cells) would remain more similar amongst themselves than the proliferative 

populations that progressively exit the cell cycle, and accumulate in a common state, i.e. G0 

(M. musculus proliferative cells). 

The first thing that captured our attention in this analysis was that, curiously, in both species 

there is a greater similarity between samples of non-proliferative cell populations of the 

uninjured tissue and samples of proliferative cell populations of healing tissue, in all timepoints, 

than there is between the proliferative cell populations of the uninjured tissue and the 

proliferative cell populations of healing tissue (Figure 3.26).  

This might be explained by the higher heterogeneity of the non-proliferative cell populations, 

which represent the several types of cells found in uninjured somatic adult tissue, including 

non, or slow, proliferating stem cells, and would therefore have a wider range of expressed 

genes with which to overlap the transcriptomic profile of proliferative cells in the wounded 

tissues. 

Furthermore, proliferation in homeostasis is likely associated with stem cell niche preservation, 

or expansion of very lineage-restricted cells for physiological regeneration, which likely consist 

of a very particular group of transcriptomes, representing a small subset of the processes 

occurring during wound healing, or possibly even being abrogated in that scenario.  

Regardless of cause, it is interesting to note that proliferation in response to wounding, be it 

with a regenerative or fibrotic outcome, seems to be its own program, sufficiently dissimilar to 

the proliferative programs found in uninjured tissue to suggest different purposes. 

Moving to the comparison of the behaviors of proliferative cell populations in injured tissues, 

our analysis yielded the results we expected, were we to have captured the timeframe in which 

the regulation of proliferation begins to differ. The PCA and MDS analysis suggests that 
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proliferative populations in the regenerative process are more homogeneous among timepoints 

than in the fibrotic process (Figure 3.26). It is also worth pointing out that in both regenerative 

(Acomys) and fibrotic (Mus) wound healing events the timepoint corresponding to 14 days after 

wounding is the least like the other timepoints, suggesting greater commonalities of processes 

within the first week of healing. 

 

To rule out that these observations were the result of inferior sample quality, which could put 

in question the fidelity of the transcriptional analysis by causing artificial differences among 

samples, we looked at the number of aligned reads, percentage of alignment and number of 

sequences identified per sample (Table 2.4, in Materials and Methods).  

Despite the variability of number of reads and proportion of reads aligned in each sample being 

considerable (even amongst replicates), the number of identified sequences, after a very 

restrictive filtering, was the same among samples of the same species, with 15766 transcripts 

Figure 3.26 - PCA and MDS analysis of A. cahirinus and M. musculus samples selected for analysis. 

 PCA, or Principal Component Analysis, evaluates the similarities among samples along the two major, unidentified, components of those 

samples. MDS, or Multidimensional Scaling, evaluates the similarity between samples by creating two groups of components that, together, 

explain the majority of differences between the samples. The percentage values associated with each axis represent the fraction of sample 

variability that is explained by the factor represented on the axis (PC1, PC2, MDS1 or MDS2). 
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identified in all samples of A. cahirinus and 21557 in all samples of M. musculus. This 

suggested to us that the differences and similarities, observed in the PCA and MDS analysis, 

are likely to be due to actual differential expression of genes, rather than due to differential 

representation of the transcriptomes.  

Having ruled out sample quality as the source of behavior variability, we wondered whether the 

differences in behavior along the time course, between species, could be explained by a less 

steep increase in differentially expressed genes (DEGs) in Mus samples, while Acomys might 

more quickly adapt its genetic regulation, and then sustain it throughout the wound healing 

process.  

With that in mind, we compared the numbers of DEGs (in relation to proliferative cells of each 

species at D0) in all timepoints between species. In Acomys, we identified 161 DEGs on day 3 

(123 Overexpressed, Oe., 38 Downregulated, Dr.), 650 DEGs at day 5 (473 Oe., 177 Dr.), 261 

DEGs at day 7 (234 Oe., 27 Dr.) and 504 DEGs at day 14 (460 Oe., 44 Dr.). In Mus, the same 

comparison yielded 117 DEGs at day 3 (55 Oe., 62 Dr.), 207 at day 5 (129 Oe., 78 Dr.), 274 

DEGs at day 7 (199 Oe., 75 Dr.) and 102 DEGs at day 14 (97 Oe., 5 Dr.). These results are 

curious, since there seems to be higher variability of DEGs in Acomys than in Mus, so it would 

not explain the behavior of samples. 

We next wondered whether this was perhaps due to a greater variability of which genes are 

differentially expressed, from time point to time point, in Mus. Since Acomys sustains 

proliferation throughout the time course, but Mus does note, we expected to find more DEGs 

shared among multiple timepoints in Acomys, while Mus samples likely exhibit different DEGs, 

as the proliferative program gets increasingly abrogated. 

Indeed, looking at DEGs that are shared by more than one timepoint, we observed that Acomys 

has 375 DEGs shared between two or more timepoints, with 87 being identified at all four 

timepoints (81 Oe., 6 Dr.), while Mus has 221 DEGs shared among two or more timepoints, 

with only 10 being common to all timepoints (9 Oe., 1 Dr.).  

These results might explain why samples of different timepoints of the Acomys wound healing 

process tend to cluster more closely together in our PCA and MDS analysis than Mus. 

Reversely, DEGs that were found associated to only one particular timepoint were also more 

abundant in Acomys, with 542 genes (383 Oe., 159 Dr.) identified: day 3 having 17 uniquely 

differentially expressed genes (4 Oe., 13 Dr.), day 5 having 319 (190 Oe., 129 Dr.), day 7 having 

19 (13 Oe., 6 Dr.) and day 14 having 187 (176 Oe., 11 Dr.), as depicted in Figure 3.27. As for 
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Mus, we identified a total of 247 DEGs (145 Oe., 102 Dr.) exclusive of a particular timepoint: 

60 identified on day 3 (20 Oe., 40 Dr.), 43 on day 5 (13 Oe., 30 Dr.), 105 on day 7 (75 Oe., 30 

Dr.) and 39 on day 14 (37 Oe., 2 Dr., Figure 3.27).  

 

Regardless of a greater number of shared DEGs in Acomys, both species have a very 

considerable number of DEGs uniquely identified at a specific timepoint. Nevertheless, DEGs 

associated exclusively to one timepoint represent a higher percentage in Mus (an average of 

41% of DEGs at each timepoint, versus only 26% in Acomys). In both species we identified a 

higher proportion of downregulated genes being associated exclusively to one timepoint, with 

Acomys having an average of 39% of its downregulated genes being exclusively associated with 

one timepoint, versus 22% of overexpressed genes, and Mus having 46% of timepoint-specific 

downregulated genes, versus 32% of overexpressed.  

In short, differential expression of genes between timepoints likely explains the different 

behavior of samples across timepoints, in each species, and negative regulation of expression 

appears to be the biggest contributing factor for intraspecies variability. Although we identified 

fewer DEGs in M. musculus, and their evolution throughout the wound healing process is 

different to that of those detected in A. cahirinus, it is still possible that several of these DEGs 

Figure 3.27 – Distribution of DEGs throughout the analyzed timeframe, in each species. 

 In this image is represented, through a Venn diagram, the distribution of DEGs, within each species, throughout the time course. Numbers 

in the overlaps of ovals represent the number of DEGs shared by the timepoints represented by those ovals. Blue oval represents day 3, red 

oval represents day 5, green oval represents day 7 and yellow oval represents day 14. 
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are common between species, and it is their distinct expression dynamics that underline the 

different results of the wound healing processes.  

To test the possibility that perhaps the regulation of proliferation in the M. musculus wound 

healing event could represent only a subset of the processes that occur in the wound healing 

process of A. cahirinus, with different temporal dynamics, we compared the lists of genes 

positively (overexpressed) and negatively (downregulated) differentially expressed detected in 

each species.  As depicted in Figure 3.28, the majority of DEGs are exclusive to either species, 

with only 98 DEGs being shared among both species (80 are overexpressed in both species and 

16 are downregulated).  

 

Curiously, only two genes, Tmem125 and Zfp334, have opposite differential expression, and 

they constitute a cell adhesion molecule, enriched in oligodendrocytes262, of unknown function, 

and a zinc finger protein that could be associated with transcriptional regulation and tumor 

suppression263, and they are both overexpressed in M. musculus and downregulated in A. 

Figure 3.28 - Representation of DEGs common to both species and/or that change signal. 

 This image is a representation, in the form of a Venn diagram, of DEGs that are shared between species, according 

to their signal. Numbers in the overlaps of ovals represent either the number of DEGs shared between species, or 

DEGs that at were found to change signal within each species. The blue oval represents positive DEGs in A. 

cahirinus, the red oval represents negative DEGs in A. cahirinus, the green oval represents positive DEGs in M. 

musculus and the yellow oval represents negative DEGs in M. musculus. 
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cahirinus. Furthermore, it is also interesting to note that, for both A. cahirinus and M. musculus, 

none of the DEGs identified as positively differentially expressed were found as negatively 

differentially expressed (or vice-versa) at another timepoint, within the same species, which 

suggests a unidirectional development of processes. 

This suggests that the regulation of proliferation in Mus is not just an “incomplete” regenerative 

event, nor that it is simply an opposite regulation of the same processes or pathways, but rather 

two clearly distinct sets regulatory profiles, with largely distinct participants, that probably 

begin to be defined and separate very early after injury, if not even prior. 

Besides suggesting that the regulation of the two wound healing events is quite distinct, our 

analysis also suggested that in each event there might be a considerable evolution of processes, 

or their regulation, within this timeframe, particularly in Mus. To expand our understanding of 

how differential gene expression evolution might reflect alterations in processes throughout the 

wound healing events, we decided to look at the evolution of the top DEGs at each timepoint, 

in both species, and whether any most DEG is shared between them.  

In this comparison we considered the top 10 most differentially expressed genes at each 

timepoint, in each species. Our analysis yielded only a few genes that share this relevance 

between timepoints, within each species, and even fewer between the species. Starting with 

common top DEGs between species, only Fn1, Col6a2 and Col6a3, coding for constituents of 

the extracellular matrix, were found.  

As for top DEGs common to more than one timepoint within each species, we only found three 

genes in A. cahirinus, with the gene Egflam, coding for an extracellular matrix component 

associated with proliferation, the PI3K/AKT pathway and orientation of dendrites, being 

identified at three timepoints (day 5, 7 and 14)264. 

In M. musculus we in turn identified 10 genes shared between timepoints, with the genes Fn1 

and Bgn, the first coding for an extracellular matrix protein mostly associated with incipient 

and immature matrix, and the latter coding a proteoglycan involved in several processes, from 

cell growth and migration to differentiation, and which can also be a proinflammatory factor, 

being shared by three timepoints (day 5, 7 and 14)265,266.  

The behavior of the most differentially expressed genes indeed suggests an evolution 

throughout both wound healing events, and few commonalities among them. However, it seems 

there are more commonalities among timepoints in Mus, than in Acomys. This hints at the 
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possibility that, in this timeframe, and contrarily to what PCA and MDS analysis suggested, 

gene regulatory programs are less variable in Mus, at least for the genes with greater expression 

changes. To add support to this observation, we reexamined the data, but focusing on genes 

whose differential expression was found to be most significant.  

The majority of Acomys genes identified in this re-analysis match with the previously identified, 

but the same is not true for Mus, with less than half of the topmost differentially expressed 

genes corresponding to the top 10 most significative. This actually resulted in a few more 

identified DEGs being shared between timepoints in M. musculus. As we can see in Figure 3.29 

(F, G, H, I), most labelled genes in M. musculus samples of day 5, 7 and 14 are the same.  

In Acomys, we found that the top significant DEGs are associated with cell-ECM and cell-cell 

contact (9 genes, Col1a1, Col5a2, Col6a3, Col25a1, Smoc2, Tnc, Arvcf and Cdhr1), cell 

differentiation status (5 genes, Cbx7, Ivl, Krt23, Prox1 and Wnt2b), cell cycle regulation (4 

genes, Prune2, Sept3, Stradb and Zmat1) and immune response (3 genes, Fcho1, Nox4 and 

Tnf), among others.  

Interestingly, while most other DEGs are negatively regulated in relation to proliferative cells 

in unwounded tissue, DEGs related with cell-ECM contact become increasingly more 

expressed throughout the regenerative event (Figure 3.29, E). But, overall, the most significant 

DEGs suggest a fairly stable transcriptomic profile of proliferative cells during A. cahirinus ear 

pinna regeneration, as well as a fair degree of separation from the transcriptomic profile of 

proliferating cells in unwounded tissues. 

In Mus, the topmost significant DEGs identified were mostly associated with cell-ECM and 

cell-cell contact (15 genes, Ablim3, Adamts14, Col5a1, Col5a2, Col6a1, Col6a2, Col6a3, 

Col11a1, Eln, Fbln2, Fbn1, Fn1, Ltbp1 and Sparc) and cell differentiation status (7 genes, 

Cald1, Cstdc5, Frem2, Fstl1, Krt6a, Krt15 and Vim), which appear to relate with the evolution 

of the epithelial phenotype (Ablim3, Cstdc5, Frem2, Krt6a and Krt15) and mesenchymal 

dynamics (Adamts14, Cald1, Col5a1, Col5a2, Col6a1, Col6a2, Col6a3, Col11a1, Eln, Fnln2, 

Fbn1, Fn1, Fstl1, Ltbp1, Sparc and Vim) of the healing tissue (Figure 1.1Figure 3.29, J). 

Furthermore, these genes suggest a greater evolution of the transcriptional profile of 

proliferative cells in Mus.  

Interestingly, while both species show an increased expression of ECM-related genes 

throughout the respective wound healing processes, the relevance of this seems to be anticipated 
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in Mus by a week. Associated with an early alteration of the expression of epithelial-related 

genes, his might indicate an early differentiation of proliferative cells in Mus. 

Altogether, our analysis of differential expression suggests a few things. First, it is possible 

that, overall, proliferation in response to wounding in Acomys elicits similar trends among a 

majority of induced DEGs, many of which are similarly differentially overexpressed throughout 

the analyzed time course. Nevertheless, it appears that Mus has a higher conservation of 

differential expression of certain genes, perhaps more relevant to the processes it elicits during 

wound healing.  

Second, they suggest that the transcriptomic profiles of proliferative cells during wound healing 

are largely distinct between these two species, with only 12% of DEGs identified in A. 

cahirinus, and 30% of DEGs identified in M. musculus, being shared between species. This 

might reflect differential cell type involvement, differential signaling pathway activation or 

distinct sources of activation of those pathways, resulting in differential regulation of 

expression.  

Third, and final, suggestion, the dynamics of expression of ECM-associated genes suggest an 

anticipation of some processes, which might also be terminated earlier, in Mus. This could be 

related with an earlier differentiation of certain cell types, particularly mesenchymal, in 

response to the alterations of epithelial profile identified at earlier timepoints, and explain why 

proliferation is sustained more transiently in M. musculus. 



 

 

Figure 3.29 - Top 10 significative DEGs at each timepoint, for both species. 

The volcano plots depicted in this figure represent the distribution of all identified sequences at each timepoint, and species, in relation to their fold change and significance. Each dot represents an aligned 

sequence, and their fold changes are represented in the horizontal axis (log2 scale), while their significance is represented in the vertical axis (-Log10 scale). Non-differentially expressed sequences are 

represented by grey dots. Non-significant, differentially expressed sequences are represented by green dots. Significant, differentially expressed sequences are represented by red dots. The top 10 most 

significantly differentially expressed genes at each timepoint are identified. Absence of 10 identified dots in a plot means that some of the topmost significant differentially expressed sequences at that timepoint, in 

that species, were not identified as any particular gene. A, B, C, D – Distribution of identified sequences in A. cahirinus, according to fold change and significance, for timepoints day 3, 5, 7 and 14, respectively. 

F, G, H, I - Distribution of identified sequences in M. musculus, according to fold change and significance, for timepoints day 3, 5, 7 and 14, respectively. E, J – Comparison of normalized read counts for the Top 

10 most significant DEGs identified in A. cahirinus and M. musculus, respectively. Warmer color (red) represents a higher z-score, while colder (blue) represents a lower. White represents the average z-score 

for that DEG. 
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3.2.2. Biological Processes 

Our analysis of DEGs produced some hypothesis about how proliferation regulation might 

differ, and evolve in different manners, through the initial phases of regenerative and fibrotic 

wound healing. To test our hypothesis, we performed a gene ontology (G.O.) analysis focused 

on Biological Processes (B.P.). This type of approach identifies the processes to which our 

DEGs might be associated to, and paints a clearer picture of how the processes change in time. 

To perform this analysis, we decided to separate the positive DEGs and negative DEGs, as we 

wanted to determine whether positive and negative regulation of genes could be associated with 

distinct processes, or not. Represented on Figure 3.30 are the top 20 results (for each timepoint, 

in both species) of the most significant biological processes associated with positive DEGs.  

Immediately observable is that, in both species, the processes associated with day 3 post 

wounding are fairly distinct from the other timepoints, with fewer DEGs associated and lower 

significance. This is possibly due to proliferative cell populations, in both species, being in a 

process of adaptation, transitioning from a homeostatic profile to a healing profile. 

We can also see that only approximately 20% of the processes identified are shared between 

species (17% in Acomys, 22% in Mus).  Seven of these processes share similar relevance at 

some of the timepoints, but only two are relevant at exactly the same timepoints (“Positive 

Regulation of Cellular Processes” and “Response to Chemical”, both significant at day 3).  

Of the 11, 64% become relevant in M. musculus earlier than in A. cahirinus (“Biological 

Regulation”, “Cell Adhesion”, “Cellular Response to Endogenous Stimulus”, “Circulatory 

System Development”, “Collagen Fibril Organization”, “Regulation of Anatomical Structure 

Morphogenesis” and “Tube Development”), with only two having the opposite trend 

(“Extracellular Matrix Organization” and “Regulation of Biological Process”). This supports 

our previous interpretations that the wound healing processes in Acomys and Mus are inherently, 

and in Mus there is an anticipation of some, which might correlate with earlier differentiation. 

Contrarily to what our DEG analysis had suggested, in A. cahirinus there are fewer common 

processes across multiple timepoints, with the ratio of processes significant at just one timepoint 

being higher than in Mus (81% in Acomys, versus 62% in Mus), as we can see in Figure 3.31. 

 



 

 

Figure 3.30 – Gene Ontology analysis of Biological Processes associated to positive DEGs. 

 This figure represents the Top 20 biological processes identified at each timepoint, for both species, associated with positive DEGs, and their significance at other timepoints. Dot size represents an approximate amount 

of DEGs associated with that process, at that timepoint, in that species. Processes with less than 10 genes associated to them were not considered, despite significance. Dot color indicates the significance of the process, 

with hotter (redder) colors representing higher significance, and cooler colors (bluer) representing lower significance. Process names framed by a green frame are processes identified in both species. FDR – False 

Discovery Rate (a measure of significance). 
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In Acomys, 12 processes are relevant in more than one day, but only four are significant at three 

timepoints or more (“Cellular Process”, “Nitrogen Compound Metabolic Process”, “Organic 

Substance Metabolic Process” and “Protein Metabolic Process”), while in Mus 16 processes are 

relevant at two or more timepoints, with 7 being significant at three or more timepoints 

(“Angiogenesis”, “Cell Adhesion”, “Circulatory System Development”, “Collagen Fibril 

Organization”, “Regulation of Cell Motility”, “Taxis” and “Tube Development” 

As we had suggested in our interpretation of the DEG analysis, we interpret these results, in 

association with the observations made in the PCA and MDS analysis, to mean that while the 

response to wounding in A. cahirinus is characterized by a more similar behavior of DEGs (i.e, 

being overexpressed, perhaps with more similar fold changes), and elicits differential 

expression of more genes important at several points of the wound healing process, in Mus the 

key genes and processes have more sustained behaviors, suggesting that the transcriptomic 

regulation that underlies the processes of wound healing in Mus are established sooner and 

more stably than in Acomys. 

Alternatively, the proliferative cell populations might be composed of distinct cell types in each 

species, and more heterogeneous in A. cahirinus, resulting in more variability in gene regulation 

than in M. musculus. 

To better understand how each species responds to wounds, we next focused on processes that 

are unique to each species, and identified a few that symbolize the distinct strategies employed. 

In A. cahirinus, we identified processes like “Apoptotic mitochondrial changes”, “Cell 

morphogenesis involved in neuron differentiation”, “Cellular nitrogen compound biosynthetic 

process”, “Cellular response to oxidative stress”, “Generation of neurons”, “Nitrogen 

compound metabolic process”, “Regulation of cell death”, “Response to growth factor” and 

“Regulation of programmed cell death”.  

In M. musculus, we identified the processes “Negative regulation of angiogenesis”, “Negative 

regulation of locomotion”, “Negative regulation of macromolecule metabolic process”, 

“Negative regulation of vasculature development” and “Response to transforming growth 

factor beta”.  These again suggest quite distinct strategies to wound healing, with Acomys DEGs 

uniquely associating with processes linked with more regenerative outcomes, while Mus ‘s 

unique processes were particularly associated with inhibitory regulation, has had already been 

suggested by the higher proportion of negative DEGs found in this species.



 

 

Figure 3.31 - Biological Processes (positive DEGs) shared by two or more timepoints. 

 This figure represents biological processes that, within each species, were identified as significant in more than one timepoint. Dot size represents an approximate amount of DEGs associated with that process, at that 

timepoint, in that species. Processes with less than 10 genes associated to them were not considered, despite significance. Dot color indicates the significance of the process, with hotter (redder) colors representing 

higher significance, and cooler colors (bluer) representing lower significance. FDR – False Discovery Rate (a measure of significance). 
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Seeing as there seems to be a distinct weight of negatively regulated genes between species, we 

decided to analyze the relevance of these DEGs separately. Despite having detected a higher 

number of negative DEGs in A. cahirinus, and one timepoint of M. musculus being excluded 

from the analysis (due to the small number of negative DEGs identified in it), we identified a 

higher number of significant processes associated with M. musculus negative DEGs (43) than 

with A. cahirinus negative DEGs (29, Figure 3.32).  

Of these, 9 were identified in both species (“Cellular component organization”, “Cellular 

component organization or biogenesis”,  “Cellular developmental process”, “Cellular 

localization”, “Cytoskeleton organization”, “Developmental process”, “Negative regulation of 

cellular process”, “Positive regulation of cellular process” and “Regulation of biological 

process”), with three having also been identified with the positive DEGs (“Cellular component 

organization”, “Positive regulation of cellular process” and “Regulation of biological process”). 

Associated with A. cahirinus negative DEGs, we found two processes also associated with the 

positive DEGs (“Cellular component organization or biogenesis” and “Protein metabolic 

process”) and, more interestingly, 6 processes that were identified exclusively with M. musculus 

positive DEGs. 

As for M. musculus, we found associated with the negative DEGs two processes equally 

identified with the positive DEGs (“Cellular developmental process” and “Developmental 

process”) and 7 processes in common with the processes identified associated with positive 

DEGs in A. cahirinus. This, contrarily to what we had inferred from the DEG analysis, suggests 

that some of the processes occurring in A. cahirinus, during its wound healing event, are shut 

down in M. musculus, and vice-versa, indicating that at least a subset of processes is shared 

between wound healing strategies, with opposite regulation. 

Interestingly, the considerable association of negative DEGs with processes at timepoint day 5 

in A. cahirinus could represent a period of significant decisions, with several processes being 

interrupted, or altered. This hypothesis is also supported by the DEG analysis, due to the shear 

increase in negative DEGs at this timepoint.  

This association of negative DEGs is also seen, although with less contrast, in M. musculus. 

Since the inflammatory phase of wound healing peaks around day 3 – 4, and then begins to be 

resolved around day 5, we hypothesize that this negative regulation of processes might relate 

to the transition from pro-inflammatory to immunomodulatory signals. Furthermore, M. 

musculus has a similar association of negative DEGs with processes at day 7. We interpret this 
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observation as these being processes involved in, or resulting from, the sustainment of 

proliferation, which begin to be switched off in M. musuculus. 

Overall, our analysis of biological processes gives support to some of our previous 

interpretations. First, it confirms that while A. cahirinus and M. musculus proliferative cell 

populations have some commonalities, in general they respond in different ways to wounding, 

through different processes. While they primarily respond through different processes, some 

shared processes were identified, but these species seem to mostly regulate them oppositely. 

So, it is possible that at least part of their responses occur through the same signaling pathways, 

but with different outcomes. 

Second, as we had proposed, it appears that the response to wounding of proliferative cells in 

Mus is stabilized sooner, with more processes being shared by multiple timepoints in M. 

musculus, particularly from day 5 post wounding onwards. This stability in profile is associated 

with processes related with cell adhesion and development, suggesting an earlier differentiation 

of these cells. 

Another aspect coming through this analysis is that most biological processes common to both 

species become relevant in Acomys later than in Mus (Figure 3.30). This again points to the idea 

that differences in the onset of some processes, especially those that could be associated with 

differentiation, might be a contributor to why A. cahirinus is able to sustain proliferation for 

longer than M. musculus. 

 



 

 

Figure 3.32 - Gene Ontology analysis of Biological Processes associated to negative DEGs. 

 This figure represents the Top 20 biological processes identified at each timepoint, for both species, associated with negative DEGs, and their significance at other timepoints. Dot size represents an approximate amount 

of DEGs associated with that process, at that timepoint, in that species. Processes with less than 10 genes associated to them were not considered, despite significance. Dot color indicates the significance of the process, 

with hotter (redder) colors representing higher significance, and cooler colors (bluer) representing lower significance. Process names framed by green frames are processes identified in both species. Process names 

framed by yellow frames were identified associated with positive DEGs on the same species. Process names framed by red frames were identified associated with positive DEGs of the opposite species. Multicolored 

frames identify processes that combine the characteristics previously described, according to the colors represented on the frame. FDR – False Discovery Rate (a measure of significance). 
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3.2.3. Pathways 

Our analysis of Gene Ontology: Biological Processes identified some common processes 

between A. cahirinus and M. musculus proliferative cells, but also demonstrated that in general 

these populations execute distinct processes, and in general the common processes have 

opposing regulations, which could indicate distinct signaling pathway involvement or 

regulation. 

To investigate whether the similarities and differences observed are the result of differential 

regulation of the same signaling pathways, or whether different pathways are engaged in either 

species, we decided to perform another DEG enrichment analysis, this time focusing on 

signaling pathways. 

To perform this analysis we used the pathfindeR tool, which was shown to be able to detect 

with more accuracy the significance of biologically relevant pathways254. This tool performs a 

pre-determine number of iterations of pathway association with the provided data (as was 

explained in Materials and Methods), and counts how many times, or “occurrences”, a specific 

pathway is associated with the input. Because we consider this another metric of significance, 

we performed 100 iterations and decided to only consider pathways with more than 20 

occurrences.  

Through our analysis, we identified 217 significant terms associated with the DEGs of day 3 of 

A. cahirinus, 307 with day 5, 272 with day 7 and 323 with day 14, while in M. musculus we 

found no term significantly associated with day 3, 67 associated with day 5, 28 associated with 

day 7 and only two associated with day 14. 

Because a large number of these terms are associated exclusively to one DEG, and therefore 

might have little biological significance, we decided to further restrict our analysis to terms 

associated to three or more DEGs. Following this filtering, 45 terms associated with A. 

cahirinus day 3 remained, 233 with day 5, 94 with day 7 and 135 with day 14, while in M. 

musculus only 20 terms passed the filter at day 5, 13 at day 7 and the two remained at day 14. 

This suggests that very few described pathways are active in the wound healing response of 

Mus, with few DEGs clearly associating with a specific pathway. 

We began our study of these results by looking at the top 20 most significant terms at each 

timepoint (or all, where fewer were available), in each species. Looking at A. cahirinus, at day 

3 we found four terms associated with mitochondrial metabolism, 5 with proliferation or DNA 
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replication, 6 to cytoplasmic protein production or modification, two with intracellular 

dynamics and three with immune response (Table 3.6).  

At day 5 we identified 5 terms associated to mitochondrial metabolism, 8 to proliferation or 

DNA replication, 3 to protein production or modification and 4 with intracellular dynamics. At 

day 7, we again found 4 terms associated with mitochondrial metabolism, 13 with proliferation 

or DNA replication and three with protein production or modification (Table 3.6).  

Finally, at day 14 we found 5 terms associated with mitochondrial metabolism, 5 with 

proliferation or DNA replication, 3 to protein production or modification, 5 with intracellular 

dynamics and two with immune response, as depicted in Table 3.6. It is noteworthy that 4 of 

the 5 terms associated with mitochondrial metabolism were detected at all timepoints, and were 

always in the top 5 most significant terms. 

Looking at M. musculus, as we mentioned before, no significant terms were identified at day 3, 

and only two at day 14, which are associated with protein modification and downstream 

receptor signaling. However, at day 5 the top 20 most significant terms pertain to cell cycle 

regulation (1), protein production or modification (2), hemostasis (3), transcription regulation 

(3), downstream receptor signaling (4) and intracellular dynamics (7). As for day 7, two of the 

identified terms pertain to protein production or modification, 3 to transcription regulation, 4 to 

intracellular dynamics and 4 to downstream receptor signaling, as depicted in Table 3.7. 

Of the terms identified at each timepoint for A. cahirinus, 5 (11% of terms identified in A. 

cahirinus) are shared by all timepoints and 15 (33%) are shared among two or three timepoints. 

Most of these terms (9, 20%) are shared between day 5 and day 14. As for Mus, the timepoints 

day 5 and day 7 share 12 terms (55% of terms identified in M. musculus), and two of these are 

also shared with day 14 (9%). 

Acomys top 20 terms at day 3 share three terms (5% of all terms) with Mus at day 5 (“Cell 

cycle”, “Membrane trafficking” and “Vesicle-mediated transport”). Acomys day 5 shares two 

terms with Mus day 5 (3%) “Rac1 GTPase cycle” and “RHO GTPase cycle”), with the latter 

also being shared with Mus day 7. Acomys day 7 shares a single term (2%) with Mus day 5 

(“Cell Cycle”), while Acomys day 14 shares 5 terms (8%) with Mus day 5 (“Cell cycle”, 

“Membrane trafficking”, “RHO GTPase cycle”, “Signaling by RHO GTPases” and “Signaling 

by RHO GTPases, Miro GTPases and RHOBTB3”), with the last three also being shared with 

Mus day 7. 



 

 

Table 3.6 - A. cahirinus Top 20 Most Significant Pathways. 

 This table depicts the top 20 most significant pathway associations to A. cahirinus DEGs, at each timepoint of the surveyed time course. 



 

 

Table 3.7 – M. musculus Top 20 Most Significant Pathways. 

 This table depicts the top 20 (or all, where not sufficient were identified) most significant pathway associations to M. 

musculus DEGs, at each timepoint of the surveyed time course. 
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These results point to what we had previously suggested, which is that despite some similarities, 

A. cahirinus and M. musculus wound healing events are inherently different. While the terms 

identified in Acomys associate primarily with proliferation and energy production (likely to 

sustain the energetically demanding process of proliferation), in Mus, despite these being 

proliferative populations, very few terms identified relate to proliferation.  

Furthermore, as we had already suggested with our analysis of biological processes, Mus 

timepoints share a higher proportion of significant terms than those of Acomys. This, again, 

suggests a greater evolution of processes in Acomys that in Mus. This observation links with 

another interesting one, which is that the signaling in proliferating cells at day 3 and day 14 of 

the M. musculus wound healing event does not significantly associate with any particular 

signaling pathway. This is a curious observation, seeing as a reasonable amount of DEGs were 

identified at both timepoints. 

As we have previously detailed, proliferation is mostly regulated by external stimuli that 

activate a few intracellular signaling cascades. In our analysis, we identified several terms 

related with the signaling pathways of MAPK/ERK, PI3K/AKT and WNT, which we decided 

to further explore.  

We therefore filtered our results to just pathways pertaining to RTK signaling and proliferation, 

namely associated with terms like ‘RAS’, ‘RAF’, ‘MAPK’, ‘AKT’, ‘PI3K’, ‘PTEN’, ‘WNT’, 

‘Beta-Catenin’, ‘AXIN’ and ‘Receptor Tyrosine Kinase’. We also included pathways 

associated with terms like ‘RHO’ and ‘RAC’, which are related to cytoskeletal dynamics, like 

ECM deposition and migration, downstream of RTK singaling, and ‘TRAF6’, which could act 

as an integrator of Toll receptor signaling into the other pathways, particularly MAPK/ERK 

and PI3K/AKT. 

As we can see in Figure 3.33, the differences between A. cahirinus and M. musculus are striking. 

Following our finding of barely any pathway associated with day 3 and 14 post wounding in 

Mus, and the low number of pathways associated to the other timepoints, it is not surprising 

that, generally, fewer pathways related with these terms were associated with Mus’s DEGs.  

Nevertheless, while we found several terms pertaining to MAPK, AKT, WNT and NF-κB 

signaling in Acomys, throughout the timepoints, we only found terms associated with MAPK 

signaling in Mus, and only 30% (3 terms in 10) associated with both timepoints. Furthermore, 

the terms associated with this pathway in Mus are less enriched (were found in fewer iterations 

of the pathfinder analysis), and have a lower significance, generally speaking. 



 

 

Figure 3.33 - RTK signaling-related pathways in A. cahirinus and M. musculus. 

This image depicts the signaling pathways, associated with A. cahirinus and M. musculus DEGs, that contain or associate with the terms ‘RAS’, ‘RAF’, 

‘MAPK’, ‘AKT’, ‘PI3K’, ‘PTEN’, ‘WNT’, ‘Beta-Catenin’, ‘AXIN’ ‘RHO’, ‘RAC’, ‘TRAF6’ and ‘Receptor Tyrosine Kinase’. Depicted is also the 

‘Enrichment’ (approx. average number of DEGs) of each term, at each timepoint, and the approx. adj. p value of their association with the DEGs (the 

hotter (redder)  the color of the dot, the higher its significance). DEGs highlighted by a green frame are the ones common to both species. 
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Focusing our analysis on A. cahirinus, of the 44 pathways identified, close to half (51%, 23 

terms) could be related with proliferation regulation, while the remaining 49% are associated 

with cytoskeletal dynamics. Furthermore, the association of these terms throughout the 

timepoints is quite homogeneous and significant, with each pathway being considerably 

enriched. Only terms associated with Traf6, and a few related to PI3K and AKT regulation, 

seem to be slightly more time restricted.  

In Mus, of the 26 pathways identified only 31% (8 terms) could be related with proliferation 

regulation, while 46% (12 terms) pertain to cytoskeletal dynamics, while the remaining 23% (6 

terms) are associated with protein production and trafficking. As expected, most pathways 

shared with Acomys (83%,) relate to cytoskeletal dynamics, likely to do with ECM deposition 

and migration. To further explore how pathway regulation compares between both species, we 

decided to analyze the expression dynamics of the genes associated with the previously 

identified terms.  

As shown in Figure 3.34, fewer DEGs are associated with these terms in Mus (33 DEGs) than 

in Acomys (79 DEGs), and only 7 were detected in both species. However, and interestingly, 

both species exhibit three groups of DEGs that have similar behaviors between themselves: A 

group of DEGs that have a higher expression in proliferative cells in unwounded tissue, where 

two DEGs in common were identified; a group that has an early peak of expression, likely 

related with early response to wounding, which is much smaller in Mus; and a group of genes 

with a later peak of expression, which contains most of the common DEGs to both species, but 

whose peak expression is anticipated one week in Mus. 

To understand how each of these groups of DEGs associates with particular pathways, we used 

the online tool Enrichr267–269 to perform GSEA against the Reactome 2022 library. We also 

performed GSEA against the ‘TF Perturbations Followed by Expression’ database, to 

understand if the regulation of these DEGs could be associated to any particular set of 

transcription factors. 

Starting with DEGs with higher expression in proliferative cells in the unwounded tissue, this 

group in Acomys primarily associated with PI3K/AKT and MAPK/ERK signaling downstream 

of RTK stimulation, and regulation by HSF1, a transcription factor associated with IEG 

inhibition but capable of inducing proliferation by other paths270,271, was associated with the 

most DEGs in this group. In Mus, this group of DEGs did not associate to any signaling 

pathway, nor to any particular transcription factor. 
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Moving on to genes whose expression peaks early, this group of DEGs in Acomys associated 

with interleukin signaling pathways, and with regulation by the transcription factors MYC, 

JUN, NF-κB1 and MAF, which is involved in the differentiation of T cells272273. As for Mus, 

the small number of DEGs associated with this group makes it difficult to generate significance 

in any result. However, two DEGs strongly associate with ERBB signaling, and all four DEGs 

associate with the transcription factor MECOM, involved proliferation and stem cell 

maintenance through TGFβ-signaling antagonism274. 

Finally, genes with a later peak of expression in Acomys were associated more significantly 

with RTK signaling, in particular through PDGF, and regulation by transcription factors like 

ATF6, FOXO1, GATA6, OVOL2 and STAT3, which are involved in the development and 

homeostasis of several tissues275,276, glucose metabolism277, cell differentiation278 or have a 

wide pleiotropic involvement in several aspects of organism function and development. As for 

Mus, the DEGs with this behavior associated most significantly to MAPK signaling, which 

constitutes but one of the several intracellular pathways through which RTK receptors can 

signal279, and FOXO1 and GATA6 transcription factor regulation, but also with SOX2 and 

PAX3, involved in stem cell maintenance280 and tissue development and homeostasis281. 

During our broader analysis of signaling pathways, we also detected several terms associated 

with apoptosis and cell death. Because proliferation and apoptosis have regularly been 

associated with one another, even depicted as going ‘hand-in-hand’ in many scenarios282, and 

there are also evidences that induction of apoptosis might be important for induction of 

proliferation and regeneration283, we decided to also analyze DEG association with apoptotic 

pathways in both species. 

To do this, we filtered our results to yield pathways associated with the terms ‘Apoptosis’, 

‘Apoptotic’, ‘Cell Death’ and ‘BAD’.  Because NF-κB is involved in many aspects of the 

cellular response to external cues, particularly to inflammatory signals, and involved in cell 

death regulation, we included the term ‘NF-κB’ in our filtering, as we wanted to know whether 

any association between the inflammatory environment and programmed cell death existed. 

Our results were quite interesting, particularly seeing as we identified several of these terms 

associated with pathways detected in our analysis of Acomys DEGs, but analysis of Mus DEGs 

did not yield any result associated with these terms. 

  



  

Figure 3.34 - RTK signaling-related DEGs in A. cahirinus and M. musculus. 

This image depicts the DEGs associated with the previously referenced pathways, that contain or associate with the terms ‘RAS’, 

‘RAF’, ‘MAPK’, ‘AKT’, ‘PI3K’, ‘PTEN’, ‘WNT’, ‘Beta-Catenin’, ‘AXIN’ ‘RHO’, ‘RAC’, ‘TRAF6’ and ‘Receptor Tyrosine Kinase’, 

as well as their z-score at each timepoint, in both species. Hotter (redder) color represents a higher average expression of a 

particular DEG at a given timepoint, while colder (bluer) color repressents a lower expression. White represents the average 

expression level of the DEG in the analyzed time course. DEGs highlighted by a green frame are the ones common to both species. 

DEGs highlighted by yellow, orange and red frames represent three sets with distinct behaviors whithin, and between, species. 

DEGs in the yellow frame have higher expression in proliferating cells in unwounded tissue. DEGs in orange frame have an early 

peak of expression. DEGs in red have a later peak in expression. 
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As shown in Figure 3.35, while most pathways associated with the ‘NF-κB’ term are identified at all timepoints 

of the time course, the majority of terms associated with cell death and apoptosis are excluded from day 3. 

Nevertheless, some terms associated with apoptotic pathways were also identified at day 3 post wounding, 

possibly representing an initiation of apoptotic processes in proliferative cells, which might also represent a 

response to cytokine signaling. 

Looking specifically at what DEGs were identified associated with the pathways containing these terms, we 

again detected the same patterns of DEG expression we had previously detailed, plus and additional group of 

genes whose expression variation is slightly more homogeneous, but which we nevertheless included in one 

of the previously determined groups for subsequent analysis. 

Starting with the group of genes whose expression is highest in proliferative cells of unwounded tissue, and 

again resorting to Enrichr, we found a clear association of these DEGs with pathways pertaining to extrinsic 

apoptotic signaling, but not to any particular transcription factor. The group of early peak expression DEGs 

associated in particular to the intrinsic apoptotic pathway, which is triggered in response to cellular damage 

and stress284, and the transcription factors SOX2, NANOG and SRF, the last two also involved in stem cell 

maintenance285 and differentiation286, respectively. Finally, the group of later peak expression also associated 

with the intrinsic apoptotic pathway, but not as strongly, and did not associate specifically with any given 

transcription factor. 

Overall, our analysis of signaling pathways yielded several interesting observations, and put forth a few 

hypothesis worth exploring. First, it gave further credence to our previous interpretation that regulation of 

proliferation in A. cahirinus and M. musculus are quite distinct, but share some common themes. While most 

pathways associated with M. musculus DEGs are distinct from those associated with A. cahirinus DEGs, some 

common pathways were identified. 

This is expanded in a second observation, which suggests that while proliferation regulation during 

regeneration in Acomys is associated with several intracellular signaling pathways, namely MAPK/ERK, 

PI3K/AKT, WNT and NF-κB, differential proliferation regulation during wound healing is solely associated 

with MAPK/ERK signaling in Mus.   

 



 
  

Figure 3.35 - Apoptosis-related pathways and DEGs in A. cahirinus. 

This image depicts the pathways and DEGs associated with the terms ‘Apoptosis’, ‘Apoptotic’, ‘Cell Death’, ‘BAD’ and ‘NF-κB’. Pathway information also includes their 

‘enrichment’ and adjusted p value of association with DEGs. DEG information also includes the z-score at each timepoint. Hotter (redder) color represents a higher 

average expression of a particular DEG at a given timepoint, while colder (bluer) color repressents a lower expression. White represents the average expression level of the 

DEG in the analyzed time course. DEGs highlighted by yellow, orange and red frames represent three sets with distinct behaviors whithin species, also previously identified 

for other DEGs pertaining to other pathways. DEGs in the yellow frame have higher expression in proliferating cells in unwounded tissue. DEGs in orange frame have an 

early peak of expression. DEGs in red have a later peak in expression. 



 

 200 

Furthermore, while DEGs in Acomys associated with several intracellular signaling pathways 

associated with proliferation throughout all timepoints surveyed, Mus’s DEGs almost 

exclusively associated with MAPK/ERK signaling at day 5 post wounding. This is, naturally, 

also a reflex of the number of DEGs identified at each timepoint in each species, and suggests 

that Mus’s failure to sustain proliferation during the response to wounding is related to an 

inability to distance its regulation from the one in place during homeostasis. 

Third, analysis of DEGs associated with the aforementioned pathways revealed a curious set of 

expression dynamics, equivalent in both species. These DEGs could be grouped in three distinct 

sets of expression profiles. One had their highest expressions in proliferative cells in 

homeostasis, the other early during wound healing, within the first 5 days, and the last had their 

peak expression later during the wound healing events, either at 14 days post wounding in 

Acomys or 7 days in Mus. Also interesting, while most DEGs associated with the first profile 

in Mus kept their expression lower throughout the surveyed time course, a large proportion of 

DEGs from this group in Mus had their expression higher again by day 14, further suggesting 

a reduced distancing of proliferative cells in wound healing in Mus from their baseline in 

homeostasis, leading to a quicker return. 

Linked with this third observation, we detected differential associations of each of these groups 

to signaling pathways, between species. In Acomys, the expression profile of proliferative cells 

in unwounded tissue related with MAPK/ERK and PI3K/AKT signaling downstream of RTKs, 

possibly through an IEG-independent path. In Mus no pathways were detected associated to the 

DEGs. 

As for the DEGs belonging to the group with the second expression profile identified, in Acomys 

these associated with cytokine signaling and IEG regulation, while in Mus the DEGs associated 

with ERBB signaling and the MECOM transcription factor. While capable of eliciting 

activation of some of the same downstream signaling pathways, stimulation by these two 

distinct sets of factors likely leads to considerable variability in gene expression alterations, as 

suggested by the differential association to transcription factors. 

Finally, DEGs associated with the last expression profile, boasting a peak of expression later in 

the wound healing event, in Acomys related strongly with PDGF signaling through RTKs, 

which can elicit the activation of several intracellular signaling pathways, while in Mus the 

DEGs also associated to RTK downstream signaling, but only through MAPK/ERK. 

Furthermore, while the regulation of DEGs was associated with some common transcription 
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factors, namely FOX1 and GATA6, it also associated with other, distinct transcription factors. 

Additionally, the peak expression of DEGs belonging to this group in Mus is anticipated one 

week, in relation to Acomys, in our time course, returning close to basal in Mus by the time their 

expression peaks in Acomys. 

All in all, it seems that the regulation of proliferation in Mus during wound healing distances 

itself less from that occurring in homeostasis than in Acomys, likely because it is the result of 

the activation of only a subset of the pathways activated in Acomys, which also control different 

subsets of genes. 
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3.3. Signaling Pathway Activity 

Having identified several signaling pathways which could be responsible for proliferation 

regulation associated with the DEGs in Acomys and Mus, we decided to further investigate 

whether these pathways could indeed explain the differences in proliferation regulation between 

these two species, by looking at the activation of their signaling cascades.  

Signaling cascades are post-translationally regulated through several types of chemical 

alterations to their effectors, which interfere in their ability to interact with each other, and the 

most studied and understood type of post-translational alteration involved in signaling pathway 

regulation are phosphorylations. We therefore used the presence, or absence, of specific 

phosphorylations in known regulatory residues of downstream effectors of each pathway to 

evaluate their level of activation. 

We began by analyzing the MAPK/ERK pathway, whose activity has already been shown to 

be related with a regenerative outcome in mammals287. In the MAPK/ERK pathway, the two 

major effectors are ERK1 and ERK2, which are generally co-expressed and thought of as 

having redundant regulatory functions. To evaluate their activity in both species, we decided to 

measure the relative quantity of ERK1 and ERK2 protein, as well as their post-translationally 

modified forms, phosphorylated at residues T202 and Y204, which have been linked with the 

activation of both proteins. 

As we can see in Figure 3.36 (A, B), the relative abundance of ERK1 and ERK2 skews in favor 

of the first in M. musculus, while in Acomys, in homeostasis the ERK2 isoform has a slightly 

higher prevalence, but during the first five days of wound healing the relative abundance of 

each isoform is approximately the same, starting to skew in favor of ERK1 by day 7 post 

wounding.  

Comparing the relative abundance of each protein between species, the results seem to indicate 

that ERK1 is more abundant in Mus in homeostasis, but tends to a similar abundance within the 

first 24h of wound healing, returning to a relative higher abundance in Mus from then on (Figure 

3.36F). ERK2, on the other hand, appears to exist in similar amounts both during homeostasis 

and wound healing, with the exception of the period compromised between 12h and 24h post 

wounding, where A. cahirinus appears to have a higher relative abundance of ERK2 (Figure 

3.36F).  

 



 

 

Figure 3.36 - Evaluation of MAPK/ERK signaling pathway activity through detection of post-translational modifications.  

This figure represents the relative abundance of ERK1 and ERK2, and their respective phosphorylated versions, as detected through the Western Blot technique. Relative quantification (Rel. Quant). of 

protein abundance was performed by comparing signal intensity of each detected band with the signal of the most leftward band in each membrane (Aco 0h or Aco 3d), and to the top band on the leftmost 

lane, where applicable. A) Depiction of membrane signal detection for each isoform, at each timepoint, in A. cahirinus and M. musculus. Also depicted are the values of relative quantification for each 

isoform of detected proteins. B, C) Evolution of the ratio between relative quantifications of each isoform, within each species, of B) total ERK and C) pERK. D, E) Evolution of the proportion of activated 

isoform (ratio between relative quantifications of phosphorylated and total protein), within each species, for D) ERK1 and E) ERK2. F, G) Evolution of the ratio between relative quantification of each 

isoform in each species for F) total ERK1 and ERK2, and G) pERK1 and pERK2. H) Evolution of the ratio between proportions of activated isoforms (aERK,), between species, for both isoforms, ERK1 

and ERK2. In figures F, G and H, red bars represent timepoints were the ratio between A. cahirinus and M. musculus values favor M. musculus. Yellow bars represent a ratio of approximately 1 (between 

0,75 and 1,25) indicating similarity between species, and green bars represent a ratio that favors A. cahirinus. A, Aco – Acomys cahirinus. M, Mus – Mus musculus. pERK1/2 – phosphorylated ERK1/2. 

tERK1/2 – Total ERK1/2. aERK1/2 – Ratio between pERK1/2 and tERK1/2. 
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Looking at the phosphorylated forms, ERK1 (pERK1) appears to be less abundant than ERK2 

(pERK2) in Acomys, while in Mus the proportion of both forms indicate similar abundance 

(Figure 3.36 A, C). These results suggest a higher relative abundance of pERK1 in Mus, as 

depicted in Figure 3.36G, which relates with equally higher levels of tERK1 in Mus. However, 

at day 14 post wounding, both species tend to a higher abundance of ERK1, but an 

approximately equal abundance of both activated isoforms.  

As for ERK2, while the phosphorylated version seems to have a similar relative abundance 

throughout wound healing in both species, it is clear that between 12h and 24h, and in 

accordance with the relative abundance of the total protein, the relative abundance of pERK2 

is higher in Acomys than in Mus. 

To determine whether the different abundance of each phosphorylated isoform could reflect 

preferential activation of the pathway through a specific isoform, in either species, we decided 

to look at the proportion of phosphorylated (pERK1/2) to total (tERK1/2) protein for both 

isoforms (which we will call aERK1/2, for activated), and compare them.  

As we can see in Figure 3.36 (A, D, E), in homeostasis there is a tendency for Mus to have a 

higher proportion of each isoform activated than Acomys. During wound healing, while there 

is, in the first day, an increase in aERK1 in both species, this seems to be inverted around day 

3 post injury, with aERK1 returning to base levels, or even lower. aERK2 also follows a similar 

trend, with a considerable increase of activity in both species in the first 24h, but with a slight 

decrease below baseline at 14 days.  

However, while aERK1 dynamics are concomitant with aERK2 in A. cahirinus, they seem to 

be slightly delayed (6h) in Mus (Figure 3.36D, E). This suggests that perhaps both isoforms are 

not activated by the same stimuli, or there is differential regulation of their activation. If that is 

the case, then it would also suggest that the MAPK/ERK pathway-activating signals are not the 

same in both species. 

Finally, when we compared the proportion of activation of each isoform between species 

(Figure 3.36H) we observed distinct patterns. While the overall activation of both isoforms is 

higher in unwounded tissue of M. musculus, quickly after wounding (6h) proportion of aERK2 

becomes higher in Acomys. During the first 12h post wounding the relative activation of both 

isoforms equalizes between species, but at 24h post wounding aERK1 is already higher in 

Acomys than in Mus, and remains so until 3 days post wounding, where aERK2 also shows the 
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same proportion. From there, both aERK1 and aERK2 levels become similar between species, 

until day 14 post wounding, where aERK1 and aERK2 become higher in Acomys again. 

These results suggest a differential abundance of each isoform between species, as well as 

differential activation dynamics of the pathway through each isoform, which could underline 

the differences already observed in the capacity of MAPK/ERK signaling to sustain 

proliferation and induce regenerative characteristics in both species. 

Moving on to the analysis of the PI3K/AKT pathway activity, we evaluated its activation level 

by measuring the relative abundance of AKT1, its most abundant and ubiquitously expressed 

effector, and of its activated form, which is phosphorylated at residue S473.  

To evaluated how activation of AKT1 is translated in downstream activity of the pathway, we 

also looked at the relative abundance of pc-RAF. c-RAF is a mediator of the MAPK/ERK 

pathway, which acts upstream of ERK, and whose activity can be regulated by AKT1, through 

phosphorylation of its residue S259, creating an anchoring motif that leads to its inhibition288. 

As the analysis depicted in Figure 3.37 (A, E) indicates, the overall abundance of AKT1 seems 

to be approximately the same in unwounded tissue. Upon wounding, and for the first 12h, the 

proportion of ATK1 between the species favors A. cahirinus, but becomes similar again at 24h. 

From then on, for timepoints day 3 and 5, the ratio between relative abundances favors M. 

musculus, but return to similar levels again by day 7 post wounding, through day 14. The 

activated form of AKT1 (pAKT1, Figure 3.37A, E), however, appears to be consistently more 

abundant in Mus than in Acomys, throughout all of the assessed timeframe. 

Looking at the proportion of activated AKT1 (aAKT1) within, and between, both species 

(Figure 3.37B, G), we observe that in the uninjured tissue, and for the first 24h post wounding, 

there seems to be a much greater activation of AKT1 in Mus, peaking at around 12h. At day 3 

post wounding, however, the relative level of aAKT1 seems to be similar between species, but 

by day 5 the previous trend resumes, with Mus exhibiting a higher proportion of aAKT1 which, 

nevertheless, appears to fall below or near the baseline comparison.  

To understand whether this difference in aAKT1 levels could actually represent an increase in 

pathway activity, we decided to look at the relative abundance of pc-RAF, since this post-

translational alteration is directly produced by activated AKT1, and therefore works as a readout 

of its activity.  
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As we can see in Figure 3.37F, the relative abundance of pc-RAF is superior in Acomys in 

homeostasis, and remains so during the first 6h after wounding. At 12h and 24h hours post 

wounding the relative abundance of this form of c-RAF becomes similar between species, but 

at day 3 the ratio favors Acomys again. From then on, however, the ratio of relative abundances 

clearly favors Mus.  

When we look at the proportion of pAKT1 to pc-RAF (Figure 3.37C), we see that in Acomys 

this is relatively direct throughout the timeframe, with the ratio of relative protein abundance 

remaining approximately 1. In Mus, on the other hand, this ratio seems to indicate a much higher 

proportion of pAKT1 than pc-RAF in unwounded tissue, and during the first 24h post wounding 

(Figure 3.37C, G), with a clear peak in Mus at 6h post wounding. At day 5, however, and from 

then on, the ratio of this proportion between species approaches 1 (with the exception of 

timepoint day 7). 

From these results, we conclude that despite a much higher relative abundance of pAKT1, and 

a higher proportion of aAKT1, during the first 24h post wounding, and in unwounded tissue, in 

Mus, this did not translate to a higher modification of c-RAF. This could suggest that there is a 

different regulation of AKT1 downstream targets, between A. cahirinus and M. musculus, at 

least in unwounded tissue and within the first 24h of wound healing, but which might become 

more similar by day 5 post wounding. 

Besides looking at downstream regulation of the pathway, we also evaluated upstream 

activation. The major inhibitor in the PI3K/AKT pathway is PTEN, a dual phosphatase that 

dephosphorylates PIP3, leading to a decrease in AKT recruitment to the cell membrane, and its 

activation. Phosphorylation of PTEN on its S380 residue increases the stability of PTEN, but 

also inhibits its activity, contributing to an increase in the activation levels of AKT1. To 

evaluate whether differential levels of pAKT1 between species could result from PTEN’s 

activity, we decided to look at the relative abundance of its phosphorylated form (pPTEN).  

As shown in Figure 3.37 (A, F), in uninjured tissue pPTEN is more abundant in Mus than in 

Acomys, but in the first 12 hours post wounding the relative abundance proportion between 

species is altered, with Acomys exhibiting higher levels of pPTEN. At 24h, however, this is 

reverted, and the relative abundance of pPTEN again becomes higher in Mus, for the remainder 

of the timeframe analyzed.  

Comparing the ratio of pAKT1 to pPTEN within and between species (Figure 3.37D, G), we 

observed that this ratio is higher in Mus in unwounded tissue, as well as during the first 12h of 
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wound healing, with Mus exhibiting a particularly considerable peak in this ratio at 6h post 

wounding. From 24h post wounding up to 5 days, the ratio between species indicate similar 

proportions of pAKT1 to pPTEN, which return to values similar to those observed in Acomys 

unwounded tissues. At day 7, because pPTEN relative abundance increases but pAKT1 levels 

decrease, the ratio of this proportion again favors Mus, but by day 14 post wounding it is in 

clear favor of Acomys. 

These results suggest that, at least during early wound response (within the first 12h), PTEN 

might not be the major regulator of AKT1 activation. While pPTEN levels should be directly 

proportional to pAKT1 levels, if this were the case, this proportionality is not always observed, 

in particular during the early response, which suggests that there could be two distinct phases 

of PI3K/AKT signaling regulation during wound healing, but also between species, as Mus 

seems to escape this proportionality more. 

We have previously detailed how the MAPK/ERK and PI3K/AKT pathways are shared by 

several families of RTKs, with the one of the most prominent being the ERBB family, which 

can also interact with the JAK/STAT, and could therefore constitute a way for the cell to 

integrate the context of immune response into the regulation of proliferation289. 

Because this pathway showed considerable differences in effector and downstream target 

expression levels in our analysis of Gawriluk’s data, we decided to also evaluate its activity 

during wound healing in these two species, focusing on JAK2 and STAT3 (which exists in two 

isoforms, α and β), two mediators which exhibited considerable differences between species in 

Gawriluk’s data.  

JAK2 is activated by phosphorylation at residues Y1007 and Y1008, and activated JAK2 can 

activate both isoforms of STAT3, phosphorylating them on residue Y705, so we decided to use 

antibodies against these altered forms of these mediators, besides antibodies capable of 

identifying all versions of each protein, to evaluate relative activation of each one. 

Figure 3.38 (A, B) depicts the relative abundance of JAK2 and its activated form (pJAK2), and 

of STAT3 and its activated form (pSTAT3) (D). As observable, the relative abundance of JAK2 

seems to be close between both species, but generally higher in Acomys. On the other hand, 

pJAK2 is consistently more abundant in Acomys than in Mus, including in uninjured tissue, 

where abundance of JAK2 is similar.  

  



 

 

Figure 3.37 - Evaluation of PI3K/AKT signaling pathway activity through detection of post-translational modifications.  

This figure represents the relative abundance of AKT1, pAKT1, pc-RAF and pPTEN, as detected through the Western Blot technique. Relative quantification (Rel. Quant). of protein abundance was 

performed by comparing signal intensity of each detected band with the signal of the most leftward band in each membrane (Aco 0h or Aco 3d). The two bands of c-RAF, as well as the smear in between, 

were considered as a single band in the relative quantification. A) Depiction of membrane signal detection for each isoform, at each timepoint, in A. cahirinus and M. musculus. Also depicted are the 

values of relative quantification for each isoform of detected proteins. B) Evolution of the ratio between relative quantifications of pAKT1 and tAKT1 for each species.  C, D) Evolution of the proportion 

between pAKT1 and C) pc-RAF and D) pPTEN for each species. E, F) Evolution of the ratio between species of E) AKT1 and pAKT1, and F) pc-RAF and pPTEN for all timepoints. G) Evolution of the 

ratio, between species, of the proportion of activated AKT1 (aAKT1), of the proportion of pAKT1 to pc-RAF, and of the proportion of pAKT1 to pPTEN. In figures E, F and G, red bars represent 

timepoints were the ratio between A. cahirinus and M. musculus values favor M. musculus. Yellow bars represent a ratio of approximately 1 (between 0,75 and 1,25) indicating similarity between species, 

and green bars represent a ratio that favors A. cahirinus. A, Aco – Acomys cahirinus. M, Mus – Mus musculus. pAKT1 – phosphorylated AKT1. tAKT1 – Total AKT1. pcRAF – phosphorylated c-RAF. 

pPTEN – phosphorylated PTEN. aAKT1 – pAKT1/tAKT1 
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Looking at the ratio of activation of JAK2 (Figure 3.38C), while in unwounded tissue there is a 

considerably higher proportion of activated JAK2 in Acomys than in Mus, within the first 24h 

post wounding the levels of this proportion fall, in Acomys, well below the baseline, to levels 

almost similar to Mus. This trend is inverted by day 3 post wounding, where levels of aJAK2 

raise, again to baseline levels in Acomys but not as greatly in Mus, and continue to raise in 

Acomys until day 5 post wounding. At day 7 they are again decreased in both species, with 

Acomys dipping below the baseline level and Mus returning to its, and by day 14 both have 

returned to baseline levels. 

Looking at the ratio of aJAK2 between both species, despite variations in its levels within 

species, we observed that these are consistently higher in Acomys than in Mus (Figure 3.38F). 

To understand if this differential activation of JAK2 translated to differential activation of 

downstream effectors, we looked at the relative abundance of STAT3 and its activated version, 

pSTAT3. 

The relative abundance of STAT3 in Mus and Acomys appears to be very similar between them 

in wounded tissue, except for the period around timepoints day 5 and 7 post wounding where 

it is higher in Mus, while in unwounded tissue and at day 14 post wounding the abundance of 

STAT3 appears to be higher in Acomys (Figure 3.38A, D).  

Abundance of pSTAT3 appears to follow this trend in unwounded tissue and between 24h and 

14 days post wounding (Figure 3.38A, D). However, during the first 12h after wounding we 

observed a decrease in the ratio of pSTAT3 abundance between the two species, suggesting a 

relative higher abundance in Mus. 

Comparison of the proportion of activated STAT3 (aSTAT3, Figure 3.38E, F) between species 

confirmed the notion that there is higher activation of STAT3 in Mus at 6h and 12h post 

wounding, but overall, in unwounded and the remaining time course of wound healing, the 

proportion of activated STAT3 seems to be similar between species, with the exception of day 

14, where it becomes higher in Acomys. 

Since STAT3 can be directly activated by JAK2, we wondered whether the levels of aJAK2 

had a direct proportion with aSTAT3 in both species. As we can see in Figure 3.38C, E and G, 

this is not the case. This ratio is much higher in Acomys unwounded tissue than it is Mus, 

reflecting the higher levels of aJAK2, but soon after wounding, and for the first 24h, the levels 

of aJAK2 decrease, or are kept low, in both species, while aSTAT3 levels increase. 
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Figure 3.38 - Evaluation of JAK/STAT signaling pathway activity through detection of post-translational modifications.  

This figure represents the relative abundance of JAK2, pJAK2, STAT3 and pSTAT3, as detected through the Western Blot technique. Relative 

quantification (Rel. Quant). of protein abundance was performed by comparing signal intensity of each detected band with the signal of the 

most leftward band in each membrane (Aco 0h or Aco 3d). For pSTAT3, where two bands were observed in each lane, they were treated as a 

single band, for the purposes of relative quantification. A) Depiction of membrane signal detection for each isoform, at each timepoint, in A. 

cahirinus and M. musculus. Also depicted are the values of relative quantification for each isoform of detected proteins. B, D) Evolution of 

the ratio between species of B) pJAK2 and tJAK2, and D) pSTAT3 and tSTAT3.  C, E) Evolution of the proportion of activated C) JAK2 and 

E) STAT3 in each species. F) Evolution of the ratio between species of aJAK2, aSTAT3 and of the ratio between aJAK2 and aSTAT3 G) 

Evolution of the ratio, within each species, of aJAK2 to aSTAT3. In figures B, D and F, red bars represent timepoints were the ratio between 

A. cahirinus and M. musculus values favor M. musculus. Yellow bars represent a ratio of approximately 1 (between 0,75 and 1,25) 

indicating similarity between species, and green bars represent a ratio that favors A. cahirinus. A, Aco – Acomys cahirinus. M, Mus – Mus 

musculus. pJAK2 – phosphorylated JAK2. tJAK2 – Total JAK2. pSTAT3 – phosphorylated STAT3. tSTAT3 – Total STAT3. aJAK – 

pJAK2/tJAK2. aSTAT3 –pSTAT3/tSTAT3. 
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By day 3 post wounding this ratio is again increased, matching baseline levels in Acomys and 

increasing beyond that in Mus, but on day 5 they again decrease in both species, matching the 

values observed during the first 24h hours after wounding by day 7. Finally, at day 14 the levels 

increase again in both species, to near basal levels in Mus but not in Acomys. Despite these 

temporal dynamics, the ration between aJAK2 and aSTAT3 between both species is 

consistently higher in Acomys in unwounded and wounded tissue, except at day 7 post 

wounding where it becomes similar. 

Together, these observations suggest that while regulation of STAT3 activity is similar between 

A. cahirinus and M. musculus, with the exception of the first 12h where it is slightly more 

activated in Mus, this activity does not directly relate with JAK2 activity levels. While JAK2 

activation is consistently higher in Acomys, this does not translate to STAT3 activation. 

Furthermore, the proportion of activated JAK2 to activated STAT3 is consistently higher in 

Acomys, which suggests that JAK2 might play a role in other pathways. 

As a brief summary, our observations on signaling pathway activity suggest that, not only are 

the levels of activity of each pathway distinct between species, but it is very plausible, specially 

following our observations on Gawriluk’s data, that each of the pathways analyzed have distinct 

regulations between species, seeing as the relations between the same effectors are not 

necessarily preserved. 
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4. Discussion 
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In mammals, the most common response to wounding involves a strong inflammatory 

environment that leads to the formation of a fibrotic tissue that is incapable of fully functionally 

replacing the lost ones. However, a few examples of regeneration, epimorphic or otherwise, do 

exist in mammals10, and these constitute great models to understand what transforms a wound 

healing response into a regenerative or fibrotic one. 

Through our study of these models, and comparison with the known mechanisms that have been 

described in other vertebrates, we now have an idea of what contributes to the distinction 

between a regenerative and a fibrotic response to wounding in mammals. Processes like ECM 

assembly13,710,713,1381, inflammatory response709,711,712,1382 and activation of specific cell types4 

are now becoming established as the major contributors to the type of outcome to wound 

healing. 

However, this last point in particular, and especially the mechanisms that contribute to a 

selective cell type activation, are still poorly understood. While recently it was shown that 

MAPK/ERK signaling is indispensable for mammalian regeneration, and increasing its 

activation can potentiate certain regenerative characteristics in an otherwise fibrotic wound 

healing response4,1378, it appears that this by itself is not sufficient to fully divert a fibrotic 

wound healing process into a regenerative result. This means that a better understanding of the 

signaling pathways involved in these processes, and how they differ, is still required. 

Because the capacity to proliferate underlines the regenerative potential of almost all vertebrate 

tissues6–8,15,655, we decided to look for differences in the composition, regulation and activation, 

between two mammalian species, one associated with heightened regenerative potential 

(Acomys cahirinus), the other with fibrotic wound healing (Mus musculus), of other signaling 

pathways known to participate in regulation of proliferation in vertebrates. 

We started our search by re-analyzing bulk transcriptomic data already published13, in a seminal 

work that compared the wound healing responses of these two species in the same wound 

healing model, the full thickness circular punch to the ear pinna. Our analysis suggested that all 

the signaling pathways surveyed could be differentially setup between both species, in types of 

effectors and/or their stoichiometry, but the MAPK/ERK and PI3K/AKT, possibly because of 

their higher complexity, exhibited the highest degree of variation between both species. 
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These pathways are both intimately connected812, so it makes sense that where a particular 

regulatory state of one has to be established for a particular result, the other must follow1383. To 

understand if the differential regulation, between species, of these, and other, pathways is really 

involved in regulating proliferation we performed our own transcriptomic analysis of these two 

wound healing models, but this time focusing on the transcriptomic profiles of their 

proliferative populations. 

Our analysis of these transcriptomic profiles suggests several things, some of which confirm 

other observations already published, while other expand on them. It indicated that, for both 

species, there is a clear distinction between proliferation regulation during homeostasis and in 

response to wound healing, and this is particularly evident in A. cahirinus, where the number 

of DEGs detected was considerably higher than in M. musculus.  

Furthermore, while these regulatory changes in A. cahirinus were mostly associated with 

positive regulation of gene expression, in M. musculus this was less evident, with the levels of 

positively and negatively regulated genes being more similar between them in the majority of 

surveyed timepoints. The differences we found in the DEGs, related to the MAPK/ERK and 

PI3K/AKT pathways, clearly indicate that the pathways that regulate proliferation in response 

to wound healing operate differently in each species. 

Our analysis also suggested that there is less evolution of this differential regulation in Mus 

than in Acomys, with Mus taking longer to distinguish its wound-responsive transcriptional 

profile from its profile in homeostasis, and less to return to the proliferative profile observed in 

unwounded tissue. This was to be expected, seeing as M. musculus is incapable of sustaining 

cell cycle progression like A. cahirinus does. Furthermore, processes involved in response to 

wounding are more preserved in M. musculus than in A. cahirinus, which likely correlates with 

the inferior regenerative capacity of M. musculus. 

These expression dynamics are likely associated with an earlier differentiation of proliferative 

cells in M. musculus. Indeed, a more ‘fetal’ profile of some cell types has been associated with 

a higher regenerative potential in mammals4. This is also reflected in the processes most 

significantly associated with the expression profiles of proliferative cells of each species, during 

wound healing, with A. cahirinus’s exhibiting a considerable association with processes 

pertaining with metabolic regulation, likely required to support the more sustained proliferative 

behavior of these cells, while Mus’s associated with more terms pertaining to development of 

several tissues.  
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To understand how these different processes are setup, in response to what are, mostly, similar 

stimuli, we looked at which signaling pathways associated with the transcription profiles of 

proliferative cells in each species, during the surveyed period of wound healing. In A. cahirinus 

we found a clear association, throughout the whole time course, with mitochondrial metabolism 

pathways, with high significance, which was not found in M. musculus.  

We also found that, as expected, a great proportion of the most significant pathway associations 

in A. cahirinus involved pathways pertaining to proliferation and cell cycle. In M. musculus, 

however, these associations were more heterogeneous, with less prevalence of cell cycle-related 

pathways and more pertaining with intracellular dynamics, possibly linked to migration. 

Furthermore, two timepoints in M. musculus (day 3 and 14 post wounding) did not have 

significant associations with any specific group of pathways, further supporting our observation 

that the departure from the regulatory profile of proliferation during homeostasis is less 

extensive, and much more transient, in M. musculus than in A. cahirinus. 

We then decided to focus our analysis of pathway association on pathways that are known to 

participate in proliferation regulation, particularly downstream of RTK signaling. While we 

found associations with a few distinct signaling pathways for A. cahirinus, namely 

MAPK/ERK, PI3K/AKT, WNT and NF-κB, we only found association with MAPK/ERK 

signaling in M. musculus, and then just at day 5 post wounding, suggesting a very transient 

differential regulation of genes associated with this signaling pathway, and with proliferation 

regulation in general. 

Despite the different associations to signaling pathways, when we looked at expression 

dynamics of the DEGs associated with these pathways, we observed that, common to both 

species, these could be organized in three distinct patterns of behavior. One group of genes had 

higher expression in proliferative cell populations of unwounded tissue, and consistently lower 

during response to wounding, indicating that these genes are specific of proliferation regulation 

during homeostasis, but might be contradictory to proliferation in response to wounding. 

Associated with this expression profile in A. cahirinus, we found genes that associated with the 

MAPK/ERK signaling, possibly influencing expression regulation through an alternative 

mechanism to IEGs, while the genes that exhibited this behavior in M. musculus did not 

significantly associate with any signaling pathway or transcription factor regulation. 

A second group of DEGs was detected has having a higher expression in the earlier timepoints 

after wounding, around day 3 and 5, which coincides with the inflammatory phase of wound 
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healing7,20,43,632. While this group of genes associated, very interestingly, in A. cahirinus, with 

cytokine signaling and expression regulation by IEGs, which suggests that in A. cahirinus early 

proliferation induction in response to wounding might be controlled by a crosstalk with the 

immune system, in M. musculus the DEGs with this behavior associated with signaling through 

ERBB, which could indicate a higher proportion of epithelial cells in the proliferative 

population, thus having less representation of mesenchymal cell types, which would make sense 

with the absence of a blastema formation in M. musculus. 

The final group of genes exhibited an expression profile with a later peak of expression during 

our time course, in day 14 post wounding in A. cahirinus and day 7 post wounding in M. 

musculus. The DEGs with this profile associated, in A. cahirinus, with RTK signaling, possibly 

in response to PDGF stimulation, which might signal through several intracellular signaling 

pathways1384, while in M. musculus it also associated with RTK downstream signaling, but only 

through MAPK/ERK. These DEGs also associated with regulation by some of the same 

transcription factors, namely FOXO1 and GATA6, but also with regulation by distinct 

transcription factors, possibly explaining why proliferation, despite involving similar signaling 

pathways, is differentially regulated. 

The fact that these “late response” genes have an anticipated peak of expression in M. musculus, 

in association with the fact that several of the DEGs belonging to the first group recover to 

baseline levels of expression by day 14 in this species, further supports our interpretation that 

proliferative cells in wounded tissue of M. musculus return to a homeostatic regulatory profile 

sooner than in A. cahirinus, likely because of an early differentiation. This links with the recent 

observation that there is a convergence of epigenetic regulation of regeneration-associated 

genes around day 7, between fibrosis-associated and regeneration-associated fibroblasts in a 

mammalian model4, but this convergence is dissipated by day 14 post wounding. 

To understand how processes associated with some of the same signaling pathways could lead 

to such distinctive results to wound healing events, we analyzed how pathway activity differed 

between both species, for some of the pathways previously analyzed and associated with 

proliferation regulation in these models. 

Our analysis of the activity of MAPK/ERK signaling, which has already been shown to 

participate in the decision between regenerative and fibrotic results to mammalian wound 

healing4,1378, showed that the proportion of ERK isoforms (ERK1 and ERK2) is not identical in 

both species, with M. musculus exhibiting a preference for ERK1 during homeostasis, which 
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tends to increase during wounding, while A. cahirinus appears to have a more stable proportion 

of isoforms.  

Curiously, while M. musculus tends to maintain a proportion between activated isoforms, 

suggesting that MAPK/ERK activation in this species, in this context, equally stimulates both 

isoforms, both in unwounded and wounded tissue, this is not the case for A. cahirinus, which 

seems to have a preference for ERK2 phosphorylation. 

However, when we look at the temporal dynamics of isoform activation, while the proportion 

of activated protein of both isoforms seems to follow the same activation profile in A. cahirinus, 

with a peak of activation at 6h that returns to baseline between 24h and 3 days post wounding, 

this only occurs for ERK1 in M. musculus, with ERK2 exhibiting a 6h delay its dynamics. 

This results in higher aERK2 at 6h in A. cahirinus, perhaps anticipating important regulatory 

changes for the setup of a proliferative population. This higher proportion of activated isoforms 

in A. cahirinus was also observed at 24h and 3 days post wound for ERK1, and at 3 days post 

wounding for ERK2, suggesting that it is around the day 3 mark, around the peak of the 

inflammatory phase, that a greater distinction in MAPK/ERK signaling activation is 

established, thus leading to subsequent differential regulation of proliferation. This higher 

proportion of activation of both isoforms in A. cahirinus was also observed at 14 days post 

wounding, which correlates nicely with the observation that at this time M. musculus already 

has fewer proliferative cells completing the cell cycle13. 

Our work leads us to propose that the MAPK/ERK signaling pathway is not equally setup 

between both species, as we suggested with the re-analysis of Gawriluk’s transcriptomic data13 

and observed in the relative quantification of protein isoform abundance, nor does it have the 

same activity dynamics in response to wounding, or preference for isoform activation. All of 

these differences could explain why, despite both species activating this pathway in response 

to wounding, only in A. cahirinus is this performed in an appropriate fashion for a regenerative 

response. 

Moving on to the PI3K/AKT pathway, despite knowledge of its involvement in the regeneration 

of some tissues, in vertebrates and invertebrates1385–1388, its contribution to epimorphic 

regeneration in mammals has not yet been clearly established. The PI3K/AKT pathway is 

known to operate downstream of many of the same receptor families as the MAPK/ERK 

pathway, and to establish several regulatory interactions with it812,1383,1384.  
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We therefore decided to look at how the activity of this pathway compared between species, 

and whether it could have a synergistic effect on proliferation. Curiously, that might not be the 

case, at least in both species. While we saw a clear activation of this pathway in M. musculus 

in the early response to wounding (in the first 24h), this was not the case for A. cahirinus, which 

even exhibited a lower proportion of activated AKT1 through most of the surveyed timeframe.  

M. musculus also exhibited higher AKT1 activation in unwounded tissue, despite the relative 

levels of this protein being similar between both species, which could indicate a pre-established 

alternative regulation and function of this pathway. Curiously, when we looked at how 

activation of AKT1 in both species resulted in modifications to downstream targets, we found 

a slightly higher proportion of pc-RAF in A. cahirinus unwounded tissue than in M. musculus. 

This was more or less sustained for the first 3 days after wounding, period in which we see a 

sharp increase in aAKT1 in M. musculus.  

This suggests that AKT1 in M. musculus might have different functions during the early 

response to wounding, or be regulated differently, but from day 3 onwards the relations AKT1 

establishes with other mediators of PI3K/AKT signaling seem to be similar between both 

species. This differential role could be involved with the prevention of apoptosis in M. 

musculus, which can be controlled by the PI3K/AKT pathway1389, and has been shown to be 

important for regeneration and cell proliferation in some contexts1390. Indeed, our GSEA for 

terms related with apoptosis identified several in A. cahirinus, but none in M. musculus, 

suggesting that regulation of apoptosis in response to wounding differs between these two 

species. We tried to further confirm if differences in apoptotic processes existed between the 

two species through western blot and immunofluorescence detection, but were unsuccessful. 

Finally, because it has been associated with regeneration, proliferation and stem cell 

maintenance in several contexts395,1386,1391–1393, and has been shown to be activated by some of 

the same receptors, namely RTKs, as the two previous pathways827,1386,1394, with which it might 

even establish some interactions, we decided to also look at the activity of the JAK/STAT 

pathway, since it could constitute an integrator of immune signaling in the regulation of 

proliferation in this context. 

What we found was that, despite similar levels of JAK2 in unwounded tissue, its activation is 

already higher in A. cahirinus. This contrast of activity is kept throughout the whole response 

to wounding, despite initially, within the first 24h, there being a sharp decrease in the proportion 

of activated JAK2 in A. cahirinus, which increases again by day 3 and day 5 post wounding, 
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during the peak of the inflammatory phase. A slight increase in aJAK2 in M. musculus was also 

observed around day 3, while by day 7, towards the end of the inflammatory phase, both species 

showed again a decrease in aJAK2 levels. By day 14, these levels had returned to baseline in 

A. cahirinus, but not in M. musculus.  

These observations suggest that JAK2 activity might not be solely controlled by immune signals 

in unwounded tissue of A. cahirinus and by day 14 post wounding, but otherwise seem to relate 

with the inflammatory phase of wound healing. Furthermore, activation levels of JAK2 were 

consistently higher in A. cahirinus. 

To determine whether this translated to downstream activation of the JAK/STAT pathway, we 

analyzed the levels of activated STAT3, and found that while the levels of pSTAT3 are higher 

in unwounded tissue in A. cahirinus, this is not the case for most timepoints during the wound 

healing responses, particularly during the first 12 hours, where the proportion of activated 

STAT3 is higher in M. musculus. 

However, during this initial response, the proportion of aJAK2 does not follow this trend of 

aSTAT3, in either species, suggesting that STAT3 activity might not be, at least fully, regulated 

by JAK2. Furthermore, when we looked at the ratio between aJAK2 and aSTAT3, we observed 

that this was consistently higher in A. cahirinus, and was the highest in unwounded tissue, and 

then again by day 3 post wounding, with another, smaller increase by day 14. This could 

indicate that JAK2 has two distinct modes of activation, one relating with inflammatory cues 

and the other not, but that its activity is not primarily directed at STAT activation. 

Indeed, JAK2 is known to be able to activate ERBB receptors826,827, mimicking ligand 

stimulation or synergizing with it, leading to the activation of other signaling pathways that 

operate downstream of RTK receptors. It would, therefore, be interesting to know if inhibition 

of JAK2 activity interferes with the activity of the other analyzed pathways, and whether it has 

an impact on the overall result of wound healing. 

Equally interesting would be to have an overview of the activity of the other signaling pathways 

we detected in our GSEA, namely the WNT and NF-κB pathways. Unfortunately, we were 

unable to detect GSK3β through Western Blot, and our immunofluorescent attempts at 

detecting β-Catenin subcellular localization also did not yield clear results. We were, however, 

able to detect the NF-κB component RELA through Western Blot (data not shown), but in A. 

cahirinus this took the form of a very small sized peptide which has not been previously 

described, so we could not conclude anything from these results. It would also be interesting to 
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correlate the activation dynamics we saw with the proliferative state of cells in each tissue, 

which we also attempted to do through immunofluorescence, but were unable to obtain clear 

results from. 

In conclusion, our results indicate that the differential ability, observed between A. cahirinus 

and M. musculus, to sustain proliferation is connected to their capacity to distance their 

regulation of proliferation from that established in homeostasis. This distancing involves the 

activity of several pathways, namely the previously described MAPK/ERK, but also 

PI3K/AKT, JAK/STAT, and likely WNT and NF-κB, which our results suggest to be 

differentially setup between these two species, with altered proportions of several mediators. 

These differences would explain the different activation in response to similar stimuli, and 

would result in the differential regulation of proliferation already described. Further 

understanding of the activity of these pathways during wound healing, and their influence in 

regulation of proliferation in mammals, is required. 
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Annex I 

Contained in this annex are the Base Mean values and Fold Changes for the genes involved in 

the named pathways, as produced by Shishir Biswas, using Gawriluk et al., 2016’s data. 

 

PI3K/AKT 

 Acomys Mus 
       

Gene 
Base 

Mean 

Fold 

Change 
Significance 

Base 

Mean 

Fold 

Change 
Significance 

       

Akt1 2103 1 Yes 1217 1 Yes 

Akt2 1144 No No 981 No No 

Akt3 522 -0,5 Yes 365 No No 

Angpt1 94 -1 Yes 104 No No 

Angpt2 68 No No 139 No No 

Angpt4 14 No No 24 No No 

Artn 11 No No 7 No No 

Atf2 422 No No 570 No No 

Atf4 1464 1 Yes 1084 0,5 Yes 

Atf6b 462 0,5 Yes 329 0,5 Yes 

Bad 162 No No 175 No No 

Bcl2 17 -1,5 Yes 251 -1 Yes 

Bcl2l11 80 1 Yes 252 1 Yes 

Bdnf 19 -1,5 Yes 23 No No 

Brca1 259 1 Yes 156 1 Yes 

Casp9 79 No No 207 No No 

Ccnd1 483 No No 991 0,5 Yes 

Ccnd2 818 -0,5 Yes 3024 -1,5 Yes 

Ccnd3 696 0,5 Yes 433 1 Yes 

Ccne1 103 3 Yes 60 2 Yes 

Ccne2 139 No No 168 No No 

Cd19 10 No No 5 -1 No 

Cdc37 726 No No 1041 0,5 Yes 

Cdk2 210 0,5 Yes 338 No No 

Cdk4 596 1 Yes 694 0,5 Yes 

Cdk6 200 1 Yes 1351 No No 

Cdkn1a 364 1 Yes 820 No No 

Cdkn1b 636 -0,5 Yes 911 -0,5 Yes 

Chad 268 -2 Yes 861 -2 Yes 

Chrm1 6 No No 12 No No 

Chrm2 29 No No 11 No No 

Chuk 525 No No 517 No No 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Col4a1 4300 1 Yes 4327 2,5 Yes 

Col4a2 3642 0,5 Yes 2772 2 Yes 

Col4a3 183 -2 Yes 51 -2 Yes 

Col4a4 200 -2 Yes 87 -1,5 Yes 

Col4a5 326 -1,5 Yes 357 -1,5 Yes 

Col4a6 105 -2 Yes 375 -2 Yes 

Col6a1 4035 No No 7346 1,5 Yes 

Col6a2 6366 No No 6955 1,5 Yes 

Col6a3 16717 No No 14683 2,5 Yes 

Col6a5 21 -1 No 127 -1,5 No 

Col6a6 396 -2,5 Yes 143 -1 No 

Col9a1 62 -1,5 Yes 201 -1 Yes 

Col9a2 476 -1 Yes 147 -1 Yes 

Col9a3 792 -2 Yes 361 -1 Yes 

Comp 780 -1 Yes 708 1 Yes 

Creb1 394 No No 802 No No 

Creb3 377 No No 349 1 Yes 

Creb3l1 198 No No 326 0,5 Yes 

Creb3l2 227 No No 678 No No 

Creb3l3 23 No No 43 2 Yes 

Creb3l4 17 No No 12 No No 

Crtc2 269 No No 234 No No 

Csf1 490 No No 634 No No 

Csf1r 2935 2 Yes 1375 1 Yes 

Csf3 20 No No 2 4 No 

Csf3r 637 5 Yes 192 5 Yes 

Ddit4 317 1 Yes 240 1 Yes 

Efna1 407 No No 343 No No 

Efna2 16 1 No 18 No No 

Efna3 622 -1 Yes 570 -1 Yes 

Efna4 64 No No 96 No No 

Efna5 88 No No 607 No No 

Egf 251 -1,5 Yes 74 -1 Yes 

Egfr 1701 -0,5 Yes 2368 No No 

Eif4b 2569 No No 4143 No No 

Eif4e 902 0,5 Yes 805 0,5 Yes 

Eif4e2 446 0,5 Yes 656 0,5 Yes 

Eif4ebp1 216 2 Yes 210 1,5 Yes 

Epha2 613 1 Yes 498 0,5 Yes 

Epor 25 1,5 Yes 9 No No 

Erbb2 2087 No No 1419 No No 

Erbb3 1479 No No 2179 No No 

Erbb4 43 -2 Yes 69 -4 Yes 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Fgf10 26 No No 25 No No 

Fgf17 3 No No 0 -2,5 No 

Fgf18 27 -2 Yes 35 No No 

Fgf2 73 No No 443 -1,5 Yes 

Fgf22 87 No No 105 1 Yes 

Fgf23 12 5 Yes 6 5 Yes 

Fgf5 4 No No 4 No No 

Fgf6 1 No No 9 No No 

Fgf7 222 No No 186 No No 

Fgf9 6 -5 Yes 18 No No 

Fgfr1 3153 No No 1298 No No 

Fgfr2 1922 -1 Yes 2562 -1 Yes 

Fgfr3 994 -0,5 Yes 2296 -0,5 Yes 

Fgfr4 45 No No 31 No No 

Flt1 372 0,5 Yes 332 No No 

Flt3 78 2 Yes 72 No No 

Flt3l 54 No No 111 -1 Yes 

Flt4 324 No No 284 1 Yes 

Fn1 16906 1,5 Yes 17394 1 Yes 

Foxo3 615 No No 1521 0,5 Yes 

G6pc3 91 No No 98 No No 

Gdnf 6 No No 51 No No 

Ghr 984 -1 Yes 1042 -1 Yes 

Gnb1 1194 0,5 Yes 1640 0,5 Yes 

Gnb2 972 1 Yes 1591 1 Yes 

Gnb3 1 -3 No 8 -1 No 

Gnb5 73 No No 108 1 Yes 

Gng10 103 1 Yes 208 1 Yes 

Gng11 298 -0,5 Yes 113 1,5 Yes 

Gng12 125 -0,5 Yes 1768 -0,5 Yes 

Gng13 0 -2 No 6 -2 No 

Gng2 31 No No 255 No No 

Gng3 10 2 No 16 No No 

Gng4 12 1 No 27 No No 

Gng8 0 2 No 10 No No 

Gngt2 29 1 Yes 47 No No 

Grb2 442 0,5 Yes 508 No No 

Gsk3b 832 No No 2407 No No 

Gys1 812 -0,5 Yes 468 -1 Yes 

Gys2 51 -2,5 Yes 1 -3,5 No 

Hgf 183 No No 102 No No 

Hras 911 No No 674 No No 

Hsp90aa1 2823 1 Yes 1003 0,5 Yes 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Igf1 427 No No 1370 1 Yes 

Igf1r 967 No No 1667 No No 

Igf2 175 -2 Yes 481 No No 

Ikbkb 647 0,5 Yes 1017 No No 

Ikbkg 269 No No 558 No No 

Il2ra 8 3 No 37 2 Yes 

Il2rb 31 No No 67 No No 

Il2rg 62 3,5 Yes 116 2 Yes 

Il3ra 171 1,5 Yes 56 1,5 Yes 

Il4ra 1016 1,5 Yes 1253 2,5 Yes 

Il6 67 4 Yes 7 5 Yes 

Il6ra 478 No No 1345 No No 

Il7 70 No No 57 No No 

Il7r 129 1 Yes 142 No No 

Insr 1010 No No 1122 -0,5 Yes 

Irs1 1266 -2 Yes 1031 -1 Yes 

Itga10 225 -1 Yes 155 -1 Yes 

Itga11 152 -2,5 Yes 236 2 Yes 

Itga2 377 0,5 Yes 376 No No 

Itga2b 4 No No 82 1 Yes 

Itga3 806 1,5 Yes 696 No No 

Itga4 349 1 Yes 354 1 Yes 

Itga5 1111 2,5 Yes 594 2 Yes 

Itga6 2833 0,5 Yes 4245 0,5 Yes 

Itga7 851 No No 354 No No 

Itga9 471 No No 368 No No 

Itgav 1739 1 Yes 1988 0,5 Yes 

Itgb1 4796 1 Yes 4208 1 Yes 

Itgb3 95 1 Yes 262 2 Yes 

Itgb4 5730 1 Yes 3077 No No 

Itgb5 1432 No No 1242 1 Yes 

Itgb6 292 -0,5 Yes 242 -0,5 Yes 

Itgb7 208 1 Yes 126 No No 

Itgb8 251 -0,5 Yes 359 No No 

Jak1 3928 0,5 Yes 2793 No No 

Jak2 4224 1,5 Yes 997 0,5 Yes 

Jak3 161 2 Yes 147 1,5 Yes 

Kdr 821 -0,5 Yes 509 1 Yes 

Kit 400 No No 202 No No 

Kitl 649 No No 501 No No 

Kras 188 No No 648 No No 

Lama1 141 5 Yes 38 No No 

Lama2 3500 -1,5 Yes 1531 -0,5 Yes 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Lamb1 2394 No No 1343 2 Yes 

Lamb2 3314 -0,5 Yes 1441 No No 

Lamb3 1579 1 Yes 1574 1 Yes 

Lamc2 1736 3 Yes 2630 3 Yes 

Lamc3 1296 No No 137 -1,5 Yes 

Lpar1 279 0,5 Yes 389 No No 

Lpar2 18 No No 154 No No 

Lpar3 64 -2 Yes 72 -1 Yes 

Lpar4 96 -1 Yes 69 No No 

Lpar5 72 1 Yes 70 No No 

Lpar6 320 -0,5 Yes 319 No No 

Magi1 182 -0,5 Yes 471 No No 

Magi2 95 -2 Yes 86 -1 Yes 

Map2k1 1133 1 Yes 535 1 Yes 

Map2k2 692 No No 677 1 Yes 

Mapk1 958 No No 1666 No No 

Mapk3 738 No No 769 No No 

Mcl1 943 1 Yes 2103 0,5 Yes 

Mdm2 1301 0,5 Yes 758 No No 

Met 730 No No 717 No No 

Mlst8 115 No No 198 No No 

Mtcp1 26 No No 192 -0,5 Yes 

Mtor 1644 No No 1115 No No 

Myb 32 1,5 Yes 39 No No 

Myc 344 1 Yes 332 No No 

Nfkb1 52 1 Yes 1281 0,5 Yes 

Ngf 51 2 Yes 47 1 Yes 

Ngfr 74 No No 153 No No 

Nos3 257 -0,5 Yes 114 1,5 Yes 

Nr4a1 289 No No 137 No No 

Nras 481 0,5 Yes 1333 0,5 Yes 

Nrtn 43 No No 93 2 Yes 

Ntf3 46 -1 Yes 41 -1,5 Yes 

Ntf5 17 No No 24 No No 

Ntrk1 6 5 Yes 8 No No 

Ntrk2 525 -1 Yes 616 -2 Yes 

Osm   5 Yes 20 3 Yes 

Osmr 1020 1 Yes 906 0,5 Yes 

Pck1 187 -2,5 Yes 47 -2 Yes 

Pck2 173 1 Yes 171 1 Yes 

Pdgfa 146 No No 195 No No 

Pdgfb 82 No No 285 0,5 Yes 

Pdgfc 43 No No 203 No No 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Pdpk1 559 No No 1505 No No 

Pgf 26 -1 Yes 12 No No 

Phlpp1 466 No No 360 No No 

Phlpp2 351 -0,5 Yes 196 No No 

Pik3ca 1135 No No 1048 No No 

Pik3cb 758 No No 787 No No 

Pik3cd 467 2 Yes 274 1 Yes 

Pik3cg 383 2,5 Yes 243 1 Yes 

Pik3r1 1830 -1 Yes 2119 -1 Yes 

Pik3r2 695 No No 747 No No 

Pik3r5 311 2,5 Yes 159 2 Yes 

Pik3r6 84 No No 87 No No 

Pkn1 759 1 Yes 473 1 Yes 

Pkn2 1110 No No 1132 No No 

Pkn3 129 No No 155 1 Yes 

Ppp2ca 1174 No No 1843 0,5 Yes 

Ppp2cb 902 0,5 Yes 333 No No 

Ppp2r1a 1949 0,5 Yes 1429 0,5 Yes 

Ppp2r1b 792 1 Yes 518 1 Yes 

Ppp2r2a 892 No No 826 No No 

Ppp2r2b 50 -3 Yes 7 -1,5 Yes 

Ppp2r2c 32 1,5 Yes 105 No No 

Ppp2r2d 363 0,5 Yes 358 No No 

Ppp2r3a 714 No No 2895 -1 Yes 

Ppp2r3c 334 No No 231 No No 

Ppp2r5b 244 -0,5 Yes 224 No No 

Ppp2r5c 991 No No 1222 No No 

Ppp2r5d 580 No No 432 No No 

Ppp2r5e 363 No No 635 No No 

Prkaa1 411 No No 682 -0,5 Yes 

Prkaa2 174 -1,5 Yes 349 -2 Yes 

Prkca 244 -0,5 Yes 366 -1 Yes 

Pspn 5 No No 2 No No 

Pten 999 No No 3296 No No 

Ptk2 1251 No No 768 No No 

Rac1 606 0,5 Yes 1918 0,5 Yes 

Raf1 2031 No No 984 No No 

Rbl2 862 -0,5 Yes 741 -0,5 Yes 

Rela 552 No No 450 No No 

Reln 710 -1,5 Yes 467 -0,5 Yes 

Ret 33 No No 69 No No 

Rheb 725 No No 647 No No 

Rps6 8463 No No 2976 No No 
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Gene 
Base 

Mean 
Fold 

Change 
Significance 

Base 

Mean 
Fold 

Change 
Significance 

       

Rxra 990 No No 2745 0,5 Yes 

Sgk1 1501 No No 1075 0,5 Yes 

Sgk3 350 No No 709 -0,5 Yes 

Sos1 774 -0,5 Yes 811 -0,5 Yes 

Sos2 1238 No No 708 No No 

Syk 280 2 Yes 518 1,5 Yes 

Tek 181 -0,5 Yes 224 1 Yes 

Tgfa 100 0,5 Yes 453 0,5 Yes 

Thbs1 14814 1 Yes 4959 No No 

Thbs2 2383 1,5 Yes 2211 1,5 Yes 

Thbs3 609 -1,5 Yes 424 1 Yes 

Thbs4 1665 No No 1355 2 Yes 

Them4 22 1 No 81 No No 

Tlr2 42 1,5 Yes 123 2 Yes 

Tlr4 552 2 Yes 252 1 Yes 

Tnc 8555 4 Yes 14335 4 Yes 

Tnn 117 -0,5 Yes 631 5 Yes 

Tnr 12 -1 Yes 10 -0,5 Yes 

Trp53 1062 1 Yes 388 No No 

Tsc1 569 -0,5 Yes 574 -0,5 Yes 

Tsc2 1166 -0,5 Yes 766 No No 

Vegfa 473 No No 515 1 Yes 

Vegfb 90 -0,5 Yes 81 -1 Yes 

Vegfc 131 No No 46 No No 

Vegfd 78 -1 Yes 116 No No 

Vtn 56 -1 Yes 31 -1 No 

Vwf 1213 0,5 Yes 572 0,5 Yes 

Ywhab 981 No No 1812 0,5 Yes 

Ywhae 1377 No No 1838 No No 

Ywhag 673 1 Yes 1384 1 Yes 

Ywhah 513 1 Yes 570 0,5 Yes 

Ywhaq 1645 0,5 Yes 665 0,5 Yes 

Ywhaz 2291 1 Yes 5197 0,5 Yes 
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MAPK/ERK 

 Acomys Mus 
       

Gene 
Base 

Mean 

Fold 

Change 
Significance 

Base 

Mean 

Fold 

Change 
Significance 

       

AKT1 2103 1 Yes 1217 1 Yes 

AKT2 1144 No No 981 No No 

AKT3 522 -0,5 Yes 365 No No 

ANGPT1 94 -1 Yes 104 No No 

ANGPT2 68 No No 139 No No 

ANGPT4 14 No No 24 No No 

ARAF 469 No No 955 No No 

ARRB2 341 1 Yes 267 1 Yes 

ARTN 11 No No 7 No No 

ATF2 422 No No 570 No No 

ATF4 1464 1 Yes 1084 0,5 Yes 

BDNF 19 -1,5 Yes 23 No No 

BRAF 711 No No 1080 No No 

CACNA1A 69 -1 Yes 144 -1 Yes 

CACNA1B 75 -2 Yes 8 No No 

CACNA1C 249 No No 346 1 Yes 

CACNA1D 82 -1,5 Yes 188 No No 

CACNA1G 596 -1 Yes 471 0,5 Yes 

CACNA1H 36 No No 18 No No 

CACNA1I 4 5 Yes 1 3 No 

CACNA1S 1181 -3 No 829 -2,5 Yes 

CACNA2D1 799 -2 Yes 810 -1,5 Yes 

CACNA2D2 28 -1 Yes 28 -1 No 

CACNA2D3 9 -4 Yes 31 No No 

CACNA2D4 24 No No 23 No No 

CACNB1 181 -2 Yes 230 -1,5 Yes 

CACNB2 166 No No 87 No No 

CACNB3 62 No No 267 No No 

CACNB4 54 -1 Yes 72 -1 Yes 

CACNG1 113 -0,5 Yes 76 No No 

CACNG2 1 No No 2 No No 

CACNG4 7 No No 17 -2 Yes 

CACNG6 18 -2 Yes 28 No No 

CACNG7 2 No No 15 No No 

CASP3 337 1 Yes 184 1 Yes 

CD14 264 2 Yes 184 4 Yes 

CDC25B 463 2,5 Yes 401 No No 

CDC42 1582 No No 2928 0,5 Yes 

CHUK 525 No No 517 No No 

CRK 707 No No 1339 0,5 Yes 

CRKL 337 No No 595 No No 



 

 296 

 Acomys Mus 
       

Gene 
Base 

Mean 

Fold 

Change 
Significance 

Base 

Mean 

Fold 

Change 
Significance 

       

DAXX 356 0,5 Yes 231 No No 

DDIT3 134 1,5 Yes 142 No No 

DUSP10 174 -1,5 Yes 90 -1,5 Yes 

DUSP2 37 4 Yes 20 2,5 Yes 

DUSP3 139 No No 593 No No 

DUSP4 119 0,5 Yes 42 No No 

DUSP5 287 1 Yes 199 1,5 Yes 

DUSP6 1088 1 Yes 321 0,5 Yes 

DUSP7 1314 1 Yes 834 1 Yes 

DUSP8 83 -1 Yes 73 No No 

DUSP9 5 2 No 15 2 No 

ECSIT 346 No No 234 No No 

EFNA1 407 No No 343 No No 

EFNA2 16 No No 18 No No 

EFNA3 622 -1 Yes 570 -1 Yes 

EFNA4 64 No No 96 No No 

EFNA5 88 No No 607 No No 

EGF 251 -1,5 Yes 74 -1 Yes 

EGFR 1701 -0,5 Yes 2368 No No 

ELK1 227 No No 181 No No 

ELK4 532 No No 1926 No No 

EPHA2 613 1 Yes 498 0,5 Yes 

ERBB2 2087 No No 1419 No No 

ERBB3 1479 No No 2179 No No 

ERBB4 43 -2 Yes 69 -4 Yes 

FAS 142 No No 96 No No 

FGF1 31 -2 Yes 196 -2 Yes 

FGF10 26 No No 25 No No 

FGF17 3 No No 0 -2,5 No 

FGF18 27 -2 Yes 35 No No 

FGF2 73 No No 443 -1,5 Yes 

FGF22 87 No No 105 1 Yes 

FGF23 12 5 Yes 6 5 Yes 

FGF5 4 No No 4 No No 

FGF6 1 No No 9 No No 

FGF7 222 No No 186 No No 

FGF9 6 5 Yes 18 No No 

FGFR1 3153 No No 1298 No No 

FGFR2 1922 -1 Yes 2562 -1 Yes 

FGFR3 994 -0,5 Yes 2296 -0,5 Yes 

FGFR4 45 No No 31 No No 

FLNA 12886 1,5 Yes 8644 1,5 Yes 

FLNB 4134 1 Yes 3427 0,5 Yes 
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FLT4 324 No No 284 1 Yes 

FOS 1668 No No 479 No No 

GADD45A 213 0,5 Yes 174 No No 

GADD45B 359 1 Yes 250 1 Yes 

GADD45G 90 No No 67 1,5 Yes 

GDNF 6 No No 51 No No 

GNA12 799 0,5 Yes 614 1 Yes 

GNG12 125 -0,5 Yes 1768 -0,5 Yes 

GRB2 442 0,5 Yes 508 No No 

HGF 183 No No 102 No No 

HRAS 911 No No 674 No No 

HSPA8 13438 No No 4002 No No 

HSPB1 667 -1 Yes 998 -0,5 Yes 

IGF1 427 No No 1370 1 Yes 

IGF1R 967 No No 1667 No No 

IGF2 175 -2 Yes 481 No No 

IKBKB 647 0,5 Yes 1017 No No 

IKBKG 269 No No 558 No No 

IL1A 120 2,5 Yes 158 No No 

IL1B 2686 5 Yes 273 5 Yes 

IL1RAP 613 0,5 Yes 658 No No 

INSR 1010 No No 1122 -0,5 Yes 

IRAK1 375 No No 651 No No 

IRAK4 169 No No 250 1 Yes 

JUN 1159 No No 809 1 Yes 

JUND 297 -0,5 No 773 0,5 No 

KDR 821 -0,5 Yes 509 1 Yes 

KIT 400 No No 202 No No 

KRAS 188 No No 648 No No 

MAP2K1 1133 1 Yes 535 1 Yes 

MAP2K2 692 No No 677 1 Yes 

MAP2K3 778 No No 881 0,5 Yes 

MAP2K4 833 No No 1304 No No 

MAP2K5 206 No No 204 No No 

MAP2K6 176 -0,5 Yes 137 No No 

MAP3K1 1815 -0,5 Yes 1877 -0,5 Yes 

MAP3K10 111 No No 117 No No 

MAP3K11 748 0,5 Yes 430 0,5 Yes 

MAP3K12 154 No No 378 No No 

MAP3K13 27 No No 40 No No 

MAP3K14 190 No No 234 No No 

MAP3K2 456 No No 1143 No No 

MAP3K21 32 -1,5 Yes 12 No No 
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MAP3K6 715 0,5 Yes 370 1 Yes 

MAP3K7 821 No No 977 No No 

MAP3K8 270 0,5 Yes 351 No No 

MAP3K9 258 0,5 Yes 656 1 Yes 

MAP4K2 205 No No 357 No No 

MAP4K3 1353 0,5 Yes 1085 No No 

MAPK1 958 No No 1666 No No 

MAPK10 31 No No 9 No No 

MAPK11 10 No No 51 No No 

MAPK12 57 -2,5 Yes 139 No No 

MAPK13 1194 No No 1112 1 Yes 

MAPK14 524 1 Yes 1009 0,5 Yes 

MAPK3 738 No No 769 No No 

MAPK7 148 0,5 Yes 168 No No 

MAPK8 351 No No 599 No No 

MAPK8IP1 564 No No 135 -1 Yes 

MAPK8IP2 24 -1,5 Yes 2 -4 No 

MAPK8IP3 569 No No 845 No No 

MAPK9 416 No No 423 No No 

MAPKAPK2 747 No No 1097 1 Yes 

MAPKAPK3 680 No No 835 No No 

MAX 231 No No 622 No No 

MECOM 331 -1 Yes 274 No No 

MEF2C 1543 -2 Yes 1506 -1 Yes 

MET 730 No No 717 No No 

MKNK1 323 0,5 Yes 296 No No 

MKNK2 793 0,5 Yes 1328 1 Yes 

MRAS 80 No No 180 No No 

MYC 344 1 Yes 332 No No 

MYD88 610 1 Yes 355 1 Yes 

NFATC1 472 -1 Yes 668 No No 

NFATC3 894 No No 1247 No No 

NFKB1 52 1 Yes 1281 0,5 Yes 

NFKB2 541 1,5 Yes 387 0,5 Yes 

NGF 51 2 Yes 47 1 Yes 

NGFR 74 No No 153 No No 

NLK 314 No No 311 No No 

NR4A1 289 No No 137 No No 

NRAS 481 0,5 Yes 1333 0,5 Yes 

NRTN 43 No No 93 2 Yes 

NTF3 46 -1 Yes 41 -1,5 Yes 

NTRK1 6 5 Yes 8 No No 

NTRK2 525 -1 Yes 616 -2 Yes 
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PDGFB 82 No No 285 0,5 Yes 

PDGFC 43 No No 203 No No 

PDGFD 96 -1 Yes 34 No No 

PDGFRA 2861 0,5 Yes 1741 1 Yes 

PDGFRB 2062 No No 1068 0,5 Yes 

PGF 26 -1 Yes 12 No No 

PLA2G4A 471 No No 357 No No 

PLA2G4C 121 No No 16 No No 

PLA2G4D 617 -1 Yes 111 5 Yes 

PLA2G4E 616 2 Yes 408 2,5 Yes 

PLA2G4F 1305 3,5 No 937 0,5 Yes 

PPM1A 1933 -0,5 Yes 1406 No No 

PPM1B 549 No No 778 No No 

PPP3CA 1442 -0,5 Yes 1749 No No 

PPP3CB 718 No No 814 No No 

PPP3CC 364 -0,5 Yes 136 -0,5 Yes 

PPP3R1 619 No No 946 No No 

PPP5C 448 No No 287 No No 

PRKACA 971 No No 571 No No 

PRKACB 782 No No 958 No No 

PRKCA 244 -0,5 Yes 366 -1 Yes 

PRKCB 377 1,5 Yes 260 No No 

PRKCG 6 No No 27 No No 

PSPN 5 No No 2 No No 

PTPN5 5 No No 41 No No 

PTPN7 28 No No 85 No No 

PTPRR 8 No No 10 No No 

RAC1 606 0,5 Yes 1918 0,5 Yes 

RAC2 183 3 Yes 113 2 Yes 

RAC3 81 No No 79 No No 

RAF1 2031 No No 984 No No 

RAPGEF2 1236 -0,5 Yes 770 -0,5 Yes 

RASA1 1574 0,5 Yes 1175 No No 

RASA2 576 No No 631 No No 

RASGRF2 106 -1,5 Yes 110 No No 

RASGRP1 187 -1 Yes 503 -0,5 Yes 

RASGRP2 53 No No 58 No No 

RASGRP3 148 -1 Yes 140 No No 

RELA 552 No No 450 No No 

RELB 194 1 Yes 187 No No 

RET 33 No No 69 No No 

RPS6KA1 647 1 Yes 333 No No 

RPS6KA2 391 -0,5 Yes 164 -1 Yes 
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RPS6KA3 799 No No 1670 No No 

RPS6KA4 1251 1,5 Yes 616 1,5 Yes 

RPS6KA5 134 -0,5 Yes 307 -0,5 Yes 

RPS6KA6 542 No No 561 No No 

RRAS 232 -0,5 Yes 128 No No 

RRAS2 93 No No 188 No No 

SOS1 774 -0,5 Yes 811 -0,5 Yes 

SOS2 1238 No No 708 No No 

SRF 285 0,5 Yes 279 0,5 Yes 

STK3 383 -0,5 Yes 272 No No 

STK4 508 No No 946 No No 

STMN1 693 No No 213 No No 

TAB1 150 No No 219 No No 

TAB2 1107 No No 1741 No No 

TAOK1 2398 No No 5395 No No 

TAOK2 778 No No 1104 No No 

TAOK3 451 0,5 Yes 308 No No 

TEK 181 -0,5 Yes 224 1 Yes 

TGFA 100 0,5 Yes 453 0,5 Yes 

TGFB1 320 2 Yes 292 1 Yes 

TGFB2 262 -1,5 Yes 411 -0,5 Yes 

TGFB3 689 0,5 Yes 786 1 Yes 

TGFBR1 376 0,5 Yes 798 1 Yes 

TGFBR2 1700 No No 2145 No No 

TNF 28 1,5 Yes 48 No No 

TNFRSF1A 1410 0,5 Yes 1102 0,5 Yes 

TRADD 144 1 Yes 118 1,5 Yes 

TRAF2 239 No No 240 No No 

TRAF6 518 No No 1064 0,5 Yes 

Trp53 1062 1 Yes 388 No No 

VEGFA 473 No No 515 1 Yes 

VEGFB 90 -0,5 Yes 81 -1 Yes 

VEGFC 131 No No 46 No No 

VEGFD 78 -1 Yes 116 No No 
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Abl1 935 No No 1104 No No 

Abl2 585 0,5 Yes 735 No No 

Akt1 2103 1 Yes 1217 1 Yes 

Akt2 1144 No No 981 No No 

Akt3 522 -0,5 Yes 365 No No 

ARAF 469 No No 955 No No 

Bad 162 No No 175 No No 

BRAF 711 No No 1080 No No 

Btc 266 -1 Yes 123 -2 Yes 

Camk2a 47 -2 Yes 103 -2 Yes 

Camk2b 310 -1,5 Yes 203 -1,5 Yes 

Camk2d 1069 No No 1315 No No 

Camk2g 319 No No 504 No No 

Cbl 502 1 Yes 1883 0,5 Yes 

Cblb 380 0,5 Yes 859 No No 

Cdkn1a 364 1 Yes 820 No No 

Cdkn1b 636 -0,5 Yes 911 -0,5 Yes 

CRK 707 No No 1339 0,5 Yes 

CRKL 337 No No 595 No No 

Egf 251 -1,5 Yes 74 -1 Yes 

Egfr 1701 -0,5 Yes 2368 No No 

Eif4ebp1 216 2 Yes 210 1,5 Yes 

ELK1 227 No No 181 No No 

Erbb2 2087 No No 1419 No No 

Erbb3 1479 No No 2179 No No 

ERBB4 43 -2 Yes 69 -4 Yes 

Gab1 780 0,5 Yes 988 No No 

Grb2 442 0,5 Yes 508 No No 

Gsk3b 832 No No 2407 No No 

Hbegf 184 3,5 Yes 189 2 Yes 

Hras 911 No No 674 No No 

JUN 1159 No No 809 1 Yes 

Kras 188 No No 648 No No 

Map2k1 1133 1 Yes 535 1 Yes 

Map2k2 692 No No 677 1 Yes 

MAP2K4 833 No No 1304 No No 

Mapk1 958 No No 1666 No No 

MAPK10 31 No No 9 No No 

Mapk3 738 No No 769 No No 

MAPK8 351 No No 599 No No 

MAPK9 416 No No 423 No No 
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Nck2 246 -0,5 Yes 235 0,5 Yes 

Nras 481 0,5 Yes 1333 0,5 Yes 

Nrg1 172 2,5 Yes 174 2,5 Yes 

Nrg2 31 -1,5 Yes 36 -1,5 Yes 

Nrg4 56 No No 144 No No 

PAK1 276 0,5 Yes 580 No No 

PAK2 1438 0,5 Yes 1252 No No 

Pak3 195 -2 Yes 736 -2 Yes 

Pak4 363 No No 327 No No 

Pak6 398 1 Yes 561 0,5 Yes 

Pik3ca 1135 No No 1048 No No 

Pik3cb 758 No No 787 No No 

Pik3cd 467 2 Yes 274 1 Yes 

Pik3r1 1830 -1 Yes 2119 -1 Yes 

Pik3r2 695 No No 747 No No 

Plcg1 1653 No No 1548 No No 

Plcg2 701 No No 433 No No 

Prkca 244 -0,5 Yes 366 -1 Yes 

PRKCB 377 1,5 Yes 260 No No 

PRKCG 6 No No 27 No No 

Ptk2 1251 No No 768 No No 

Raf1 2031 No No 984 No No 

Rps6kb1 508 No No 878 No No 

Rps6kb2 785 0,5 Yes 448 0,5 Yes 

Shc1 562 0,5 Yes 731 1 Yes 

Shc2 79 No No 123 1 Yes 

Shc3 5 -1 No 10 No No 

Shc4 86 -1 Yes 45 -1 Yes 

Sos1 774 -0,5 Yes 811 -0,5 Yes 

Sos2 1238 No No 708 No No 

Src 541 1 Yes 376 1 Yes 

Stat5a 309 1 Yes 397 No No 

Stat5b 697 0,5 Yes 582 No No 

Tgfa 100 0,5 Yes 453 0,5 Yes 
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Akt1 2103 1 Yes 1217 1 Yes 

Akt2 1144 No No 981 No No 

Akt3 522 -0,5 Yes 365 No No 

Aox1 62 -3 No 394 -1 Yes 

Aox2 40 No No 17 No No 

Aox3 325 -2 Yes 24 1,5 No 

Aox4 2679 -0,5 Yes 1278 2,5 Yes 

Bcl2 17 -1,5 Yes 251 -1 Yes 

Ccnd1 483 No No 991 0,5 Yes 

Ccnd2 818 -0,5 Yes 3024 -1,5 Yes 

Ccnd3 696 0,5 Yes 433 1 Yes 

Cdkn1a 364 1 Yes 820 No No 

Cish 60 1 Yes 313 No No 

Clcf1 153 3,5 Yes 142 1 Yes 

Cntf 35 No No 12 No No 

Cntfr 70 -3 No 42 No No 

Crebbp 3261 No No 3362 -0,5 Yes 

Crlf2 116 2 Yes 65 1,5 Yes 

Csf2ra 453 3 Yes 165 No No 

Csf3 20 No No 2 4 No 

Csf3r 637 5 Yes 192 5 Yes 

Ctf1 53 No No 27 -1 No 

Ctf2 2 -1 No 6 -1,5 No 

Egf 251 -1,5 Yes 74 -1 Yes 

Egfr 1701 -0,5 Yes 2368 No No 

Epor 25 1,5 Yes 9 No No 

Fhl1 2689 -2 Yes 2563 -2 Yes 

Gfap 103 2 Yes 37 -2,5 Yes 

Ghr 984 -1 Yes 1042 -1 Yes 

Grb2 442 0,5 Yes 508 No No 

Hras 911 No No 674 No No 

Ifnar1 400 1 Yes 789 1 Yes 

Ifnar2 321 1 Yes 256 1 Yes 

Ifne 0 No No 0 No No 

Ifngr1 1554 1 Yes 917 0,5 Yes 

Ifngr2 393 1,5 Yes 405 0,5 Yes 

Ifnlr1 107 No No 235 -0,5 Yes 

Il10ra 143 2 Yes 198 2 Yes 

Il10rb 281 0,5 Yes 338 0,5 Yes 

Il11 25 5 Yes 23 2,5 Yes 

Il12a 5 No No 3 1 No 
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Il15 97 No No 69 No No 

Il15ra 36 -1 Yes 434 -0,5 Yes 

Il20ra 122 No No 319 -1 Yes 

Il20rb 984 -0,5 Yes 1293 -1 Yes 

Il21r 30 5 Yes 17 5 Yes 

Il22ra1 1173 -1 Yes 559 No No 

Il22ra2 6 No No 32 -1,5 Yes 

Il23a 8 1 No 5 No No 

Il23r 19 -1 No 16 1,5 No 

Il27ra 10 No No 25 No No 

Il2ra 8 3 No 37 2 Yes 

Il2rb 31 No No 67 No No 

Il2rg 62 3,5 Yes 116 2 Yes 

Il3ra 171 1,5 Yes 56 1,5 Yes 

Il4ra 1016 1,5 Yes 1253 2,5 Yes 

Il5 2 -4,5 No 4 -2 No 

Il6 67 4 Yes 7 5 Yes 

Il6ra 478 No No 1345 No No 

Il6st 4079 No No 5419 No No 

Il7 70 No No 57 No No 

Il7r 129 1 Yes 142 No No 

Il9r 8 No No 8 No No 

Irf9 249 0,5 Yes 459 1 Yes 

Jak1 3928 0,5 Yes 2793 No No 

Jak2 4224 1,5 Yes 997 0,5 Yes 

Jak3 161 2 Yes 147 1,5 Yes 

Lep 37 -5 Yes 38 -1,5 Yes 

Lif 38 2,5 Yes 32 1 No 

Lifr 966 -1 Yes 1588 -0,5 Yes 

Mcl1 943 1 Yes 2103 0,5 Yes 

Mpl 4 -1 No 0 -1 No 

Mtor 1644 No No 1115 No No 

Myc 344 1 Yes 332 No No 

Osm  5 Yes 20 3 Yes 

Osmr 1020 1 Yes 906 0,5 Yes 

Pdgfa 146 No No 195 No No 

Pdgfb 82 No No 285 0,5 Yes 

Pdgfra 2861 0,5 Yes 1741 1 Yes 

Pdgfrb 2062 No No 1068 0,5 Yes 

Pias1 528 -0,5 Yes 586 No No 

Pias2 380 -0,5 Yes 391 -0,5 Yes 

Pias3 376 No No 472 No No 

Pias4 197 No No 230 No No 
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Pik3r1 1830 -1 Yes 2119 -1 Yes 

Pik3r2 695 No No 747 No No 

Pim1 363 2 Yes 1038 0,5 Yes 

Ptpn11 1012 No No 1600 0,5 Yes 

Ptpn6 638 1,5 Yes 408 No No 

Raf1 2031 No No 984 No No 

Socs1 40 1 Yes 59 No No 

Socs3 529 4 Yes 421 1,5 Yes 

Socs4 168 No No 651 No No 

Socs5 438 0,5 Yes 390 0,5 Yes 

Socs6 474 No No 662 No No 

Socs7 160 -0,5 Yes 466 No No 

Sos1 774 -0,5 Yes 811 -0,5 Yes 

Sos2 1238 No No 708 No No 

Stam 728 0,5 Yes 466 No No 

Stam2 503 No No 741 0,5 Yes 

Stat1 563 No No 808 1,5 Yes 

Stat2 361 0,5 Yes 491 0,5 Yes 

Stat3 2722 1 Yes 2468 1 Yes 

Stat4 54 1,5 Yes 16 3 Yes 

Stat5a 309 1 Yes 397 No No 

Stat5b 697 0,5 Yes 582 No No 

Stat6 1405 0,5 Yes 1208 0,5 Yes 

Thpo 28 -1 No 4 -2 No 

Tyk2 838 No No 476 No No 
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Atm 1586 No No 663 No No 

Bcl10 385 No No 361 0,5 Yes 

Bcl2 17 -1,5 Yes 251 -1 Yes 

Bcl2l1  No No 465 No No 

Birc3 842 1,5 Yes 514 0,5 Yes 

Blnk 170 No No 200 No No 

Btk 187 2 Yes 61 No No 

Card10 316 0,5 Yes 243 No No 

Card11 25 No No 33 No No 

Card14 541 No No 528 -0,5 Yes 

Ccl4 99 5 Yes 8 5 Yes 

CD14 264 2 Yes 184 4 Yes 

Cd40 84 1 Yes 37 2 Yes 

Cd40lg 5 1 No 2 No No 

Cflar 1122 0,5 Yes 1223 No No 

Chuk 525 No No 517 No No 

Csnk2a2 557 No No 2025 No No 

Csnk2b 569 No No 803 No No 

Cxcl12 262 -0,5 Yes 1408 1,5 Yes 

Eda 11 No No 93 No No 

Eda2r 21 -1,5 Yes 109 No No 

Edar 19 No No 24 -2 Yes 

Edaradd 184 -0,5 Yes 401 -0,5 Yes 

Erc1 611 No No 771 No No 

GADD45A 213 0,5 Yes 174 No No 

GADD45B 359 1 Yes 250 1 Yes 

GADD45G 90 No No 67 1,5 Yes 

Icam1 464 2 Yes 321 1 Yes 

Ikbkb 647 0,5 Yes 1017 No No 

Ikbkg 269 No No 558 No No 

IL1B 2686 5 Yes 273 5 Yes 

IRAK1 375 No No 651 No No 

IRAK4 169 No No 250 1 Yes 

Lat 33 No No 33 No No 

Lbp 763 3 Yes 467 No No 

Lck 31 No No 39 No No 

Ltb 25 2,5 Yes 37 3 Yes 

Ltbr 1073 0,5 Yes 399 1 Yes 

Ly96 65 2 Yes 23 1 No 

Lyn 879 2,5 Yes 406 2 Yes 

Malt1 449 1 Yes 872 No No 

MAP3K14 190 No No 234 No No 
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NFKB2 541 1,5 Yes 387 0,5 Yes 

Nfkbia 1054 0,5 No 718 No No 

Parp1 461 No No 536 No No 

Pias4 197 No No 230 No No 

Plau 667 1,5 Yes 684 1 Yes 

Plcg1 1653 No No 1548 No No 

Plcg2 701 No No 433 No No 

PRKCB 377 1,5 Yes 260 No No 

Prkcq 155 -1 Yes 170 -0,5 No 

Rela 552 No No 450 No No 

RELB 194 1 Yes 187 No No 

Ripk1 416 0,5 Yes 653 No No 

Syk 280 2 Yes 518 1,5 Yes 

TAB1 150 No No 219 No No 

TAB2 1107 No No 1741 No No 

Tab3 256 No No 474 No No 

Ticam1 117 No No 128 No No 

Ticam2 44 2 Yes 38 No No 

Tirap 96 1 Yes 177 1 Yes 

Tlr4 552 2 Yes 252 1 Yes 

TNF 28 1,5 Yes 48 No No 

Tnfaip3 657 2 Yes 287 No No 

Tnfrsf11a 211 1,5 Yes 371 No No 

Tnfrsf13c 4 2,5 No 4 -1,5 No 

TNFRSF1A 1410 0,5 Yes 1102 0,5 Yes 

Tnfsf11 26 1 Yes 40 4 Yes 

Tnfsf13b 14 1,5 Yes 17 No No 

Tnfsf14 6 3,5 No 13 1,5 No 

Tradd 144 1 Yes 118 1,5 Yes 

Traf1 68 3 Yes 93 1,5 Yes 

TRAF2 239 No No 240 No No 

Traf3 526 0,5 Yes 456 0,5 Yes 

Traf5 192 1 Yes 174 -1,5 Yes 

TRAF6 518 No No 1064 0,5 Yes 

Trim25 414 No No 754 1 Yes 

Ube2i 890 No No 1551 No No 

Vcam1 80 No No 253 2 Yes 

Xiap 501 -0,5 Yes 1377 No No 

Zap70 19 No No 21 No No 

 

  



 

 308 

WNT 

 Acomys Mus 
         

Gene 
Base 

Mean 

Fold 

Change 
Significance 

Base 

Mean 

Fold 

Change 
Significance 

          

4930544G11Rik 1 -1 No 1 -4 No 

Apc 2287 No No 1687 No No 

Apc2 49 No No 56 No No 

Apcdd1 1341 -0,5 Yes 512 -1 Yes 

Axin1 996 No No 514 No No 

Axin2 663 -1 Yes 670 -1 Yes 

Bambi 43 -2 Yes 70 -1 Yes 

Btrc 192 -1 Yes 325 -0,5 Yes 

Camk2a 47 -2 Yes 103 -2 Yes 

Camk2b 310 -1,5 Yes 203 -1,5 Yes 

Camk2d 1069 No No 1315 No No 

Camk2g 319 No No 504 No No 

Cby1 103 No No 85 No No 

Ccar2 917 0,5 Yes 583 No No 

Ccdc88c 568 No No 914 -1 Yes 

Ccnd1 483 No No 991 0,5 Yes 

Ccnd2 818 -0,5 Yes 3024 -1,5 Yes 

Ccnd3 696 0,5 Yes 433 1 Yes 

Chd8 2047 No No 1830 No No 

Crebbp 3261 No No 3362 -0,5 Yes 

Csnk1a1 3971 0,5 Yes 6108 0,5 Yes 

Csnk1e 576 -0,5 Yes 626 0,5 Yes 

Csnk2a2 557 No No 2025 No No 

Csnk2b 569 No No 803 No No 

Ctbp1 1378 0,5 Yes 923 1 Yes 

Ctnnb1 7877 0,5 Yes 4614 1 Yes 

Ctnnbip1 402 No No 1237 0,5 Yes 

Ctnnd2 63 No No 133 -2 Yes 

Cul1 1632 No No 1113 No No 

Cxxc4 8 -1 No 36 -1 No 

Daam1 1431 No No 2082 No No 

Dkk2 172 -1 Yes 310 -1 Yes 

Dkk4 7 No No 3 No No 

Dvl1 749 -0,5 Yes 688 No No 

Dvl2 404 No No 278 No No 

Dvl3 302 No No 505 No No 

Fbxw11 541 No No 809 0,5 Yes 

Fosl1 169 3 Yes 14 1 No 

Frzb 338 -2 Yes 371 -4 Yes 

Fzd1 1160 No No 919 1 Yes 

Fzd10 449 No No 484 No No 
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Fzd5 57 No No 248 No No 

Fzd6 510 0,5 Yes 997 0,5 Yes 

Fzd7 338 -0,5 Yes 558 No No 

Fzd8 142 -1 Yes 155 No No 

Fzd9 352 -1,5 Yes 209 -1,5 Yes 

Gpc4 514 -1 Yes 385 No No 

Gsk3b 832 No No 2407 No No 

JUN 1159 No No 809 1 Yes 

Lef1 77 -1,5 Yes 53 -1,5 Yes 

Lgr4 906 -1 Yes 586 -1 Yes 

Lgr5 60 No No 148 No No 

Lgr6 253 -1 Yes 386 -2 Yes 

Lrp5 1229 -0,5 Yes 1634 0,5 Yes 

Lrp6 2506 -0,5 Yes 2097 -0,5 Yes 

Lzts2 423 -0,5 Yes 355 No No 

MAP3K7 821 No No 977 No No 

MAPK10 31 No No 9 No No 

MAPK8 351 No No 599 No No 

MAPK9 416 No No 423 No No 

Mcc 717 -0,5 Yes 1502 -0,5 Yes 

MYC 344 1 Yes 332 No No 

NFATC1 472 -1 Yes 668 No No 

Nfatc2 174 -1,5 Yes 537 No No 

NFATC3 894 No No 1247 No No 

Nfatc4 266 -1 Yes 407 1,5 Yes 

Nkd1 220 -1 Yes 84 -1 Yes 

Nkd2 256 -1,5 Yes 333 -1,5 Yes 

Nlk 314 No No 311 No No 

Notum 72 -2 Yes 33 No No 

Plcb1 254 No No 188 No No 

Plcb2 197 1,5 Yes 156 No No 

Plcb3 1170 1 Yes 1169 0,5 Yes 

Plcb4 541 -1 Yes 336 -1 Yes 

Porcn 296 No No 130 1,5 Yes 

Ppard 251 2 Yes 470 1,5 Yes 

PPP3CA 1442 -0,5 Yes 1749 No No 

PPP3CB 718 No No 814 No No 

PPP3CC 364 -0,5 Yes 136 -0,5 Yes 

PPP3R1 619 No No 946 No No 

Prickle1 312 No No 249 No No 

Prickle3 190 0,5 Yes 382 No No 

PRKACA 971 No No 571 No No 

PRKACB 782 No No 958 No No 
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Psen1 768 No No 1391 No No 

RAC1 606 0,5 Yes 1918 0,5 Yes 

RAC2 183 3 Yes 113 2 Yes 

RAC3 81 No No 79 No No 

Rbx1 298 1 Yes 465 No No 

Rhoa 2028 1 Yes 2199 0,5 Yes 

Rnf43 107 No No 296 -1 Yes 

Rock2 1641 No No 2033 No No 

Ror1 75 -1 Yes 145 No No 

Ror2 171 No No 98 1,5 Yes 

Rspo1 102 No No 41 -1,5 Yes 

Rspo2 3 -1,5 No 5 No No 

Rspo3 68 -1,5 Yes 70 -2 Yes 

Rspo4 19 No No 12 1 No 

Ruvbl1 426 0,5 Yes 146 0,5 Yes 

Ryk 1119 No No 955 No No 

Senp2 332 No No 682 No No 

Serpinf1 1344 -1 Yes 1145 No No 

Sfrp1 394 0,5 Yes 657 1 Yes 

Sfrp2 352 No No 487 2,5 Yes 

Sfrp4 68 1,5 Yes 54 No No 

Sfrp5 60 -2 Yes 65 -3,5 Yes 

Siah1a 386 No No 318 No No 

Sirt1 329 No No 398 No No 

Skp1 1714 No No 1689 No No 

Smad3 165 No No 572 No No 

Smad4 969 No No 785 No No 

Sost 12 -4,5 Yes 0 1,5 No 

Sox17 34 -1 Yes 40 No No 

Tbl1x 696 No No 1268 No No 

Tbl1xr1 796 No No 1754 No No 

Tcf7 149 No No 107 No No 

Tcf7l2 226 -1 Yes 368 -1 Yes 

Tle1 258 -1 Yes 379 No No 

Tle3 1347 0,5 Yes 1704 0,5 Yes 

Tle4 536 0,5 Yes 401 No No 

Trp53 1062 0,5 Yes 388 No No 

Vangl1 369 No No 464 No No 

Vangl2 197 No No 568 No No 

Wif1 2035 -1 Yes 2846 -3 Yes 

Wnt10a 139 No No 181 No No 

Wnt10b 34 -1,5 Yes 62 -0,5 No 

Wnt11 105 -1,5 Yes 33 -0,5 No 
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Wnt3 344 -1 Yes 263 -0,5 Yes 

Wnt3a 64 No No 75 No No 

Wnt4 286 1 Yes 853 1 Yes 

Wnt5a 375 No No 519 1,5 Yes 

Wnt5b 45 No No 31 1 No 

Wnt6 17 No No 26 -1 No 

Wnt7a 7 No No 5 -1 No 

Wnt7b 134 No No 459 No No 

Wnt9a 18 -1,5 Yes 76 1 Yes 

Znrf3 246 -0,5 Yes 456 -0,5 Yes 

 


